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Summary 
 
 
 

 
 

“Well done is better than well said.” 
–Benjamin Franklin 

 
 
 
 
 
More than ever, the integration of innovative control systems in building environments is a key 
strategic means in providing building occupants with consistent thermal, visual, and indoor air quality 
comfort at the lowest energy use possible. Automated buildings (ABs) must respond to the 
requirements comprising demands of occupants and concerns of climatic environment changes. 
However, most of these requirements often change over time due particularly to changes occurring 
within buildings and/or to growing interest in both reducing energy consumption and improving 
occupants’ comfort and well-being. To face up to such challenges and adapt ABs to the level desired 
by building occupants in particular, systematic and structured approaches based on systems 
engineering (SE) best practice were developed in this thesis to facilitate the application of advanced 
control methods such as intelligent hybrid control systems (HCSs) and multi-agent systems (MASs) to 
building environments.  

ABs are a class of buildings that are automatically supervised and controlled by or from a central 
computer-based monitoring and control systems such as distributed control system (DCS) architecture 
or, more specifically, building automation and control system (BACS) architecture. Through the use of 
recent advances in computers, information technology, and communication protocols, modern BACS 
architecture has become an effective technology used in simultaneously supervising, monitoring, and 
controlling a range of building performance applications – including heating, ventilation, air-
conditioning, lighting, air-handling units, as well as other tasks such as access control, energy 
management, and fault detection and diagnoses – of the building or a group of buildings over a 
standardized protocol such as BACnet and LonWorks.  In order for BACS technology to adapt ABs to 
changing requirements by control systems design, experiments or similar analyses must be conducted 
to improve the automation and operational integrity of building HVAC&R equipment and lighting 
components. However, experiments are time-consuming and cost-prohibitive because they require at 
least 24 hours to obtain results and because implementing BACS architecture in a real building 
remains expensive. For these reasons, the objective of this thesis was first to develop and implement a 
distributed dynamic simulation mechanism with the capability of representing BACS technology in 
simulation by distributing two or more different software tools over a network. This was achieved by: 

1. determining the feasibility of the study and identifying and describing systems engineering (SE) 
processes and tools and reflecting upon their contribution to the development and 
implementation of a distributed dynamic mechanism as well as to the integration of advanced 
control systems in building environments;   

2. developing a SE framework for distributed control and building performance simulations to 
capture the design requirements effectively; 

3. conducting the trade-off analysis based on the evaluation and performance comparison to select 
and choose the most appropriate solution among several alternatives for the development and 
implementation of run-time coupling between Matlab/Simulink and one or more ESP-r(s) over a 
network; 

4. implementing run-time coupling between Matlab/Simulink and ESP-r with several options for 
including ASCII and binary data exchange formats as well as synchronous, asynchronous, and 
partially asynchronous communication modes; 

5. extending run-time coupling between ESP-r and Matlab/Simulink to use multiple instances of 
ESP-r in a distributed and parallel simulations with Matlab/Simulink over a network in order to 
equivalently represent BACS architecture in simulation; 



 XXVI

6. performing verification and validation (V&V) throughout the V lifecycle model of a distributed 
simulation mechanism to determine the degree of reliability to provide users with a sufficient 
degree of  confidence in the simulation results obtained when using run-time coupling between 
Matlab/Simulink and ESP-r; and  

7. demonstrating the applicability of advanced control systems in building performance simulation 
by run-time coupling between Matlab/Simulink and ESP-r . 

Further, it was necessary to conduct experiments on the application of advanced control strategies to 
the real building, the test-cell case study. This was achieved by  

1. preparing and setting up the test-cell and its equipment for experiments; 
2. analyzing and experimenting with different control strategies for the regulation of complex 

processes such as the control of airflow rate through the test-cell; 
3. developing a complete mathematical model for test-cell processes and devices including heating, 

cooling, humidifying, dehumidifying, mechanical ventilation, natural ventilation, artificial light 
and daylighting as well as for its ventilated double-skin-façade (DSF) ; 

4. designing an automated control system based on a hierarchical concept for all test-cell processes 
and devices with the purposes of minimizing energy consumption and taking full advantage of 
natural resources including wind and sun; 

5. conducting a series of experiments on the application of an automated control system to the test-
cell case study. 

With regard to the overall goal of this research – which is the automated control of building HVAC&R 
equipment and lighting components that embrace many complex disciplines, not only in the system of 
equipment or components themselves but also in the range of operating conditions, occupants’ comfort, 
and energy efficiency – a methodology based on SE practice was developed. This methodology served 
to provide a structured and systematic framework for defining, describing, and evolving both the 
enabling product and the process needed to build the final product, and applied throughout the system 
lifecycle model (such as the V model) to all the activities (or phases) associated with development, 
implementation, verification, and application. In this research study, the enabling product refers to a 
distributed dynamic simulation mechanism, the process to the integration of advanced control systems 
in building environments, and the final product to an AB.  

The main results of this research are indicated and quantified such that: 
 using a distributed dynamic simulation mechanism allows modelling and simulation of complex 

multivariable building control and performance applications and facilitates the integration of 
advanced control systems in building performance simulation; 

 developing a distributed dynamic simulation mechanism with the ability to distribute (i.e., by 
run-time coupling) two or more different software tools over a network in order to similarly 
represent BACS architecture in a simulation, as well as to model and simulate distributed 
control applications in buildings such as MASs in ABs; and 

 applying automated control systems to building HVAC&R equipment and lighting components 
improves the comfort of building occupants, increases energy efficiency in buildings, and 
contributes to reduction of greenhouse gas emissions by taking full advantage of natural 
resources.   

The main contribution of this research study is its demonstration that computer simulations can be used 
to provide practical solutions for enabling the integration of advanced control systems in building 
environments, and improving distributed control applications in buildings such as MASs in ABs. 

Finally, the thesis is structured in three main parts, in which each part consists of three or four chapters 
that focus on their specificity developed in this study. To fully understand this thesis might require that 
the reader possess in-depth knowledge in a domain such as systems engineering, control engineering, 
building physics, communication networks, and computer network programming. For this reason, most 
sections in the thesis use detailed descriptions to give more in-depth insights into the subject under 
consideration. 

 



 

Samenvatting 
 

 

Een gedistribueerd dynamisch simulatiemechanisme  
voor gebouwautomatiserings- en regelsystemen. 
 
 

“Liever goed gedaan dan goed gezegd.” 
–Benjamin Franklin 

 
 
 
Meer dan ooit is de integratie van innovatieve regelsystemen in de gebouwde omgeving de sleutel tot 
het bieden van een gegarandeerd comfort aan bewoners en gebruikers van gebouwen tegen een laag 
energiegebruik, zowel  van thermisch comfort, verlichtingscomfort als een optimale 
binnenluchtkwaliteit. Geautomatiseerde gebouwen (AB’s) moeten reageren op de eisen die de 
bewoners en gebruikers stellen en op veranderende klimatologische omstandigheden. Veel van die 
eisen veranderen in de tijd door veranderingen aan die gebouwen en toenemende aandacht voor het 
besparen van energie en het gelijktijdig verbeteren van het comfort en het beperken van 
gezondheidsrisico’s voor bewoners en gebruikers. Dit proefschrift beschrijft een systematische en 
gestructureerde aanpak om bovengenoemde uitdagingen aan te gaan, gebaseerd op systems 
engineering (SE). Het betreft de toepassing van geavanceerde regelstrategieën als intelligente hybride 
regelsystemen (HCS’s) en multi-agent systemen (MAS’s) in de gebouwde omgeving. 

AB’s zijn een klasse gebouwen die worden gestuurd en geregeld door een centraal computergestuurd 
beheersysteem, waarvan de architectuur is gebaseerd op bijvoorbeeld een gedistribueerd regelsysteem 
(DCS) of, specifieker, een gebouwbeheer- en regelsysteem (BACS). Door het gebruik van recente 
ontwikkelingen in computer- en informatietechnologie blijkt de BACS-architectuur een effectieve 
technologie om een uiteenlopende reeks systemen die de gebouwprestatie beïnvloeden aan te sturen, 
gebruikmakend van gestandaardiseerde communicatieprotocollen als BACnet en LonWorks. Denk 
hierbij aan systemen voor verwarming, ventilatie, koeling, verlichting, luchtbehandeling, 
toegangscontrole, energiebeheer en foutdetectie en -diagnose. Om BACS-technologie voor AB’s aan te 
passen aan de veranderende eisen die regelsysteemontwerp stelt zijn experimenten en analyses 
noodzakelijk die de automatisering en operationele integriteit verbeteren van klimaat- en 
verlichtingsinstallaties. Experimenten in een echt gebouw zijn echter tijdsintensief omdat ze steeds 
minimaal 24 uur in beslag nemen om voldoende meetresultaten te verkrijgen en kostbaar vanwege de 
implementatie van een BACS-architectuur. Daarom is een belangrijk doel van dit proefschrift om een 
gedistribueerd dynamisch simulatiemechanisme te ontwikkelen en te implementeren met de 
mogelijkheid BACS-technologie in een gebouw te simuleren in twee of meer softwareomgevingen die 
communiceren over een netwerk. Dit werd bereikt door: 

1. Het uitvoeren van een haalbaarheidsstudie, het identificeren en beschrijven van de benodigde 
processen en gereedschappen qua SE voor de ontwikkeling en implementatie van een 
gedistribueerd dynamisch mechanisme en voor de integratie van geavanceerde regelsystemen in 
de gebouwde omgeving. 

2. Het ontwikkelen van een SE-framework voor gedistribueerde regelingen en gebouwsimulaties 
voor het effectief vastleggen van de ontwerpuitgangspunten. 

3. Het uitvoeren van een analyse voor het evalueren, vergelijken en kiezen van de beste 
mogelijkheid voor de ontwikkeling en implementatie van een methode voor run-time koppeling 
tussen één of meer instanties van Matlab/Simulink en ESP-r over een netwerk. 

4. Het implementeren van de run-time koppeling tussen Matlab/Simulink en ESP-r met 
verschillende mogelijkheden voor data-uitwisselingsformaten (ASCII en binair) en 
communicatiemanieren (synchroon, asynchroon en gedeeltelijk asynchroon). 

5. Het uitbreiden van de run-time koppeling tussen Matlab/Simulink en ESP-r met de 
mogelijkheid meer instanties van ESP-r te kunnen gebruiken in gedistribueerde en parallelle 
simulaties met Matlab/Simulink over een netwerk, met als doel een BACS-architectuur in 
simulatie te kunnen weergeven. 
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6. Het uitvoeren van verificatie en validatie (V&V) tijdens het V-lifecycle model van een 
gedistribueerd simulatiemechanisme om de betrouwbaarheid ervan te bepalen, met als doel 
gebruikers vertrouwen te geven in de simulatieresultaten van de run-time koppeling tussen 
Matlab/Simulink en ESP-r. 

7. Het demonstreren van de toepasbaarheid van geavanceerde regelsystemen in gebouwsimulatie 
d.m.v. run-time koppeling tussen Matlab/Simulink en ESP-r. 

Verder was het noodzakelijk om experimenten uit te voeren m.b.t. de toepassing van geavanceerde 
regelstrategieën op een echt gebouw middels een test-cell case study. Dit werd bereikt door: 

1. Het voorbereiden en opzetten van de test-cell en de apparatuur voor de experimenten. 
2. Het uitvoeren en analyseren van experimenten met verschillende strategieën voor het reguleren 

van complexe processen als de regeling van de luchtstroming door de test-cell. 
3. Het ontwikkelen van een wiskundig model voor de processen en apparaten in de test-cell, 

waaronder verwarming, koeling, bevochtiging, ontvochtiging, mechanische ventilatie, 
natuurlijke ventilatie, kunstmatige verlichting en natuurlijke verlichting en de geventileerde 
dubbele huidgevel (DSF). 

4. Het ontwerpen van een geautomatiseerd regelsysteem gebaseerd op een hiërarchisch concept 
voor de processen en apparaten in de test-cell met als doel het energiegebruik te minimaliseren 
door gebruik te maken van zoveel mogelijk natuurlijke bronnen als wind en zon. 

5. Het uitvoeren van een serie experimenten m.b.t. de toepassing van geavanceerde regelingen op 
de test-cell case study. 

Een methodologie gebaseerd op de SE-praktijk werd ontwikkeld ter ondersteuning van het doel van dit 
onderzoek, te weten de geautomatiseerde regeling van de klimaat- en verlichtingsinstallatie en  
componenten van een gebouw, die vele complexe disciplines omvat, niet alleen op het gebied van 
apparatuur en componenten maar ook op het gebied van operationele condities, het comfort van 
gebruikers en bewoners en energie-efficiëntie. Deze methodologie biedt een gestructureerd en 
systematisch raamwerk voor de definitie, beschrijving en ontwikkeling van het ondersteunende product 
en het proces om het eindproduct te kunnen ontwikkelen, en toegepast op gedurende de levensduur van 
het systeem (bijvoorbeeld volgens het V-model) op alle activiteiten (of fasen) van ontwikkeling, 
implementatie, verificatie en toepassing. Het ondersteunende product in deze studie is het mechanisme 
voor gedistribueerde dynamische simulatie; het proces is de integratie van geavanceerde regelsystemen 
in de gebouwde omgeving, en het eindproduct is een AB. 

De belangrijkste resultaten van dit onderzoek zijn: 
 Het gebruik van een mechanisme voor gedistribueerde dynamische simulatie ondersteunt het 

modelleren en simuleren van complexe multivariabele gebouwregelingen en maakt de integratie 
van geavanceerde regelsystemen in gebouwsimulatie mogelijk. 

 Een mechanisme voor gedistribueerde dynamische simulatie werd gebouwd met de 
mogelijkheid om via run-time koppeling twee of meer verschillende softwareapplicaties te laten 
samenwerken waarbij zowel de BACS-architectuur als de gedistribueerde regelsystemen in 
gebouwen (zoals MAS’s in AB’s) konden worden gesimuleerd. 

 Het toepassen van geautomatiseerde regelsystemen voor klimaat- en verlichtingsinstallaties 
verbetert het comfort van bewoners en gebruikers, verhoogt de energie-efficiëntie in gebouwen 
en draagt bij aan de reductie van de uitstoot van broeikasgassen door volledig gebruik te maken 
van natuurlijke bronnen. 

De belangrijkste bijdrage van dit onderzoek is dat het aantoont dat computersimulaties kunnen worden 
gebruikt voor praktische oplossingen die de integratie van geavanceerde regelsystemen in de 
gebouwde omgeving mogelijk maken, en die gedistribueerde regelsystemen in gebouwen (zoals 
MAS’s in AB’s) verbeteren. 

Tenslotte: het proefschrift is opgesplitst in drie delen, en ieder deel is weer opgedeeld in drie of vier 
hoofdstukken die elk een specifiek onderwerp van deze studie behandelen. Om het proefschrift 
volledig te kunnen begrijpen dient de lezer over gedetailleerde kennis te beschikken van gebieden als 
system engineering, regeltechniek, bouwfysica, communicatienetwerken en programmeren van 
computernetwerken. Daarom bevatten de meeste delen van dit proefschrift gedetailleerde 
beschrijvingen om meer inzicht te geven in deze onderwerpen.  



 

Résumé 
 

 

Un mécanisme de simulation dynamique distribuée pour les 
systèmes de contrôle et d’automatisation des bâtiments. 
 
 

“Bien fait est mieux que bien dit.” 
–Benjamin Franklin 

 
 
 
Plus que jamais, l'intégration de systèmes de contrôle (ou commande) innovants dans les 
environnements des bâtiments est un moyen stratégique clé pour améliorer le confort des occupants 
pour garantir un confort thermique et visuel et une qualité de l'air intérieur avec une consommation 
d'énergie la plus faible possible. Les bâtiments automatisés (AB) doivent répondre à la fois aux 
exigences de confort des occupants et aux préoccupations environnementales liées au changement 
climatique. La plupart de ces exigences évoluent souvent au fil du temps. Pour faire face à ces défis et 
adapter les AB au niveau souhaité par les occupants des bâtiments , les approches systématiques et 
structurées basées sur les bonnes pratiques en ingénierie de systèmes (IS) ont été développées dans 
cette thèse pour faciliter l'application de stratégies de contrôle avancées telles que les systèmes 
hybrides de contrôle intelligent (HCS) et les systèmes multi-agents (MASs) à des environnements de 
bâtiments. 

Les bâtiments automatisés sont une classe de bâtiments qui sont automatiquement surveillées et 
contrôlées par ou à partir d'un système informatisé central de supervision et de contrôle à distance tel 
que le système de contrôle distribué (DCS) ou tel que, plus spécifiquement, le système de contrôle et 
d’automatisation des bâtiments (BACS). A travers l’utilisations des avancées récentes en informatique 
et en technologies de l'information ainsi que des protocoles de communication, l’architecture BACS 
est devenue une technologie efficace à utilisée pour, simultanément superviser, surveiller, contrôler ou 
réguler toute une variété d’applications de gestion énergétique et de performance – liée au chauffage, à 
la ventilation et à l’air conditionné (CVAC), à l'éclairage, aux unités de traitement d'air, ainsi qu’à 
d'autres tâches telles que le contrôle d'accès, la gestion d’énergie, la détection des défauts et le 
diagnostic – de bâtiment ou de groupes de bâtiments grâce aux protocoles standardisés BACnet ou 
LonWorks. Pour que la technologie BACS puisse adapter, grâce à la conception de systèmes de 
contrôle innovants, les bâtiments automatisés aux exigences qui évoluent, des expériences ou des 
analyses poussées  doivent être menées pour améliorer l'automatisation et l’intégrité des systèmes de 
CVAC et d’éclairage des bâtiments. Cependant, les expériences sont longues et coûteuses car il faut un 
minimum de 24 heures afin d'obtenir des résultats de mesure suffisants et la mise en œuvre de 
l’architecture BACS dans un bâtiment réel reste chère et peu accessible. Pour ces raisons, le premier 
objectif de cette thèse a été de développer et de mettre en œuvre une simulation dynamique distribuée 
de la technologie BACS par une combinaison distribuée de deux ou plusieurs environnements logiciels 
qui communiquent sur un réseau. Ceci a été possible grâce à: 

1. la réalisation d'une étude de faisabilité afin d’identifier et de décrire les processus et les outils 
nécessaires en termes d'IS pour le développement et la mise en œuvre d'un mécanisme de 
simulation dynamique distribuée pour l'intégration des systèmes de contrôle avancés dans les 
environnements de bâtiment; 

2. l’élaboration d'un cadre IS pour les simulations distribuées de contrôle et des applications de 
performance des bâtiments pour capturer efficacement les exigences de conception; 

3. la conduite de l'analyse de compromis basée sur l'évaluation et la comparaison de performance 
pour sélectionner et choisir la solution la plus appropriée parmi plusieurs alternatives pour le 
développement et la réalisation d’un couplage d'exécution entre Matlab/Simulink et un ou 
plusieurs ESP-r sur un réseau ; 

4. la mise en œuvre du couplage d'exécution entre Matlab/Simulink et ESP- r avec plusieurs 
options y compris les formats d'échange de données (ASCII et binaire) ainsi que les modes de 
communication (synchrone, asynchrone, et partiellement synchrone); 



 XXX

5. l’élargissement du couplage d'exécution entre Matlab/Simulink et ESP- r pour avoir la 
possibilité d’utiliser plusieurs instances de ESP-r dans des simulations distribuées et parallèles 
avec Matlab/Simulink sur un réseau afin de représenter de manière équivalente l'architecture 
BACS dans la simulation ; 

6. la mise au point d’un procédé de vérification et de validation (V & V), à travers le modèle, du 
cycle de vie en V du mécanisme de simulation distribuée pour déterminer le degré de fiabilité à 
fournir aux utilisateurs avec un degré de confiance suffisant dans les résultats de simulation 
obtenus avec le couplage d'exécution entre Matlab/Simulink et ESP- r ; 

7. la démonstration de l'applicabilité des systèmes de contrôle avancés dans la simulation de 
performance de bâtiments par le couplage d'exécution entre Matlab/Simulink et ESP- r. 

Ensuite, le deuxième objectif, nécessaire, était de mener des expériences  sur  des stratégies de contrôle 
avancées dans un bâtiment modèle réel. L'étude de cas a été effectuée sur une cellule d’essai ou de test 
(en laboratoire) en respectant les étapes suivantes: 

1. préparation et mise en place de la cellule de test (ou d'essai) et du matériel pour les expériences ; 
2. mise en œuvre et analyse des expériences de différentes stratégies de contrôle pour la régulation 

des processus complexes tels que le contrôle du débit d'air à travers la cellule de test; 
3. élaboration d'un modèle mathématique complet des processus et des dispositifs de la cellule de 

test – y compris le chauffage, la climatisation, humidification, déshumidification, ventilation 
mécanique, ventilation naturelle, l'éclairage artificiel et l'éclairage naturel, ainsi que sa 'façade 
double peau ventilée (DSF) ; 

4. conception d'un système de contrôle automatisé basé sur un concept hiérarchique de tous les 
processus et  dispositifs de la cellule de test avec le but de minimiser la consommation d'énergie 
et profiter autant que possible des ressources naturelles telles que le vent et le soleil; 

5. réalisation d'une série d'expériences sur l'application d'un système de commande automatisée (et 
avancée) sur l'étude de cas de la cellule de test. 

En ce qui concerne l’objectif global de ce travail de recherche - « conception d’une commande 
automatisée des systèmes HVAC&R et des d'éclairage des bâtiments » qui mobilise de nombreuses 
disciplines complexes, non seulement en termes de systèmes, mais également en termes de conditions 
d'exploitation, du confort des occupants, et de l'efficacité énergétique- une méthodologie basée sur la 
pratique IS a été développée et conçue. Cette méthodologie a permis de fournir un cadre structuré et 
systématique pour définir, décrire, et évaluer tant le produit amélioré (enabling product) que le 
processus nécessaire, pour ensemble construire le produit fini. Elle permet aussi d’appliquer le modèle 
complet du cycle de vie du système (tel que le modèle en V) à toutes les activités (ou étapes) associées 
au développement, à la mise en œuvre, à la vérification et à l’application. Dans cette étude, le produit 
amélioré se réfère au mécanisme de simulation dynamique distribuée, le processus à l’intégration des 
systèmes de contrôle avancés dans les environnements de bâtiments, et le produit fini à un AB. 

Ce travail de recherche a permit: 
 l’utilisation d’un mécanisme de simulation dynamique distribuée qui permet la modélisation et 

la simulation des applications multi-variables (ou à plusieurs variables) de contrôle de la 
performance des bâtiments, et qui facilite l'intégration des systèmes de commande avancés dans 
la simulation de la performance de bâtiments; 

 l’élaboration d'un mécanisme de simulation dynamique distribuée avec la possibilité de 
distribuer (par un couplage d'exécution) de deux ou plusieurs environnements logiciel différents 
qui communiquent sur un réseau afin de représenter l'architecture BACS en simulation, ainsi 
que modéliser et simuler des applications de contrôle distribué dans les bâtiments tels que les 
applications de MASs dans les ABs; 

 l'application de la commande automatisée aux systèmes CVAC&R et à l’éclairage de bâtiments. 
Cette commande permet d’améliorer le confort des occupants, d’augmenter l'efficacité 
énergétique dans les bâtiments, et de contribuer à la réduction des émissions de gaz à effet de 
serre en exploitant de manière sûre  les ressources naturelle. 

L'apport principal de cette étude est la démonstration que les simulations informatiques peuvent être 
utilisées pour apporter des solutions concrètes qui permettent l'intégration des systèmes de commande 
avancés dans les environnements de bâtiments, et l'amélioration des applications de contrôle distribué 
dans les bâtiments tels que les applications de MASs dans les ABs. 
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Chapter  
 

1. General Introduction 
 
 
 
   “There is nothing more practical than a good theory” 

Primarily attributed to Lewin but may have been stated by Maxwell, Einstein, or several others. 
 
 
 
With changing climatic conditions, it is now imperative for scientists to adopt appropriate technologies 
for building environmental control solutions that reduce the impact of greenhouse gas emissions on the 
atmosphere. The employment of technologies that could protect the physical world can ultimately use 
concepts pertaining to advanced-control design methods. Although these methods are known to be 
reliable and efficient for the solution of complex problems, their integration has not really been 
developed yet within the building environments. As the comfort and well-being of building occupants 
are also significantly influenced by the quality of building automation and control systems, developing 
an approach for integrating a better control system design in an indoor building environment1 is 
becoming increasingly important. Such an approach must be rapidly designed, implemented, and 
deployed in order to reduce the time and costs involved in improving the building equipment and 
components for new applications. Therefore, the integration of advanced control systems in building 
environments is a promising field of research, because it promises to enhance the ability to maintain 
and promote ecologically and economically sustainable buildings.  

The development of automatic control systems for building environments has resulted in automated 
buildings (or smart buildings) with a wide range of building automation applications including heating, 
ventilation and air-conditioning (HVAC) equipment, lighting components and other tasks such as 
energy management, and fault detection and diagnoses. In the last recent years, automated buildings 
and homes have increasingly become popular because energy conservation is gradually becoming 
important for residential and commercial buildings, and because the need to provide a comfortable, 
healthy and productive environment for building occupants has become a necessity. According to Lang 
and al. (2009), building automation faces more and more new challenges today because it deals mainly 
with simple monitoring of indoor building environment parameters (or processes) such as temperature, 
and adjusting them to predefined value ranges targeting comfort and energy savings. Therefore, there 
is a need to integrate more advanced control methods such as multi-variable control systems in order to 
control several building environment processes at the same time to achieve both significantly improved 
occupant comfort and reduced energy consumption within a building. These control methods can also 
take full advantage of natural resources to contribute to a reduction of greenhouse gas emissions. 

Through the use of recent technological advances in computers and communications protocols, a 
computer-based control system is often used to replace so-called hardwired controls with control 
strategies implemented in software. Such a technology in automated buildings (ABs) generally refers 
to building automation and control systems (BACS) architecture. In order for BACS technology to 
adapt ABs to changing requirements such as the needs of the occupants and environmental changes in 
a building by control systems design, experiments or similar analyses must be conducted to improve 
the automation and operational integrity of building HVAC equipment and lighting components. 
However, experiments are time consuming and cost prohibitive as they require waiting for at least 24 
hours before obtaining the results and because implementing BACS architecture in a real building is 
expensive. For this reason, the objective of this research is first to develop and implement a distributed 
dynamic simulation mechanism with the ability to similarly represent BACS architecture in simulation 
by distributing two or more different software tools over a network, and then to conduct experiments 

                                                           
1 In the literature, the terms “building indoor environment” is also used and both have rather similar meanings. 
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on the application of advanced control strategies to the real building, the test-cell case study. Both 
research objectives are achieved by using systems engineering practice as a methodology in order to 
maintain a balance between theoretical and practical applications.   

1.1. A Comprehensive Framework for Automated Buildings  
One of the major challenges facing us today is that both human health and the environmental 
protection are, by nature, closely related to comfort and energy consumption. To address both issues, a 
comprehensive framework must be developed that encompasses all aspects of sustainability pertaining 
to the environment as well as to the occupants of a building. This framework should be based on 
adherence to requirements that facilitate better comprehension of the functional and operational nature 
of each component involved in the building environment and the interactions among those components. 
Although most buildings are designed and constructed over a long period, their lifecycles can vary 
from several months to hundreds of years. During the period of their use, buildings may progressively 
consume significant amounts of natural resources, produce large quantities of gas emissions, and affect 
the ecosystem in many different ways. In order to address these challenges while maximising the 
efficiency of building operations along their lifecycles, advanced control systems can play a key role in 
improving the building performance while minimising consumption resources and energy use.   

The principal factor threatening the sustainability of the planetary ecosystem is the accumulation of 
greenhouse gases in the atmosphere, the primary factor in global warning and climatic changes. 
Greenhouse gases are actually a collection of the emissions that discharged into the atmosphere, 
primarily from the burning of fossil fuels within residential and commercial buildings. To decrease the 
impact of buildings on the environment, buildings must be considered as complex systems – that are 
composed of sub-systems that were traditionally deployed independently of each other – because of the 
various disciplines involved in their development lifecycle, which ranges from conceptual design to 
operation and maintenance. Reducing building environmental impact may affect the overall indoor 
environment for occupants in buildings. The best way to avoid such issues calls for advanced control 
strategies coupled to artificial intelligence techniques in order to provide a safe and comfortable indoor 
environment for building occupants while minimising energy consumption and environmental impact.  

As part of the 2003 European Union (EU) Directive on the Energy Performance of Buildings (EPBD), 
Bowie and Jahn (2003) showed that statistically, residential and tertiary buildings were the largest 
users of energy in 2000, accounting for more than 40% of total energy consumption within the EU, as 
shown in Figure 1.1. A detailed analysis of this directive demonstrates the importance of total energy 
consumption in buildings. In the residential buildings, electrical appliances and lighting constitute 11% 
of total energy consumption. In contrast with the tertiary buildings, space heating constitutes about 
52% of total energy consumption while lighting and the operation of office equipment constitutes 
about 14% and 16%, respectively. The directive urges EU member nations to set stricter regulations on 
the efficient use of energy in buildings. Many research studies including e.g. Hinkle and Schiller (2009) 
and Kolokotsa et al. (2010) stated that energy use in buildings can be reduced by 50% or more, without 
compromising comfort, by applying proven and innovative technologies. Therefore, the integration of 
advanced control systems in building environments is required to minimise operation costs and energy 
consumption while maintaining or even improving occupants’ comfort and well-being.  

 

 

Figure 1.1. Energy consumption by end use in EU residential and tertiary buildings  
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It is argued that because they have been applied successfully to a variety of large-scale complex 
systems and mainly in the domain of space and aeronautics (see e.g. Tomlin et al., 1998) and 
automobiles (see e.g. Lygeros et al., 1998), advanced control techniques are very important for comfort 
and energy management in building environments. Therefore, the development of advanced control 
systems for building performance applications such as heating, cooling, humidifying, ventilation and 
daylighting can be an effective means of achieving energy efficiency and high-performance buildings. 
Such buildings are often referred to as sustainable buildings or green buildings that have minimum 
impact on the built and natural environment while providing their occupants with increased levels of 
comfort and energy savings. As most people spend more than 80% of their lives in buildings, a healthy, 
comfortable, and productive indoor environment is required to ensure the quality and efficiency of 
their daily activities. The aspects of sustainability, including minimum energy use, comfort, well-being, 
health, and safety are key concepts in providing a better indoor environment for building occupants. 
The consideration of comfort and energy savings, the most important aspects in assessing energy and 
environmental performance, can yield new insights in automated (or smart) buildings. Whereas the 
aspect of comfort is usually concerned with the satisfaction and productivity of the occupants, the 
aspect of minimum energy use is directly related to the operation costs of a building. Hence, both 
aspects are often in conflict with each other, and as such, control systems are very important 
considerations when planning for high environmental performance.  

According to e.g. Guarracino et al. (2003), the main challenge in the design of control systems for 
energy performance of buildings is to find the balance between issues including implementation costs, 
operation costs, energy consumption, indoor environment quality, users’ (i.e. occupants’) satisfaction 
and contribution to sustainable buildings. Because building heating, ventilation, air-conditioning, and 
refrigeration (HVAC&R) equipment and lighting components become important when addressing such 
issues, the development of their appropriate control systems requires a multidisciplinary approach of 
the many disciplines involved. In response to this consideration, systems engineering (SE) concepts 
have been found effective in coordinating multi-disciplinary applications to enable the realisation of 
successful control systems within buildings. Rather than viewing a project as a collection of separate 
sets of functions and entities, SE concepts take a holistic view of all the aspects of the project as a 
complete system, aiming for an aggregation of an end (or final) product to achieve a given purpose or 
solve a particular problem. Therefore, the final product is a constituent part of a complete system that 
performs operational functions while continuously fulfilling users’ requirements. 

As the costs of energy production and consumption increase, so does interest in using more advanced 
control systems to maintain high indoor environmental performance and optimise energy use within 
the building. At present, most building HVAC&R equipment and lighting components are regulated by 
simple control rules that adjust them independently as opposed to advanced control systems. Modern 
and intelligent control systems are based on advanced control techniques such as multi-variable control, 
model predictive control (MPC), optimal control, and artificial intelligence (AI) methods. Although 
these control techniques are complex designable and required to be applied to building environments, 
their control design should be considered at different levels of a hierarchy of a building performance 
application. In such a case, SE practices are required to correctly characterise overall behaviour of a 
building control application so that control actions can be designed separately but function together as 
a whole (one system). Therefore, the integration of advanced control systems in building environments 
becomes a more effective means of making building performance operations entirely automatic and 
improving the reliability of all equipment and components that serve them.   

The major benefits of integrating advanced control systems to achieve better building environmental 
performance are both direct and indirect and would be accrued on both a microeconomic and a 
macroeconomic level. It is clear that increased energy efficiency and further reduction in energy costs 
can have beneficial impacts on the environment, health, and well-being of building occupants. 
However, to develop the necessary diversity of control functions for all the systems (i.e. processes) that 
operate within an indoor building environment, it is necessary to consider several practical aspects, 
including user (or occupant) requirements, outdoor and indoor environment parameters, and economic 
factors. Considering such practical aspects when developing sophisticated improvements in a building 
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indoor environment would result in automated building installations or, more precisely, the art of 
automating buildings. Among the many names used to refer to automated buildings (ABs), the most 
common are building automation (BA), smart buildings (SBs), and intelligent buildings (IBs). The 
term automated buildings (ABs) is used throughout this thesis because it best describes the importance 
of integrating automatic control systems and intelligent control technologies in building environments. 

ABs are able to accrue economic and environmental benefits by their use of computer-based control 
systems to regulate, coordinate, organise, manage, adapt and optimise building HVAC&R equipment, 
lighting components, and facilities related to the maintenance of fire safety and elevator function, 
among other functions. Specifically, ABs are composed of numerous sensors, actuators, and controls 
interconnected in such a way to facilitate and adapt the suitable control strategy to changing conditions 
using the available computer-based monitoring system. Indeed, modern building automation and 
control systems (BACS) use principally computer-based monitoring and control systems to determine 
which control rules/strategies are suitable to be activated and what would be the appropriate setpoints 
for the current situation of indoor environments in order to minimise energy use and improve 
environmental performance in buildings. In the context of this research study, these control functions 
are the basic activities of ABs, which have been the subject of BACS since the last century. 

Modern comprehensive BACS generally use the all-encompassing term building automation systems 
(BAS) when referring specifically to their control designs, although the terms energy management 
systems (EMS), building energy management systems (BEMS), building management systems (BMS), 
and intelligent building management systems (IBMS) are still used, sometimes intentionally to refer to 
specific functional aspects, but more often by habit. (For more details regarding these different terms, 
see Kastner et al., 2005). All these names refer to BACS, which greatly increase the interaction of 
mechanical subsystems within buildings, improve occupant comfort, reduce energy use, and allow for 
distribution of building operations over a network. Figure 1.2 illustrates a complete understanding of 
these different dimensions. The relevant international standard (ISO, 2003; ISO, 2004) uses the term 
building automation and control systems (BACS) as an umbrella term.  

 

Figure 1.2. A complete understanding of BACS functional aspects (Kastner et al., 2005) 
 
Another dimension of BACS architecture is the application of advanced infrastructure for data 
communication and information exchange between a central computer-based control system and 
building HVAC&R equipment and lighting components. Other main functions of BACS architecture 
are effective and efficient management facilities to promote greater occupant satisfaction and 
productivity, as well as advanced structural design and innovative materials. According to Snoonian 
(2003), BACS architecture can also integrate systems to improve the response of a building to 
earthquakes. Accordingly, several communication protocols such as LonMark, BACnet, and Modbus 
have been developed for high performance networks used in BACS architecture. Recent approaches 
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have improved the ability of BACS architecture to regulate building functions and adjust system 
performance by providing it with the ability to detect climactic changes and occupant behaviour (for 
more details, see Sharples et al. ,1999 and Yahiaoui et al., 2006h). 

1.2. Historical Perspective 
The history of the development of BACS architecture began during the general expansion in the 
construction industry that occurred after World War II and progressed towards steady-state operation. 
The post-war desire to enhance comfort inside new and larger buildings resulted in the development of 
many complex systems that provided for better control of building heating and cooling equipment. The 
large size of newly constructed buildings was one of the most important forces behind the concept of 
centralization. At the same time that large numbers of panels were installed near equipment-controlled 
areas, stand-alone pneumatic controls and electrical switches were mounted and localised throughout 
buildings. The intervention of human operators for monitoring the system was essential. Continued 
rapid development throughout 1950s, driven by the introduction of pneumatic sensor transmitters and 
receiver controls with optimal remote adjustment, led to pneumatic centralization. In the 1960s, 
commercial buildings and control companies introduced electromechanical multiplexing system 
technology, such as air-handling units (AHUs), which substantially reduced installation and 
maintenance costs and enabled automatic control of building systems for the first time. Most building 
processes that consist of temperature, flow, pressure, and other parameters were monitored on the 
console, although intercom systems and telephones were also a part of this console.  

The first computerised building-automation control centres marketed in the late 1960s ensured data 
communication by means of coaxial cables or twisted pairs. After the oil crisis of 1973, the use of 
mini-computers, central processing units (CPUs), and programmable logic controllers (PLCs) 
increased dramatically due to the development of energy management systems in buildings. Shortly 
thereafter, several control strategies, such as duty-cycle demand, optimum start/stop, day/night, and 
enthalpy controls, were applied to building applications. In the 1980s, the introduction of personal 
computers (PCs) revolutionised both the control industry and BACSs. Since then, a building operator 
console (BOC) programmed with high-level languages, such as C and Pascal, has become the principal 
human-machine interface. In the 1980s, a BOC was directly linked to a remote local microprocessor 
control panel, although local area network (LAN) protocols were also exploited. Two architectures 
were adopted and used: centralized control system (CCS) and distributed control system (DCS). Figure 
1.3 illustrates both CCS and DCS architectures. 

 

Figure 1.3. CCS architecture (left) versus DCS architecture (right) 
 
Centralized PLC architectures are still used, although in a different manner than are open distributed or 
decentralized control systems. Whereas CCS architectures are useful when building sensors and 
actuators are closely coupled with high data flows and synchronisation is time critical, open DCS 
architectures are used to reduce the high density of wires to a common bus (i.e. network protocol) 
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when building sensors and actuators connected to a central computer are loosely coupled and 
synchronisation is less time critical. With advances in computers and communications protocols, DCS 
architectures become much more used because they present several advantages over CCS architectures 
for industries such as cost savings and ease of maintenance. In the early 1990s, several attempts were 
made throughout the world to establish a standard communication protocol for real-time control 
systems, resulting in the many different standards that exist today, including CEbus, Modbus, Backnet, 
and LonWorks. Table 1.1 describes the capabilities of each existing communication protocol 
specifically for ABs. 
 

Table 1.1. Standards based AB protocols, expanded from (Sharples et al., 1999) 

Standard Key Attributes 

X10 Oldest commonly available AB protocol allowing limited control of universal 
household control devices through a power line. 

CEbus Electronics Industry Association (EIA) standard for devices that communicate 
through power-line wires, low-voltage twisted pairs, infrared, fibber optics, etc. 

LonWorks Popular standard similar to CEbus developed by Echelon for communication 
media. The main focus of LonWorks is a chip known as a neuron that acts as a 
network node and includes all the communication hardware and 
communication protocol plus a control language. 

BacNet Designed by the American Society of Heating, Refrigerating, and Air-
Conditioning Engineers (ASHRAE). Modelled on open system interconnection 
(OSI) basic reference model that shields BACnet from obsolescence with 
respect to networking technologies.  Honeywell, a building automation 
supplier, uses both BACnet and LonWorks in its products (Newman, 1996). 

Modbus 
 

Modicon standard used as a messaging structure for parsing messages with 
other devices over a variety of networks. It is flexible and designed for 
industrial automation systems and Modicon programmable controllers. 

NEST The Novell Embedded Systems Technology (NEST) standard aims to be used 
everywhere where intelligent devices may be useful (offices, cars, homes, etc.). 

Smart-Home Developed by the National Association of Homes Builders (NAHB) for 
installation into new houses (Strassberg, 1995). 

CAN Developed by the German company Bosh for the automotive industry. Robust 
and potentially inexpensive, as it is linked to economies of scale associated 
with the car industry. 

EHSA The European Home Systems Association (EHSA) standard allows connection 
to networks using any collection of media, and thus supports the open systems 
principle (Boivin and Anguill, 1996). 

 
HVAC&R, lighting, elevator, and escalator, fire, and security maintenance can now be integrated 
within the BACS architecture. Perhaps the most significant developments are related to the integration 
of embedded processors, dedicated networks, and intelligent multi-agents approaches into the BACS 
architecture. Sharples et al. (1999) proposed the following taxonomy for technologically based ABs: 

 First-generation ABs consist of various independent self-regulating sub-systems. These sub-
systems might be relatively sophisticated (e.g., HVAC&R equipment and lighting components), 
but are essentially disconnected and operate independently from each other. 

 Second-generation ABs are formed when building control systems, such as those in which 
building equipment and components are connected together via a network. The use of a 
common network makes it possible to either control them remotely (from a central computer) or 
facilitate central scheduling or sequencing (e.g., turn systems on or off at specific times). 
Several specialised protocols of communication networks are described in Table 1.1. 
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 Third-generation ABs have the features of previous (first- and second-generation) ABs as well 
as the capability of learning from the building environment and occupant behaviour in order to 
adapt proper control strategies accordingly, i.e. for the current situation. This extra functionality 
arises from the addition of ideal control applications to intelligent control systems. 

Although first- and second-generation ABs had been designed to provide for ease of operation and 
control in building environmental performance, they did not provide for any control of operation based 
on application of AI techniques to the building. Whereas second-generation ABs offered several 
advantages over first-generation ABs, such as maintaining a low level of control over a network, third-
generation ABs have the capability of maintaining a high level of control through performing human 
intelligence functions such as reasoning, learning, and adaptation to changing building environments, 
particularly to occupants needs (or references) in buildings. Third-generation ABs also allow BACS 
architecture to use modern control systems in order to contribute to a significant reduction in energy 
consumption while maintaining, or even improving thermal, visual and indoor air quality (IAQ) 
comfort in buildings. However, because it is not possible to represent all the operating modes of third-
generation ABs in simulation, it remains challenging for industries in terms of cost and time-
consuming to improve them. For this reason, the major part of this thesis, which primarily addresses 
the correlation between building environmental performance and control systems design, focuses on 
the development and implementation of a distributed dynamic simulation environment for BACSs. 

1.3. Tools for Analysing Building Environmental Control Systems 
Current computer simulation of building environmental performance and control systems have been 
developed independently for their specific domains, and so may not be interoperable. Regarding that, 
there is still a lack of simulation tools, in which further development is required: 

 Representation of building equipment and components in common simulation environments is 
difficult and sometimes impossible. Most developed simulation tools are still too structurally 
rigid to accommodate the flexibility needed to allow integrated performance assessment of new 
building control strategies, and thus require greater implementation efforts. For example, it is 
complex to represent the dynamic interactions of building thermal, visual and IAQ responses 
together with HVAC and lighting control systems. Hence, it is clear that an integrated solution 
is required to study the impact of advanced control systems on indoor building environments. 

 Representations of control systems in building performance simulation are generic and provide 
for limited usability because they do not have a flexible way of dealing with advanced control 
strategies. This limitation is particularly critical for building environmental performance, where 
modern control systems can have a dominating influence on energy consumption in buildings. 
In addition, it is difficult to set up multivariable control systems for a building environment 
including heating, cooling, humidifying, dehumidifying, ventilation, lighting, and daylighting.   

 Currently, representation of an infrastructure that ensures data exchange and integrity between 
building equipment and components and their control systems on a distributed architecture, such 
as that within third-generation ABs, is not possible. 

Figure 1.4 illustrates a simplified view of third generation ABs controlled by BACS architecture, 
computer-based control systems communicating with building HVAC&R equipment and lighting 
components that dynamically interact with each other. Because the domains of building physics, 
HVAC&R, lighting, and other facilities (e.g. thermal storage systems) are often closely related, it is 
necessary to account for their dynamic interactions in design of their control systems. An integrated 
approach to distributed control and building performance applications is needed to be able to simulate 
the climatic, comfort, and energy aspects of building design in combination with advanced control 
methods, which are fast, accurate, and robust.  It is for this reason that the research described in this 
thesis focuses on the development and implementation of a distributed dynamic simulation mechanism 
that integrates control modelling and building performance simulation tools by run-time coupling. The 
main objective here is to represent BACS architecture in simulation by distributing two or more 
different simulation tools running on the same environment over a homogeneous or heterogeneous 
network to provide the facility of data exchange and events in a cooperative way. 
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Figure 1.4. Common framework of BACS architecture for third-generation ABs 
(dynamic interactions of building performance applications together with control systems) 

1.4. Research Objectives and Methodology 
The overall goal of this research is to demonstrate that computer simulations can be used to provide 
practical solutions for enabling the integration of advanced control systems in building environments, 
and improve distributed control applications in buildings such as MASs in third-generation ABs. This 
thesis addresses this goal through three main objectives: 

- to develop and implement a distributed dynamic simulation mechanism with the capability to 
similarly represent BACS architecture in simulation by distributing two or more different 
software tools over a network;  

- to conduct experiments on the application of advanced control strategies to the real building (i.e. 
test-cell) case study; and then  

- to perform distributed simulations between control systems and building performance 
applications using run-time coupling between Matlab/Simulink and one or more ESP-r(s). 

While the first objective concerns the development, implementation, verification and validation, and 
operation of run-time coupling between one or more ESP-r(s) and Matlab/Simulink over a network, the 
second concerns the development a mathematical model and the design of automated control systems 
for indoor building processes including heating, cooling, humidifying, dehumidifying, mechanical 
ventilation, natural ventilation, artificial lighting, and daylighting. The application of run-time coupling 
between ESP-r and Matlab/Simulink explores distributed simulations between control systems and 
building performance applications based on the same developed mathematical model and designed 
automated control systems for experiments in the test-cell case study.  

As an important step in achieving this overall goal, a methodology based on SE best practices is 
developed to provide a structured and systematic framework for defining, describing, and evolving 
both the enabling product and the process needed to build the final product. Whereas the enabling 
product refers to a distributed dynamic simulation mechanism and the process to the integration of 
advanced control systems in building environments, the final product refers to an AB. Because the 
factors that affect the problem definition are often dynamic in the real world, a methodology that is 
adaptable to changing requirements is required, yet it must be structured in a way that minimizes lost 
effort. For this reason, this methodology is applied throughout the system development lifecycle 
(SDLC) model, especially the V (or Vee) model or diagram, to all the activities (or phases) associated 
with system development, implementation, test, verification, operation, and use. In the context of this 
research study, the V model is used for the development and implementation of a distributed dynamic 
simulation mechanism for BACS as well as for the integration of advanced control systems in building 
environments, either in real-time or in simulations. The V model was chosen because it involves early 
comprehensive identification of goals and a concept of operations that describes end-user requirements 
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or needs and operational functions, then proceeds with design synthesis, implementation, verification 
and validation, application, and possible upgrades over time while considering the complete problem 
of operations and performance. 

1.5. Thesis Outline 
The thesis is organized in three parts: 1) background and problem analysis, 2) design approaches and 
application characterization, and 3) integration, application and simulation of advanced control 
systems. The content of the three parts are described below.    

Part I consists of three Chapters, in which:  

- Chapter 1 introduces the idea behind the research described in this thesis, with an emphasis on 
the framework for automated building, historical perspective, and tools for analyzing building 
environmental control systems; 

- Chapter 2 describes  the motivations for this research (i.e., the statement of problems with brief 
summaries of their contributions), and a research methodology based on SE practice; and 

- Chapter 3 describes the state-of-the-art coupling strategies and distributed systems, the literature 
on shared development, candidate SE standards for distributed systems simulation, and other 
possibilities for simulation in distributed environments. In addition, the application of modern 
BACS is reviewed together with the application of advanced control systems in building 
environments. 

Part II consists of four Chapters, in which: 

- Chapter 4 describes the proposed approaches to the design and synthesis of a distributed 
dynamic simulation mechanism for BACS technology, the application of the ANSI/EIA-632 
standard, the development and implementation of run-time coupling between a domain-based 
control modelling environment and domain-specific building performance simulation software, 
the representation of data communication protocols for ABs in simulation, the representation of 
BACS architecture in simulation, and strategies for integrating advanced control systems in 
building environments; 

- Chapter 5 develops a rational criteria for design based on the purpose of first describing 
different inter-process communication (IPC) mechanisms, and then evaluating and comparing 
the performance of pre-selected IPC mechanisms in order to choose the most appropriate for the 
development and implementation of run-time coupling; 

- Chapter 6 explores the development and implementation issues for run-time coupling by 
describing first the application of SE to the integration of domain-based control modelling and 
domain-specific building performance simulation into a detailed conceptual design of run-time 
coupling between ESP-r and Matlab/Simulink, and second, the development and 
implementation of run-time coupling between ESP-r and Matlab/Simulink, focusing particularly 
on its extended application to the representation of BACS technology in a simulation and the 
translation of functional requirements such as the translation of mode of data exchange and 
communication into functions and operations in run-time coupling; and 

- Chapter 7 describes a methodology based on a framework for performing verification and 
validation activities throughout the V lifecycle model of a distributed simulation mechanism to 
determine the degree of reliability to provide users with a sufficient degree of confidence in the 
simulation results obtained when using run-time coupling between Matlab/Simulink and ESP-r.  

Part III consists of four Chapters, in which:  

- Chapter 8 describes the integration of advanced control systems in building environments, 
especially in building performance simulation, with a focus on the analysis and design of 
different control systems for building zone and/or plant model using run-time coupling between 
ESP-r and Matlab/Simulink, and the design of reactive, deliberative, and hybrid agents using the 
extended hybrid statecharts with run-time coupling between ESP-r and Matlab/Simulink; 
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- Chapter 9 deals with the case study of the application of advanced control systems in a real 
building, with a clearer focus on the development of a mathematical model for building indoor 
processes such as heating, cooling, humidifying, dehumidifying, mechanical ventilation, natural 
ventilation, artificial light, and daylighting, as well as on the design of their automated control 
systems based on a hierarchical concept; 

- Chapter 10 presents the applicability of the developed advanced control systems in building 
performance simulation, with a particular focus on exploring distributed simulations between 
control systems and building performance applications using run-time coupling between ESP-r 
and Matlab/Simulink; and  

- Chapter 11 contains the conclusions drawn from the present research study, outlines main 
results and contributions of the research presented in this thesis, and finally indicates possible 
recommendations for future work. 
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Chapter  
  

2. Problem Statement and  
Research Context 

 
 
 
  “The systemist expert is a jack of all trades – a quasi-philosopher if not a full blown one” 

Bunge, M. A., Treatise on Basic Philosophy: Ontology II: A World of Systems, 1979  
 
 
 

2.1. Introduction 
The use of automatic and intelligence control technologies in buildings can have a significant impact 
on their indoor environments, particularly with regard to efficiency and reliability. While there exists 
many control methods that can be applied to building environments, they require simulations to assess 
their performance by analysis of their physical interactions in the physical world. Because buildings – 
especially ABs – are complex systems spanning several domains including civil, mechanic, hydraulic, 
pneumatic, and electrical engineering, simulation is increasingly becoming a dominant technology in 
the buildings domain. However, the representation of dynamic interactions within buildings remains a 
major challenge in the field of computational modelling. Moreover, as it is also essential to design 
proper control systems for building performance applications, a strong grasp of mathematical concepts, 
including theories of complex variables and functions, and optimisation techniques, is required. For 
this reason, the work described in this thesis initially focuses on a systems approach to problem solving 
that leads to the creation of new methodologies and technologies through the modelling, design, 
implementation, validation, and operational phases of a system development lifecycle (SDLC) model.  

This chapter aims to first describe the main reasons for integration of advanced control systems in 
building environments and developing a distributed dynamic simulation mechanism of BACS, and 
then develop a methodology based on SE practice to provide a structured and systematic approach to 
solution design.  Finally, the chapter ends with a summary of the main points vis-à-vis SE practices. 

2.2. The Challenge of Building Performance Simulation 
For more than a quarter of a century, building performance simulation programs have been developed 
to perform non-trivial building design analysis and appraisal. In general, these programs only address a 
small sub-set of the overall problem. Despite developments over several decades, there remain several 
problems because advanced architectural developments require an integrated multi-domains approach 
to the building design process. Although several building simulation programs currently exist, detailed 
modelling and simulation of building control application is still restricted in terms of integrating, for 
instance, advanced control systems within the building environment. In addition, a number of phases 
of the building design process are not yet supported, such as those related to commissioning and 
maintaining building control applications.  

Moreover, within the existing building simulation programs, modelling capabilities are rather restricted 
by difficulties in implementing new functionalities and complexities in linking structures, which is 
sometimes due to the unique nature of the project management. Such a situation can be attributed to 
the fact that although these building simulation programs date from the late 1970s, their development 
was not properly based on a structured and systematic approach. Since then, several tentative attempts 
have made to increase their efficiency, but despite these efforts, setting up a practical simulation model 
still requires much time and knowledge. The most challenging tasks pertain to simulating multi-
variable control responses to indoor building parameters (or variables) such as air temperature, relative 
humidity, and lighting level all together. Simulation often requires the utilisation and/or combination 
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of components integrating multiple disciplines such as mechanical, electrical, and hydraulic 
engineering, with existing simulation tools rather limited in supporting multidisciplinary applications. 
The domains of building physics, HVAC&R, lighting, and thermal storage systems, for example, are 
often closely related, and thus it is only by taking into account their dynamic interactions, as illustrated 
in Figure 2.1, that a complete understanding of building behaviour can be obtained. Clearly, there is a 
need to treat a building and its environment as a single and coherent system. 

 

Figure 2.1. Dynamic interactions among physical aspects and occupant comfort in a building 
 
As can be seen from Figure 2.1, classical control methods can neither mitigate all disturbances that 
negatively affect indoor building environmental performance nor efficiently control the entire dynamic 
interaction within a building because they are just based on the simplest design control systems. Those 
methods are quite often unfeasible, especially for large-scale building control applications because 
they cannot control, monitor, optimise and manage several tasks – such as maintaining comfortable 
and productive environment for occupants and optimising energy efficiency in buildings – at the same 
time. In contrast, advanced control techniques can meet these challenges and provide efficient control 
operations using rapid and accurate solutions that offer economic and environmental benefits. 

Another challenging task is that most commonly used tools for building performance simulation have 
several key weaknesses concerning the modelling of building HVAC&R equipment and lighting 
components for control purposes. Among these weaknesses, the modelling of certain building facilities 
(e.g., boiler operation, and air and water distribution systems) is particularly poor because it is often 
difficult to properly model and control such variables as the percentage of hot water loss and the 
thermal inertia of hot water systems. To explore such practical problems, this research aims to develop 
and implement a distributed simulation mechanism capable of distributing several simulation software 
tools by run-time coupling in the same cooperative environment over a network, as well as to integrate 
greater flexibility into representation of components on both sides of the environment. The objective of 
this work is to enable that when the components are not available in one of the coupled simulation 
tools, they may be represented in other coupled software tools.    

2.3. The Challenge of Advanced Control Systems in Buildings  
The many software tools that have been developed for building performance simulation are of limited 
use because they cannot flexibly adress control strategies. With regard to the actual methods used to 
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control indoor building environment processes (or variables), there is no single control method or 
conventional control application that can resolve all the challenges often encountered. An integral 
approach is therefore needed to be able to simulate building performance applications in combination 
with advanced control systems, which are rapid, accurate, and robust. As research on the relationship 
between building design and control aims for improving the overall quality of the built environment, 
there is clearly a need to improve building performance simulation for better building design. 

Advanced control systems have been applied successfully to a wide variety of different domains, such 
as the automobile, aeronautic, and space domains. However, the integration of these control systems in 
the buildings domain remains poor for a number of reasons, primarily cost and time constraints in their 
development. With the understanding that addressing advanced control strategies in buildings remains 
impossible, the main motivation in the current context is to develop and implement a distributed 
dynamic simulation mechanism that integrates both building performance applications and control 
systems in a cooperative simulation environment. In essence, doing so would allow for the integartion 
of advanced control systems in buildings to (self-)regulate coupled or decoupled indoor environment 
processes (or parameters), such as air-temperature, relative humidity, IAQ, and light intensity. Many of 
the applications reported in the literature describe the urgent need for and possible use of these control 
systems in buildings to develop and adopt better indoor environments (see e.g. Underwood, 1999). 

Because building HVAC&R equipment and lighting components are commonly and mostly operated 
by occupants, the ability of using advanced control systems to respond to the desire of these occupants 
would certainly improve all aspects of buildings operation, and provide a heathly, comfortable and 
productive indoor environment. In recognition of this fact, the idea behind this research is to enable the 
integration of advanced control systems in buildings to constantly maintain and adapt their indoor 
environments to the references set by occupants. One approach described in this research is the 
application of an adaptable control technique for a specific building performance application based on 
the consideration of the hierarchical layers that exist within integrated modern control systems. 

2.3.1. Formal Analysis of Existing Control Technologies in Buildings 
Most software tools that have been developed for building performance simulation use generic controls, 
which allow only a limited ability to represent how control laws function in buildings. On one hand, a 
generic control is a simple regulator that can be used for every application (or system), and on the 
other hand, the physical phenomena and dynamics affecting the performance of buildings along with 
their equipment and components must be identified and measured to improve control design. Such 
issues are the main reasons for developing control systems focusing on the use of efficient and 
productive measures. Compared to traditional controls, integrated control systems are critical for 
maintaining temperate climates in buildings, but the existing simulation tools apply simple control 
algorithms rather than proper control analysis. It appears that with the existing tools for building 
simulation, the implemented control systems are idealised through the use of generic control strategies 
that effectively assume the controlled variables being regulated (e.g., the control of pressure).  

Because these basic control methods are based on simple approximation, which implies the need to use 
the frequency domain for building performance applications, building simulation results in poor use of 
the potentialities of control systems. In contrast, the main goal of applying control systems in buildings 
is to ensure that their HVAC&R equipment and lighting components are automatically adapted to 
internal and external environments without the intervention of the occupants. Even thoroughly 
designed building equipment or components can malfunction at any time if a control system does not 
operate and function properly. Therefore, an applied control system should function in such a way that 
the building HVAC&R equipment and lighting components will operate rigorously in order to fulfil 
the most important requirements: 

 sustaining a healthy and comfortable environment for occupants and satisfying their wishes; 
 optimising energy cost and consumption; 
 contributing to a reduction of greenhouse gas emissions;  
 maintaining acceptable thermal, visual and IAQ comfort;  
 facilitating efficient manufacturing of building components and equipment; 
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 maintaining functioning in consideration of manufactured equipment and components 
characteristics during the system lifetime cycle; 

 maintaining building equipment and component operations despite various disturbances; and 
 dependably regulating a specific process without disturbing another process (e.g., regulating 

both air-temperature and relative humidity). 

All the challenges described above pertain to the difficulty of designing proper control systems for 
HVAC&R equipment and lighting components. One weakness in building equipment and components 
may concern the inadequate or unclear assignment of responsibility in the design of their control 
systems. Another important challenge is the variation of outdoor conditions (e.g., solar radiation, dry-
bulb temperature, and wind velocity), which is the primary reason for unpredictable changes within 
building environments. In response to these challenges, several researchers (see e.g., Lute, 1992) have 
attempted to design a MPC system that would supply heat at a rate just sufficient to replace the heat 
lost from buildings. However, the outdoor environment would remain unpredictable, and therefore 
such a control system may require better design to control for all factors (e.g., noise, disturbances, and 
limits) in order to automatically adjust the heat output rate of the heating actuator exactly according to 
the desired temperature setpoint (of a thermostat). 

It should be pointed out that there is a range of the limitations. Utilisation of the existing simulation 
tools fails to resolve important issues regarding the representation of control solutions, which cannot 
be achieved in the completed building model. Therefore, there is a high probability that these tools 
may not be able to model the exact control set up of a complex building application. To demonstrate 
that such simulation limitations can have a major impact on the performance of the control system in 
the computer simulation of a building model, Table 2.1 presents an example involving several 
important functions of central HVAC&R control loops achieved either in simulation or in reality. 
 

Table 2.1. Several important applications for existing control technologies used in buildings 

Control applications Typical methods used Typical simulation methods applied 

Boiler heating control Maintaining proper discharge 
of steam pressure or water 
temperature   

Boiler operation in presence of any 
water temperature condition 

Ventilation control Coordinating outside air to 
provide a proper mix with 
return air under varying 
indoor conditions  

Basic control usually operates 
without consideration of outdoor 
disturbances in indoor conditions 

Cooling tower control Providing the coolest water 
practical under existing wet 
bulb temperature conditions  

Not properly simulated 

Variable air volume 
fan control 

Maintaining fixed static 
pressure control 

Direct modulation of fan volume to 
meet demand 

Supply air- 
temperature control  

Hi-select zone control driving 
supply air-temperature via a 
reset schedule  

 

Ideal hi-select based on calculation of 
zone air-temperature required to meet 
calculated zone demand given zone 
airflow; reset schedule based on fixed 
control of zone temperature; reset 
schedule based on return air 
temperature or outdoor temperature 

Electric reheat 
control 

Switching control with 
hysteresis 

Typically, proportional control or 
switched control without hysteresis 

Economy cycle 
control 

Cycled by chilled water valve 
to achieve air-supply setpoint 

Sequenced to directly achieve air-
supply setpoint 
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The most ultimate controlled process (or variable) in buildings is the indoor air temperature. Control of 
indoor air temperature can predominantly involve various HVAC&R control systems, including boiler, 
refrigerant, pump, fan, liquid, airflow, and auxiliary system control (e.g., thermal storage control). As 
building HVAC&R equipment becomes more sophisticated, so are control difficulties. To overcome 
them , an advanced control system is needed to regulate the outputs of building HVAC&R  equipment 
and components in response to varying indoor and outdoor environmental conditions to maintain 
reasonable occupant comfort by respecting temperature and humidity limits at minimum energy use 
and cost, i.e. by maintaining predictive mean vote (PMV) at level 0 (Yahiaoui et al., 2006a).  

An automatic control system within a building model may integrate or combine various pneumatic, 
mechanical, hydraulic, electrical, and electronic designs as control subsystems within the complete 
system (Yahiaoui et al., 2006g). Figure 2.2 shows a typical simple building control system that heats 
air temperature in a duct through a steam coil and its simplified associations in the depicted physical 
and control diagrams. This building common-use equipment includes a thermocouple sensor, a 
thermostat that attunes the setpoint, a control that compares the current indoor air temperature to the 
desired temperature setpoint, a valve actuator, and a steam coil.  

 

Figure 2.2. Control system using a simple heating coil (left) and its equivalent control diagram (right) 
 
The four common modes of control systems used in buildings without any optimisation or intelligent 
supervision are based on a so-called negative feedback loop. A negative feedback loop operates 
according to the difference between a desired setpoint (or reference) and the actual sensed value of the 
process variable (or the controlled building process). These controls are as follows: 

 Two-position (on-off switch) controls are still primarily used for a small number of building 
equipment and components (e.g., burners and lights) that have large time constants. 

 Proportional (P) controls are used for fast-acting building equipment (e.g., heating coils) that 
requires wide throttling ranges in order to avoid instability and large offsets. 

 Proportional integrator (PI) controls, which are integrator controls added to P controls, are used 
to eliminate their inherent offsets when fast-acting building equipment (e.g., mixed-air steam 
turbines or duct static pressure controls) require accurate control. 

 Proportional integrator derivative (PID) controls are composed of D and PI controls and used 
to increase their speed within fast-acting building subsystems (e.g., duct static pressure controls). 
The use of PID control is used only when HVAC equipment require rapid control response since 
the incorporation of the D term makes it susceptible to noise in the measurements. 

It should be noted that a feedback control system’s responses to changes in building equipment and 
components may lead to instability if the feedback loop is improperly used.  Even though an 
alternative approach known as feedforward control based on the supply/demand formula also exists, it 
is rarely used in building environments because it is not recommended for use with basic and 
conventional control systems.  

Some building processes and HVAC&R equipment involve the simultaneous control system of two or 
more variables in the same physical process such as indoor air-temperature and relative humidity. 
These controlled variables are coupled such that a disturbance or subsequent control action in the 
temperature control loop may alter the humidity control loop. Therefore, the design of control systems 
must react in such a way as to maintain the real nature of the humid air properties within a comfortable 
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level following the Mollier Diagram or the Psychometric Chart. A good control for such a sensible 
case requires more than two inputs when both indoor air-temperature and relative humidity processes 
are greatly influenced by either internal effects (e.g., causal heat gain sources) or external disturbances 
(e.g., climatic conditions). In this case, the control can have more than two (in general four) outputs to 
activate heating, cooling, humidification, and dehumidification. Because such a control is structured 
with multi-inputs and multi-outputs, considering solely a single-input/single-output (SISO) control in 
simulation would not adequately represent a realistic building control application. Although a multi-
input/single-output (MISO) or multi-input/multi-output (MIMO) control system is required, such a 
control system is not yet supported in the existing building simulation environments. In reaction to this 
challenge, this work mainly focuses on the development and implementation of a distributed dynamic 
simulation mechanism in such a way to support a MIMO control system design for complex and large-
scale building performance applications. 

2.3.2. Modelling and Implementation Issues in Advanced Control Systems 
Automatic control systems are used whenever a process variable (or controlled variable) must be 
controlled. For building equipment and components, the most commonly controlled parameters (or 
variables) include air-temperature, relative humidity, pressure, AIQ, and lighting. Application of 
automatic control ranges from the air-temperature regulation of a simple residential house to precision 
control of industrial buildings. In general, PID controls remain dominant in buildings, especially in 
regard to HVAC&R equipment and lighting components. The design and implementation of such 
dynamic controls may requires a large number of tests to determine the appropriate tuning for a 
specific application while operating conditions in buildings change over time, principally due to 
climatic changes. In consequence, this process of adjusting such controls for obtaining their best 
response characteristics (e.g., a minimum error-integral value) is usually achieved not by scientific 
reasoning but rather trial-and-error techniques to obtain optimum control parameters. Yahiaoui et al. 
(2006a) described an approach using optimal control methods to determine the proportional gain for 
such PID controls in order to ease tuning problems. 

Although the modes of control systems used in buildings often refer to either single/basic control or 
conventional/traditional control in which their behaviours are primarily described by differential and 
difference equations, their mathematical models may not be sufficiently simple in certain cases. It is 
well known that there are control problems that cannot be formulated or adequately described in a 
differential/difference equation model. To address these problems in a systematic manner, a number of 
methods collectively known as advanced control methodologies have been developed, with the term 
advanced control system used to refer to both intelligent control system and modern control system. 
Examples of advanced control methodologies include discrete events and communications systems. 
Considerable research in this area has led to the use of automata and queuing theories in the control of 
complex systems. Several studies (see e.g., Lygeros et al., 1998 and Antsaklis, 2000) have introduced 
the concept of a hybrid control system (HCS), which exhibits both continuous-time dynamics and 
discrete-state events. Just as a traditional (or enhanced conventional) control can be more general, so 
can the control objectives. For example, to attain a certain control goal (target) for complex systems 
over a determined period of time, a hybrid control system can cope with significant uncertainty with 
which  fixed feedback robust or adaptive control systems cannot (see e.g. Lygeros, 1996). The major 
benefit of applying HCSs to building equipment and components is that it has led to increases in 
control performance by combining their modelling tools such as e.g. statecharts and Petri nets with 
other control methods like optimisation algorithms, neural network (NN), fuzzy logic, and stability 
theories (see Grantner and Fodor, 2002). To better illustrate this issue, consider the following example: 

Example: The design and tuning of any control system is always based on a model of the process 
variables (e.g., air temperature and relative humidity) to be controlled. In the design of a PID control 
system, there is often a choice between rapid control response with a large overshoot and slow control 
response without an overshoot. Figure 2.3 illustrates two examples of the design problem concerning 
the PID control, where t represents the time, ysp the desired setpoint, y the actual sensed value of the 
process variable (top), and u the control signal. 
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Figure 2.3. PID control (left) and combined manual and PID control (right) (Malmborg, 1998). 
 
Figure 2.3 (left) shows that the overshoot can be reduced for some processes by setpoint weighting.  
Using a first-order system with a time delay, it is quite easy to manually control the system during a 
setpoint change without overshoot. The manually applied control signal is imitating the control signal 
from a time optimal control. Figure 2.3 (right) illustrates a very rapid step control response combined 
with good steady state regulation in which the equivalence of a good HCS for this problem would 
consist of a PID control, a time-optimal control, and a selector (Malmborg, 1998).   

The example above shows the advantages of combining a strategy for very rapid setpoint responses 
with a good regulation property. Expanding on this idea, it is clear that there are several control 
problems that could be resolved or mitigated in building environments with HCSs. As there are many 
design control goals that cannot be met by a single or a conventional control, it can be advantageous to 
use several controls (i.e., combining them with HCSs). Although several modelling formalisms for 
HCSs exist, statecharts are considered in this work. Statecharts are one of the state machine methods 
used in unified modelling language (UML) because it facilitates the design of structured development 
solutions for real-time control systems (for more details, see Harel, 1987 and Douglass, 1999). To 
facilitate the design of HCSs for building performance applications, the concept of hybrid statecharts, 
which integrate discrete logic events and continuous time dynamics, is then developed. The major 
benefits of using HCSs with possible design control goals in buildings are the following:  

 closed loop control system stability; 
 rapid load disturbance rejection;  
 rapid setpoint response; 
 low sensitivity to measurement noise; and   
 low sensitivity to process variations. 

HCSs are intelligent because they can automatically switch the controlled building equipment and 
components from one position to another when necessary. However, if it is desired to automatically 
adapt building performance applications to occupants’ behaviours, a number of research studies have 
suggested using multi-agent system (MAS) approaches based on monitoring and supervising services 
for certain occupants (e.g., older or disabled occupants; see Sharples, 1999 and Yahiaoui et al., 2006h). 
Although a concept-based model to facilitate automated control in MASs is needed, HCSs are also 
used to model large-scale building performance applications typically arising within multi-agent and 
hierarchical systems. The challenge here is that the existing tools for building performance simulation 
do not support any integrated approach for modelling and validation through simulation of MASs. For 
this reason, an integrated approach is proposed using the statecharts formalism as the detailed design 
and simulation framework for MASs. This framework is ensured by means of a distributed dynamic 
simulation mechanism for BACS. 

2.4. The Challenge of Run-Time Coupling Different Simulation Tools 
Computer simulation of building performance; thermal, visual, energy, and acoustic comfort; and 
control systems is of particular importance for the modelling of building environmental performance, 
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as simulation practices are complex coupled tools  in which all of these aspects interact dynamically. 
This simulation must take into account various technical aspects, such comfort, security, and safety. 
Integrating such a technology is not “yet another add-on artefact” but a balanced approach that 
preserves invariant properties with the additional constraint of cost reduction. The traditional slogan 
“faster, better, and cheaper” applies here. 

The current situation is that, on the one hand, there exists domain based control modeling environment 
very advanced in the analysis and design of control systems but still limited in building performance 
simulation concepts (e.g., Matlab/Simulink). On the other hand, domain-specific building performance 
simulation software (e.g., ESP-r and TRNSYS) is usually relatively basic in terms of control modelling 
and simulation capabilities. Marrying the two approaches by run-time coupling building simulation 
environments and control modelling environment could enable integrated performance assessment by 
predicting the overall effect of the use of innovative control strategies in buildings. By extending this 
potential in terms of distributing control systems modeling environment with one or many building 
performance simulation software tools over a network, this would result in distributed simulations 
between control systems and building performance as similarly as BACS architecture (Yahiaoui 2008). 

However, when simulating a building performance application and its control system, it often happens 
that certain building components and/or equipment can simply be represented using one form of 
simulation software, such as building performance simulation (BPS) software, while its control system 
can only be modelled using other simulation software, such as control modelling environment (CME) 
software. To overcome this challenge, Hensen (2002) suggested an approach based on a task-shared 
development of an integrated building simulation environment, as shown in Figure 2.4, according to 
the following requirements: 

1. Enable the development and implementation of run-time coupling mechanisms and data 
exchange protocols with much wider and more general applicability. 

2. Make it easier to consider different performance aspects (e.g., comfort, health, productivity, and 
energy efficiency) at different levels of resolution in terms of time and space (e.g., region, town, 
district, building, or construction element). Doing so would realise the building modelling and 
simulation laboratory metaphor (i.e., blackboard).  

3. Allow components, features, and models to be provided by users other than software developers 
and researchers, such as producers, who could provide models as forms of additional product 
documentation. 

4. Represent the data exchanged in the form of physical quantities as they could be measured in 
the real world rather than in the form of derived or abstract variables.  

5. Enable run-time coupling of simulation environments with a real building (e.g., for control 
purposes) or with system components in a test rig (e.g., for hardware in the loop testing). 

 

Figure 2.4.  A schematic view of shared task developments in integrated building 
simulation environments with external software packages and tools 
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In the context of this research study, it is clear that BPS relies on underlying theories mainly derived 
from diverse disciplines, such as environmental, mechanical, electrical, and computer engineering. 
Several challenges remain to be resolved, as the physical state of a building is the result of all the 
interactions that can be observed between its environment and all equipment and components 
operating within it. To address such practical problems, an integrated solution focusing on the 
optimisation of the building lifecycle performance is required. Although there are several approaches 
to integrating technologies, a comprehensive approach must view a building as a system in itself to be 
built according to occupant, stakeholder, and national requirements. This consideration leads to the 
question: Where is the limit of such integration if a global approach is not used?  For this reason, a 
major part of this research work focuses particularly on the strategy of incorporating advanced control 
systems supported by information technology (IT) tools to control, supervise, and optimise building 
performance applications in the appropriate manner. 

2.5. The Challenge of Distributed Control Systems in Buildings 
DCSs, often referred to as networked control systems (NCSs), are becoming more widely used within 
various industries, particularly within the buildings sector. The term network here refers to the link 
between a computer and building sensors and actuators. Although direct digital control (DDC) has 
revolutionised BACS, DCSs need even more sophisticated solutions. Even though control systems in 
building environments have moved from CCS architecture towards DCS architecture by using network 
protocols, integrated control among building equipment and components is only feasible with real-time 
information exchange, which relies on the communication speed of the bus or network protocol used. 
In addition to this, DCSs offer great flexibility and have great importance in automation through the 
use of a computer with flexible programming to support real-time building control applications.  

The most general manner of using a computer for controlling indoor building processes such as heating, 
cooling, and lighting is by implanting their sensors and actuators on the same network. It is necessary 
to maintain control programs affecting these building processes according to certain decisions. Often, 
there is considerable information to take into account even if the control application is simple, which is 
not usually the case in buildings. In order to deal with complexity in a manageable way, a control 
problem should be divided into subproblems that can be solved individually in a satisfactory manner. 
A hierarchical structure should then be applied to facilitate the different steps described in a functional 
breakdown of the subproblems. Figure 2.5 provides an example of how a control problem is broken 
down within a hierarchical structure. This structure has several advantages, among the most important 
being the ability to apply a control strategy with certain requirements to the specific sub-problems 
without interfering with other requirements at the same level or interfering with the complete building 
performance application. Such an advantage is important in optimisation because it is necessary for 
building energy and environmental performance to operate at optimum efficiency. 

 

Figure 2.5. Functional breakdown (or decomposition) of a complex control problem 
 
One of the major problems in DCSs or NCSs are network-induced time delays that are generally due to 
the network. Another important challenge is when for instance it requires setting up a long time-step 
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for a specific control for a building component while other controls operate with small time steps in 
order to maintain stability. Although these challenges cannot be resolved by the existing BPS tools, 
communication delays in distributed control and building performance applications can be addressed 
by means of either parallel programming or application of a control engineering perspective. In order 
to address these challenges, this research study investigates whether distributed control and building 
performance simulations using run-time coupling between BPS and CME are sufficiently reliable and 
stable, and explains how to compensate for communication delays and other time associated with 
control operations on the CME side of the distributed dynamic simulation mechanism for BACS.   

2.6. The Challenge of Building Automation and Control Systems 
Modern BACSs are expected to provide enhanced functionality of interactive control strategies and 
systems management, resulting in increased control and reliability and decreased energy use and costs. 
BACSs have begun to become well established and more sophisticated by offering a vast diversity of 
control functions to increase the efficiency of for all the equipment and components that operate in a 
large building or a group of buildings. A complete BACS architecture, as depicted in Figure 2.6, can 
be described at four main levels: 
 The management level consists of a central computer used for managing, storing, and analysing 

data, communicating with external systems, and operating building equipment and components. 
 The network level consists of an open protocol connected to the internet through routers used to 

exchange data between the central computer and substations.  
 The automation level consists of one or more substations used for interfacing building 

equipment and components to the network. 
 The field level represents the low level where building equipment and components (sensors and 

actuators) and final users are located. 

 

 Figure 2.6. General BACS architecture  
 

BACS is an example of a DCS as it uses a computer-based control system to automatically monitor, 
supervise and control a variety of building performance applications including HVAC&R equipment, 
lighting components and other tasks such as access control, energy management, and fault detection 
and diagnosis, in a building or a group of buildings over a network. Because BACS architecture uses a 
network for the data exchange between the central computer and substations (or terminals), this also 
brings inevitably problems such as communication-induced time delays, potential loss of information 
and communication congestion. For assuring the control analysis (i.e. performance and stability) of 
building HVAC&R equipments and lighting components  over a network, as illustrated in figure 2.6, a 
cooperative mechanism based on distributed simulation of control systems modelling and building 
performance applications is then strongly required. Although there exists not a software tool that can 
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be used to represent BACS architecture in simulation, the major part of the research work focuses on 
the development, implementation, verification and validation and operation of a distributed dynamic 
simulation mechanism for BACS. In order to attain the goal of this work, table 2.2 illustrates most 
significant requirements concerned with an effective environment of which BACS technology should 
eventually provide for building occupants. 
 

Table 2.2. Most significant requirements for achieving BACS efficiency 

Comfort - Thermal comfort (e.g., air-temperature and relative humidity) 
- IAQ comfort (e.g., level of contamination and airflow)  
- Visual comfort (e.g., darkness, illuminance, and so on) 
- Acoustic comfort (noise reduction, and so on) 
- Psychological comfort (stimuli , and so on) 

Efficiency  
 

- Energy consumption (HVAC equipment, lighting components, and so on) 
- Peak electricity demand (management, co-generation, and so on) 
- Time response (rapid response controls, high-speed protocols, and so on)  

Adaptation - Self-adaptation to the environment (addition and/or removal of equipment 
to/from the building, and so on) 

Convenience - Automation (self-regulation, self-detection of failures, and so on)  
- Remote monitoring and optimisation of control systems 
- Facilitation of communication among different building components 
- Integration of new technologies (wireless and so on) 

Safety - Emergency control systems (fire alarm, and so on) 
- Safe working environment 
- Data access control 

Reliability - Minimise system failures (maintenance, and so on) 
- Good management of the architecture using decentralized control systems 

 
As outlined in Section 1.1, ABs are buildings that are controlled and supervised by BACS architecture. 
Consequently, modern BACS architecture should encompass the increased automation of building 
HVAC&R equipment and lighting components in order to control them in an efficient and rational way 
and provide a healthy, comfortable, pleasant, and productive indoor environment for occupants while 
minimising energy consumption in buildings (see e.g. Yahiaoui et al., 2005b). Modern BACS should 
also have the ability to contribute to a reduction of greenhouse gas emissions by means of taking full 
advantages of natural resources. For this reason, one of the objectives of this research work is develop 
and implement an automated control system for building HVAC equipment and lighting components 
that minimises energy consumption by taking full advantages of the outdoor environment (e.g., passive 
heating and cooling, and natural light) during the occupied period. While BACS architecture has been 
modernising to integrate more automation and more building facilities, several standardized protocols, 
such as LonWorks, BACnet, and Modbus, have developed by different technologies.  

Data Communication in Automated Buildings 
In BACS architecture, a computer can communicate with building HVAC&R equipment and lighting 
components by sending signals in data communications over a network protocol. The information is 
sent to/from the control program in small segments known as packets and confirmed in a fraction of a 
second. Each packet contains information written in a protocol, a language that both sender and 
receiver should understand. Although different protocols for high-speed building networks have been 
developed by different technologies (i.e., sources), the BACS architecture had to be compromised in 
order to communicate and operate on the multiple types of network protocols operating in buildings. 
These different network protocols use different structures and formats of data representation for 
communications between the central computer and the substations (or terminals). Although modern 
BACS architecture can exploit information through one or more network protocols, the utilisation of 
gateways or routers is required in order to ensure connection among these protocols (see e.g. Kastner et 
al., 2005). A challenge here is the incompatibility among the different technologies used to connect 
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diverse network protocols in the BACS architecture. To overcome this challenge, an approach based 
on a standardised method of integrating web-services, or web-based applications, using both extensible 
markup language (XML) and simple object access protocol (SOAP) is proposed and developed in this 
research study to exchange data among different applications using different network technologies. 

Real-Time Electricity Markets in Automated Buildings 
Internet technology has now progressed to the point where it can be a source of real-time information 
of electricity pricing in the electronic market. One of the challenges encountered in the management of 
energy consumption in buildings, especially ABs is when the energy demand is high; that is, during 
peak periods, when electricity prices are extremely high compared to off-peak periods. During peak 
periods, ABs must have the capacity to participate in real-time energy and reliability service markets in 
order to minimise their energy costs. Because BACS architecture uses a network protocol to 
communicate with building equipment and components through substations, it would be advantageous 
to enable its connection to a real-time electronic market of electricity pricing to detect when peak 
periods occur to minimise energy cost. A related issue is the fact that the simultaneous initiation of a 
number of heat pumps can create peak periods in electricity consumption. To address this challenge, an 
approach is developed in this research study to manage at a real-time peak periods when they occur.  

2.7. Research Methodology 
The actual HVAC&R equipment and lighting components – along with their functioning installations – 
that are used for building environmental performance are becoming increasingly complex as they 
integrate more and more functionalities into various technologies that must be operational over several 
decades. As environmental and occupancy requirements change over space and time, this increases the 
complexity in designing advanced control systems for building environments – i.e. for a variety of 
physical processes that interact with each other, and with the environment. Moreover, the technologies 
involved in building design and implementation encompasses many disciplines, including geothermal, 
civil, mechanical, and electrical engineering, and many processes, including specification, design, 
implementation, validation, and disposal phases. Although many traditional control methods have been 
effectively used in the past, there is now a need for rapid and agile development while keeping costs 
low. Mastering all the necessary processes and interdisciplinary skills requires a comprehensive 
approach. Figure 2.7 further explains how a SE process based on the V-diagram design cycle from the 
concept of operations to integration is actually implemented. 

 

Figure 2.7. From the V-diagram to the iterative, modular design 
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For the purposes of this study, a distributed simulation is defined as a simulation process managed over 
a set of loosely run-time coupling one or more BPS with CME that communicate over a network to 
coordinate the control actions and functions for a common performance application of a building, or a 
group of buildings. In line with this definition, the BACS technology, as shown in Figure 2.6, consists 
of several substations that communicate with a central computer over a network to coordinate the 
control actions and functions in ABs. Although representing BACS technology in a simulation remains 
complex, the development of a distributed dynamic simulation mechanism for BACS using run-time 
coupling between CME and multiple BPSs can allow for identification of practical solutions to enable 
the integration of advanced control systems in building simulation, and improving distributed control 
applications in ABs for better operation and performance. By assuming that CME represents a central 
computer and BPS represents a substation (or terminal) in a manner analogous to BACS architecture, a 
systematic and structured approach is applied throughout the V lifecycle model to all the activities 
associated with development, implementation and operation of a distributed simulation mechanism to 
support cooperative applications of CME and BPS over a network. Figure 2.7 shows the original V-
cycle processes connected by dashed lines and the iterative cycle processes connected by curved 
arrows. The right side of Figure 2.7 shows a typical situation in which different project subsystems are 
developed to different levels of detail. The idea here is to dynamise the V-diagram by representing an 
approach to integrating advanced control systems in building environments by distributed simulations 
at a certain level of abstraction. 

Every project must be based on a well-developed vision in order to be successfully realised. The 
document that describes this vision, known as the user requirements document (URD), drives the 
project by establishing the requirements or the concept of operations through the SE process, including 
both analysis and synthesis, within a viable system architecture meeting all project requirements. 
Without a flexible, but systematic and structured approach to solving a complex problem, effort and 
time can be wasted either by solving the wrong problem, developing an incomplete solution, or over-
developing a good solution. Therefore, the main objective of this systematic and structured approach is 
to provide appropriate concepts for the control systems that maintain building environmental 
performance using an enhanced design methodology supported by existing simulation tools to 
significantly reduce the risk of error and decrease overall design time. While it is impossible to commit 
the entire approach to a schedule, it is certainly possible and necessary to use good engineering 
practices in the research and development process. One necessary engineering discipline involved in 
this approach introduced above is SE practices. To illustrate the use of SE, this thesis focus on the 
aspects of the engineering process, including stakeholder and functional requirements, trade-off studies, 
development, and implementation that serve to organise and coordinate all research activities in a 
sequential manner. 

2.7.1. Systems Engineering and Its Applications 
SE is defined by the International Council on Systems Engineering (INCOSE2) as an “interdisciplinary 
approach and means to enable the realisation of successful systems”. SE in the applications context can 
be summarised as the application of the “systems” approach to the design, creation, and operation of 
complex systems or the solution of complex problems in a cost-effective manner. SE concepts are 
concerned with the overall process of defining, developing, operating, maintaining, and ultimately 
replacing quality systems. Whereas other engineering disciplines (e.g., civil, mechanical, electrical, 
ergonometric, and software engineering) concentrate on the details of individual aspects of a system, 
SE is concerned with the integration of all aspects into one coherent and effective model. Although 
various definitions of SE have been proposed since the field was first introduced, all definitions apply 
to the same application context. For instance, whereas the National Aeronautics and Space 
Administration (NASA3) classifies the scope of the SE process for the software, aeronautic, and space 
industries, INCOSE categorises the SE concept practically for all industries. Figure 2.8 illustrates the 
evolution of the various SE standards, the guidelines that dominate the SE process models, and the 
capability models in practice today. 

                                                           
2 INCOSE website: http://www.incose.org 
3 NASA website: http://www.nasa.gov 
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Figure 2.8. Evolution of the SE Standards  
 
The SE discipline was originally developed within the US communications industry at Bell 
laboratories to meet the networking challenges of the 1950s. It further developed within the space, 
defence, and computer industries from the 1960s through the 1990s in response to the hardware and 
software system integration complexities encountered during those decades. NASA has applied SE to 
develop materials to improve various aspects of space shuttle launching and maintenance, including 
safety. In 1969, the US Department of Defense (DoD) mandated the development of SE Military 
Standard 499 (MIL-STD-499) for application within the defense industry. The US Department of 
Energy (DoE) and NASA soon followed by developing SE guidelines for the civilian aerospace and 
energy programs in the 1970s. During the 1980s and 1990s, the SE toolsets. These toolsets led to 
innovations in practices at all phases of high technology product development, including those within 
engineering, procurement, manufacturing, testing, and quality control. A driving force for these 
innovations was attainment of high system reliability. There now exist a variety of models of popular 
SE standards, including ISO-15288, ANSI/EIA-632, SP-6105, HLA (or IEEE-1516.3), IEEE-1220, and 
ECSS-E-10A (see e.g. Sheard and Lake, 1998). The following is a summary of the major SE process 
standards used today: 

 ISO/IEC4 15288: Established a common framework for describing system lifecycles. 
 ANSI/EIA5 632: Provided an integrated set of fundamental processes to aid developers in the 

engineering or re-engineering of systems. 
 IEEE6 1220:  Provided a standard for managing systems. 

SE practices are being used to develop and evaluate alternative operational concepts for aerospace 
control, air traffic control, and real-time and non-real-time analyses of system-wide performance. The 
SE concept has been mainly applied to large scale and complex projects, ranging from spacecraft to 
chip design, from robotics to large software product development, and from intelligent transportation 
to bridge construction. SE uses a multitude of techniques and tools, including modelling, simulation, 
requirements analysis, and scheduling, to better understand and manage complexity and achieve agility 
within system development. 

                                                           
4 ISO/IEC stands for International Organization for Standardization/International Electrotechnical Commission. 
5 ANSI/EIA stands for American National Standard Institute/Electronic Industries Alliance. 
6 IEEE stands for Institute of Electrical and Electronics Engineers. 
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2.7.2. Systems Engineering Process 
SE is a generic problem-solving process that translates needs and requirements as inputs (acquisition 
requests) into designs and products as outputs (system products). The SE process typically starts with 
problem definition as requirements are analysed. Alternative solutions or system architectures are 
developed, usually through techniques such as functional analysis. Alternative physical designs are 
then developed to satisfy functional requirements. Trade-off studies and risk analyses are conducted to 
identify the most balanced technical solution among a set of proposed viable solutions that are 
expected to meet stakeholder requirements (see DoD, 2001). The SE process should be applied 
throughout the SDLC model to all activities associated with each project phase. In effect, the SE 
approach must include lifecycle considerations of development, deployment, operations and use, and 
system disposal, and apply the goal of the project to the specification of the essential features that 
eventually lead to a preferred system solution. 

In the current research study, the SE process was sequentially applied for both developing distributed 
control and building performance simulation and integrating advanced control systems in building 
environments. The EIA-632 standard (EIA, 1999), which is currently widely applied with success to 
large-scale projects and systems in the aerospace, defence, and automotive industries, is considered the 
SE model best-practice in the research and development environment. Therefore, the EIA-632 standard 
was chosen by this study to serve as the basis of an inherent requirements-driven process that focuses 
on the research objectives and successfully meets the project objectives. Indeed, this standard contains 
a rich set of interconnections and interrelationships among all of the systems that form its environment. 
Because of this characteristic, Yahiaoui et al. (2006c) argued that the EIA-632 standard should be used 
to develop strategies, such as simulation, prototyping, and benchmarking, for resolving uncertainties 
and optimisation issues in building design. Figure 2.9 shows the basic SE model of the EIA-632 
standard proposed by INCOSE. 
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Figure 2.9. The ANSI/EIA-632 standard (processes for engineering a system) 
 
The EIA-632 standard has four main categories of processes: 

 Technical management processes: Processes (or activities) used to plan, assess, and control the 
engineering of a system. 
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 Acquisition and supply processes: Processes used to supply and acquire aspects of the system. 
 System design processes: Processes used to define requirements, describe operational concepts, 

and design solutions for the system. 
 Product realisation processes: Processes used to implement the product designs (in a system) 

and facilitate their use within the system. 
 Technical evaluation processes: Processes used to analyse the system, verify that the system and 

its product meet the specified requirements, and validate the requirements and end products. 

The basic engine for the EIA-632 standard is an iterative process that expands on the common-sense 
strategy of 1) understanding a problem before attempting to solve it, 2) examining possible alternative 
solutions, and 3) verifying that the selected solution is correct before proceeding to the next step (or 
problem). The SE process is based on tasks that span the entire project (or program) lifecycle, from 
system analysis, requirement definition, and conceptual design at the outset of a program, to operations 
and use of the product, through final disposal. These tasks should be implemented through the process 
shown in Figure 2.9 at the system level. The EIA-632 standard defines a systematic approach to 
engineering or reengineering a system by incorporating best practices into a system development 
project. This systematic approach is applicable to 1) completing corrective actions, 2) making 
refinements, 3) developing derivatives, 4) producing modifications, 5) updating existing products, 6) 
creating and realising new systems, and 7) allowing for the safe and cost-effective disposal of a system. 

The main research focus in this study is context-aware applications of a structured and systematic 
framework for defining, describing, and evolving both the enabling product and the process needed to 
build the final product. In this research study, the enabling product refers to a distributed dynamic 
simulation mechanism for BACS, the process to the integration of advanced control systems in 
building environments, and the final product to an AB. 

2.7.3. Context and Application 
The context of this study is related to the two main subtasks concerned with a distributed dynamic 
simulation mechanism for BACS. The first subtask is related to the development and implementation 
of a distributed simulation mechanism to similarly represent BACS functions in simulation using run-
time between CME and BPS, and the second subtask is based on the integration of advanced control 
systems in building environments, particularly in BPS. Indeed, the methodology developed in this 
context focuses on the advantages of integrating advanced control systems in building environments to 
resolve the problems associated with real and current building control applications in order to provide 
occupants with improved healthy, productive, and comfortable indoor environments while reducing 
energy consumption in buildings. Although the various project-based lifecycle models might include 
phases with different terms, different phases altogether, or different lifecycle time periods, most of the 
projects have at least five distinct functional phases, as illustrated in Figure 2.10. The typical method 
of analysing and designing advanced control systems for building performance applications is complex 
and requires consideration of all phases of the SDLC model. 
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This research study proposes that a well-structured approach is essential for conducting the research 
and development necessary to realise and manage a successful project. This approach is based on SE 
practice that spans the entire project lifecycle model from systems analysis, requirements definition, 
and conceptual design at the outset of the project through development, operational support, planning 
for updates, and eventual disposal at its termination. In effect, SE applies across all project phases and 
primary functions of a program. The SE concept has evolved primarily to support the initial phases of a 
project through design, development, and verification testing. Therefore, an efficient, orderly process 
for defining and developing (large) systems is fundamental. 

As each problem is different, each approach should be specifically designed to resolve it. For this 
reason, this research study follows the V (or Vee) lifecycle model (or diagram) based on a well-known 
formal integrated model for design and development. This model follows the SE process that begins 
with eliciting stakeholder requirements and ends with a technical evaluation process in which the final 
system or product is validated by comparison to original user requirements. During the SDLC, 
verification is conducted at every stage to ensure that the intermediate integrations meet all stakeholder 
requirements and system specifications previously established during earlier stages. A brief description 
of the various diagrams that can be used to depict SDLC is presented in Appendix A. Guided by 
development methodology that ensures a quality solution based on problem definition, this research 
performs both numerical simulation studies and experimental work. 

2.7.4. The V lifecycle Model 
The V lifecycle is the most suitable model for this research because it simplifies the understanding of 
the complexity associated with developing a project. In the one part of the project, the V lifecycle is 
applied to enable the realization of a distributed simulation mechanism for BACS using run-time 
coupling. In the other part of the project, the V lifecycle model is applied to enable the integration of 
advanced control methods in building environmental performance applications. Figure 2.11 shows the 
companion activities related to the design of automated control systems for building performance 
applications, particularly those activities that play a prominent role in shifting from sub-application 
requirements to computer program requirements. Ensuring a smooth transition from one sub-
application to another or to the entire application is a major concern in SE. This thesis’s contribution to 
this concern is the development of a formal model that would facilitate such a transition by modelling 
the sampled time part of control engineering diagrams using the stateflow toolbox of Matlab/Simulink. 

In this methodology, the concept of operations are first described after the feasibility study is clearly 
defined, then the system requirements (or functional aspects) are listed, followed by trade-off and 
design studies, implementation, and finally verification, validation, deployment. Because each phase 
must be well defined in the design process, the V lifecycle illustrates, as shown in Figure 2.11, where 
the relationship between the different phases with their inputs and outputs is executed sequentially. 
Some of these phases may not be relevant to a particular project; for example, a project may consist of 
simply a feasibility study to assess the viability of a new idea.  

Feasibility                                                                                      Operations 
   study                                                                                        & deployment 

            Concept of               System verification plan           System 
             operations                                                           validation 

       System/Subsystem         System acceptance          System  
              requirements                                                verification 

                          High level        Subsystem         Subsystem                     
                             design           acceptance         verification 

                                     Detailed   Test plan  Test & 
                                       design                   integration 

                                                Development & 
                                                implementation 

Figure 2.11. Schematic diagram of the V lifecycle  
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The symmetry between the left and right sides of the V model reflects the relationship between the 
steps on the left and the steps on the right. The systems definition generated on the left is ultimately 
used to verify the system on the right. For example, the user needs and performance measures 
identified in the “concept of operations phase” are the basis for the “system validation phase” used to 
validate the system at the termination of project development. Similarly, a “system acceptance” or 
“system verification phase” is developed according to the “system requirements” such that each 
requirement in the URD is verified. In principal, every phase of the V model results from the four 
integrated steps of objectives, inputs (sources of information), processes (key activities), outputs 
(process results), and review when necessary. 

Feasibility Studies 
Feasibility studies determine whether the proposed approach can meet the research objectives of the 
study. It may be initiated after either the problem statement has been defined or the problems have 
been analysed for an existing project. Alternative issues pertaining to technical, organisational, 
economic, and political feasibility can be assessed by identifying key risks and estimating the costs of 
the project. A feasibility study is particularly a valuable when the proposed approach is controversial, 
novel, or critical in responding to challenges.  This evaluation can be used to determine whether more 
resources must be committed to a full system analysis or not. Using relevant sources of support (e.g., 
documents, regulations, and interviews), the study assesses the impact of a proposed system and its 
effectiveness in consideration of the following factors: 

 The context that describes the current situation, highlighting the problem areas requiring 
improvement. 

 The requirements that are the basis of the URD and system specifications. 
 The constraints (e.g., technical, functional, or financial) that serve as the specification 

components of a system. 
 A suitable model for the recommended solution within a proposed system. 
 Alternative options that highlight the probable disadvantages of the proposed solution. 

Concept of Operations Phase 
In the concept of operations phase, the project stakeholders reach a shared understanding of the system 
to be developed and how it will be operated, deployed, and, if necessary, maintained. The stakeholder 
phase describes the problem in the users’ language, concentrating on what the new system should do 
without stating how it should do it. The system stakeholders are all users influenced or affected by the 
system. According to Hull et al. (2002) and Kapocius and Butleris (2006), stakeholders include not 
only people who will directly interact with the system but also people and institutions (e.g., 
organisations, or workplaces) that have an interest in its existence. Developing adequate requirements 
is therefore a difficult task, and inadequate or poorly written requirements can lead to the failure of the 
SE concept. Figure 2.12 illustrates a process for assessing and establishing requirements discovery 
based on a clear definition of stakeholder needs and constraints.  
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Figure 2.12. Process for establishing requirements discovery 
 
The common practice of defining the operational concepts that encompass the normal functioning of a 
system consists of identifying plausible scenarios necessary for the deployment and use of a system. 
Defining stakeholder requirements is the first step in defining a system and developing the most 
important criteria for assessing its usefulness after it has been developed. Thus, stakeholder 
requirements help define problems in the existing system or existing practices by identifying all 
requirements, even those that cannot be fully realised (NASA, 1995). There is a range of different 
sources for identifying stakeholder requirements, including the following: 

 Interviews with stakeholders.  
 Problems and changes in existing systems. 
 Research and innovation.  
 Updates of existing systems. 
 Studies (e.g., analysis of questionnaires). 

In practice, not all stakeholder resources are needed for developing stakeholder requirements; often, 
only significant and practical sources are used. A system may have different types of stakeholders with 
different requirements. Once the stakeholder requirements have been elicited, the concept of operations 
must be documented in the URD and maintained in a very structured way to provide a foundation for 
the more detailed analyses that will follow. Indeed, it is the basis for the system requirements phase 
developed in the next step. 

System Requirements Phase 
System requirements, those requirements developed to meet stakeholder needs, differ from stakeholder 
requirements in that they do not primarily pertain to user needs (or wants). Rather, they are the 
requirements with which the system must comply with if it is to work properly and fulfil its purpose 
within the intended environment. As such, they can also be considered constraints on the normal 
functioning of the system. An example of a system requirement is the requirement that overall power 
consumption must not exceed a certain level or the entire system will be damaged.  
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The EIA-632 standard defines a requirement as “something that governs what, how well, and under 
what conditions a product will achieve a given purpose”. This definition encompasses the different 
types of requirements that must be defined for the project. Functional requirements define “what” the 
system must do, performance requirements define “how well” the system must perform its functions, 
and a variety of other requirements define “under what conditions” the system must operate. 
Requirements engineering (RE) encompasses all the activities required to define system specifications, 
as shown in Figure 2.13.  

 

Figure 2.13. Relationships of requirements engineering (EIA, 1999) 
 
Acquirer requirements originate from users, including operators when applicable and developers when 
subsystems are required to develop a system (i.e. the final product of a system), and then identified as 
assigned requirements for a prior application of the system design processes. Other stakeholder 
requirements, when added to the acquirer requirements, make up a set of stakeholder requirements that 
are subsequently transformed into system technical requirements. Stakeholder and system technical 
requirements are identified, collected, and defined by completing the requirement definition process. In 
this process, the logical and physical solution representations derived technical requirements, design 
solutions, and specified requirements are defined by completing the solution design process, which is 
used to generate an acceptable design solution. The specified requirements that constitute the 
controlled definition of the finished solution have two roles: 1) representing the build-to or assemble-to 
and integrate-to specifications that describe the design solution for the end product and 2) representing 
the assigned requirements to be used to develop the subsystems of the end product that require further 
development (EIA 1999). 

The processes used for RE vary widely depending on the application domain, as the type of product 
can affect the choice of a suitable method or tool for RE. For example, RE for information systems is 
very different from RE for embedded control systems, which is in turn different from RE for generic 
services such as networking and operating systems. However, there are a number of generic activities 
common to all processes among which are, for example the following: 

 Requirements elicitation identifies the components comprising scenario-extended traceability, 
captures real-world scenarios in the use of a system, and links these scenarios with the system 
conceptual model. 

 Requirements analysis encompasses the tasks used to determine user expectations for a new or 
altered product to enable the realisation of successful project development. 
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 Requirements management pertains to critical success factors providing automated tools that 
control information needs for users in order to achieve certain objectives, such as organisation 
or business goals. 

 Performance requirements specify performance characteristics that a system or system 
component must process, such as a speed, accuracy, or frequency. 

 Functional requirements, the elements capturing the intended behaviour of the system, may be 
expressed as services, tasks, or functions that show how the system will be fulfilled. 

 Non-functional requirements encompass constraints and qualities linked to the relevant 
functions that evaluate the operations of a system rather than their specific behaviours. 

 Requirement volatility is the relation of requirement change or the tendency of requirements to 
change over time in response to the evolving needs of stakeholders and the work environment. 

 Requirement traceability is the ability to document and trace the relationships between 
requirements and other development artefacts in a bidirectional process. 

 Requirement validation is supported by systematic scenario generation to test risks, exceptions, 
and influencing factors; determine if enough scenarios have been captured; and apply validation 
tools such as simulation tests to discover errors in specifications. 

Although RE is considered a multi-disciplinary activity in product development, deploying a variety of 
techniques and tools at different stages of development and for different types of applications may not 
be a suitable solution. Methods provide a systematic approach to combining different techniques and 
notions, and method engineering can play an important role in designing the RE process for successful 
deployment for a particular a problem or domain. A variety of approaches has been suggested for 
managing and integrating different RE activities and products. Jackson (1995) pointed out that 
identifying  well-understood problems offers the possibility of selecting correspondingly appropriate, 
well-understood solutions. 

It is widely recognised that a major key to success in systems development is effective RE based on  
requirements reflecting stakeholder requirements and documented in a system requirements document 
(SRD) before proceeding to the next phase. Because the specified requirements (or system 
specifications)  are derived from stakeholder requirements (or the concept of operations), functional 
block diagrams or state diagrams, such as UML class diagrams, sequence diagrams, and statecharts, 
are well suited  to aid in the implementation of these requirements. 

System Design Phase 
The system design phase clearly defines what is to be built (what components are to be developed) and  
applies both user and system requirements to a real operational environment by allocating functions to 
hardware, software, and users. Consequently, a system design that is created based on system 
requirements includes a high-level design phase, commonly referred to as an architectural design phase 
in most SE standards, based on conceptual specifications that define the overall framework of the 
system. This system, initiated to direct the low-level design phase based on initial specifications, uses 
an SE process based on an iterative, top-down, hierarchical breakdown methodology that includes the 
parallel activities of functional analysis, allocation, and synthesis. The iterative process begins with 
system-level breakdown and then proceeds through the major subsystem levels. While subsystems of 
the system are identified and broken down into further components, established specifications are used 
to provide a basis for representing engineering changes and managing patterns of solution definitions. 
The detailed (or low-level) design phase specifies all the components (i.e. of a system) and defines 
how these components will be developed to meet the system requirements. The requirements are 
allocated to the system components, and the interfaces are specified in detail.  

In the EIA-632 standard, the system consists of both the end (or final) products to be used by an 
acquirer for an intended purpose and the set of enabling products that enable the creation, realisation, 
and utilisation of the final products. Enabling products are used to perform the associated process 
functions of the system, such as developing, producing, testing, deploying, supporting, and maintaining 
the final products. Both the final products and the enabling products are either developed or reused, as 
appropriate. The relationship between these system elements is shown in Figure 2.14 (EIA, 1999). 
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Figure 2.14. The generic framework: System concept (left) and building block (right) 
 
The deployment of the SE process can be conducted using a comprehensive approach by separating the 
final product (e.g.., the building space model) from the enabling product (e.g., its control system), as 
illustrated in Figure 2.14 (left). The system forms the basis for the larger structure, called the building 
block, as shown in Figure 2.14 (right). The building block provides the SE concept in such a way that 
multidisciplinary approach ensures the accuracy and comprehensiveness of the evolving technical data 
package from which test products (or articles), pre-production prototypes, and production products are 
to be designed, manufactured or coded. Because the final product and its enabling products are 
interdependent, both final and enabling products are viewed as part of a system. A part of the system 
consists of final products that perform operational functions and enabling products that perform 
lifecycle services related to the final product or the technical efforts that resulted in the form of a work 
product (e.g., a plan, baseline, or test result). The enabling products for a system concept may need to 
be partitioned and integrated with not only the final products but also other enabling products in 
concurrent development. In order to improve understanding of the defined technical requirements and 
the relationships among the requirements (e.g., functional and behavioural requirements), a logical 
breakdown process is used to transform the defined set of technical requirements into subsystems and 
their associated set of derived technical requirements for input into the design solution definition 
process. This breakdown (or decomposition) process is iterative in such that the functional architecture 
begins at the top-level as a set of functions that are defined in each with requirements allocated to it, 
and ends at the low-level when further decompositions is not required. Figure 2.15 shows an example 
of the functional decomposition of a system (i.e. along with requirements) that is iterated through a set 
of levels until functional architecture is complete. 

 

Figure 2.15. Functional decomposition of a system 
 
As shown in Figure 2.15, it first requires decomposing the system (e.g., application) into subsystems 
along with the requirements, and then allocating the requirements at each level of the functional 
decomposition. Sometimes it is necessary to conduct a trade study to determine a preferred candidate 
among possible functional architectures. Although there are many different ways of partitioning a 
system, the EIA-632 standard defines a system as an aggregation of final products to achieve a given 
purpose. Figure 2.16 shows the relationship among the building blocks in a hierarchy. 
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Figure 2.16. System-of-systems concept (EIA, 1999) 
 
As the system-of-systems (SoS) concept increases in complexity, SE requires the application of 
engineering and management practices to transform user needs into specified requirements used to 
meet user satisfaction through the implementation process. The industry-standard modelling notation 
for an object-oriented method using UML became more popular after it was recognised as the most 
efficient means of developing the design. In this study, the UML state machine diagram, formerly 
called statecharts, a visual formalism for system modelling, is used as an appropriate tool for 
representing and facilitating multiple complex control functions (e.g., operations, or activities) in a 
building environment. In addition, an approach derived from Petri nets is also proposed as a graphical 
and mathematical tool for verification and validation of distributed systems and, in particular, ensuring 
communication, concurrency, parallelism, and synchronisation in combined forms of simulation (also 
called co-simulation). The most important issues for this design phase are the following: 

 The implementation approach and the choice of the core technologies to be used. 
 The structure used to break down the system into separated and integrated modules. 
 The trade-off studies needed to maximise appropriate measures of system effectiveness. 
 The creation of integrated testing strategies consistent with the design structure. 

The design phase should result in the production of an architectural design document (ADD) that will 
ultimately serve as the basis of the system documentation. In software engineering, the ADD consists 
of a number of graphical representations of the system models along with associated descriptive text. 
The ADD should also describe how the system will be arranged into subsystems and how each 
subsystem will be structured into modules. The system requirement definition generates information 
that will be later used to verify if the system performs as expected. Accordingly, the system 
verification plans and hierarchy (among the subsystems, components, etc.) should be developed 
according to the requirement definition. 

Development and Implementation Phase 
Once the system design phase has been completed, the development and implementation phase can be 
initiated. During this phase, hardware and/or software solutions are developed for the components 
identified in the system design. The results of the stakeholder and system requirement analysis and the 
selection of an architectural design results in the specification of a set of realisable components whose 
detailed design must be implemented to meet the design specifications documented and tested during 
the development phase. Although hardware and/or software development may be the first task that 
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comes to mind when considering the realisation of a successful project, the SE approach focuses on the 
preceding requirement and design steps and on the integration, verification, and validation steps to 
follow. System development often requires contributions from diverse technical disciplines. By 
providing a systems view of the development effort, the SE approach helps to form a structured 
development process that proceeds from concept to operation and then to disposal, if necessary. The 
EIA 632 standard offers an integrated set of fundamental processes to aid developers in engineering or 
reengineering of a system. The design and implementation of control systems, a large subfield of SE, is 
used extensively in nearly every industry and in the complex applications such as landing a spacecraft 
on the moon, regulating flow, pressure, and temperature in structures, and determining the bacteria 
content in a bioengineering system.  

According to the EIA-632 standard, the implementation process is used to develop the characterised 
design solution into an integrated final product that conforms to specified requirements (EIA, 1999). In 
accordance with this standard, the physical integration of the final product should ensure the following:  

 Internal and external interfaces for the composite final product (including user and operator 
interfaces and data communications) function according to specified requirements.  

 Defined states, modes, dynamic allocations, or other operational switching functions perform as 
required.  

 Any designed overload conditions, reduced operational levels, or designed-in degraded modes 
of operations are included. 

According to the previously described requirements, the development process in the current context 
(more generally, in distributed simulation) should provide a conceptual (i.e. systematic and structured) 
framework and an associated computational approach to easing methodological problems during 
modelling and simulation (M&S). On the one hand, the V lifecycle diagram based on this framework, 
shown in Figure 2.11, offers a set of entities (e.g., real system models, simulator tools, and 
experimental frames) and relationships among the entities (through integration, testing, verification, 
and validation) that effectively present an approach to M&S of multi-domain systems design. 
Representing a complex system as a group of subsystems, which can in turn be considered a set of 
components, within the same application but residing on multiple computers connected by a network 
to simultaneously exchange data among the subsystems would provide a generic approach to 
simulation interoperability throughout the SDLC (see Figure 2.17, left). On the other hand, the 
computational approach is based on the mathematical theory of systems and operates with object-
oriented analysis and other computational paradigms (e.g., bond graphs). Manipulating the framework 
elements and deriving logical relationships among them is a means of solving real-world problems in 
simulation modelling. The framework and the systems theory are intimately linked (see Figure 2.17, 
right); the framework entities are expressed in terms of the system specifications given by systems 
theory and the framework relationships are expressed in terms of the morphisms (preserving the 
relationships among them) among system specifications. In contrast, the abstractions in mathematical 
systems theory are interpreted by the framework as applicable to real-world problems. 
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Figure 2.17. SDLC (left) vs. interaction of systems and M&S concepts (right) 
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The proposed framework connects knowledge engineering with the M&S environments to gain a level 
of understanding necessary for evaluating a complex SoS architecture and operations. This framework 
seeks to illustrate how a distributed dynamic simulation could be used to enhance interoperability in 
heterogeneous computing environments while significantly reducing the negative impact generated by 
inter-applications covering several engineering domains. For these systems, M&S environments are 
collaborative processes of different engineering disciplines using a variety of formal approaches (e.g., 
solutions and software tools) for model reuse and integration. In order to simulate a system as a whole, 
the models are supposed to be coupled, either by direct merger into one model or on account of the 
coupling environments in which they reside. Because the development of this framework is necessary 
to not only develop the simulation but also enhance computing capabilities, the implementation of 
distributed simulation must be transparent to the users. Accordingly, the distributed simulation 
becomes of general interest because of the larger-scale domains that may be feasibly executed with the 
increased computing performance. Distributed simulation is of particular military concern because it 
can combine complex inter-services training in real time (DMSO, 1999). 

For example, the US DoD has mandated a new SE concept for distributed computer simulation 
systems, also called the IEEE 1516 High Level Architecture (HLA) standard. The HLA standard was 
specifically designed to promote interoperability among distributed simulations/environments via the 
data exchange supported by services in the run-time infrastructure (RTI). So far, most of the work has 
focused on the realisation of the HLA/RTI on a conventional network system using well-established 
protocols such as User Datagram Protocol (UDP) and/or Transmission Control Protocol (TCP). In one 
study, D’Ambrogio and Gianni (2004) used an approach based on the use of common object request 
broker architecture (CORBA) to enhance HLA capabilities and increase the degree of HLA 
interoperability in distributed and web-based simulation. In addition to HLA/RTI services, the HLA 
object model is used to describe simulation and federation object models (SOMs and FOMs) by 
providing a specification for documenting key information about simulations and federations using an  
object model template (OMT). Addressing the necessity to support a variety of M&S environments for 
high communication performance, the discrete event system specification (DEVS) approach, for 
example, is used to support a model-oriented approach to modelling discrete-event systems and 
continuous-time systems (see e.g., Zeigler et al., 1999). This DEVS offers a number of important 
properties, such as hierarchical and modular composition, universality, and uniqueness, with well-
defined interfaces. However, in distributed simulations, the HLA standard remains an unexploited 
technology. Unfortunately, restrictions on civilian use of certain patterns of this standard, which was 
originally introduced to link several existing operations to provide enhanced tactical training for 
military systems, did not allow for its full accordance with this study’s research objectives. Because 
the EIA-632 standard was developed to identify the indispensable processes in engineering a system, 
its concept can be practically applied to all engineering disciplines, including software engineering and 
control systems engineering. Contrary to the HLA standard, which is limited to simulation 
development technology, the EIA-632 standard focuses on conceptualising, creating, and realising a 
system and the products that make up a system. Due to the issues explored in this thesis, the EIA-632 
was chosen for application to both the development of a distributed simulation mechanism and the 
integration of advanced control systems in buildings environments.  

Testing and Integration Phase 
The testing and integration phase, one of the most important phases in the SDLC model of a system or 
project, is concerned with the development of plans for testing, verifying, and validating the functions 
of a system. By following these plans, problems and errors in the system can be identified through 
determining whether the constructed system performs as had been envisioned.  More specifically, the 
purpose of testing is to establish whether a system is technically robust, reliable, and fit for its 
application. The key features of a test should be identifiable, repeatable, and documented. Contrary to 
the detailed design phase, where the system is broken down into subsystems, components, and even 
units if necessary, the testing and integration phase is a building-up process. Because it is much easier 
to identify problems and errors within small, simple units than large systems (or applications), the 
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testing and integration phase should start with the testing of each single unit. Once all the problems and 
errors in each unit are detected and fixed, the testing and integration phase can proceed to the next 
level until the entire system is completely tested and assembled as a whole. The integration plan, which 
defines the order in which the system components are integrated with each other and other systems, if 
applicable, includes testing to verify the functionality of the integrated system (or application), with a 
particular focus on component interfaces. When the system or project is an enhancement to an existing 
system, the testing plans can be applied to the new components.  

The primary task of the testing and integration phase is to ensure the completeness of the system by 
determining whether all of its features have been systematically implemented in the correct manner. 
This phase is important to the SE concept because it determines whether the developed system meets 
all technical requirements, including functional allocations and performance requirements. The most 
relevant tests that  can be performed in this phase are the following: 

 Functional or operational tests, which examine if all the functions and/or operations that the 
system performs satisfy its specification requirement(s) when subjected to the environment. 

 Coverage tests, which examine if the different logical or physical paths through which data 
travel are correctly connected (it is usually complicated to test all paths in a complex system). 

 Volume (or stress) tests, which examine if the system is able to operate under realistic 
conditions of use or in degraded modes (e.g., if an electrical system can handle a peak load 
during its operation). 

 Integration or end-to-end tests, which examine if the system is capable of interfacing all of its 
components with each other and interfacing itself  with all the other systems with which it 
shares data. 

 Incremental tests that are performed by testing small parts of the system and then incrementally 
adding components to the configuration, performing specific tests on each increment. 

 Non-incremental tests, which involve assembling all the components of the system before 
testing them all at once. This strategy is known as the “big-bang” theory of integration, for 
obvious reasons.  

In the current context, incremental testing is the most relevant approach. This form of testing consists 
of using the three strategies of top-down, bottom-up, and data flow testing to integrate a system 
incrementally. Top-down testing is the process of integrating a system under test conditions, 
progressing from high- to low-level design of the complete system. In bottom-up testing, the opposite 
of top-down testing, the system being tested is built up progressively from low- to high-level design of 
the complete system. The two strategies each have their advantages and disadvantages, though the 
bottom-up testing is the most important one. By considering this issue, bottom-up testing is then 
applied to integrate theoretical concepts and practical applications of advanced control systems in 
building environments, especially in the real building case study. Data flow testing, used above all in 
software engineering, is performed by incrementally identifying the components in the configuration. 
The results of data flow testing can be shown in what is known as a data flow diagram (DFD), a 
graphical representation of data processing through an information system. This often results in 
combining top-down and bottom-up strategies with a certain stimulus occurring at the low level of the 
tree, flowing data and control up the tree, and then processing them down to one or more branches of 
the tree to obtain a system response, as  shown in Figure 2.18. This approach is used, especially in the 
current context, to test and integrate multi-threading (or multi-tasking) applications in the distributed 
simulation, where each thread of the building performance application communicates separately with 
its control system via internet sockets. Such an approach has contributed to the development and 
realisation of MASs for ABs, where integration of the applications running on the internet is necessary. 
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Figure 2.18. Data flow testing 
 
Throughout the varied phases of the lifecycle diagram, a number of different individual tests may be 
specified to test subsystems, components, and various combinations of the system elements. The 
system is tested and progressively integrated based on a high-level design and integration strategy. The 
effectiveness of using different strategies may vary, depending on the system architecture and its 
operating characteristics. Different integration tests are used to determine whether the components and 
higher-level assemblies collaborate properly and do not interfere with each other. The choice of 
integration strategy should be made carefully and determined by the nature of the system. Testing and 
integrating the system, the key SE activities, allow the use of a range of integration tests to operate the 
system components with one another in various combinations, verify if all interfacing systems are 
implemented according to documentation, and then identify any required changes to the system. In 
addition, the EIA-632 concept provides test plans that analyse the results and assess the degree to 
which the final product satisfies stakeholder requirements (concept of operations). The system is 
completely accepted only if the entire system is verified and validated. More details on system testing 
and integration can be found in Blanchard and Fabrycky (2006).  

System Verification and Validation  
System verification and validation are often considered to be a single process, but there is a distinct 
difference between verification and validation (V&V) activities and their capabilities, particularly in 
SE. Whereas verification is the process of confirming that a product meets its specified requirements, 
validation is the process of confirming that the final product fulfils its intended use. In other words, 
verification ensures that the final product is built to do the “right thing” whereas validation ensures that 
the final product is built to do “things right”. In addition to V&V activities, accreditation is sometimes 
used as formal certification that a model or a simulation is acceptable for use within the context of a 
specific purpose; the system is accredited only if it is sufficient for the application for which it will be 
used. Accreditation is the certified determination by the user that (1) the capabilities of the M&S 
environments fulfil the intended use and (2) the limitations of the M&S environments will not interfere 
with reaching the correct conclusions. The accreditation process basically assesses V&V activities in 
terms of model strengths and weaknesses. It should be noted that these three definitions of verification, 
validation, and accreditation (VV&A) activities are now widely used and integrated into M&S 
environments (see e.g. Caughlin, 2000). The goal of these VV&A activities is to establish that M&S 
generates realistic, impartial, and credible performance results when operated within a specific domain 
or scenario and environmental conditions are acceptable (accredited) for use. In effect, there are many 
methods and techniques used to accomplish VV&A activities. One report (DMSO, 2000) mentions that 
the VV&A of distributed M&S environments is more complicated than they are for stand-alone M&S 
environments because it requires investigation of the representations and interactions among the 
individual M&S uses. Moreover, different levels of resolution and their resultant data flows contribute 
to the complex nature of VV&A for distributed M&S. However, accreditation was not the focus of this 
research because it is complex and time consuming. 
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One of the critical tasks in ensuring total quality in M&S applications is assessing and measuring the 
global characteristics concerned with accuracy, efficiency, maintainability, portability, usability, and 
reusability. In the current context, only verification and validation activities are described because they 
are concerned with the assessment and measurement of the accuracy and the quality of M&S 
applications. Many research papers in the literature explicitly describe a variety of V&V techniques 
used for both (conventional) simulation models and object-oriented simulation models. Selecting the 
most effective V&V technique among the many available for a specific application is important but 
very complicated, especially for practical systems. However, in some cases, even empirical methods 
that analyse the selected V&V activities can be performed only for specific applications and have 
certain restrictions on the ability to generalise the results. While V&V activities are only one part of 
the SDLC, they are extremely important in SE because they are the only means of verifying if a 
product or system meets specifications and fulfils its intended purpose (or use).  

In SE, verification is defined as the tasks, actions, and activities performed to evaluate the progress and 
effectiveness of the evolving system solution (user, products, and processes) and compliance with 
requirements. One or more procedures to verify each requirement must be established and/or 
developed to reduce implementation risks and assist the design of trade studies in identifying the 
preferred system solution. The goal of verification is to confirm that the physical architecture resulting 
from the design synthesis satisfies specified requirements at an acceptable level of risk. System 
requirements might be verified at several different levels, from the bottom-up to the component level 
to the subsystem level and then to the entire system. Indeed, the entirely integrated system should be 
verified before it is implemented. Four basic verification activities are especially important: 

 Test is the detailed quantitative method ultimately used to verify the system design and measure 
system operations. It should be possible to provide defined inputs in order to measure outputs 
and determine whether the stated requirements are satisfied. Typically, testing on some levels of 
the instrumentation are more prevalent during early verification, when component-level 
capabilities are being exercised and verified. 

 Demonstration is the observation of system operations in a simulated environment without any 
need for measurement of data. In most cases, the use of demonstration is more prevalent for 
system-level verification, particularly when the final system involves end-to-end operational 
capabilities. 

 Inspection is the direct observation of requirements, such as needs, system features, other 
physical characteristics, and software language. This technique determines whether the 
requirements of the final product are correct. 

 Analysis is a strategic process for system verification using logical, mathematical, and/or 
graphical techniques. Analysis of verification approaches is often used to evaluate risk; user, 
product, and process capabilities; compliance with requirements; and proof of concept.  

System verification and validation activities are very similar but address different issues. Whereas 
verification addresses whether the system satisfies requirements, validation confirms whether the 
system as built will satisfy user needs. Verification should be performed throughout the lifecycle to 
ensure that the system meets its end requirements before it is deployed. On the other hand, validation 
cannot be completed until the system is operated in the intended environment by the intended users. In 
the context of this study, the validation of integrating advanced control systems in BPS is comprised 
with the determination of the degree of reliability in using run-time coupling between CME and BPS. 

The concept of V&V is not unique to M&S environments. Traditionally, a variety of techniques used 
in system or model V&V has been pivotal in the development of several scientific and defence-related 
domains, including space shuttle software training, medical diagnostics, and nuclear reactors. These 
techniques are based on the use of either objective or subjective assessments. For objective 
assessments, a type of statistical testing of hypotheses or mathematical procedures is used for the 
validation of systems simulation. On the other hand, subjective assessments are applicable when the 
operational validity is based on the type of system and its properties. A combination of both techniques 
is usually used for the validation of complex systems. For more details about the V&V techniques used 
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for simulation models, see e.g. Sargent (1999). The literature describes the large number of techniques 
used for system and subsystems validation, among which the most commonly used are the following: 

 Animation is used as an effective way of validating system formal specifications according to 
stakeholder requirements. The behaviour of the system (or the model) in operational mode is 
graphically displayed over time during the simulation or the experimental work.  

 Comparison to other models consists of comparing the simulated results of the system or 
model with the results of other systems or models that had previously been validated. Such a 
method is often used in research because it provides for rapid and efficient assessment by 
supposing that the previous results are correct, but in most cases, it is insignificant because no 
specific test can be applied to determine the correctness of the system results. 

 Historical data validation faces almost the same problems as does predictive validation. The 
experimental data are compared with the historical data to determine whether the system or 
model behaves in the same way as previously designed and whether it is intended to work 
under normal circumstances when facing load disturbances and/or changes. 

 Parameter variability–sensitivity analysis is a combination of the system or model sensibility 
and the estimated variability in the input parameter. By changing the values of the system 
inputs and internal parameters, this technique determines the effect upon the system 
behaviour and its outputs. Those sensitive parameters that cause significant changes in the 
system responses should be sufficiently accurate before applied to the system.  

 Predictive validation consists of comparing the obtained results of the system or model 
behaviour and the predicted data in the real system. These data may come from experiments, 
tests, or observations. 

Although there have been a considerable number of studies on V&V techniques, no strategic or choice 
approach exists to determine which technique or procedure to use for a particular system.  However, 
when selecting an appropriate V&V technique, the concept of the V&V activities within the SE 
processes (e.g., the EIA-632 or IEEE-1220 standards) is extremely important for successful completion 
of complex and large-scale simulation models. In effect, the SE process seeks to validate the final 
product against the requirements. The validation or acceptance performed to confirm that the final 
product fulfils its intended use generally entails 1) using the verified system into its operational 
environment, 2) certifying that the final product meets system and user requirements in the real 
environment under test conditions, and 3) confirming that the system meets user requirement during 
actual operational use. In general, validation is determination that a system performs all the things it 
should do and does not do what it should not do (INCOSE,7 2010). A form of validation termed 
requirements validation is sometimes used to guide the development process to the completion of a 
successful system by satisfying the system users in the intended environment. Requirements validation 
is often based on requirements analysis; exploration of requirement adequacy and completeness; 
assessment of prototypes, simulations, models, scenarios, and mock-ups; and feedback from users or 
other stakeholders. The validation activities may concern only the product or the appropriate levels of 
the system design used to build the product. The functions performed for the validation are similar to 
verification tasks, such as testing, analysis, inspection, demonstration, and simulation.  

The EIA-632 standard describes V&V activities as technical evaluation processes intended to be 
performed by one or more processes for engineering or reengineering a system. Figure 2.19 shows the 
relationships among the four processes (EIA, 1999):  

 Systems analysis provides a rigorous basis for technical decision making, resolution of 
requirement conflicts, and assessment of alternative physical solutions; determines progress in 
satisfying system technical and derived technical requirements; supports risk management; 
and ensures that decisions are made only after evaluating all possible effects on the 
engineering of the system. 

 Requirements validation is critical to successful product development and implementation. 
Requirements are validated when it is certain that the subject set of requirements describes the 
input requirements and objectives such that the resulting system products satisfy them.  

                                                           
7 INCOSE SE Handbook, Version 3.2 (approved June 2010) 



A Distributed Dynamic Simulation Mechanism                                                                            2 – Problem Statement  
for Building Automation and Control Systems                                                                             and Research Context 
 

 41

 System verification is used to ascertain that the system design solution is consistent with its 
source requirements; final products at each level of the system implementation structure meet 
their specified requirements; product development for each associated process is properly 
progressing; and required enabling products will be available when needed for performance. 

 End product validation is used to demonstrate that the product delivered or prepared to 
deliver satisfies the validated acquirer requirements. 

 

Figure 2.19. Technical evaluation processes (EIA, 1999) 
 
The eight requirements associated with processes for V&V activities in this standard are requirement 
statement validation, acquirer requirement validation, other stakeholder requirement validation, 
system technical requirement validation, logical solution representation validation, design solution 
verification, end product verification, and enabling product readiness. For a detailed study of V&V 
activities within an SE process, including inconsistency checking, traceability issues, and all 
requirements related to SE standards (as in the EIA-632 standard), see Sahraoui and Jones (1999). 

It is also important to recognise that every requirement in the system should be able to be traced to its 
intended function, component, or element. One-way of doing so is through designing a requirement 
traceability matrix, illustrated in Figure 2.20, by supposing which subsystems and components address 
one or more requirements. Within this matrix, all requirements are allocated to system functions, 
including elements and components that will satisfy them. Furthermore, this matrix can be used to 
verify if there is a system component or element for every requirement that needs to be met. 
Consequently, the requirement traceability matrix is a key document (or database) for a system design 
that helps test each system component as it comes online. 

 
Figure 2.20. The simplest form of a requirements traceability matrix 
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It is important to note that when system validation efforts cannot be fully complemented until the 
system is fully operational in the user environment, progress tests must be performed and evaluation 
plans must be implemented early in the process. Blanchard and Fabrycky (2006) explained that in 
order to gain as much support as possible, all requirements should be fulfilled as early as possible. In 
the current research study, validation of a distributed dynamic simulation mechanism for BACS can be 
fully conducted only if it is fully implemented and fulfilled all requirements. Thus, the implementation 
of a progressive and evolving plan should commence with the validation efforts as early as possible for 
as long as the results are important. To support this process, several industry and standard outlines for 
validation plans are available, including the IEEE-1012 standard8, which is intended for software 
verification and validation but also applicable to broader system V&V activities with a single outline. 

System operation and deployment 
Once a system is accepted, it should be operated in its typical steady state. The system operation and 
deployment phase concentrates on using SE practices as tools to install the system into the operational 
environment; address operation and maintenance requirements necessary for ensuring that the system 
performs as planned; and manage changes to the system, design modifications to the system elements, 
and developing procedures for the system services. In addition, it should document in detail how the 
system is expected to be operated and maintained while human errors are significantly reduced and 
system reliability increased. 

In some cases, particularly when the system involved is critical and a number of installation factors 
such as safety, industry standards and norms, and planning requirements should be taken into account, 
an extra system initial deployment phase is developed and performed before the system V& V phase.  
In other cases, this phase of deployment may be performed to identify constraints, synchronise the 
system with other systems, or mitigate risk by installing the essential core of the system and then 
adding features over time. It is necessary to initiate the system deployment because acceptance tests 
should be conducted to confirm that the system performs as intended in the operational environments. 
This phase can also include deployment plans that document the functioning of the system, the 
verification procedures that verify system installation, and other enabling products that support 
ongoing system operation and maintenance.  

One SE key activity during this phase focuses on ensuring that the system continues to meet the 
performance goals that had been established during the earlier system or project phases. If problems 
arise with system operation, the SE concept would allow for detection of the failure, diagnosis of its 
cause, and delivery of a solution with minimal delay. The SE concept also allows for additions that 
update the system’s potential and trace its performance metrics to user-defined function capabilities. In 
particular, it is critical to maintain all processes that keep the system performing satisfactorily during 
its lifecycle by monitoring and fielding the system’s capabilities against its original performance 
requirements. To assess such issues (e.g., reliability, maintainability, and supportability), the SE 
concept uses technical performance measures (TPMs) to balance system cost, time constraints, and 
performance throughout the SDLC model. One of the key actions in which technical performance 
measures or measurements are used to compare actual system performance to the original system 
design specifications is determining the degree to which system requirements are met in terms of 
performance, cost, schedule, and procedure in satisfying stakeholder needs in an effective and efficient 
manner. The most suitable tool that can be applied in the establishment and prioritisation of TPMs is 
the quality function deployment (QFD) model. The QFD 9  model is based on the use of 
multidisciplinary teamwork to ensure that the “objectives that we want to accomplish” are reflected in 
the ultimate design. The QFD method utilises one or more matrices in the so-called the House of 
Quality (HoQ) structure to provide a conceptual map for the design process and a rapid means of 
translating stakeholder requirements and preferences into system specifications, and then 
systematically transferring the requirements to lower levels of design and detail for managing 

                                                           
8 IEEE 1012-2004 - IEEE Standard for Software Verification and Validation 
9 The QFD method was introduced after World War II by Japanese developers for deploying high-impact control factors in 
manufacturing industries. It is now widely used in object-oriented programming and case-driven development. 
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complexity and maintenance activities. Figure 2.21 illustrates a complete understanding of the basic 
concept for a generic QFD diagram or HoQ structure. 

 

 

Figure 2.21. A basic form of the HoQ structure 
 
The QFD process starts on the left side of the HoQ structure with the demand elements (the “whats”), 
with the identification of consumer needs and their ranking in terms of feasibility and importance in 
the “whats” column. The top of the HoQ structure identifies the means by which the objectives will be 
accomplished relative to the quality elements that must be specifically implemented in the design. This 
consideration constitutes the “hows”, which are listed in the vertical column with the recognition that 
there should be at least one technical solution for each identified need. The interdependency between 
the demand elements and the quality elements are identified, as well the areas of conflict, by 
generating the quality elements correlation matrix with different weights. The centre of the HoQ 
structure conveys the strength and impact of the quality elements (i.e., the proposed technical solution) 
on the demand elements (i.e., the identified requirements) by composing the correlation matrix. The 
“how much” row in the bottom part of the HoQ structure allows for comparison between possible 
alternative solutions. This is where the design features are quantified in the form of the assessment 
matrix by establishing benchmarks for different design options. Finally, the right of the HoQ structure 
allows for planning by establishing specific requirements positioned in terms of resources. 

Although the QFD method may appear quite complicated when completed, it is very convenient and 
useful for establishing appropriate levels of design emphasis, defining criteria as inputs into the design, 
identifying design features and translating them down to lower levels in the design process, and 
specifying  procedures for dealing with maintenance plans. The application based on using the QFD 
diagramming process can be quite varied yet suitable for describing occupant comfort and convenience 
as key features in the system design. Park and Kim (1998) described an approach to a modified model 
of the HoQ prioritisation procedure that employs a multi-attribute decision method for assigning 
relationship ratings between occupant requirements and design specifications instead of using a 
conventional relationship rating scale in order to improve indoor air quality in buildings. 
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The system operation and deployment phase of this research study was particularly concerned with the 
operation and use of a distributed simulation mechanism for diverse applications ranging from simple 
to advanced control systems in BPS. Even though the distributed simulation mechanism is designed for 
enabling the integration of advanced control systems in building environments, the development of this 
mechanism is implemented in such a way as to support any simulation involving any control modelling 
and any building performance application. In every side of the run-time coupling mechanism, a user-
interface for manipulating values and properties that a building model and its control uses for exchange 
is designed to help in systematically setting up any building control application possible. This user-
interface also provides a choice when selecting options for using different functions, including network 
protocol, data exchange, and communication modes. In support of this choice, help documentation is 
included in programs to explain the meaning and purpose of different sections of the source code so to 
detect errors if they arise, upgrade elements when necessary, and deal with possible enhancements to 
run-time coupling between CME and BPS. 

Another interesting point is concerned with the installation and maintenance activities of advanced 
control systems in buildings, as highly automated equipment and components contribute additional 
complexities to maintenance functions (Basak, 2006). Effectively, poor maintenance of building 
control systems can highlight the causes of energy inefficiency in buildings. Some studies have 
emphasised quality assurance as a management system that coordinates maintenance activities with the 
aim of preventing malfunctioning and loss of time. The QFD method is well suited for preventing and 
analysing failures that must be corrected before they develop into major operational problems that 
become more costly and time consuming to repair. A number of maintenance programs exist, including 
total quality management (TQM) and total productive maintenance (TPM). The linking of TPM, a 
maintenance program that involves a newly defined concept for maintaining facilities and equipment, 
with QFD results in the so-called maintenance quality function deployment (MQFD) model (see 
Devadasan et al., 2006 for more details). 

For highly complex projects, other phases, such as the system update, replacement, and disposal phases, 
may also be included in the SDLC model (or diagram). A system may become obsolete and need to be 
altered, upgraded, or replaced through the development of technologies or changes in user needs. In 
these phases of the SDLC diagram, the SE activities focus on the planned and probable scheduled 
changes to the final product throughput the SDLC. As a result, strategic plans for updating or replacing 
the system and for removing the system from operation and disposing of it must be developed at an 
early phase of the SDLC diagram to reduce the impact during system changes, to plan the system 
retirement, and recycle system components. The EIA-632 standard uses a systematic approach to 
engineering or reengineering a system, incorporating best practices to provide for the safe and/or cost-
effective disposal (or retirement) of a system (EIA, 1999). System disposal may be a significant phase; 
as an important characteristic of the SE practice is the planning of all events, the retirement of the 
system should be planned as well.  

2.7.5. Mapping the SE Process into the SDLC Diagram 
The SE process can be described in different contexts and at different levels of application. All phases 
of the top-down development and bottom-up realisation of the V lifecycle diagram, as shown in Figure 
2.11, are defined in such a way that all processes of the EIA-632 standard will be performed, as shown 
in Figure 2.9. In both the SDLC diagram and the SE process, the system is specified in increasing 
detail, beginning with needs before moving to requirements and then design. A multidisciplinary and 
systematic (stakeholder) approach helps resolve problems within the system development process by 
applying SE practices. The advantage of using similar concepts and processes is that SE practice can 
be integrated as an extension to system development through the reuse of existing components. 

Although there are similarities, they are also key differences between SDLC models and SE processes. 
For instance, the EIA-632 standard is designed in such a way that all defined phases of any SDLC 
model (e.g., waterfall, V, or spiral) can be easily adapted to all processes of this standard. However, it 
is also important to maintain continuity throughout the SDLC model (or diagram) because if the 
underlying stakeholder requirements  are clearly understood, there is latitude to implement the most 
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cost effective and suitable solution. Differences between the various alternatives may lead to 
innovative procurement practices for the selection of the most balanced and suitable solution for an 
engineering problem. 

2.7.6. Trade-Off Analyses 
Trade-off analyses, also called trade-off studies, are the most important components of research and 
development studies because they are used to determine whether a technical solution to a problem 
exists, weigh alternatives that must be considered to identify appropriate technologies, and examine 
different technical alternative solutions to a problem. Trade-off analyses are SE elements that focus on 
evaluating and selecting the most balanced and suitable technical solution among a set of proposed 
viable solutions. They are a key tool in developing a design solution that meets stakeholder 
requirements in the most effective way possible. Although trade-off analyses result in identification of 
one out of two or more alternative approaches during the program or project lifecycle, a number of 
factors, including cost, time, performance, and effectiveness, must also be considered to identify the 
most suitable and practical solutions to a problem.  

Determining the availability of a solution or assessing the different technical solutions to a problem are 
ways of working with imperfect information and rapid technological innovation. Trade-off studies may 
be performed at any phase in the SDLC whenever effective decision-making and/or identification of 
the most balanced solution is required to fulfil requirements. They are also useful when it is necessary 
to make a system more flexible by adding more options to take advantage of advances in technology. 
For instance, in distributed simulation research, it is recommended that the implemented mechanism 
for run-time coupling between control modelling and building simulation environments should be 
flexible while the building performance simulation software continues improving usability. 

The trade-off analysis process presupposes that identified alternatives are evaluated as specified by the 
main objective of the feasibility study. Hence, this process requires the following actions (Blanchard 
and Fabrycky, 2006): 

 Defining the problem.  
 Identifying design criteria or measures according to the varied alternatives that will be evaluated 

(e.g., TPMs).  
 Selecting the suitable evaluation technique. 
 Developing a model to facilitate the evaluation process. 
 Acquiring the necessary input data.  
 Evaluating each of the candidates under consideration.  
 Performing a feasibility analysis to identify potential areas of risk.  
 Recommending a preferred approach.  

The engineering trade-off study process provides a structured and analytical framework for evaluating 
alternative architectures, designs, components, and test approaches. Figure 2.22 illustrates a trade-off 
analysis that can be tailored and applied at any phase in the SDLC model.  



A Distributed Dynamic Simulation Mechanism                                                                            2 – Problem Statement  
for Building Automation and Control Systems                                                                             and Research Context 
 

 46

 

Figure 2.22. Trade-off analysis process, expanded from (Blanchard and Fabrycky, 2006) 
 
The definition of measures regarding evaluation criteria and the weighting factors for system 
effectiveness, performance, and cost are related to the definition of study objectives and the functional 
analysis involved in their synthesis. The synthesis process usually leads to the identification of possible 
alternative design approaches. Blanchard and Fabrycky (2006) described synthesis as design, which 
refers to the combining and structuring of components to create a feasible system configuration. 
Initially, synthesis is used in the development of preliminary concepts and establishment of 
relationships among the various system components. After system functional breakdown has been 
completed, synthesis is used to facilitate finding a solution by identifying a detailed design suitable at a 
lower level. However, during the final configuration of the design process, synthesis involves the 
creation of a high-level graphical design that will ultimately form the system. The iterative 
development of synthesis, analysis, evaluation, and design initially leads to the establishment of the 
SDLC, which is essential for the successful implementation of the SE process.  

Once a set of possible alternatives has been identified and selected, a method for evaluation of the 
measures must be either implicitly or explicitly selected. To do so, it is useful to consider the following 
three main types of trade-off analyses:  

 Formal analyses, in which a trade-off analysis follows a structured and systematic approach for 
comparison alternatives via formal analysis. 

 Informal analyses, in which a trade-off analysis follows the same methodology as a formal 
trade-off analysis but is not formally reviewed. 

 Mental analyses, in which a trade-off analysis follows a simple process of selecting one 
alternative among a range of possible options based solely on sound engineering judgment; that 
is, a mental trade-off study requires no formal analysis. This type of analysis is appropriate only 
if the consequences of the selection are not important.  
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Of the three types of analyses that may be chosen based on the consequences to a project, informal or 
mental analyses are chosen most often. One reason is that informal trade-off analyses can be performed 
with fewer difficulties and resources than can formal trade-off analyses whereas mental trade-off 
analyses can be performed with less rigor and formality than can formal trade-off analyses. The 
resources to perform trade-off analyses can be allocated based on lifecycle cost, risk, and performance 
factors that enable the selection of the potential trade-off study. This results in the evaluation of 
various viable alternatives and the selection of the preferred SDLC diagram. Figure 2.23 proposes a 
typical example of a trade-off analysis table that describes the formal trade-off study process in 
adequate detail by assigning a weight for each evaluation criterion along with each alternative to be 
evaluated. The total weight recorded in the last column of the table aids in making a decision 
corresponding to the total score of all design criteria for each alternative.  

 

Figure 2.23. Example of a trade-off analysis table 
 
In the context of the current research study, trade-off analyses were mainly conducted to determine the 
most appropriate IPC mechanism among other options for the development and implementation of run-
time coupling between CME and BPS. Trade-off analyses were also used to develop and evaluate 
candidate operational concepts for advanced control systems in building environments.  

2.8. Summary 
This chapter described the motivations for the research presented in this thesis (i.e., the statement of 
problems with brief summaries of their contributions), and then a research methodology based on SE 
practice with a particular focus on application of the EIA-632 standard. It did so by first emphasising 
the importance of enabling the integration of advanced control systems in building environments, 
particularly in BPS, by run-time coupling of distributed computer programs. It then primarily focused 
on the development of a research methodology based on SE practices. This methodology served to 
provide a structured and systematic framework for defining, describing, and evolving both the enabling 
product and the process needed to build the final product, and applied throughout the V lifecycle 
model to all the activities (or phases) associated with analyse, design, development, implementation, 
verification and validation, and operation and deployment. In this research study, the enabling product 
refers to a distributed dynamic simulation mechanism for BACS, the process to the integration of 
advanced control systems in building environments, and the final product to an AB. 

All phases in the SDLC model, from feasibility studies to system operation and deployment, were 
reviewed and described in detail with the aim of allowing any researcher to apply them in the 
development of a conceptual model that that would enable realization of a successful project. Several 
examples concerned with these phases and SE activities were also provided to explain the means of 
resolving complex and technical problems in a design process and selecting a suitable solution for a 
particular problem out of two or more possible options. It must be stressed that the methodology based 
on SE practices was developed to provide a comprehensive framework for the development and 
implementation of a distributed dynamic simulation mechanism for BACS, and for the integration of 
complex and large-scale automated control systems in building environments in the quest to satisfy 
adequate requirements for their achievement in the most effective manner.  
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Chapter  
 

3. State of the Art 
 
 
 
   “In research, if you know what you are doing, then you should not be doing it” 

Hamming, R. W., Numerical Methods for Scientists and Engineering, McGraw-Hill Inc., 1962  
 
 
 

3.1. Introduction 
In the early days of simulation, modelling was simple, as only continuous (time-driven) or discrete 
(event-driven) simulations were viable. Continuous simulations are based on of the use of numerical 
techniques to solve differential equations, whereas discrete-event simulations deal with the execution 
and scheduling of events occurring at particular points in time, with these discrete events executed in 
increasing order of timestamps and requiring causality. Since then, several other simulation methods 
have been developed, such as the Monte Carlo simulation, which are extensively used across a wide 
variety of industries to solve stochastic or deterministic system problems (Law and Kelton, 1991). 

The development of techniques for combining and integrating diverse methods has occurred within 
many fields, and has included the development of combined discrete-event and continuous-time 
concepts in M&S of manufacturing machines (see van Beek et al., 1997). Subsequent technological 
advances in computer and broadband communications have led to the development of new methods 
that fall into the two essential categories of parallel and distributed simulations. One of the 
motivations for developing these methods was to combine a multitude of individual simulation tools 
into one environment in order to enable computations that are not possible because they require a large 
amount of computing time. 

Many studies have described parallel and distributed simulation techniques as recent technologies that 
enable a simulation program to operate on a computing system containing multiple processors, such as 
a PC, interconnected by a communication network (Fujimoto, 2000). While parallel simulations run on 
a set of computers to speed up computing performance, distributed simulations run simultaneously on 
multiple computers communicating over a network and focus on resolving interoperability issues (e.g., 
bridging gaps between different software tools and hardware platforms). Distributed simulations have 
become increasingly important for war-gaming and decision-making effectiveness by introducing the 
unpredictability of attacking or defending against an opposing force or the acquisition of plans to 
prepare for future engagements (Page et al., 1997). 

With advances in M&S studies, a new form of simulation has evolved that adds human-in-the-loop to 
the simulation. Efforts towards this new simulation, often referred to as advanced distributed 
simulation (ADS), was first envisioned to support the gamut of US DoD activities, including analysis, 
training, testing, evaluation, and acquisition. Since then, the field of ADS has emerged and evolved 
due to the introduction of control applications running on networked environments. While applications 
wherein control loops are closed through a real-time network are becoming increasingly complex and 
realistic, the SoS concept, which is used to develop modern networked environments, remains quite 
primitive, and is broadly acknowledged as challenging due to its high complexity in regard to 
interoperability and architectures (see Maier, 1996 and Chen et al., 2003). To cope with this issue, SE 
approaches to and solutions for dealing with interoperability and evolution management in many 
organisations, especially defence forces, have been challenged and subsequently further developed. 
Increased evolution resulting from developments in networked systems and subsystem architectures 
requires innovative methods capable of responding quickly and cost effectively to various 
requirements of the SoS concept. 
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While relevant research communities have started to address interoperability and evolution issues and 
difficulties created by the emerging SoS concept (e.g. IDABC, 2004), the US DoD has, through the 
DMSO10, initiated a comprehensive series of programs that aim to promote interoperability, code and 
model reuse, data standardisation, common conceptual models of military operations, and VV&A, 
among other important issues, through a common technical framework (Clark et al., 2000). Because of 
these efforts, several SE standards for distributed simulation have been developed that focus on the 
interoperability of simulation systems (or tools). However, it is essential to note that a substantially 
different classification of SE standards has evolved within the military sector that is not yet available 
within the civilian domain. 

The main purpose of this research study is to achieve better integration of advanced control systems in 
BPS by run-time coupling of distributed computer programs. Carrying out this integration in a real 
building would require a set of hardware (e.g., computers for data acquisition) and instrumentation 
(e.g., sensors and actuators) that would serve as part of a platform for operations. The two approaches, 
CCS architecture or DCS architecture, as shown in Figure 1.3, can be used. Based on the concept of a 
DCS, it is required to develop and implement a distributed dynamic simulation mechanism for BACS 
equivalently. Instead of implanting a BACS in a real building, this distributed simulation mechanism 
will allow integrated performance assessment of new control strategies in building environments.  

Regarding the control application in buildings in this research study, the selected method of control 
systems for both theoretical and experimental studies was based on a comprehensive framework that 
provides a practical solution for acquiring knowledge via DCSs using intelligent agents that can 
interact with each other to automatically regulate indoor building processes (or parameters). This 
framework utilised a hybrid system approach to detect and adapt to changes in the environment in 
order to ensure the comfort of occupants, minimize energy use, perform monitoring and supervising 
functions, and make decisions. 

This chapter describes the basic elements of coupling and distributed systems relevant to this research 
and reviews the relevant literature on shared development. The primary section of this chapter focuses 
on comparing different SE standards for interoperability in distributed simulations. The final section 
concludes the chapter by reviewing BACS and SE practices in building domains. 

3.2. Coupling and Distributed Systems 
Over three decades ago, Stevens et al. (1974) first described coupling in the context of structured 
software design as “the measure of the strength of association established by a connection from one 
module to another” and cohesion as “the degree of connectivity among the elements of a single 
module”, although coupling is frequently equated with cohesion. In effect, both coupling and cohesion 
are important indicators of the quality of a software system. Myers (1982) redefined the concept of 
coupling by defining it at various distinct levels, from low (or loose or weak) coupling to high (or tight 
or strong) coupling. More details about levels of coupling can be found in Page-Johns (1988). 

While coupling considers the external dependencies among modules, cohesion considers the internal 
dependencies with a single module11. Constantine and Yourdon (1979) explained that the modularity 
of software design can be measured by coupling and cohesion. In general, coupling between 
components reflects their interconnections, understanding that a fault in one component can affect 
other coupled modules. For this reason, high-quality computing systems should have a low degree of 
coupling among their components because coupling introduces a level of complexity that makes a 
system more difficult to understand, test, and maintain (Faison, 2006).  

Coupling refers to some kind of dependency between two entities. As no specific symbols have been 
developed to represent coupling in software diagrams, Figure 3.1 illustrates a schematic view of 
coupling with UML that relies on the use of stereotypes 12  to depict relationships between two 
applications (A1 and A2). These applications are different and may run on diverse computers 
                                                           
10 The DMSO is the DoD Defense Modeling and Simulation Office. 
11 In computer science, a module is understood to be a component.  
12 The UML stereotype is an extensibility mechanism that categorises an element in some manner.  
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communicating via a network. The two <<requests>> and <<responses>> elements are used to show 
the dependency between the applications (A1 and A2). The schematic view indicates that A1 requests 
from A2 and A2 responds to A1. 

 

Figure 3.1. Schematic view of coupling with UML 
 
Although there are many ways in which A1 can communicate with A2, gaining a good understanding 
of existing means of coupling is essential before they can be described in detail. It is also important to 
understand the type of coupling being considered because each type can affect different phases of the 
SDLC by introducing constraints in the project and producing erroneous simulation results. Some 
types of coupling are relatively independent and easy to comprehend and adapt whereas others are not. 
However, all types depend on the rigidity and efficiency of the type of interconnections that need to be 
achieved. If these interconnections are strong, the entities are highly (or tightly) coupled, and if they 
are weak, the entities are loosely coupled. Many of the applications reported in the literature describe 
the use of loosely coupled entities because loose coupling is a desirable feature of a design.  

Applications running on a network are considered loosely coupled if one application (A1) can request 
data from another (A2) and vice versa, yet both applications work independently of each other. This 
sort of coupling occurs in a distributed system, which Coulouris (et al. 2011) defines as “a system in 
which hardware or software components located at networked computers communicate and coordinate 
their actions only by message passing” and Tanenbaum and van Steen (2006) defines as “a collection 
of independent computers that appear to the users of the system as a single computer”. Regardless of 
the definition used, the benefits of distributed systems and applications are numerous, making it 
worthwhile to pursue this approach. 

3.2.1. Static and Dynamic Coupling 
In his doctoral thesis, Zhai (2003) described different methods of coupling between building energy 
simulation (BES) and computational fluid dynamics (CFD). These methods were classified into two 
categories, depending on whether the simulation is performed within an instant of time – static 
coupling – or over a period of time – dynamic coupling. Static coupling, which occurs when data is 
exchanged between BES and CFD using only one or two steps, can be performed manually because it 
requires only one or two iterations. Dynamic coupling occurs when data is exchanged between BES 
and CFD at every time step. When the solution is not dependent on the data exchange and the static 
coupling is repeated at each time step, quasi-dynamic coupling is the appropriate strategy; when the 
solution is highly dependent on the data exchange and the two programs iterate continuously until the 
solution is achieved, full-dynamic coupling is the appropriate strategy; and when the results of the 
program (slave) are compared with the results obtained from previous forms of coupling during the 
current time step, virtual dynamic coupling is the appropriate strategy. 

Although Faison (2006) described coupling as problematic, not all forms of coupling are equal. In the 
most general terms, static coupling, simple forms of coupling that impact compile time, might be 
considered the worst form, whereas dynamic coupling, forms of coupling that occur only at run time, 
are probably the most benign and successful. Both compile-time and run-time coupling might 
introduce problems at deployment because coupled components might need to be deployed together. 
More details about static and dynamic are as follows: 

 Static coupling occurs when the coupling between two applications (A and B) affects the build 
time such that one of the two cannot be built without the presence of the other. In other words, if 
A is statically coupled to B, then B needs to be present in order to build A, and to produce the 
executable code of A from source code, some part of B must be present. Exactly which part is 
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required depends on the type of the communication mechanism being used (e.g., files with lock 
and unlock facilities). 

 Dynamic coupling is a form run-time dependency; that is, the coupled applications must be 
present at the point at which communication is established. If A requires B to be present at run 
time (or during execution), then A is dynamically coupled to B. This form of coupling (run-time 
coupling) makes the testing phase more difficult as all coupled applications must run together.    

In the context of this research study, Faison’s (2006) definition of the term dynamic was applied in 
order to indicate that the development of a distributed simulation mechanism for BACS is performed at 
run-time coupling. Both compile-time coupling and run-time coupling might introduce problems at 
deployment because coupled applications might need to be deployed together. By considering all the 
underlying dimensions of coupling and cohesion, Mitchell (2005) described a more comprehensive 
means of measuring the quality of the critical components in a computing system, including changes 
that take place at run time. Moreover, the utility of run-time coupling and cohesion complexity is 
addressed through the empirical evaluation of run-time coupling metrics and fault detection.  

3.2.2. Producer-Consumer Coupling 
In producer-consumer coupling, an efficient means of exchanging data between two applications in a 
sequence, the producer process makes information available for exchange to the consumer process. 
This form of coupling usually uses a shared memory mechanism or shared (or intermediate) file. These 
two processes are programmed in such a way to share either a common fixed-size buffer or a common 
file. While one of the two processes produces information and puts it in the buffer (or file), the second 
process consumes information from the buffer. Once the information is retrieved and removed from 
the buffer, the second process should become a producer in its turn, and the first process as a consumer. 
This form of coupling requires synchronisation because both the producer and consumer processes 
should work concurrently. The major advantage of producer-consumer coupling is facilitation of the 
implementation of data exchange between different applications in a synchronised mode. However, 
there are several significant disadvantages of using this approach: 

 The producer may, at several points, overwrite previous data before the consumer retrieves it. 
 The consumer may attempt to retrieve identical data not yet deposited by the producer. 
 The consumer may try to take data from an empty buffer, which may cause a serious problem.  
 The buffer can be bounded (i.e., limited in capacity) or unbounded (i.e., unlimited in capacity). 
 The exchange might be slow because it requires much memory. 

This producer-consumer coupling problem is also known as the bounded-buffer problem. When 
working with multi-process or multi-thread applications, problems may arise when various operations 
are needed to synchronise operations between readers and writers to ensure cooperation (e.g., when a 
writer and reader access the file or buffer simultaneously). In addition, the use of files here can arise 
other problems, as they are not often destructive. 

3.2.3. Client-Server Coupling 
Client-server coupling is based on a software architecture model in which each process or computer on 
a network is either a client or a server. Client-server architectures 13  are distributed computing 
solutions. Conceptually, an application is divided into two parts, the server and the client, both of 
which can run on either a single machine or on different machines interconnected by a communication 
network. Although there is a many-to-one relationship between a server and one or more clients, there 
is usually one server that answers requests sent by one or more clients. The server usually mediates 
access to the databases and the client(s) make(s) requests for data and for other types of processing. 
The major advantage of client-server coupling is its adaptability to and performance within distributed 
systems. In effect, distributed programming techniques allow any application, especially control 
applications in buildings, to take advantage of resources located on the network (e.g., the internet) to 
utilise them for a specific purpose (e.g., obtain electricity market data or a weather forecast), maintains 
a flexible and reliable design, and is easy to maintain.  

                                                           
13 Client-server architecture, also known as client-server computing or the client-server paradigm, is a term used to distinguish 
distributed computing from centralized computing structures. Client-server architecture became popular in the early 1990s. 
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Another obvious advantage of client-server coupling that encourages distributed computing is 
modularity in design14, the breakdown of a global application into sub-applications (modules), which is 
the best means of representing real-time control applications. This advantage represents an altogether 
natural approach for the structuring of these applications by taking into account their intrinsic 
proprieties. Kubler and Schiehlen (2000) explained that coupling of diverse software tools allows 
subsystems to be simulated within different programs, and thus avoids disadvantages related to the 
need to supply all subsystems in one software tool and use the same numerical method for all systems 
(or models). It is important to note that this form of coupling allows distributed control applications to 
exchange data in the form of a standard networking protocol such as BACnet or LonWorks. 

3.3. Literature Review on Shared Development 
A variety of simulation tools for building performance and energy analysis have been developed, 
ranging from the simple and estimated to the difficult and detailed. A small number of programs are no  
longer used because they became either useless or too restricted. It is difficult to categorise the 
remaining tools because they incorporate different components. In one study comparing current tools, 
Crawley et al. (2008) concluded that it is quite difficult to describe the capabilities of different BPS 
software tools in use today. For this reason, an integral approach supporting cooperative simulation 
based on data exchange is needed for simulation of environmental comfort and energy consumption 
conditions (e.g., performance, health, and productivity) at different levels of resolution in terms of time 
and space (e.g., region, town, district, or building). Among the many different ways of supporting a 
shared development, Citherlet (2001) and Hensen (2002) described four main approaches to enhancing 
BPS based on separated, interoperated, integrated, and linked strategies, which are reviewed in the 
following subsections. 

3.3.1. Data Model Integration  
Data model integration is mainly and widely used to integrate new sub-domain models/applications 
into an existing software tool (or computing environment), which does not really lead to the Open 
Source Initiative15 (but exploring the shared source licence). These integrated models rely on the data 
exchange during the simulation with the aim of providing a facility to simulate new applications that 
were previously not possible. A number of computer programs developed for building performance 
assessments already integrate thermal, ventilation, air quality, electrical power, and lighting 
calculations, such as ESP-r (Clack 2001). Data model integration can also be achieved by merging 
existing applications, as did TRNSYS (SEL 2004) and ISIBAT (CSTB 2003), and as EnergyPlus 
(DOE 2009) currently does. Examples to consider include the Energy Kernel System (Clarke 1986a, 
2001), the Intelligent, Integrated Building Design System (Clarke 1986b, 2001), the SEMPER/S2 
project (Mahdavi et al. 1999), the Building Design Advisor project (Papamichael et al. 1997), and 
Ecotect (e.g. Thoo, 2007). Among many other examples that use an advanced computing environment 
such as Matlab/Simulink (MathWorks 2012) are Simbad (Simbad 2012), Climasim (Taal 2001), and 
HAMBase (de Wit 2006). 

This research study used data model integration to meet explicit requirements for interfacing with 
Matlab/Simulink so that the exchange of information could be directly performed through an IPC 
mechanism. Although Matlab/Simulink is not currently released as open-source software, a sub-
domain was created by using a Matlab MEX-file16 to provide an interface to external programs, thus 
ensuring data exchange across internet sockets, and written in C/C++ language.  

3.3.2. Data Model Interoperation  
In most scenarios, proper data model interoperation might be a trivial matter. However, this is not the 
case for programs written in different languages or applications running on heterogeneous platforms. 
Here interoperation refers to the ability to share and exchange information between two or more 
programs. Both models for sharing and exchanging data may require the use of structural and semantic 
markup concepts to address interoperability issues (i.e., interoperability of different environments).  
                                                           
14 In the context of SE, modularity in design or modular design is often considered in terms of coupling and cohesion.  
15 The Open Source Initiative (OSI) is an organization dedicated to promoting open-source software. 
16 MEX-file stands for Matlab Executable File and is dynamically linked to programs produced using C or Fortran source code. 
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Data Model Sharing 
Data model sharing allows domain-specific applications to retrieve the data required for their models 
from a sequentially accessible storage system or database that holds information related to the model in 
use. Examples to consider are the VABI Uniform Environment (see e.g. Plokker and Soethout, 1997) 
and the COMBINE project (see e.g. Augenbroe 1994). The advantage of using this approach is that the 
data are centralized and thus can be used by different programs involved in a project. It also improves 
information availability and usability, but still requires a structured data management system to resolve 
problems related to data concurrency. When the data are modified, an update should be performed so 
that all programs involved in a project can use the most current data. The disadvantage of this approach 
is that it does not allow interactive data exchange between applications during the simulation. 

Data Model Exchange 
Data model exchange is used to facilitate data exchange between different simulation models when 
interoperable applications are used. A disadvantage is that its use may lead to several problems due to 
contrasting data models and data structures when dissimilar operating concepts utilise different data 
representations. The following two basic data conversion methods can be used for data encoding and 
decoding: 

 Direct conversion involves the transformation of one system format into another format that the 
other system uses. To use this method, computer programs must be specifically developed to 
manage differences between various data formats. Many models  encounter the concept of 
endianness (big-endian vs. little-endian). 

 Neutral file format (NFF) was designed to be a standardised language for interchanging data 
between applications using different manufacturing technologies at a common level. This 
method consists of translating the internal format of a data file (or function) into a universal or 
standard format so that other systems can translate this standard format into their specific 
formats. The benefit of using this method is that it reduces that amount of computer 
programming needed for data exchange. Each simulation tool provides a basic common concept 
of modelling capabilities along with a specific data format, as well as a different model file type 
for each concept (e.g., binary, ASCII, or XML). For example, the initial graphics exchange 
specification (IGES) and data exchange format (DXF) are widely used to exchange 2D/3D 
wireframe data, but have a limited class of surfaces. In contrast, the industry foundation classes 
(IFC) developed by the International Alliance for Interoperability (IAI) as a neutral and open 
data format to enable data exchange throughout all phases of the building lifecycle is commonly 
used in building information modelling (BIM). 

As a step toward developing an NFF, the National Institute of Standards and Technology (NIST) 
created an information model based an exchange-file format with mainstream internet technologies, 
including XML and Web-services. Effectively, the use of XML as a basis for data exchange and 
intersystem communication facilitates the exchange of information among software applications 
developed with different technologies. In general, three important emerging technologies currently 
exist: 1) the use of XML schema to reflect the definition of data types, 2) the use of emerging XML 
protocols for defining the envelope for exchange, and 3) the introduction of Web-services as a model 
for integrating systems. The Web-services architecture offers an alternative for exchanging data in 
XML documents that are formatted in accordance with SOAP specifications. 

This research study made use of web-services, i.e. both XML and SOAP, to enable the representation 
of different protocol data operations of BACnet and LonWorks in simulation. Whereas XML was used 
to transport the data exchanged between the building model and its control system, SOAP was used to 
support mapping between C/C++ code and XML documents for the exchanged variables. 

3.3.3. Process Based Model Interoperability 
Interoperability is not a simple technical issue, as it requires the ability to support two or more 
simulation models to interoperate without the use of additional basic components (e.g., middleware). 
Interoperability is conceivable when a parallel inter-agreement among simulation models is entirely 
accepted. There are various levels of conceptual interoperability among models, ranging from no 
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interoperability to full interoperability. Tolk and Muguira (2003) described the following five levels of 
conceptual interoperability based on the data exchange and the interface documentation: 

 Level 0: Stand-alone interoperability (system specific data): Back-box with no interoperability.  
 Level 1: Technical interoperability (documented data): Common protocols among software 

applications are used to provide connectivity between participating interoperated systems with 
data accessible via interfaces, such as hypertext transfer protocol (HTTP). 

 Level 2: Syntactic interoperability (aligned static data): A common reference model is used that 
is based on a regular ontology such that the meaning of the data exchange is unambiguously 
defined, with the understanding that the same data can be interpreted differently in different 
systems, such as OMT. 

 Level 3: Semantic interoperability (aligned dynamic data): Data exchanged among federates (or 
components) is well defined by software engineering tools such as UML to show the use of data 
within the system (i.e., the format of the data is independent of the application generating or 
using them).  

 Level 4: Conceptual interoperability (harmonised data): Semantic connections are made 
obvious via a documented conceptual model’s underlying components (i.e., the assumptions and 
constraints concerning the data are made transparent and the highest level of interoperability is 
achieved). 

When facing an unbounded problem, system developers often need to integrate and manage knowledge 
across different levels of conceptual interoperability. Carlile (2004) applied a concept derived from 
cybernetics to model stakeholder interactions in terms of boundary objects. This model is applicable to 
the current research study because there are at least two concepts of operations (or domains) that 
interact with each other and share information to establish a common purpose. Figure 3.2 illustrates an 
integrated framework for managing knowledge across different levels of conceptual interoperability. 

 

Figure 3.2. Integrated framework for managing knowledge across levels (or layers)  
of conceptual interoperability, expanded from (Carlile, 2004) 

 
Subsequent to the development of the five-level conceptual interoperability model shown above, 
Muguira and Tolk (2006) described a methodology to identify structural variances among components 
in order to address interoperability issues other than those related to data interchange. As a result, two 
levels of pragmatic and dynamic interoperations were added so that the receiver of the information 
knows not only what it means but also understands how it should be used. Among the several means of 
achieving the interoperability of models, the three most important are the following: 

 The integrated approach uses a standard form that diverse models employ to connect to each 
other. This approach consists of using computer programs to interpret data exchanged among 
different models, such as the standard for the exchange of product model data (STEP or ISO 
10303) and integration of industrial data for exchange, access, and sharing (IIDEAS or ISO 
18876) standards. 
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 The unified approach uses a common meta-level template across constituent models to offer a 
means of establishing semantic equivalence, as does the XML metadata interchange (XMI17). 

 The federated approach uses a common architecture (or middleware) that generally imposes 
requirements for semantic equivalence across all models of an enterprise. This approach 
depends on the structural variances among models being dynamically accommodated rather than 
having a pre-determined terminology system (or meta-model) such as RTI of HLA. 

The use of different levels of interoperability is not a new idea. Within the technical domain, several 
models of interoperability already exist. One of the most well developed and widely recognised models 
of interoperability is the levels of information systems interoperability (LISI) maturity model 
developed by the US DoD C4ISR18 Working Group (C4ISR, 1998). As the LISI is a basic reference 
model and process for assessing the level of interoperability among (information) systems, it is applied 
throughout the SDLC, from requirements analysis through systems development, acquisition, fielding, 
and subsequent improvement and modification. Table 3.1 presents an overview of the LISI maturity 
model, which identifies the stages through which a system should logically progress to improve its 
capacity to interoperate by considering five increasing levels of sophistication regarding system-to-
system interaction and the ability of the system to exchange and share information and services.  

 
Table 3.1. Overview of the LISI maturity model (C4ISR, 1998) 

Information Exchange Level Computing Environment 
 

- Distributed global information and 
application sharing 

- Simulations interactions with complex 
data 

- Advanced collaboration, e.g. 
interactive COP update 

- Event-triggered global database update 

 

4 
 
Enterprise / Universal  
 
 
Interactive manipulations; 
Shared data and applications 
 

 

 

 

- Shared databases 
 
- Sophisticated collaboration, e.g., 

Common Operating Picture (COP) 

 

3 
 
Domain 
 
Shared data; “separate” 
application 
 

 

 

- Heterogeneous product exchange 
 
- Basic collaboration 
 
- Group collaboration, e.g., exchange of 

annotated imagery, maps with overlaps 

 

2 
 
Functional 
 
Minimal common functions; 
separate data and 
applications 
 

 

 

- Homogeneous product exchange, e.g., 
FM voice, tactical data links, text files, 
transfers, message, e-mail 

 
 

 

1 
 
Connected 
 
Electronic connection; 
separate data and 
applications 
 

 

 

- Manual gateway, e.g., diskette, tape, 
hard copy exchange 

 
 
 

 

0 
 
Isolated 
 
Non-connected 
 

 
 

                                                           
17 XMI is an OMG standard for exchanging metadata information via XML. 
18 C4ISR or C4ISR refers to the systems that are part of the command, control, communications, computers, intelligence, 
surveillance, and reconnaissance domain.  
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In the building domain, interpretability is affected at lower levels because it is achieved with either 
global variables or through shared files used by models that describe thermal, visual, and other 
physical processes. Understanding that there is still a huge amount of work to be done, especially in 
the area of building facility system simulation, Hensen (1991) suggested not only re-using existing 
models by interoperating different application domains (e.g., variances between TRNSYS and ESP-r) 
but also utilising some sort of pre-developed generic library, such as neutral model format (NMF19).  
 
A recent study on the development of an open-source library for co-simulation and real-time 
simulation of building HVAC&R equipment and control algorithms was based within a Ptolemy 
software 20  environment (BCVTB, 2012). This study attempted to couple different simulation 
environments, including EnergyPlus, MATLAB/Simulink, and Modelica, with BACnet protocol in 
order to 1) improve integrated building energy and control systems, 2) develop new control algorithms, 
and 3) formally verify control algorithms prior to deployment in a real building. 

For exchange deployments already integrated into the application domain, it is best practice to begin 
with the interface descriptions of CME and BPS and then establish common settings for mode and type 
of the data exchange exclusively for these tools, i.e. CME and BPS. This approach is comparable to 
practical perspectives used in real buildings, as opposed to theoretical perspectives representing both a 
building model and its control system along with the communication mode and choice of a network 
protocol suite utilised. Consequently, use of the EIA-632 standard involves the design, development, 
V&V, operation and development of a distributed dynamic simulation mechanism to support a high 
level of interoperability between CME and BPS over a network. 

3.3.4. Process Oriented Cooperative Models 
The concept of coupling programs offers a facility to link different applications at run time in order to 
exchange information in a cooperative manner. Frequently, one application known as a master controls 
the overall simulation process and calls for other applications known as slaves when necessary. In this 
case, only the simulation engine of the coupled programs is required and the front-end interface 
corresponds to the driving application. The main advantage of the coupled approach is that it supports 
the exchange of information during a simulation process. For example, Janak (1998) enabled run-time 
coupling between ESP-r and the ray-tracing lighting and visualisation application Radiance.  

Although the simulation engine first verifies the conditional event to determine whether the data 
exchange can start, the coupling of programs requires an underlying communication mechanism to 
allow the transfer of both data and control between codes. The data transfer corresponds to the sending 
of the results calculated by one of the processes and to their reception by another process, whereas the 
transfer of control is the execution of one particular function to be performed remotely in another 
process. Most attempts to perform run-time coupling rely on the use of shared (or intermediate) files, 
which is not a very efficient means of exchanging data at an adequate level of abstraction (see Hughes 
and Hughes, 2003). In effect, the most available inter-application exchange facilities can be viewed at 
different levels of abstraction, various options for which have been described and compared by 
Yahiaoui et al. (2003). At a higher level, the facility appears as an exchange of information among 
processes contained in either a single parallel application or distributed applications, or that may 
belong to different applications that need to communicate. At a lower level, communication appears as 
the mere traffic of bits from one address to another. These facts show that a distributed simulation 
requires support for expressing communication at a high level of abstraction. 

3.4. Candidate SE standards for distributed systems simulation 
The value of SE concepts is not only manifested during the early design phase of a project but also in 
the  high quality designs that result when a project needs to be maintained or scientifically changed. 
Consequently, as a motivating example for SE concepts, especially those concerned with software 

                                                           
19 NMF was first developed by the Swedish Council for Building Research in 1989 and has evolved since then. A good reference 
is: Sahlin, P., Bring, A. and Sowell, E. F. 1998, “the neutral model format for building simulation”, Bris Data AB, Stockholm 
20 Ptolemy is an ongoing project based on a graphical modeling environment used to define system models for physical devices 
and design concurrent real-time systems. The Ptolemy Project is being conducted at the University of California, Berkeley. 
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engineering21 of distributed simulation environments, this section describes possible technologies that 
may address difficulties in combining two or more existing simulation applications while minimizing 
changes to those original applications. Based on one of the research objectives of better integration of 
distributed simulation between control systems and building performance applications by run-time 
coupling, this chapter presents various options for using software engineering principles to build and 
develop a distributed simulation mechanism before discussing and comparing them. 

3.4.1. Distributed Interactive Simulation  
Distributed interactive simulation (DIS), which was developed in the 1980s by the Defense Advanced 
Research Projects Agency (DARPA22), is now considered a fully developed simulation network 
technology (see Miller and Thorpe, 1995 and ADSO, 2004). Originally, this standard evolved from a 
technology called SIMulation NETwork (SIMNET) and used a set of network protocols to link many 
vehicle simulators to create a virtual battle space. DIS is an open networking protocol standard that 
provides a method of communicating the state of entities and other information, such as electronic 
warfare across multiple heterogeneous operating systems, by means of message packets called protocol 
data units (PDUs). Typical PDUs include data on the movement to another location or firing to another 
entity, collision detection, and logistical resupply.  

The DIS standard was approved by the IEEE23 in the early 1990s. The last stable version of DIS 
developed, the IEEE-1278.1-2012 standard, has 67 PDUs with additional support for the transmission 
of data regarding emissions, entity management, tactical data links, field instrumentation, 
communications, and the environment (IEEE, 2012). A PDU is sent each time the state of an entity 
within a simulator changes in such a way that it might affect another simulator. The IEEE-1278 
standard is used worldwide, particularly by military organisations but also by other agencies, such as 
those involved in space exploration and three-dimensional medical images. 

DIS is based on several underlying rules and provides a reasonably effective method of enabling 
cooperation among simulations running on heterogeneous networks. Each simulation process 
(simulator) linked to the network and implementing the same version of the DIS standard can 
participate in a DIS exercise. However, DIS has resource issues in terms of broadcast network 
bandwidth and simulator computational impact because of the broadcast technique applied across 
multiple computers in a DIS exercise. The basic DIS concepts are the following (Clack et al., 2000): 

 no central computer controls the entire simulation exercise;  
 simulation applications are autonomous and responsible for maintaining the state of one or more 

simulation entities;  
 a standard protocol is used for communicating all data;  
 challenges in the state of an entity are communicated by simulation applications;  
 perception of events or other entities is determined by the receiving application; and  
 dead-reckoning algorithms are used to reduce the amount of communications processing. 

As the DIS standard provides a means of interconnecting simulators, many tools have been developed, 
such as scenario generators, viewers, data loggers, and analysis toolkits, that can interface a simulation 
process (simulator) to the DIS network by allowing this simulation to send and receive correctly 
formatted PDUs. However, the DIS concept has several disadvantages: 

 While defining the application-specific data packets, a fusion is formed between the architecture 
and the application. This is disadvantageous because it limits the applicability, usability, and 
flexibility of the standard. 

 DIS is not a particularly efficient standard because it broadcasts data to all participating 
simulators in a DIS exercise, despite whether the information is required or not. In addition, 
simulations based on other time-advance mechanisms cannot participle in a DIS exercise. 

                                                           
21 Software engineering is part of SE and defined as the application of a systematic, disciplined, and quantifiable approach to the 
development, operation, and maintenance of software. 
22 DARPA is an agency of the US DoD. 
23 IEEE refers to the Institute of Electrical and Electronics Engineers.  



A Distributed Dynamic Simulation Mechanism                                                                                   3 – State of the Art 
for Building Automation and Control Systems  
                                                                                

 58

 DIS compliance does not necessarily guarantee interoperability. DIS is basically a 
communication protocol and a mechanism for interoperability, and as such performs such 
functions as rationalising the semantic meaning of entities. 

These disadvantages, among others, are reasons for not considering the DIS standard for integration of 
a distributed dynamic simulation mechanism for BACS. Moreover, DIS is not considered a suitable SE 
standard for operational interoperability because it may require being maintained as a legacy standard 
for applications in the short term. 

3.4.2. Synthetic Environment Data Representation and Interchange 
Specification  

Synthetic environment data representation and interchange specification (SEDRIS) has been managed 
by the US Army Project Executive Office for Simulation, Training, and Instrumentation (PEO STRI) 
as a US DoD technology initiative for enabling the interchange of synthetic data, including terrain, 
feature, and model data. SEDRIS fundamentally concerns the common representation of physical 
environmental data and the interchange of environmental data sets, which are the key requirements for 
the interoperability of simulation systems. The level of interoperability to achieve depends completely 
on the degree of consistency, completeness, and clarity of environmental data. Data sharing often does 
not occur between the operational and simulation applications, although every application requires 
representations of the same real-world entities (SEDRIS, 2012).  

SEDRIS became a part of the ISO/IEC24  standard in the late 1990s. SEDRIS technology is based on a 
research and development effort to provide a focus for a run-time interchange mechanism that supports 
the distribution of input data, three-dimensional models, and integrated databases describing the 
physical environment for both simulation and operational use. The capability of sharing common 
descriptions of the physical environment through a standard interface is preconditioned for 
interoperability. SEDRIS maintains several fundamental objectives, of which the most notable are the 
following (SEDRIS, 2012):  

 To provide a powerful methodology for articulating and capturing the complete set of data 
elements and the associated relationships needed to fully represent environmental data.  

 To provide a standard interchange mechanism to distribute environmental data and promote 
database reuse among heterogeneous systems.  

 To support the full range of simulation applications (e.g., computer generated forces and visual 
and sensor systems) across all environmental domains, including ocean, terrain, atmosphere, and 
space domains. 

The major drawbacks of SEDRIS within the context of the current research study were the following:  
 It was not available as an open standard25, as the latest version had not yet been released for 

public use at the time of the study. 
 Its development may have had to be subject to radical changes in order to be applicable to this 

study. 
 It does not provide the total solution to issues associated with database interchange. 

Although SEDRIS is useful for describing environmental data, it primarily does so using the SEDRIS 
transmittal format (STF) rather than the storage format. SEDRIS is an effective standard mechanism 
that describes, reuses, and interchanges all data concerned with terrain and surface features, 
environmental effects (e.g., weather and obscurity), and phenomenology26 (e.g., gas emissions) among 
software tools, but is not yet available for public use.  

3.4.3. Aggregate Level Simulation Protocol  
Aggregate level simulation protocol (ALSP) was developed by DARPA in the early 1990s and 
subsequently transitioned to use as a multi-service program with the US Army Simulation, Training, 
and Instrumentation Command (STRICOM) as the executive agent. ALSP consists of a collection of 

                                                           
24 ISO/IEC is a combined effort of the ISO and the International Electro-technical Commission (IEC) 
25 This drawback may soon no longer be relevant because a new version is expected. 
26 In this context, the term phenomenology refers to the science of phenomena. 
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software and protocols for coupling different military environments supporting analysis and training. It 
utilises an event-oriented approach along with avoidance deadlock scenarios by exchanging null 
messages, and as such has mainly been developed for construction simulations (see Weatherly et al., 
1996). The use of protocols guarantee causality by applying conservative synchronisation mechanisms 
based on the UNITY27 approach (Chandy and Misra, 1988).  

As one of the direct predecessors of HLA, ALSP can be regarded as the starting point for the support 
of interoperability among heterogeneous systems. In the terminology of ALSP, different software 
participants termed confederates form a common distributed simulation termed a confederation. ALSP 
uses a broadcast technique to transmit data over the network, as does the DIS standard, and applies an 
object-oriented worldview, as does the HLA standard. In consequence, ALSP shares several basic 
similarities with HLA, and can be seen as a subset of the HLA standard with certain differences in 
terms of time and data management. 

3.4.4. High-Level Architecture  
High-level architecture (HLA) was originally proposed by DARPA/DMSO28 in 1996 as a replacement 
for both DIS and ALSP technologies. HLA is a standard designed to support the combining of several 
simulation systems to allow the conduct of distributed simulation exercises. Instead of using a large 
monolithic simulation package, HLA enables the combination of existing simulation systems with new 
systems, regardless of the computing platforms. To reuse simulations and their components, HLA 
focuses on the interoperability and reusability of components called federates and provides time-
management interoperability as well as sophisticated distributed concepts (DMSO, 2002). While 
facilitating interoperability and reusability among simulation models, HLA differentiates between the 
simulated functionalities provided by these models and a set of basic services for data exchange and 
time synchronisation. In consequence, OMG adopted HLA as an approach for distributed simulation 
systems during the early 1990s. More recently, HLA was approved as the IEEE 1516 series standard 
for M&S. Obviously, HLA is not completely yet available, for civilian use, since this consists of three 
draft specifications, as follow:  

 A framework and rules (IEEE 1516) that specify how simulations interact and define the design 
principles and responsibilities of federates and federations (IEEE, 2000a). 

 A federate interface specification (IEEE 1516.1) that defines the functional interface between 
federates and RTI to provide the means of exchanging data during execution within the six 
categories of federation management, declaration management, object management, ownership 
management, time management, and data distribution management (IEEE, 2000b). 

 An OMT specification (IEEE 1516.2) for documenting key information regarding simulations 
and federations. OMT is used to describe SOMs and FOMs. While SOM describes the shared 
object, attributes and interactions used for a single federate, FOM describes the shared object, 
attributes and interactions for the whole federation (i.e. combined simulation) (IEEE, 2000c). 

HLA is based on the goal of satisfying the requirements of all participating simulation members (i.e., 
federates). Each federate must have an associated SOM and use a FOM developed in accordance with 
the OMT specification. Therefore, all participating federates of the distributed simulation (or 
federation) work together using common RTI, which is required as a middleware platform when 
implementing HLA to enable bidirectional calls with federates (DoD, 98). 

Even though HLA has several advantages, such as well-organised use of bandwidth, greater flexibility 
in tailoring federations for specific purposes, and the ability to operate independently from coupled 
software tools and networking technology, it also has some disadvantages, such as incompatibility 
among different RTI versions and no guarantee of interoperability when different FOMs are used 
within the same simulation. In consequence, HLA cannot be considered a common interoperability 
tool or standard because it cannot be used to create a universal object model. In addition, federations 
must be created on a case-by-case basis consistent with the basic goals of the distributed simulation. 

                                                           
27 The UNITY apporach is based on the Chandy-Misra Algorithm first published in 1979 by the IEEE Transaction on Software 
Engineering in the report “Distributed Simulation: A Case Study in Design and Verification of Distributed Programs”. 
28 DRAPA/DMSO refers to the collaboration between two agencies of the US DoD. 
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Ryan and Zalcman (2003) explained that even the greater flexibility provided by HLA can be a 
disadvantage: Unless all the federates agree on a FOM, they will not be able to interoperate despite 
being HLA compliant. Thus, the use of HLA will not guarantee interoperability unless all the federates 
agree on utilising a specific FOM for the same simulation. 

To ensure operational interoperability among simulation tools running on a heterogeneous network, the 
exchange of metadata on entity and other high-level information and interpretation regarding its 
semantic meaning should be performed in a consistent manner. Within HLA, FOMs facilitate 
consistent interpretation and RTI provides an infrastructure to exchange data, which, in theory, should 
be sufficient to ensure interoperability within a given federation.  

It should be noted that the development of a distributed simulation mechanism for BACS using HLA 
requires a high level of programming expertise in HLA federation development and large amount of 
development efforts to make it easy use for users of building simulation. HLA was in particular not 
selected in this study because of its complexity and suitability of its limited implementation in civilian 
applications, as stated by Taylor et al. (2002) and Boer (2005). Therefore, it may require a great deal of 
work and acquisition of much programming knowledge to provide ready-made functions using HLA. 
In addition, certain parts of the HLA libraries are not publicly available29. 

3.4.5. AP-233: an International SE Standard for Data Exchange 
The application protocol 233 (AP-233) standard, the emerging SE standard for computer-interpretable 
representation and exchange of product data, is currently being developed by the ISO. The AP-233 
standard that is part of the STEP30 International Standard (ISO 10303-233) defines a vendor-neutral, 
structured format for exchanging and sharing SE data. The purpose of this standard is to develop and 
define a format for data exchange to enable diverse applications written by independent industries 
throughout the world to exchange information in a perfect manner. Data can be exchanged as a 
standard file, either as a plain file or XML message, or via shared databases using technologies such as 
web-services. The scope of the AP-233 standard is quite broad, covering practically all phases of the 
integration of product data, from requirements through SE and including design, manufacturing, 
maintenance, and disposal. The standard is based on models for configuration control, properties, 
security, risk, V&V, and interfacing, and on generic models for creating hierarchies of systems, parts, 
functions, and other aspects. In general, the AP-233 standard encompasses the overall SE lifecycle and 
provides the necessary links to domains, such as engineering analysis, detailed design, manufacture, 
and operation. More information on AP-233 standard can be found in AP233 (2006). 

Supported by INCOSE, the AP-233 standard is being developed in cooperation with SysML 31 
mappings to complement a set of concepts and requirements based on SE. AP-233 has already been 
successfully used for live exchange of systems and requirements data among different tools, as has 
been done with the SEDRES32 projects. In the AP-233 standard, methods are defined by which data 
models will be structured and the way in which data transfer files will be constructed from the objects 
defined to cover the domain of SE tools. The consequence is that an AP-233 interface can accept any 
file, even a corrupted file, from any application protocol (AP), although in most cases it will not be 
able to construct a model in receiving SE tools. Furthermore, the AP-233 standard is still under 
development and requires the development of interoperability with SE-based tools such as SysML. 
Other complexities of the AP-233 standard concern the application programming interface (API) that 
isolates the user from changes to the AP, which is currently under development and subject to changes. 

3.4.6. EIA -632: Processes for Engineering a System 
One of the most widely used SE standards is the ANSI/EIA-632 standard, which has been used since 
the late 1990s. The aim of this standard is to provide an integrated set of fundamental processes for 
applying SE techniques to the development of all kinds of systems. Indeed, the EIA-632 standard is 

                                                           
29 This assertion is based on the knowledge obtained during a long period of research conducted before 2005. 
30 STEP is part of a larger family of standards known as a STandard for the Exchange of Product model data. 
31 SysML stands for Systems Modeling Language, which is a domain-specific modelling language for SE. 
32 SEDRES is the acronym for Systems Engineering Data Representation and Exchange Standardization. More information on 
SEDRES projects can found in SEDRES (2003).  
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applicable to any application domain as long as its applications adhere to its fundamental processes, as 
shown in Figure 2.9. It is thus applicable to any product development process, regardless of its place in 
the hierarchy of the system concept or the enterprise-based lifecycle phase, as shown in Figure 2.10. 
The key concepts for applying these processes to the engineering or reengineering of a system are 1) 
the system to which the processes are applied consists of both the end products to be used by an 
acquirer for an intended purpose and the set of enabling products that enable the creation, realisation, 
and use of the end product and 2) development, implementation and realisation of system products 
within an SDLC model, as shown in Figure 2.11. The former concept is the basis for the system 
structure and the latter for the engineering lifecycle.  

As described by Tropper (2002), a distributed computing simulation is composed of processes that 
communicate with one another via network (or internet) sockets. The communication may occur either 
via shared messaging (e.g., through sharing memory or files with lock and unlock facilities) or via 
message passing in a distributed environment. The processes in distributed simulation intended to 
simulate a portion of the system being modelled, referred to as logical processes (LPs), create events, 
send events to other LPs, and receive events from other LPs in the course of a simulation.  

In the context of this research study, the EIA-632 standard serves as the basis for the development and 
implementation of run-time coupling between CME and one or more instances of BPS as a distributed 
dynamic simulation mechanism for BACS. Major concerns for such a decision arise from the nature of 
distributed computing simulation environment requirements, which are concerned with ensuring that 
the appropriate components are coupled on either side of the run-time coupling mechanism and 
deployed within the environment in an optimal manner. To support the migration of legacy codes, the 
client/server model was used for the development and implementation of the distributed dynamic 
simulation mechanism in such a manner that BPS as a client and CME as a server cooperated in the 
processing (e.g., functional processing and data handling) of the entire application. 

3.5. Other possibilities for simulation in distributed environments 
This section discusses other technologies that may be used for performing engineering computations in 
a distributed simulation with a lack in comparison to SE standards described above. This section also 
outlines why a SE standard is needed for simulation in distributed environments. 

3.5.1. Parallel Discrete Event Simulation  
Parallel discrete event simulation (PDES), the concurrent execution of a single discrete event 
simulation program on a parallel computer to facilitate a quick execution of large (parallel) simulation 
programs, is one technology being used to develop applications in distributed simulations. PDES does 
not define a single protocol or architecture for connecting diverse simulation applications but rather 
provides abstract protocols and algorithms, as developed by Chandy and Misra (1988), for 
synchronising logical processes. These algorithms are well known because they consist of two well-
known mechanisms concerned with conservative and optimistic approaches.  A conservative algorithm 
attempts to decrease the possibility of any type of causality error ever occurring by determining when 
it is safe to process an event (i.e., by using pessimistic estimates for decision-making). On the other 
hand, an optimistic algorithm uses detection and recovery approaches that allow for the execution of 
“unsafe” events (i.e., applications may execute events ahead of time). The main advantage of using 
these two approaches is the exploitation of parallelism in situations where causality errors might but 
most likely will not occur. One of the most challenging aspects of PDES is concerned with the 
maintenance of a causality relationship – the sequencing order between events running on separate 
computers – while exploiting inherent parallelism to run simulations faster. For more details on PDES 
(see e.g. Fujimoto, 1990). 

In the early 1990s, the emphasis in the PDES field shifted toward the development of advanced 
approaches, such as the optimisation of optimistic algorithms within time wraps (Hirata and Kramer, 
1997), even though PDES lacks influence within the simulation community. More recently, the PDES 
community33 has undergone several critical assessments in distributed simulation (see e.g. Page, 1999), 

                                                           
33 The PDES community is also called the PADS community, a term derived from the PADS Workshop Series. 
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the main reason for which was detection of several PDES shortcomings, including static configuration 
between events, the execution of events sequentially, and difficulty in understanding the system. 

3.5.2. Parallel Virtual Machine  
Parallel virtual machine (PVM) is a software package that allows a heterogeneous set of computers 
linked together by a network to be used as a single large processor. This very portable software can be 
classified as a protocol for efficient parallel computing rather than as a simulation-specific protocol. 
PVM was developed in 1989 as part of a collaborative research project among the University of 
Tennessee, Oak Ridge National Laboratory, and Emory University (see Geist et al., 1994). The PVM 
concept is based on a virtual machine in which a number of computers running on a heterogeneous 
network act as one large parallel computer. To achieve performance as a virtual machine, applications 
can be networked together via the APIs defined by PVM libraries. 

PVM is still undergoing improvements, and several of its versions are sometimes unstable on certain 
operating systems. Using PVM to enable interoperability among heterogeneous platforms results in 
lower performance in comparison to using message passing interface (MPI) because PVM requires that 
every message be tested to determine the architecture of its sender. PVM attempts to maintain 
interoperability among programming languages in distributed computing environments (e.g., the 
ability to communicate between programs written in C/C++ and others written in FORTRAN). 

3.5.3. Message Passing Interface  
Message passing interface (MPI) is a specification for enabling communication by message passing 
among many computers. In contrast to PVM, MPI was specified by the 1993-1994 MPI Forum with 
the intention of unifying the most vendor-specific APIs that exist for different parallel computing 
systems. When an application requires using routines from several different parallel libraries, most 
MPI implementations use platform-specific optimisations for different assumptions. This has the 
negative effect of ensuring that no MPI implementation for a single computer platform can 
communicate with a different platform. Even though MPI libraries are very portable (i.e., they can be 
installed on any platform), they lack the ability to achieve interoperability among different platforms 
(see Geist et al., 1996). Although MPI does not provide for interoperability between languages, it 
maintains language independent specification (LIS) for function calls and language bindings. 

Although MPI is a high-performance message-passing interface that has application to certain areas, it 
does not provide the interoperability and fault tolerance required for a conceptually interoperable 
model. In response to this limitation, a project termed PVMPI (parallel virtual machine passing 
interface) has been initiated to create a programming environment that can access both MPI and PVM 
libraries with a common software package. 

3.6. Building Automation and Control Systems: A Review 
Recent developments in BACS architecture indicate that data integration and interchange plays an 
essential role in ensuring interoperability among equipment and components developed with different 
network technologies. BACS architecture is an explicitly integrated technology that provides automatic 
control of different systems used in large functional buildings, such as HVAC&R equipment, lighting 
components, electrical services, and other facilities. BACS architecture enables automation of the 
operation of indoor building processes (or variables) in order to provide a comfortable environment for 
occupants and realise significant savings in energy use. In consequence, modern BACS architecture 
must imply the integration of advanced control systems to facilitate the development of self-adapting 
processes for the indoor environment, self-learning functions from the occupants, and self-organising 
equipment and components along with their emergent actions by using physical abstractions.  

For most recent applications, BACS architecture takes the form of a DCS using one or more open 
network protocols, as shown in Figure 2.6. A typical DCS consists of various device components 
(sensors and actuators), control systems, and a network interconnecting them. As BACS architecture 
has become technologically advanced (i.e., well established and more sophisticated by offering a vast 
diversity of control functions for all integrated equipment and components that operate within the 
building environment), several network protocols (e.g., BACnet, LonWorks, and Modbus) have been 
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developed using different technologies for better exploitation of the architecture. These networking 
protocols generally exploit different formats of object-oriented data structure that BACS architecture 
must integrate to communicate between all building facilities (i.e., HVAC&R equipment, lighting 
components, computers, and so on), as shown in Figure 3.3. Indeed, the idea of shared technologies is 
one solution that may enable communication among the components of different technologies that 
operate within a building (e.g., BACS architecture can use both BACnet and LonWorks protocols in 
the same installation). To exploit BACnet and LonWorks components in the same BACS architecture, 
it is necessary to have a gateway or router in order to translate between BACnet object properties into 
LonWorks network variables. Yahiaoui et al. (2007) described an approach using web-services or web-
based XML and SOAP applications in order to provide great flexibility in communication among 
components and devices and through various network protocols designed with different technologies. 

 

Figure 3.3. A modern BACS architectural solution  
 
As described by van Paassen (1986) and Yahiaoui et al. (2005b), a computer-based control system is 
much more flexible than are traditional control systems because the software installed on the computer 
allows adaptation of the control strategy to changing conditions. Specifically, the central computer 
defines the control loops suitable for activation and the appropriate control setpoints for the current 
situation. This computer is connected to substations that constitute the automation level that collects 
messages from sensors and regulates actuators via a network. To enable communication, a protocol is 
used to exchange data between the computer and building equipment and components. A message 
typically includes the address of the component and the series that refers to the real physical quantity 
(e.g., the desired position of a valve). It is important to consider the use of advanced control systems 
within the BACS architecture during the early design phase. In doing so, distributed simulations are 
then required to study the impact of advanced control systems on building performance applications.  

3.6.1. Advanced control systems 
The design of advanced control systems in ABs requires the performance of trade-off studies to 
analyse various configuration options and different strategies possible. The importance of performing 
M&S studies early in and throughout the design and development phase has been demonstrated many 
times. The major benefit of integrating M&S into the building development process is a significant 
reduction in total cost of ownership. As most current BPS software tools do not have a flexible way of 
dealing with advanced control strategies, there is a need to improve BPS in order to be able to study 
the impact of advanced control systems and strategies on building performance applications.  

The integration of advanced control systems in building environments is required in order to constantly 
maintain indoor building processes at or between the desired preferences (or references) of occupants 
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while minimizing the energy consumption in buildings. In general, the choice of control systems often 
depends on the task under consideration. Although it is relatively easy to attune and maintain simple 
controls, managing several indoor building processes altogether requires control by more sophisticated 
algorithms. Currently, the higher-level tasks of optimisation and supervision are typically carried out 
by human operators. With the advent of modern technology and advances in the field of intelligent 
control systems, these higher-level tasks can become automated (see e.g. Meystel et al., 2002). In 
particular, the installation, operation, and integrity of modern control systems can be supervised by 
higher-level automation. As the main challenge in BACS architecture concerns with automation and 
operational integrity of various building equipment and components in an efficient and manageable 
fashion, a computer-based control system is used and desirable because it is much more flexible and 
allows the use of more complex control algorithms. Yahiaoui et al. (2003) provided a comprehensive 
view of the hierarchical layers (multi level multi-objective) in integrated modern control analyses. A 
more complete understanding of these hierarchical layers in control systems is provided in Figure 3.4. 

 

Figure 3.4. The practical implementation of hierarchical layers in control systems 
 

These hierarchical layers are classified as follows: 
 Regulation (or direct control) occurs when a control forces a building process and/or plant to 

behave in a desired way in order to achieve certain control setpoints. 
 Optimisation (plus monitoring and supervision) occurs when a control needs to determine the 

optimal setpoints of the regulators; optimise (minimise or maximise) defined performance 
criteria in order to attain certain objectives regarding  state operation, energy efficiency, and 
time response; and monitor and supervise control operations at multiple remote locations from 
a central computer.  

 Adaptation occurs when a control directly or indirectly adapts the variations in coefficients 
describing the model of a system and the variables in equations describing the control laws so 
that the control responses follow the references more closely, even in the presence of errors.  

 Self-learning and organising occurs when a control is based on the choice of structure of the 
model and the control as a function of the changing environment. A typical example of such a 
control system is a multi-control architecture that can be used to switch among alternative 
control designs to adapt the control operations to the present situation. 

The relevant literature on control, monitoring, supervision, and optimisation techniques is extensive, 
with many papers exhorting a certain solution to a particular problem. However, it is generally 
acknowledged that there is currently no one technique that will resolve all the control problems that 
can manifest in modern practice. Therefore, a flexible approach that will allow easy incorporation of 
alternative strategies is needed. Yahiaoui et al. (2006g) described one such flexible approach to BACS 
architecture using hybrid systems to model large-scale systems typically arising in MASs. 
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3.6.2. Distributed Control Systems 
DCS architecture is composed of several interconnected devices that integrate a central computer, 
communication networks, control programs, sensors and actuators into different levels of abstraction, 
as shown in Figure 2.6. DCS architecture is widely used in a number of industries, such as building 
and home automation, manufacturing systems; intelligent vehicle systems; and advanced aircraft and 
spacecraft systems. In the literature, two important terms often used to refer to DCS architecture are 
integrated communication and control systems (ICCSs) (Ray, 1989; Wittenmark et al., 1995) and 
networked control systems (NCSs) (Nilsson, 1998; Walsh et al., 1999; Branicky et al., 2000; Lian et 
al., 2001), although the latter term is more commonly used. NCS architecture consists of control 
systems within which computer-based controls, sensors, actuators, and other system components 
exchange data through communication networks. Usually, computer-based control systems are carried 
out in two modes, supervisory control mode (SCM) or direct digital control mode (DDCM or DCC), as 
shown in Figure 3.5. In SCM, the computer sends signals to establish setpoints and remotely activate 
or deactivate local controls. In contrast, in DDC the computer can define suitable control loops for 
activation and appropriate setpoints for the current situation. Both modes are widely used in industrial 
applications, especially in third-generation ABs, because they allow and facilitate integration of control 
technologies. DCC is currently much more widely used because it uses common software – for control   
systems design – installed on a computer instead of hardware embedded on local controllers. This 
computer can be as simple as an inexpensive PC or as sophisticated as a large scale computer. 

 

Figure 3.5. Different modes of a computer based control systems 
 
DCS architecture is a very complex research field because it involves at least two areas of focus 
concerned with communication protocols and control system design. For example, Lian et al. (2002) 
explained that proper message transmission is necessary to guarantee network quality of service (QoS), 
whereas advanced control design is desirable for guaranteeing quality of performance (QoP). DCS 
architecture offers several advantages for networked control applications, including improved system 
modularity, efficiency, dependability, and flexibility (e.g., distributed processing and interoperability); 
features that ease installation and reconfiguration (e.g., only a small number of wired connections is 
required); and powerful system diagnosis and maintenance utilities (e.g., automated alarm handling). 
However, the use of network in DCS architecture makes the analysis and design of control systems 
complex because the network-induced time delay makes the traditional study of time delay systems 
different. Regarding this fact, Lelevé et al. (2000) pointed out that because the communication delay in 
DCS architecture is considered either constant or varying in time interval, conventional control 
theories with many ideal assumptions, such as synchronised control and non-delayed sensing and 
actuation, must be re-evaluated before they can be applied to DCS architecture. The further network 
challenges of packet losses and frame scheduling should be considered during the early design phase 
of control systems. Halevi and Ray (1990), Zhang et al. (2001) and Juanole and Mouney (2005) 
attributed certain types of failures that can degrade control system performance or even destabilise the 
system to the poor design of DCS architecture. Nevertheless, DCS architecture uses a network bus that 
has several advantages over CCS architecture and point-to-point control systems, such as decreased 
wiring and maintenance costs, processors that offer faster and better performance than can mainframes, 
expanded flexibility of control architecture and lack of diagnosis capabilities, enhanced reliability by 
preserving a part of the system, improved reconfigurability, and increased interchangeability. 
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With regard to the timing issues of communication and computation time delays, processor idling, and 
transient errors in DCS architecture, Wittenmark et al. (1995) and Sanfridson (2000) concluded from 
different case studies that the total maximum network (or communication) delay is less than one 
sampling period. Bauer et al. (2001) described an approach in which the network-induced time delay is 
compensated by using a control-based Smith predictor. In this approach, it is assumed that 
communication between senders and receivers is instantaneous when communication is possible and 
that the transmission and reception times are known. However, these assumptions are not always met 
because the application only applies to the delay over the switched Ethernet34. Moreover, the control-
based Smith predictor model lacks robustness. In response, Georges et al. (2006) proposed an approach 
to compensating for the effects of the delay by using a robust control and estimating the network-
induced time delay by using network calculus theory. Juanole and Mouney (2005) and Juanole et al. 
(2005) established a relationship between the distributed simulation system QoS and the closed loop 
network based control system QoP. In their studies, the design of distributed system mechanisms and 
the control systems are performed in a separate manner and communicate through Fieldbuses35.  

Arzen et al. (1999), Branicky et al. (2002), Sename et al. (2003), Branicky et al. (2003) and Cervin 
(2003) presented a new approach to NCS co-design by studying the design of control systems and 
schedules in an integrated manner. In their studies, Fieldbuses were also used for connecting sensors 
and actuators to I/O control systems. However, the use of Fieldbuses is sometimes problematic because 
they are very costly and difficult to interface with products using different technologies. To overcome 
these problems, a computer network technology, especially Ethernet protocol, is used. Lian et al. 
(2001) characterised the network delays for the different industrial networks of ControlNet, DeviceNet, 
and Ethernet and studied the inherent tradeoffs between network bandwidth and control sampling rates. 
Based on this, it was concluded that Ethernet can be used for periodic/non-time-critical and large data 
size communication, such as communication among machines. For control systems with short and/or 
prioritised messages, DeviceNet provides better performance. When Lee and Lee (2002) evaluated 
both switched Ethernet and control system performances; he observed that the control performances on 
the network-based control system using the switched Ethernet were affected very little by the network 
delay. Consequently, DCS architecture using a switched Ethernet network can still satisfy the desired 
design specifications. Recently, the development of switched Ethernet has demonstrated that it has 
very promising prospects for industrial applications due to the elimination of uncertainties (collisions) 
in the network operation, thus improving the performance and effectiveness of DCS architecture. 

In the building domain, very few relevant research studies document in detail the different networking 
platforms that support data communication for the automation of building HVAC&R equipment, 
lighting components, and other facilities. Practically no studies have analysed the behaviour of NCS 
architecture regarding delay and performance issues, even though networking protocols such as 
BACnet, LonWorks, and Modbus are widely used in the context of ABs. On the other hand, the 
importance of using building control applications using BACnet or LonWorks as a network protocol 
has been shown in many studies. For example, ASHRAE (1997) described the evaluation of HVAC&R 
control algorithms and strategies using computer simulation across a BACnet protocol.  

3.6.3. Building Control HVAC&R Equipment and Lighting Components 
The automation of building HVAC&R equipment, lighting components, and other facilities requires 
using advanced control methods (or techniques) to increase building environmental performance and 
energy efficiency. Moreover, many efforts in the control of building HVAC equipment and lighting 
components have typically paid on the local level controls (see Goswami, 1986; Rishel, 2003; Moore 
and Fisher, 2003; Fredrik and Dennis, 2004; Zhang et al., 2005; and Bourgeois et al., 2006). Therefore, 
there is great interest in the integration of advanced control systems in buildings, especially in BPS for 
better energy and comfort management. In third-generation ABs, BACSs have replaced so-called 
hardwired controls with control strategies implemented in software. 

                                                           
34 Switched Ethernet is by definition an Ethernet LAN that uses switches to connect individual hosts or segments (i.e., sections 
of a network). 
35 Fieldbuses are serial communication buses frequently used in industrial applications, such as controller area networks (CANs), 
Ethernet for Control Automation Technology (EtherCAT), Aeronautical Radio Incorporated (ARINC), FIB, and DeviceNet. 
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The advent of computer-based control systems has fuelled the investigation of building HVAC&R 
equipment and lighting components that easily control their functions in an efficient and rational 
manner while reducing fossil fuel consumption and greenhouse gas emissions (see IEA 2002). Modern 
control methods offer an efficient means of handling emergency issues in buildings, as a BACS central 
computer can devise optimal control strategies for specific urgent situations. For example, Lute et al. 
(1995) attempted to identify a cost-effective means of supplying heat to a building using a predictor for 
the indoor temperature while maintaining a comfortable air temperature in the building within a certain 
range of variation. Such control of temperature in heating or cooling mode is maintained between two 
predefined limits (or setpoints) instead of maintaining it as long as possible at the particular desired 
setpoint. In another study, Peng and van Paassen (1998) successfully used a state space model derived 
from CFD for predicting and regulating control responses to the temperature of indoor air zones. 

Regarding control strategies developed for a double skin façade (DSF), Park et al. (2003) proposed the 
use of optimal control strategies to minimise energy use in buildings with various DSF configurations. 
Within their proposal, a number of performance criteria are defined in terms of several parameters, 
such as predicted mean vote (PMV), transmitted heat, solar radiation and light to inside, cooling and 
heating load reduction due to the DSF, and louver slat angle (i.e. façade opening for ventilation). The 
results showed that using DSF facilities may reduce heating demands up to 70% and cooling demands 
up to 10% when compared to the use of an on/off (or manual) control. Moreover, Stec and van Paasen 
(2005) described different HVAC&R strategies for single facade and DSF configurations, in which the 
early design phase of a building includes a number of requirements regarding the indoor parameters 
related to heating, cooling, airflow, noise reduction, the dimensions of the facade, the HVAC&R 
optimisation to consider with the facade, and a control system that regulates the entire building 
performance application. In order to entirely control a building performance application, it necessitates 
addressing multi-variable control systems to improve the operational integrity of HVAC&R equipment 
and lighting components and prevent failures. 

According to Galata et al. (1996), multi-variable control systems are an efficient and consistent means 
of controlling building environment processes (or parameters) as a whole, offering a potential energy 
savings of around 18% for HVAC&R equipment and around 52% for lighting components. Integrated 
control strategies for heating, cooling, ventilation, and artificial and natural lighting are simultaneously 
regulated by one multi-control rather than individually by various control laws/rules. In addition to the 
aforementioned advantages, multi-variable control systems may offer additional advantages, such as 
improving the comfort and well-being of occupants in buildings while reducing energy consumption. 
Most building components such as valves are basically characterised by specific functional rules and 
constraints. For these reasons, it requires developing a mathematical model of controlled building 
processes and/or plant in the form of state-space equations. According to Lyshevski (2001), the state-
space models must be prioritized for multivariable control systems, and furthermore are not only useful 
in analysis and design of linear building processes and/or dynamic plant but also important starting 
points for advanced optimal and nonlinear control. Moreover, Peng (1996) indicated that the reliability 
and control accuracy of the control system are strongly dependent on those of the model. In response, 
Yahiaoui (et al. 2005a) described a mathematical model for the optimal control of the heating mode 
that eventually achieves lower building energy consumption while maintaining the indoor air-
temperature at the desired setpoint. The simulation results are obtained by using shared memory as a 
mechanism to run-time couple control and building performance simulation.  

Further applications include the use of internet sockets to enable both building models and their control 
systems to communicate with each other over a network protocol during simulation. In this approach, 
both the building model and its control system can run on heterogeneous network environments and be 
located on different computers connected to a network over which performance simulation is much 
faster than that using a single computer. Yahiaoui et al. (2006a) and Yahiaoui et al. (2006d) described 
two applications, one using linear quadratic regulator (LQR) optimal control and the other using linear 
quadratic Gaussian (LQG) optimal control. The LQR application aimed at improving the indoor 
environment and energy efficiency in buildings by consistency maintaining the indoor air temperature 
at as comfortable a temperature as possible while minimising energy consumption. The LQG strategy 
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adds a Kalman filter (KF) to the LQR control to minimise the asymptotic covariance of the estimation 
error when a building process or plant model is subjected to disturbances (e.g. environmental changes). 
Both control applications showed essentially the same experimental and simulated results because the 
case study was simple and the period of study was not characterised by changes in climatic conditions. 
These applications were conducted to demonstrate that the integration of advanced control systems in 
building environments is essential for minimising energy consumption; contributing to a reduction of 
greenhouse gas emissions; providing a satisfactory level of comfort for occupants; and ensuring the 
automation and operational integrity of building HVAC&R  equipment and lighting components.  

3.6.4. Multi-Agent Systems for Automated Buildings 
In ABs, distributed control applications can be enhanced by the introduction of agent-based control 
systems such as MASs and hybrid intelligent control agents (HICAs). One of the objectives of this 
research study was to develop an approach based on a cooperative multi-agent architecture using 
hybrid systems for third-generation ABs in order to minimise the energy consumption while providing 
occupants with better comfort and more control over indoor environments resulting in improved health 
and productivity. Within this purpose, Wang et al. (2012) described an approach based on design of an 
intelligent multi-agent control system with heuristic optimization, which it has shown to be capable of 
achieving the control goals by coordinating the multiple agents and the optimizer. Moreover, this study 
focuses on third-generation ABs developed using BACS architecture that has the capacity to detect 
building and occupant behaviour and adapt to it using suitable control laws and appropriate setpoints. 
As such, this study proposes a new approach to BACS architecture using hybrid systems to model 
complex and large scale building performance applications, typically arising in MASs. In fact, hybrid 
systems are crucial in resolving complex problems and designing real-time control systems that can be 
used to automatically regulate building HVAC&R equipment and lighting components in a reliable 
and efficient manner. To facilitate control design, a statechart formalism is used to model MASs that 
represent all building control applications in the structural analysis paradigm in order to minimise 
energy consumption and monitor comfort aspects while acting according to operating constraints. 

MASs or agent-based control systems are not only used in the AI and information communications 
technology (ICT) domains but also for designing and modelling distributed autonomous agents that 
can resolve various performance applications encountered in building energy and environmental 
efficiency. Yahiaoui et al. (2006g) explained that a good control system design captures a sufficient 
amount of information regarding the important characteristics of the plant system, such as dynamics 
and disturbances. This research study proposed an approach to improving building control applications 
by using HCSs that are crucial for solving complex problems and decision making. Davidsson and 
Boman (2000) explained that there are four main categories of MASs: 

 A personal comfort agent (PCA) corresponds to a particular person. This type of agent can 
contain personal references and act according to personal interests (e.g., personal 
satisfaction). 

 A room agent (RA) corresponds to a control for a particular room used to conserve as much 
energy as possible. In view of the preferences of the persons currently in the room, it 
describes what environmental parameters such as temperature or lighting are appropriate.  

 An environmental parameter agent (EPA) monitors and regulates a specific parameter in a 
particular room. This type of agent has direct access to sensor and actuator devices or other 
facilities for reading and changing the parameter, respectively, with the objective of 
maintaining the value of the parameter set or fixed by the RA.  

 A badge system agent (BSA) keeps track of each PCA’s location in the building and maintains 
a database of PCA information. 

In response to conditions resulting from interactions among the agents, the MAS conforms to a number 
of general constraints, such as when a particular person is in a particular room, the RA must adapt the 
indoor room parameters (or processes) to his/her preferences. In consideration of this idea, cooperation 
among agents is very efficient in enhancing building environmental performance because it can verify 
the functioning of all building equipment and components. To illustrate how MASs can behave in 
buildings, Yahiaoui et al. (2006h) described a conceptual framework for modelling, requirements 
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analysis, and design of agent-based intelligent building control systems. This framework provides 
guidance for developing a cooperative simulation-based design environment for MASs in building 
environments. This cooperative simulation is important for ensuring smooth functioning of all building 
control systems in third-generation ABs developed using BACS architecture. While BACS architecture 
uses a central computer to control and monitor building equipment and components, control programs 
installed on that computer can directly perform all control actions remotely over a network, i.e. without 
using analogue controllers at the automated level. In this case, the terminals located at the automated 
level play the role of interfaces between the field and the network levels. Within control programs, 
MASs can be used to provide a modelling approach for developing appropriate control systems for 
building performance applications. From a theoretical perspective, there are many critical issues in 
developing MASs to resolve real control problems encountered in buildings. A methodology based on 
the hierarchical semantics of multi-agent hybrid systems is then needed to encompass various design 
stages, including requirements analysis, modelling, implementation, and deploying of control systems 
in building environments. On the basis of how intelligent MASs can be analysed and designed in 
buildings, Fregene et al. (2005b) described an approach to the development of an HICA, an intelligent 
agent with a HCS at its structural core, using stable internal dynamics. This approach is then used to 
develop advanced control systems based on intelligent agent paradigms in building environments. in 
another example, Hadjiski et al. (2007) proposed the use of hybrid intelligent systems for HVAC 
control by integration of MAS, dynamic ontology and ant colony optimization. 

3.6.5. Advanced Control and Systems Engineering 
SE practices are being used to manage complexity in the control of complex and large-scale systems 
such as manufacturing systems, power networks, and transportation systems. As BACS architecture is 
increasingly involved within a large building or a group of buildings requiring the modelling and 
support of the units of distributed functionality, the use of SE best practices in considering SoS concept 
can help reduce difficulties and facilitate development of adequate control systems for large-scale 
building performance applications. To meet all requirements imposed by occupants related to comfort 
and energy management in buildings – specially ABs, the design patterns for advanced control systems 
for building performance applications composed sub-applications in the form of hierarchical networks, 
as is the case for BACSs, should provide a maximum value of adopting SE practice to automation of 
such applications throughout the SDLC model. Hunter (2005) mentioned that the application of SE to 
its associated disciplines of lean design and open platform technology approach to facilitate integrated 
building projects provides a solution to the dilemma. 

Because most building performance applications encompass several engineering domains, including 
mechanical, hydraulic, electrical, and computer science, this makes the design of advanced control 
systems a complex combination of several disciplines that have to be blended together to yield better 
automation and operational integrity of HVAC&R equipment and lighting components that make 
buildings comfortable, productive, and operating optimally and efficiently. As the consideration of 
occupants’ needs (or requirements) is very critical in the development of advanced control systems for 
ABs, a systematic approach to the development of automated control systems for complex building 
performance applications throughout the SDLC model is essential for better satisfying occupant needs. 
In consideration of this fact, Yahiaoui (2008) proposed a comprehensive approach to detailed design 
specifications describing the physical solution in a manner that supports the development of advanced 
control strategies for ABs, as illustrated in Figure 3.6. This solution emphasises the use of SE practice 
to focus on needs of occupants (e.g. planning, learning from occupant behaviours and so on), design 
features and processes, system requirements, integration-level testing, and user documentation. This 
SE practice has the purpose to properly adapt procedures, tools, and standards for solving the problem 
towards analysis, design, development, test and integration of an effective integrated solution. Detailed 
specifications are translated into test procedures, design, and user documentation specifications.  
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Figure 3.6. Approach to managing the development of large-scale control systems 
 
In order to better guide the development of requirements specification for advanced control systems for 
building HVAC&R equipment and lighting components, hybrid systems, especially hybrid statecharts 
formalism, are well positioned to fulfil requirements in a way that building performance applications 
are modelled by discrete event states (e.g., logic-events) combined with continuous-time dynamics 
(e.g., physical parameters). In addition, Koopman (1996) explained that hybrid systems are critical in 
the development of embedded control systems within industrial automation. It is therefore clear that 
the design of automated control systems for building HVAC&R equipment and lighting components 
would make ABs more practical for occupants. Moreover, hybrid systems are able to be generalised to 
real-time systems by considering additional physical properties of a building performance application 
and its environment, with those properties actually transformed into timing requirements for embedded 
control systems. In a typical example described by Yahiaoui et al. (2006e), the design of an embedded 
control using hybrid systems for a building heating plant model is established throughout the SDLC 
model, especially the V-model. In another example, Yahiaoui et al. (2006f) described the use of an SE 
framework for integrating an IT solution to design studies of ABs. 

3.7. Systems Engineering in the Building Domain: A Brief Review 
As of the present, only few research studies have addressed the establishment of methodologies and 
approaches using the SE practice within the building domain. Despite recognition of this practice was 
made in 2003 when the National Edge Project was launched in Australia (see TNEP, 2003), it remains 
not widely used yet. However, the US Department of Energy (DOE) (EERE36, 2006) has applied the 
SE practice to constructing new energy-efficient residential buildings. In the report, NREL (2006) 
pointed out that the energy consumption of these new buildings are reduced by at least 30% in mixed 
humid climates with no impact on the cost of ownership through the use of SE and operations research 
techniques. For example, in some literature, it was reported that traditionally, within the Architect 
Engineer Constriction (AEC) industry, the system could be the HVAC, electrical, building envelope, 
site work, or several other portions which are aligned with the specialty trades, and these can be 
viewed as subsystems with the building as the system (see e.g. Bersson et al. 2012). In addition to this, 
it has also stated that this optimized approach allows integration of all aspects of green design that lead 
a high performance building (or sustainable building). Figure 6.7 depicts a conceptual representation of 
this approach, the view of a building as a system (i.e. a complex system). 
 

                                                           
36 EERE stands for Energy Efficiency and Renewable Energy for the United States Department of Energy (DOE).   
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Figure 3.7. the view of a building as  a system 

 
Therefore, the use of the SE best practice in the building domain would offer a systematic approach for 
applying  procedures, tools, and standards to an information-oriented problem in order to analyse, 
design, develop, manage, and implement an effective and a pragmatic integrated solution to sustainable 
design and operation of buildings. Yahiaoui et al. (2006c) addressed the application of the SE concept 
to the building design process through the appropriate incorporation of open system concepts and 
principles into a design method. In addition, Bersson et al. (2012) presented the overlay of SE on the 
sustainable design process by providing a framework for application of the waterfall, V (or Vee) and 
spiral process models to high performance buildings. Consequently, building performance 
specifications, preliminary detail designs, building prototypes, component tests, and subsystem/system 
integration tests are conducted in sequence to apply the SE concepts to the building design process. 

The efficiency of SE concepts is defined by methods, algorithms, and tools used to resolve the most 
complex of design problems. These concepts can include elements such as system response functions, 
trade-off analysis, specification and performance metrics, optimisation techniques in the presence of 
various constraints, marginal and feasibility analysis, utility theory, scheduling, control databases, cost 
estimation, decision analysis, modelling and simulation, and software environments and tools. More 
specifically, the EIA-632 standard defines a system as comprising hardware, software, facilities, 
people, data, materials, services, and techniques. Furthermore, SE concepts are typically concerned 
with the location, modification, reusability, and availability of all system components. The SE concept 
presents a number of different ways in which these components can be integrated into a working 
system. Examples to consider include the application of SE best practices to integrated building design 
(Yahiaoui et al., 2006b), a structured and systematic approach based on SE practice to building design 
(Yahiaoui, 2007a), and a comprehensive framework for building design support (Yahiaoui, 2007b). 

Regarding availability and documentation, a variety of SE standards exist for all domains, including 
the commercial, military, domestic, and international domains. One of the SE standards relevant to the 
building domain may concern the ANSI/EIA-632 standard, which focuses on development processes 
for engineering or reengineering any system. In addition, the EIA-632 standard proposes that a system 
consists of not only an end (or final) product that is deliverable but also the so-called enabling products 
that allow the end products to be produced and designed. As a result, the EIA-632 standard enables to 
use software tools, applications and other recourses as enabling products in the development of high 
performance buildings (e.g. ABs) as final products. 

3.8. Conclusion 
This chapter discussed state-of-the-art coupling strategies and distributed simulation systems, the 
literature on shared development, candidate SE standards for distributed systems simulation, and other 
possibilities for simulation in distributed environments. Moreover, it reviewed the application of 
modern BACS technology and SE practices to the building domain. Firstly, it described several 
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technologies used for distributed systems that specify possible ways of integrating CME and BPS by 
run-time coupling. It then presented a review of the literature on shared development in such a way to 
contribute to the solution of the problem statement of the current research project. It then more closely 
examined SE standards for interoperability among different types of applications. Even though several 
standards for distributed simulation systems exist, the application of the EIA-632 standard for the 
interoperability of distributed simulation applications was selected, as it is an open standard for 
developing or creating a new system. It can be concluded that the EIA-632 standard is the modern 
standard for development of a distributed simulation mechanism for BACS and for design of advanced 
control systems for complex and large-scale building performance applications.  

The majority of this chapter focused on enhancing BACS architecture and improving the integration of 
control systems in building environments, especially in BPS. It described the practical implementation 
of hierarchical layers in control systems in such a way that every control method or algorithm is 
classified to the layer accordingly. This description was followed by a discussion of the advantages of 
enabling the integration of advanced control systems in building environments. DCSs and MASs for 
ABs were then presented with the intention of considering the performance of distributed or networked 
building control applications and developing MASs to resolve design control problems encountered in 
buildings. Subsequently, the use of SE best practices within the design of advanced control systems 
was presented with the purpose of managing complexity and meeting the challenge of occupants needs 
and energy efficiency. 

Most importantly, this chapter demonstrated that there are significant reasons for using SE practices in 
the building domain. Despite the fact that there are few research studies in this area, it is clear that SE 
practices can be applied to any domain. 
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Chapter 
 

4. Proposed Approaches 
 
 
 
   “A man can design any system, but not the one in constant extension” 

Azzedine Yahiaoui, 2007  
 
 
 

4.1. Introduction 
The development of Large-Scale Distributed Control Systems (LSDCS) such as BACS technology 
requires addressing the complexity and heterogeneity of these systems. The best means of doing so is 
using a systematic approach to the facilitation of the architectural design process of a parallel and 
distributed simulation mechanism based on a structured, step-by-step method to developing distributed 
computer systems or programs and applying the SDLC framework, a conceptual model currently used 
for developing and designing complex systems, especially computer systems. Although the SDLC 
framework deals with the phases essential in the realization of a successful system, it may define the 
number and nature of these phases differently, depending on the project type and problem statement. 

According to Bakker and Buyya (1999), designing and developing a parallel and distributed simulation 
mechanism (or environment) is a complex and challenging task that involves attention to several issues, 
including communication performance, heterogeneity, fault tolerance, adaptability, scalability, 
concurrency, and transparency. As these complex issues are related to both parallel execution and 
distributed architecture, they should be addressed in the early design phase for implementing multiple 
collaborative applications in the distributed simulation. In consequence, it is important to ensure that 
currently designed systems for distributed simulation are feasible and present viable solutions to 
meeting the ever-increasing needs of computational research and data management faculties. 

However, using simulations to model large-scale complex systems and understand their behaviours in 
distributed simulation is a complex task. Throughout the course of this research, this study has 
affirmed the importance of developing a means of enabling and sharing knowledge-based simulations 
between control systems modelling and building performance applications to evaluate their overall 
performance in distributed environments, as well as developing an effective computing framework for 
cooperative simulation to rapidly and easily create models of any building performance application and 
its control systems. For such reasons, the general approach developed in this work was articulated 
according to two main research objectives (Yahiaoui et al., 2003):  

 the integration of advanced control systems within building performance applications, and 
 the development and implementation of a distributed dynamic simulation mechanism of BACS 

technology, i.e. of control systems modelling and building performance simulation. 

The development of the approach was based on the realization that the first objective was only possible 
if the second objective – the development of a common framework for the distributed simulation of 
third-generation ABs – was successfully achieved. Further, this chapter describes the general approach 
developed in this work by providing a detailed description of the characterization of different research 
applications before presenting a strategy for integrating advanced control systems in buildings.   

4.2. General Approach  
Although sometimes not apparent in the initial development of a project, the value of using SE practice 
is ultimately manifested in the design quality due to their ability to adapt to changing requirements in a 
flexible manner and ensure that requirements are fulfilled adequately. Figure 4.1 shows a general 
approach to a conceptual distributed dynamic simulation for BACS architecture (Yahiaoui, 2008). 
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Figure 4.1. A hierarchical approach to the systematic characterization of a distributed dynamic simulation mechanism for BACS 
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In this approach, the main applications of BACS technology are characterized from the functional 
viewpoint at different levels of abstraction 37 and organized hierarchically into three levels to allow for 
easy understanding of the nature of their differences. In accordance with the SoS concept, one or more 
V diagrams are developed for each of the interrelated applications that describe a number of phases at 
each level. With the aid of a practical technique, such as a taxonomy method, adequate methods and/or 
tools for use at each phase can be identified for managing the complexity of the system by 
decomposing it into subsystems and then components. As shown in Figure 4.1, the single V lifecycle 
diagram (or model) can be divided horizontally to distinguish a top layer (system level), middle layer 
(sub-system level), and bottom layer (component level), respectively.  

From an end-user perspective, i.e. at a top-level of abstraction, a building model plus its control system 
is seen as one building space (or zone) containing several devices necessary to regulate its indoor 
environment processes (or variables) according to a desired reference (or setpoint) set by the occupants, 
such as air-temperature or lighting level. However, from the engineering point of view, this space can 
be likened to an integrated set of two sub-systems, that of a building model and its control system, with 
the latter being the so-called ‘building control application’. At the mid-level of abstraction, this 
integrated set is represented as the two independent sub-systems of a building model and its control 
system functioning within a cooperative environment such that the control system achieves a desired 
reference state, as set by the occupants according to the state of the space and its environment. At the 
bottom level of abstraction, this cooperative environment is perceived as a system component that 
ensures the exchange of data between these two different sub-systems, i.e. the building model and its 
control system. As a result, this application represents what has been formed a DCS or NCS, as it is 
particularly concerned with the application of control systems in an indoor building environment. 

In this context, the objective here is to specify an approach based on the design methodology to meet 
all project requirements before beginning a project. This methodology is defined as a form of 
conceptual modelling for distributed computing environments at a high level of abstraction, i.e. taking 
into account the know-how 38 of the different technologies (or skills) involved in the design process. 
This conceptual model can be virtually represented in the form of a 3D matrix that is used to obtain a 
detailed domain analysis of the distributed system to be created, as illustrated in Figure 4.2. 
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Figure 4.2. A 3D matrix integrating different knowledge skills in the design process 

                                                           
37 The SE viewpoint or view model is a framework that defines a set of views or approaches used in systems analysis. 
38 Know-how is the knowledge required to correctly accomplish a practical task.  



A Distributed Dynamic Simulation Mechanism                                                                       4 – Proposed Approaches 
for Building Automation and Control Systems   
                                  

 77

A 3D matrix developed according to detailed conceptual model specifications that draws on the 
knowledge of different technologies involved in the design process can be used to characterize a 
components-based system that can meet the needs of occupants. As the objective in representing this 
3D matrix is providing practical information necessary to facilitate the modelling, design, 
implementation, testing, and operation phases, the language used to describe this model should be 
derived from the semantics used in high-level domain concepts. The 3D matrix can be considered a 
result of a framework based on a classical structure of a 3D space. As such, this matrix is organized 
such that space 1 is placed on the left side of the matrix, space 2 at the top of the matrix, and space 3 
on the right side of the matrix. Space 1 is used to describe user requirements (or concept of operations) 
separately from the requirements associated with multiple technologies involved in the design process, 
except for the architectural plans that use specific technologies for particular purposes. Space 2 
synthesizes the knowledge (or know-how) derived from the multiple technologies that allow the 
specification of concepts necessary to realize the functional requirements associated with the 
corresponding design operations. Space 3 explores the hierarchical structure of the systems at different 
levels of integration along with the implicated technologies defined in space 2. 

4.2.1. ANSI/EIA-632 Application Guidelines 
The strategy developed in the context of this research accords with the application of the EIA-632 
processes shown in Figure 2.9. When the appropriate processes are applied recursively and iteratively 
to the defined phases of the system hierarchy, as shown in Figure 4.1, they are typically orchestrated in 
a manner that intellectually decomposes the system (i.e., problem) into subsystem levels and, 
eventually, component levels (i.e. chunks) that can be handled individually. The system is then 
physically reconstructed from its individual components into subsystems before being integrated into a 
coherent system (see e.g. Yahiaoui, 2007a). Obtaining a clear understanding of the EIA-632 standard is 
necessary for performing the following actions: 

- deciding which of the 33 processes apply (see Appendix B for more details); 
- deciding which requirements to apply for the processes selected; 
- establishing appropriate policies and procedures; 
- defining appropriate tasks for each of the selected requirements; and 
- identifying methods and tools that support task implementation. 

The EIA-632 standard is not a simple input–output function into which a set of requirements are 
entered and a system design emerges, but rather a systematic approach that can help to develop a 
framework for a distributed simulation mechanism as well as for the integration of advanced control 
systems in building environments. In theoretical studies, the building model and its control system are 
considered two enabling subsystems that represent the system life-cycle considerations in the 
development of the final product (i.e. the real building). As both BPS and CME perform enabling 
functions on the final products or on related components of the subsystems to ensure the proper 
operation of the system (i.e. building) and its components, they can be considered enabling products of 
the final products, i.e. of the building model and the control system, respectively. 

4.3. Application Characterization 
The characterization of applications is based upon the principle that building models and their control 
systems in a distributed simulation should be represented in accordance with the concept underlying 
traditional control techniques. The most practical way of depicting this concept is as a simple form that 
allows applying any control system to any building model and both to be supported in a cooperative 
simulation without difficulty even when they are running in different software environments (Yahiaoui 
et al., 2005a). This form should therefore be equivalent to the generalized schematic block-diagram for 
a closed-loop or feedback building control application, which is shown in Figure 4.3. 

  
 
 

Client 

 
 
 

Server 

Control Network 
Ref   

   Zone/Plant 
Actuator

S
en

so
r 

 

Figure 4.3. A methodological approach to characterizing building control application 
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Figure 4.3 illustrates a typical block-diagram for interconnected closed-loop building control 
applications (or systems) over a network. Based on this block-diagram, the systematic approach to 
characterizing building control applications (i.e. building models with their control systems) is 
amenable to the client–server model of cooperation. Although this systematic approach comprises 
more than one discipline, it allows both domains representing building models and their control 
systems to be separately connected through an IPC mechanism, such as network sockets. As each side 
of this IPC is represented by a software tool, the structure of the NCSs or DCSs corresponds to two 
different and separate software tools, one used for BPS and one for CME, that exchange data over an 
IPC, especially a network. Although the current research began with the use of specific BPS and CME 
simulation tool – ESP-r 39 and Matlab/Simulink 40 respectively, with Matlab/Simulink serving as a 
server for a single or multiple ESP-r clients – it allowed for the development and implementation of an 
IPC mechanism and a data-exchange protocol with much wider and more general applicability. 

ESP-r was selected because it is an open-source and free software program still under development. 
Initially designed to run on Unix 41 operating systems (OSs) only, albeit providing some support for 
applications in Solaris and Linux environments, it was recently extended to run on Windows OSs as 
well. ESP-r is composed of several executable programs used for a multi-domain simulation of the 
thermal, visual, and acoustic performance of buildings and the assessment of the energy use and 
gaseous emissions (see e.g. ESRU, 2007). In contrast, Matlab/Simulink was selected because it is a 
multi-domain design and simulation tool widely used at most universities and numerous industrial 
companies for simple or complex control systems modelling (see e.g. Mathworks, 2012), is a form of 
shared source software (i.e. access to the code is limited to certain functions of the programs only), and 
is commercially available for any OS (including Unix and Windows). One of the objectives of this 
study is the development of distributed control and building performance simulations by run-time 
coupling between ESP-r and Matlab/Simulink even when both are running in a heterogeneous network. 

Responding to the need to develop a multidisciplinary approach requiring the knowledge of three main 
engineering fields – building environmental physics, control systems, and communication network 
technologies – this study aimed to develop a research strategy for the better integration of advanced 
control systems in building performance simulation by run-time coupling of distributed computer 
programs (i.e. between Matlab/Simulink and ESP-r). As representing the main functions of BACS in 
simulation first requires a thorough study of NCSs, the following section provides this analysis. 

4.3.1. Networked Control Systems in Automated Buildings 
In third-generation ABs, BACS technology uses a computer-based control systems to remotely control 
and monitor mainly building HVAC&R equipment and lighting components at a distance via an open 
network protocol such as BACnet and/or LonWorks as shown in Figure 2.6. A collection of sensors 
used to measure the process variables such as air-temperatures, and a collection of actuators used to 
assign and adjust the control outputs to maintain the setpoints such as valve positions, exchange data 
with that computer by network nodes, as shown in Figure 4.4. 

 

 Figure 4.4.  Typical structure of a networked (or distributed) building control system  
                                                           
39 ESP-r stands for Environmental System Performance - research version, and was developed by the Energy Systems Research 
Unit of the University of Strathclyde, see http://www.esru.strath.ac.uk/Programs/ESP-r.htm  
40 Matlab/Simulink is a widely used software tool developed by Mathworks, especially for modelling, simulating and analyzing 
control systems, see http://www.mathworks.nl/products/  
41 Note the term “Unix” is used throughout the thesis to refer to Linux as well. 
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where ac and sc  are the communication time delays between computing nodes (i.e. from the sensor 

to the computer and from the computer to the actuator), and a , s and c  are the computational time 

delays related to the actuator, sensor, and control algorithm, respectively. 

Within the schematic view shown in Figure 4.4., several sub-systems can be easily identified by 
differentiating among the main components of the DCS architecture. A DCS or an NCS provides a 
real-time control system (RCS) in which the feedback control loops are closed through a real-time 
network. The design of DCS architecture consists of DDCs and a computer-based control system 
communicating with sensors and actuators, located in and out the building, over a network protocol, 
such as TCP/IP. In DCS design, the parts (or sub-systems) forming the block-diagram for building 
control systems, particularly closed-loop control systems, can be classified into three categories: 

1. the computer, in which the developed control programs are operating to define the appropriate 
control actions to be activated and optimal setpoints to be applied to the current situation; 

2. the network protocol, which is responsible for data transmission between the computer unit and 
the peripheral sensors and actuators (or the sensor and actuator nodes); and  

3. the computing of building processes, which uses sensors and actuators necessary for the control 
of indoor building parameters (e.g., air temperature, relative humidity and air quality). 

On the one hand, connecting two or more separate simulation applications over an IPC mechanism 
offers many advantages in terms of resource utilization, flexibility, reliability, reconfiguration, and 
expansibility. However, all types of IPC mechanisms, especially those using a network, produce 
inevitable time delays that can degrade the performance of control systems, especially when Matlab/ 
Simulink exchange data with ESP-r in exactly the same way as in a real world. On the other hand, the 
objective of DCS design in ABs is to guarantee the stability and performance of integrated building 
control systems, i.e. to meet their control system specifications regarding phase and gain margins, 
overshoot, steady state and tracking errors, and so on. The integral links among the different DCS 
components (i.e. communication, computing, and control) are the timing characteristics and control 
specifications. The timing characteristics, which depend on time delays, are a function of the sharing 
time of the communication medium and the processing time of devices (i.e. sensors, actuators, and 
control systems), as shown in Figure 4.4. These delays potentially degrade building control system 
performance and can even cause its instability. To rectify these inefficiencies, this study proposes the 
use of a systematic methodology based on the performance chart proposed by Lian (2001), see Figure 
4.5, to comprehensively analyze and model a DCS in simulation. 

 

Figure 4.5. Performance comparison of continuous, digital and networked control systems (Lian, 2001) 
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The performance of an NCS is highly dependent on the rate (or time-step numbers) of data exchange. 
According to Lian (2001) and as shown in Figure 4.5, which depicts the relationship between the 
control performance and the sampling period for continuous control, digital (or discrete) control, and 
networked control systems, this performance chart provides a clear means of selecting the proper 
sampling periods for an NCS design. Compared to a continuous control system, the performance of a 
digital control system is limited by the delays caused by the sampling procedure (see e.g. Kuo, 1992). 
For continuous control systems, the worst, acceptable, and best regions of the performance axis can be 
defined according to a subset of control system specifications. As its performance is not a function of 
the sampling period, the performance index of a continuous control system remains constant, whereas 
the performance index of digital control systems depends solely on the sampling period. The 
performance degradation point A (sampling period PA) in digital control systems can be estimated by 
comparing the control system bandwidth with the sampling rate. For DCSs or NCSs, point B can be 
determined by further evaluating the timing characteristics (i.e. the time delays resulting from the time 
sharing of the communication medium and processing time devices). As the sampling period becomes 
smaller, the network traffic load becomes heavier, which may lead to more contention time or data loss 
in bandwidth-limited networks, as well as longer time delays and greater control system instability. 
Due to such possibilities, the existence of point C is necessary in an NCS design, and the computation 
of all points is based on the analysis of the timing characteristics and control specifications. Although 
this work focuses on the integration of advanced control systems in building environments (i.e. ABs), 
it accounted for NCS timing characteristics in the design phase, recognizing that timing characteristics 
are essential considerations in selecting the appropriate IPC mechanism for distributed control and 
building performance simulations. 

The initial objective of this research was to run-time couple ESP-r and Matlab/Simulink in order to 
enable the integration of artificial intelligence and modern control systems in building performance 
simulation by developing a distributed dynamic simulation mechanism. Before integrating advanced 
control systems in building environments that are expected to provide significant results in terms of 
lower energy consumption and greater occupant satisfaction and productivity, it is useful to perform 
simulations to identify the strengths and weaknesses of their applications within the buildings domain.  

4.3.2. Integration of Control Systems in Building Performance Simulation 
Coupling different applications (simulation executables) at run-time provides a means of exchanging 
information in a cooperative manner. Typically, one application controls the overall simulation 
procedure and requests information from the other application(s) when necessary. This study proposes 
a conceptual approach to the development and implementation of a strategy to run-time couple ESP-r 
with Matlab/Simulink over a network based on the generalized schematic block-diagram for a closed-
loop or feedback building control application (see e.g. Yahiaoui et al., 2005b), as  shown in Figure 4.6.  

 

Figure 4.6.  Closed loop building control application (or system) by run-time coupling 
between ESP-r and Matlab/Simulink 

 
Although the strategy to run-time couple ESP-r and Matlab/Simulink developed in this work takes the 
form of a closed-loop control system, it can be easily modified to perform an open-loop or feedforward 
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control system. Hence, both closed- and open-loop control structures can be used for the simulation of 
building control applications (or systems). Using open-loop control for a building model would simply 
require setting in Matlab side, the sensed variables received from ESP-r to zero. More exactly as 
defined in Matlab language, these variables are the rhs (right hand side) arguments. Finally, this 
strategy of run-time coupling between Matlab/Simulink and ESP-r supports both closed- and open-
loop building control applications (i.e. both unidirectional and bidirectional communications). 

As ESP-r is an integrated building energy and environmental performance simulation tool that allows 
the simultaneous detailed modelling of building zone(s), plant model(s), and fluid-flow network(s), 
control laws/strategies can be chosen and modelled for zone(s), plant model(s), and/or flow network(s). 
To enable run-time coupling between Matlab/Simulink and one of or all the three ESP-r components, 
this study proposed an approach that extends the previous strategy to the generalized schematic block-
diagram for multi-closed-loop building zone, plant and flow control applications shown in Figure 4.7. 

 

Figure 4.7.  Multiple closed-loop building zone, plant and flow control applications by  
run-time coupling between ESP-r and Matlab/Simulink 

  

where ir  are the reference signals (or setpoints) of  the indoor building environment; in are the noises 

that perturb the control actions; iu are the outputs of the control systems (or the actuator commands to 

the building zone, plant and flow operations); iy are measured outputs obtained from the sensors of the 

building zone, plant and flow applications;  id are the disturbances of the indoor building environment, 

and ie are the errors computed by subtracting the measured outputs from the reference signals. 

4.3.3. Distributed Control and Building Performance Simulation 
An important consideration when designing a cooperative simulation between two or more software 
tools is to ensure that the results obtained are sufficiently accurate. The accuracy of the results is 
critically dependent upon the performance of the underlying IPC mechanism for exchanging data 
between a building model and its control system, while accomplishing common tasks with a high 
degree of efficiency is dependent on the development and use of an appropriate tool. With reference to 
the performance chart shown in Figure 4.5, the following chapters develop different options for IPC 
mechanisms; analyze the main steps in control system design; and explore and integrate the most 
commonly used types of data communication protocols for ABs into the IPC mechanism selected and 
developed for distributed control and building performance simulation, particularly for BACS 
simulation. Although several generic forms of IPC mechanism can be used for DCSs, the timing 
characteristics that control systems impose in parallel and distributed computing environments call for 
a method using network protocols that can ensure performance, as do real-time control systems. For 
these reasons, this study proposes the application of a conceptual approach to distributed control and 
building performance simulation, as shown in Figure 4.8 (Yahiaoui  et al., 2005b). 
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Figure 4.8. Conceptual architecture of distributed control and building performance simulation  
 
The architecture of distributed control and building performance simulation is represented at three 
levels of abstraction:  

1) communication networks with various network nodes (wired and/or wireless) and end systems 
providing transmission services to the middleware platform that is used to support the data 
exchange between Matlab/Simulink and ESP-r;  

2) a middleware platform, such as ORB of OMG CORBA, RTI of HLA, or Socket’s Application 
Programming Interfaces (APIs), which is a distributed computer environment used to support 
the implementation of two or more concurrent applications by offering various distribution 
transparencies, such as access and location transparency; and  

3) distributed or networked control and building performance simulation consisting of an enhanced 
application layer that integrates ESP-r and Matlab/Simulink into a coherent, distributed system. 

To enable distributed control and building performance simulations (i.e. between a building model and 
its control system), the ESP-r and Matlab/Simulink software tools must be installed either on the same 
machine (host) or on different machines that must be connected to a network. Even if both ESP-r and 
Matlab/Simulink are installed on two separate machines that are geographically distant and/or running 
in a heterogeneous network (e.g. Unix and Windows), the simulation should proceed without difficulty 
because it is designed to work on and exchange data between different OSs.  

The user may be able to choose between different types of network protocols and formats for 
exchanging data between CME and PBS before initiating the simulation. These types and formats are 
indicated in the graphical user interfaces integrated into both sides of the run-time coupling between 
ESP-r and Matlab/Simulink. For different types of protocols, a TCP/IP suite 42, i.e. both TCP and UDP, 
is implemented to allow distributed simulations between ESP-r and Matlab/Simulink to exchange data 
over a network. TCP ensures that data arrive accurately and in the proper order, while UDP transmits 
the data in the form of packets. For different formats of data exchange, three methods are implemented 
to allow distributed simulations between ESP-r and Matlab/Simulink to exchange data in a normal 
mode in the form of the ASCII43 format or a binary format, or in a real mode in the form of XML 
documents (or messages). While the normal mode, especially the binary format, exchanges data 
between ESP-r and Matlab/Simulink more rapidly than does the real mode, it represents the data 
exchanged between ESP-r and Matlab/Simulink in an abstract form, whereas the data exchanged in the 
real mode appear in a real form (i.e. physical quantities as they are measured in a real AB, i.e. world). 

Because current recent BACS technologies must exploit more than one open protocol 44 to entirely 
cover all automated building applications, gateways are used to connect building equipment, units, and 
                                                           
42 The TCP/IP suite refers to the set of protocols developed by the internet community, but here is limited to TCP and UDP only. 
43 ASCII, which stands for American Standard Code for Information Interchange, is a collection of digits defined from 0 to 127. 
44 Open protocol means that the technical details about its conception are available and that it may be used free of charge.  
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components manufactured with different network technologies. To enable simulation of a distributed 
application in which ESP-r and Matlab/Simulink run on different machines connected through 
different protocols, a platform-independent gateway that flexibly addresses interoperability problems 
and that can be easily used by the BACS architecture is developed to access the data exchanged among 
different protocols. 

4.3.4. Communication Systems for Automated Buildings 
The most widely open standard protocols currently used for ABs are BACnet and LonWorks. While 
both underlying network protocols and technologies have been successfully used in implementing 
BACS architecture, their gateway solutions to interoperability are vastly different due to the interaction 
that occurs between technologies developed by diverse industries (e.g. ASHRAE and Echelon Corp.). 
To increase the sophistication and flexibility of BACS technology, incompatibilities between building 
HVAC&R equipment and lighting components using different network technologies are often met, as 
shown in Figure 3.2. However, BACnet and LonWorks exploit different network formats for data 
exchange that are difficult to manage and integrate into a coherent BACS architecture. To address this 
problem, this study proposes an approach to implementing web-services within a distributed dynamic 
simulation mechanism for BACS (Yahiaoui et al., 2007). In this approach, web-services are based on 
exchanging messages in accordance with SOAP specifications to simplify the use of XML in 
applications by wrapping XML documents to C/C++ data types, thus enabling and supporting data 
exchange between different network technologies as well as ensuring the highest level of 
interoperability in BACS architecture. Hence, web-services play the role of gateways translating one 
open protocol into another, with the translation based on the format of data exchanged between a 
building model and its control system, i.e. between ESP-r and Matlab/Simulink, as shown in Figure 4.9. 

 

Figure 4.9.  Run-time coupling between ESP-r and Matlab/Simulink using web-services 
 
The approach shown in Figure 4.9 was developed with the aim of enabling ESP-r and Matlab/Simulink 
to exchange XML messages formatted in a manner in accordance with the rules of the SOAP 
specification. These rules are used to facilitate the wrapping of XML documents to client and server 
programs written in C/C++ languages and integrated into ESP-r and Matlab/Simulink. The XML 
messages contain the information that BACS exchanges via BACnet or LonWorks protocol as in a real 
AB (i.e. world). Although this approach is based on an independent-platform gateway through which 
ESP-r communicates with Matlab/Simulink, it can be used to represent BACS technology in 
simulation by using and interconnecting different data communication networks in its environment.  

As Matlab acts as a server for ESP-r client(s) in the approach currently used for run-time coupling 
between ESP-r and Matlab/Simulink, Matlab/Simulink is launched at every time-step by an ESP-r 
client as a separate process. If a connection is not established between Matlab/Simulink and ESP-r, the 
data to be exchanged are not transferred until it is reconnected. In order to approach run-time coupling 
between Matlab/Simulink and ESP-r to similarly represent BACS technology in simulation, this 
approach was extended and upgraded to support and enable distributed simulations between 
Matlab/Simulink and multiple ESP-r clients (Yahiaoui et al., 2007).  

4.3.5. A Practical Approach to Representing BACS Technology in Simulation 
The BACS technology (see Figure 2.6) consists of several substations or terminals that communicate 
with a central computer over a network to coordinate principally the control actions and strategies in 
AB applications. Although representing BACS technology in a simulation remains complex, run-time 
coupling between Matlab/Simulink and ESP-r is developed by similarity analysis to BACS 
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architecture. The principal reason for this development is the ability to run-time couple one or more 
ESP-r(s) with Matlab/Simulink for the same simulation. By assuming that Matlab/Simulink represents 
a central computer and ESP-r represents a terminal in a manner analogous to BACS architecture, run-
time coupling between Matlab/Simulink and ESP-r must be designed with an IPC supporting 
cooperative interactions through interoperable middleware that provides a layer facilitating the 
interfacing of any building model built in ESP-r with any control system modelled in Matlab/Simulink, 
as shown in Figure 4.6. Effectively, the use of this distributed simulation mechanism not only 
simplifies data management and distribution over a network, but also provides for both the 
independence and the transparency of data exchange between a building model and its control systems. 
This distributed simulation mechanism also allows web-services to be highly portable in a parallel and 
distributed simulation while remaining similar to BACS architecture. Therefore, the traditional 
conceptual approach of distributed control and building performance simulation is enhanced in order to 
run-time couple one or more ESP-r(s) with Matlab/Simulink over a network, as shown in Figure 4.10.  

 

 

Figure 4.10.  A practical approach to run-time coupling Matlab/Simulink with multiple ESP-r(s) 
 

This work thus proposes a novel approach to creating and using one or multiple instances of ESP-r in 
distributed and parallel simulations with Matlab/Simulink over a data communication protocol, as 
occurs when referring to BACS architecture. The practical framework shown in Figure 4.10 was 
developed and implemented using a multitasking (or multi-threads) method, for which an equivalent 
application to BACS architecture can concurrently be executed across multiple machines distributed 
over a wide-area network. In a similar application to BACS architecture, each ESP-r in the framework 
is used to model either parts of or an entire building, while Matlab/Simulink is used to model all 
control  actions and strategies remotely. The number of connecting ESP-r clients to Matlab/Simulink is 
currently limited to a maximum of nine (9) due to the extreme difficulty of managing all exchanged 
variables while controlling the simulation. Nevertheless, the work developed here can be easily 
extended to support more ESP-r clients, as is the case with some BACS applications. 

Controlling building zone(s), plant model(s), and flow network(s) as modelled in one or more ESP-r (s) 
from Matlab/Simulink over a network by exchanging data in the form of BACnet or LonWorks 
protocol is equivalent to the manner in which BACS performs in ABs.  Using this framework, it 
becomes possible to simulate any building model along with any control system that exchange data in 
the form of BACnet or/and LonWorks protocol data formats over a network, as is the case in BACS 
architecture. When ESP-r and Matlab/Simulink are set up exchange data using different data formats 
(i.e. on the one side BACnet and on the other side LonWorks) during a simulation, communication is 
realized via web-services that ensure interoperability between different protocol data formats over a 
network. A practical framework that explores an equivalent representation of BACS architecture in 
simulation is shown in Figure 4.11. 
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Figure 4.11.  A practical framework of representing BACS architecture in simulation 
 
The focus of this work is enabling the run-time coupling between Matlab/Simulink and one ore more 
ESP-r(s) in order to allow integrated performance assessment of new building control strategies as well 
as to enhance the design of network-based control equipment and components in a building or a group 
of buildings. This work is still limited to investigation of ESP-r capabilities that support the modelling 
for building control applications, as several other applications of BACS technology, such as those 
relating to fire detection and fault diagnoses, are not yet supported. However, a number of other BACS 
operations can become a part of a cooperative simulation if their corresponding software tools or 
programs are integrated within the framework of distributed middleware, as illustrated in Figure 4.12. 

 Matlab/Simulink

ESP-r TRNSYS Fluent 

Network 

Radiance
 

Figure 4.12. A general approach to run-time coupling different building simulation tools 
 
Although this work is limited to run-time coupling between Matlab/Simulink and one or more ESP-r(s), 
the approach developed here can easily be extended to have wider and more general applicability by 
integrating additional building simulation tools, such as TRNSYS,45 Radiance,46 and Fluent,47 into the 
same framework, as shown in Figure 4.12. Currently, several specific domains for BPS exist, most of 
which differ in terms of their capabilities. Therefore, when simulating a complex building application, 
the use of more than one software tool is typically required because several components are available 
only in one tool while others are only available in another. Hence, the main objective of developing a 
general approach is to not only promote the interoperability of different existing building simulation 
tools but also entirely represent all BACS applications in a simulation. Consequently, the most 
significant advantage of this approach is that it allows for different building simulation tools to be 
distributed over a network in a manner that allows for other real-time options to be connected as well.  

                                                           
45 TRNSYS stands for TRaNsient SYstem Simulation, which is mainly used for building simulation of thermal energy systems. 
46 Radiance is a set of tools used for the analysis and visualization of lighting in design, especially in building design. 
47 Fluent is a CFD package used for modeling fluid flow and heat transfer in complex geometries. 
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4.4. Strategy for Integrating Advanced Control Systems in Buildings  
The strategy developed in this research calls for enabling and facilitating the integration of advanced 
control systems in buildings design to increase their environmental performance and improve their 
sustainability (see e.g. Yahiaoui et al., 2005b). As such, it recognizes that better integration of 
advanced control technologies with regular control systems is the key factor in increasing the 
reliability and operation of integrated HVAC&R and lighting systems in buildings. The benefits of 
these technologies are numerous, as they play a prominent role in decreasing energy consumption, 
enhancing occupants satisfaction and productivity, and reliably increasing building environmental 
performance at a lower cost throughout the lifecycle. As energy consumption has become an 
increasingly critical factor due to increasing energy costs, the integration of advanced control systems 
to improve efficiency in building environmental performance has become increasingly desirable. 

Currently, the integration of advanced control systems in building performance simulation is complex 
without the development and implementation of a run-time coupling mechanism between ESP-r and 
Matlab/Simulink. Other approaches to the cooperative simulation of building control strategies (e.g. 
Keilholz et al., 2004) remain difficult and sometimes impossible to realize, particularly on account of 
the complexity of increasing the frequency of data exchange. Based on the understanding that a more 
efficient and effective data-exchange mechanism should be capable of using small time-steps to 
closely match the underlying continuous-time model, this work provides a distributed dynamic 
simulation mechanism that allows for the rapid prototyping and integration of advanced control 
technologies in BPS. These technologies extend the use of normal feedback and feedforward control 
systems to changing building environments, i.e. to the changing operating conditions of integrated 
building systems such as HAVC&R and lighting systems. Formerly used separately, classical and 
advanced control methods can now be integrated in HCSs to resolve intractable real-world problems 
that require the overall problem to be divided into a number of feasible sub-problems for which 
individual solutions can be developed. Figure 4.13 presents a strategy for promoting and applying any 
control method or strategy to any building model (i.e. process or/and system) based on consideration of 
the hierarchical layers that exist within integrated modern control systems, as are shown in Figure 3.3. 

 

Figure 4.13. A strategy for integrating classical and advanced control technologies in buildings 
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The importance of run-time coupling between Matlab/Simulink and ESP-r as an enabling technology 
for the integration of advanced control systems in BPS has thus manifested by the full range of control 
strategies currently available for application, which are shown in Figure 4.13. Therefore, the use of 
run-time coupling allows modelling and simulation of building control applications that had previously 
been unfeasible. Specifically, Matlab and Simulink offer various toolboxes48 for modelling, analyzing, 
and designing classical, conventional, and advanced control methods that can now be applied through 
run-time coupling to any building performance application that is modelled in ESP-r. In addition, the 
strategy developed in Figure 4.13 is also applicable to real-time computer-based building control 
applications, as it is the case in a real AB. Moreover, methods and algorithms for adaptation, diagnosis, 
optimization, and model predictive control can be integrated into model-based control of building 
performance applications by run-time coupling. At the same time, high-level control system/strategy 
for building processes and plant models can be used; intelligent analyzers or methods based on such 
forms of knowledge as fuzzy logic or neural networks (NNs) and/or techniques motivated by human 
intelligence or biological systems can be developed and modelled in Matlab/Simulink; and on-line 
adaptation that includes forms of self-tuning, auto-tuning, and self-organization can be modelled by 
on-line identification of building performance applications or by assessment of the control response 
using performance analysis to achieve certain alternative measures (e.g. overshoot or settling time).  

4.4.1. Application of Hybrid Systems to Automated Buildings 
As mentioned in previous chapters, most indoor building processes, including the operation of on–off 
switches and valves, depend on the application of logic or discrete-event states modelled and analyzed 
using discrete mathematics based on finite state automata (FSA) formalism, rather than on continuous-
time dynamics formally characterized by nonlinear differential equations, as do air-supply regulators 
and motorized windows. However, modelling such processes requires using HCSs, advanced control 
algorithms that automatically drive the controlled process and/or plant between different discrete states 
while computing their corresponding continuous time models from given initial states to final states in 
order to achieve several performance criteria, which requires combining continuous-time dynamics and 
discrete-event states. Other reasons for using HCSs to model and control the dynamic behaviour of 
building performance processes are that they can be represented by unified graphical modelling 
environments (such as Statecharts and Petri-nets) due to their generic nature and that they can reduce 
the complexity of model designs by breaking them into hierarchical and individual design blocks. In 
general, the best way of reducing complexity is by decomposing models into smaller and smaller 
modules or processes until they are sufficiently simple and causal to be treated with analytical tools. 
As the modelling of some building HVAC equipment and components for control purposes typically 
requires contributions from the mechanical, electrical, and hydraulic engineering fields, it is necessary 
for their corresponding processes to be organized hierarchically into different levels of abstraction 
from an SE viewpoint. Viewing this hierarchy as an SoS concept, a building control application in the 
form of tree diagram can be developed similar to that shown in Figure 4.14.  

 

Figure 4.14. A building control application expressed as a tree diagram 
                                                           
48Matlab Toolbox is a set of Matlab tools consisting of functions, procedures, and/or scripts. 
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HCSs were selected for use in this research due to their capability to hierarchically model large-scale 
building control application, which particularly in building domains, helps manage complexity and 
higher levels of abstraction in the hierarchy that require less detailed models (discrete states) of the 
functioning of the lower levels (continuous dynamics), thus necessitating the interaction of discrete and 
continuous components. A typical example of such a hierarchical model is illustrated in Figure 4.14, in 
which a building control application is functionally decomposed into the two principal sub-applications 
of an occupied and an unoccupied state and in which one supplementary sub-application integrates the 
options, such as climate prediction and history entrances that are necessary for the control design. The 
two main sub-applications are in their turn divided into smaller sub-applications called building 
performance operations whose control systems perform depending on whether the building is occupied 
or not occupied. When the building is unoccupied, the control system will set all building control 
operations to the default mode, and when occupied, divide all building performance operations into 
sub-operations to initiate the functioning of primary applications to ensure the functioning of primary 
processes (e.g. maintaining thermal, IAQ and visual comfort) and secondary applications (sub-options) 
for the functioning of secondary operations (e.g. scheduled events). These sub-operations are in their 
turn decomposed into several processes to identify them separately.  Figure 4.15 shows an example of 
a hierarchical design for an HCS in a building performance application. 

 

Figure 4.15. Hierarchical design of control systems in building performance simulation 

A hierarchical functional decomposition of a building control application, such as that shown in Figure 
4.15, has four levels of abstraction to allow for the analysis and modelling of complex control systems 
with a high degree of intelligence and autonomy, as discussed at length by Passino and Antsaklis 
(1993), Antsaklis et al. (1996), and Antsaklis and Passino (1993). As one travels from higher to lower 
levels in the hierarchy, the number of distinct tasks increases and their operations become more narrow 
and detailed. As building performance operations are more specific at lower levels, their control 
systems are designed with the aim of attaining the desired references (or setpoints) set by occupants as 
quickly as possible in order to meet other requirements, such as minimizing energy use.  

To model, simulate, compile, and validate such control systems, Statecharts formalism was used to 
specify and model the behaviour of building control activities in functional decomposition, as is shown 
in Figure 4.14 (see e.g. Yahiaoui et al., 2006f). One main advantage of using Statecharts formalism as 
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a formal technique in this research is that it provided a less complex specification for modelling HCSs 
and designing agent systems compared to other tools, such as Petri nets. Moreover, Statecharts are 
modular and expressive, and provide non-ambiguous, complete, and concise ways of describing all the 
behaviours accounted for in any building control application with a relatively simple Statechart. Using 
Statecharts formalism is also beneficial in requirements analysis and high-level design when 
developing MASs with powerful scalability through programming concepts such as hierarchy, 
concurrency, and events. Using Statecharts formalism is especially useful when designing intelligent 
agent systems, as they are equipped with visual tools capable of supporting all SDLC phases. As 
Statecharts formalism is most often used with other models of computation to develop powerful 
systems, this work proposes the use of hybrid Statecharts to graphically represent and model building 
control applications, such as MASs in system-level designs. 

4.4.2. Modelling and Analysis of Control Systems Using Hybrid Statecharts 
In this work, Matlab/Simulink/Stateflow 49 is used as a graphical modelling and simulation tool for the 
design capture and functional verification of hybrid Statecharts. The continuous variable systems can 
be described by either graphical block diagrams in Simulink or programming scripts in a Matlab 
environment, whereas the discrete-event states can be modelled using Stateflow chart and/or Simulink 
blocks. Accordingly, run-time coupling between Matlab/Simulink and ESP-r was implemented in such 
a way to facilitate the interfacing between Matlab, Simulink and Stateflow when modelling an HCS for 
a building model. Figure 4.16 depicts a simple example of a building heating process and its HCS 
modelled separately by run-time coupling between Matlab/Simulink and ESP-r.  

 

Figure 4.16. A simple example of a building heating process and its HCS modelled separately 
 

As shown in Figure 4.16, the heating mode Statechart has two discrete states according to whether the 
heating plant is ON (i.e. 01) or OFF (i.e. 00), and in each discrete state, the building thermal dynamic 

is described by a differential equation, where inT is the indoor temperature, spT is the temperature 

setpoint, deadbandT is the negligible temperature, mc is the constant, inQ is the heat rate entering the 

building, and lossQ  the heat rate leaving the building. The variable deadbandT  was added to represent the 

internal system parameters of the real-time specification in the model (e.g. the sensitivity of the control 
system to a setpoint, the time delay of the response of the control system, etc.). Automation starts by 

                                                           
49 Stateflow is the Matlab toolbox used for creating discrete-state system blocks within the Simulink environment. 
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default in state B, in which the heater is completely nonoperational, i.e. OFF. A transition from state B 

to state A occurs whenever inT drops below spT , the heating plant will be turned ON and supply the 

necessary amount of inQ into the building to instantaneously increase inT  to reach spT , as set by an 

occupant. Likewise, a transition back to state B occurs whenever inT rises above spT . 

The description of this building process demonstrates that when using HCS, it is essential to manage 
both logical decision-making (i.e. switching between modes) and continuous state evolution in the 
design of control systems. When designed properly, control systems function as powerful tools with 
various capabilities, including: 

1. operating with a high degree of autonomy, even under significant uncertainties in the plant and 
the environment in which they operate;  

2. partially compensating for plant failures without the need of external interventions; and 
3. sufficiently adapting to unexpected situations and changes in the control objectives.  

Another advantage of using hybrid Statecharts, in this work, is the ability to extend their functioning 
by forcing their states to integrate control methods such as fuzzy logic, NNs, optimal control, and 
genetic algorithms within their concepts, as shown in Figure 4.17.  

 

Figure 4.17. Concept of an extended hybrid Statechart 
 
As shown in Figure 4.17, hybrid Statecharts were extended to provide a higher level of control by 
forcing their concepts to integrate modern and artificial control systems to perform human intelligence 
functions, such as reasoning, planning, learning, and adaptation to changing environments, according 
to occupant requirements (see Yahiaoui et al. 2006h). The core objective of this approach is specifying 
hybrid Statecharts in a rigorously logical and formal manner in order to allow a simple and flexible 
specification, implementation, and analysis of MASs. Consequently, hybrid Statecharts are useful for 
developing and implementing MASs for third-generation ABs. In providing the means of extended 
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hybrid Statecharts can also increase building environmental performance and energy saving and allow 
for the better design of control systems according to occupant criteria, especially the criteria of 
occupants who are older and/or disabled. For these reasons, this work proposed an approach in which 
the behaviour of agents, including their collaboration, is specified using extended hybrid Statecharts.  

4.4.3. Concepts for Analyzing and Designing MASs for Automated buildings 
Many specification formalisms can be used to specify all building control operations and activities, but 
few, if any, are particularly suited to modelling all aspects of such complex control applications. For 
large and complex control applications, such as those of ABs, the specification may use more than one 
formalism or extend an existing one. An extended formalism based on the analysis and design of 
intelligent MASs is developed with the aim of specifying the principles for the construction of a tree 
hierarchy expressed in two or more diagrams, as doing so allows for easier specification than does a 
single large and complex diagram. Although this tree hierarchy is generally top-down and based on 
system-level design using V lifecycle diagrams for every agent in the MAS architecture, waterfall 
diagrams are also widely used in the literature because they are straightforward iterative as the top-
down of the V lifecycle (see e.g. Wood, 2000, DeLoach et al., 2001, and Yahiaoui et al., 2006f). The 
advantages of applying a lifecycle approach to the design of MASs, especially for ABs, are numerous. 
Among the most important are a resulting solution that captures the goals of an application, maps the 
goals to roles,50 transforms the roles in the analysis phase into agents in the design phase, and performs 
verification testing of the consistency and completeness of an agent or the entire MAS architecture.  

In this research, an agent is defined as a control system capable of flexibly and autonomously sensing, 
computing, and acting within the environment that it occupies to adapt to the current situation, 
optimize the attainment of its objectives, and affect its surroundings in a desired manner. Given the 
potentially wide means of controlling the actions of an agent, many types of agent architecture are 
possible and, indeed, many different descriptions appear in the literature. The following three types of 
agent architecture based on the classification of intelligent agents in the autonomous control of indoor 
building environments are recognized: 

 reactive architecture, which aims to provide a tightly coupled of sensor(s) and actuator(s) to 
allow the agent to react continuously in response to changes in a dynamic environment; 

 deliberative architecture, which aims to provide higher-level control (e.g. reasoning, planning or 
learning) to allow the agent to do more than simply react to a particular situation; and 

 hybrid architecture, or so-called HICA, which combines aspects of both reactive and 
deliberative architecture. 

To achieve the objective of designing MASs for third-generation ABs, an integrated concept for 
modelling HICA was developed using extended hybrid Statecharts to integrate knowledge-based 
reasoning, planning, learning, and reacting into the same model. Indeed, using Statecharts formalism 
facilitates the design of MAS architecture by providing a unified method in which each agent is 
specified by one Statechart only, enabling the interconnection of agent systems separately so that the 
ensemble works as a single integrated environment and solves problems that would be intractable for 
individual agents. As such, it can address the challenge of constraint satisfaction by sub-contracting to 
different problem-solving agents with different capabilities and goals. Of all these possibilities, the 
overall objective of using hybrid Statecharts in this research was to provide structures for the design of 
MASs for ABs with a high level of autonomy and for specifying a set of interaction and coordination 
rules among their agents. The use of hybrid Statecharts is advantageous because it allows more 
rigorously formal specifications to be applied by translating agent systems into logical structures, such 
as the Kripke structure,51 in which verification of their behavioural properties can then be performed 
using model-checking techniques such as computation tree logic (CTL). Moreover, the use of such 
logical structures enables incremental and modular V&V through their functional decomposition. 

                                                           
50 Roles are generic behaviours of agents. 
51 The Kripke structure is a type of nondeterministic finite state machine used in model checking to represent the behavior of a 
system. 
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Figure 4.18 illustrates an example of the manner in which the design of an MAS architecture for ABs 
could be implemented in accordance with the tree diagram shown in Figure 4.15. This example shows 
also the importance of using roles defined in the analysis phase, and of using hybrid Statecharts in the 
design phase and specifying the relationship between them. However, this is the practical solution for 
modelling large-scale and complex building control applications. In this example, requirements are 
first identified as high-level functions, e.g. tasks, that each agent system must fulfil, and then translated 
into a structured set of goals that each agent may adopt and events to which it can respond. 

 

Figure 4.18. An MAS in a building environment 
 
As shown in Figure 4.18, the environment is comprised of two models – the roles and their interactions 
– that essentially capture MAS architecture information but no implementation details, i.e. only capture 
data regarding the organization of the system at the highest, most abstract level of analysis. By 
considering the example of a building control application shown in Figure 4.15, roles can be developed 
separately from agents. Although the application in this example is concerned with three categories 
only – zone unoccupied, zone occupied, and options for alternative purposes – it can have many more 
categories, depending on its scale and complexity. The zone unoccupied category is unique because its 
developed agent must detect the presence of an occupant. The zone occupied category is divided into 
three sub-categories, thermal comfort, IAQ comfort and visual comfort, which in turn can be divided 
into tasks, which are further divided until the end nodes of the tree are reached. Through such a 
recursive process, complicated tasks are decomposed into small sub-tasks with corresponding priorities. 
By classifying architectures for agent control systems into different categories and categories into sub-
categories, agents can be created to execute corresponding tasks or sub-tasks in their environment.  

4.4.4. Concept of Designing HICAs for ABs 
Developing intelligent agent systems for third-generation ABs requires an SE approach to modelling 
agent tasks and developing the means by which they will complete these tasks in terms of plans, events, 
and data. In effect, the development of intelligent agents through an SE approach involves a detailed 
design of the agents’ internal structures based on information regarding how they make their decisions, 
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predict future events, and remember the past. Such information is necessary because it identifies user 
or stakeholder needs and building control functions before the design phase is begun. The detailed 
design focuses on developing the internal structure of all agents and defining how they use plans to 
react to events, adapt to changes in their environments, and learn from occupants. To build agents with 
such capabilities, this work proposes an approach termed HICA that combines HCS and MAS concepts 
by means of extended hybrid Statecharts. This combined concept is slightly different from that 
developed by Fregene et al. (2005a) because it extends the use of Statecharts to describe the flexible 
behaviours allowed by the autonomous nature of the agents and their dynamic properties. Nevertheless, 
both concepts describe HICA as an intelligent agent used to synthesize agent-based control systems for 
inherently distributed multi-mode problems. 

Another advantage of using extended hybrid Statecharts for modelling and design of MASs is that 
knowledge-based reasoning, planning, learning, and reacting can easily be incorporated into their 
formalisms. This consists of triggering their states with formulae, rules, heuristics, or procedures that 
come from other control systems, i.e. by integrating intelligent control systems such as fuzzy logic and 
NNs into the hybrid Statecharts, as shown in Figure 4.17. The purpose of this integration is to allow 
other high levels of control and multi-objective control structures to be wrapped within the hybrid 
Statecharts in accordance with the concept of hierarchical layers in control systems shown in Figure 
3.3. Such wrapping facilitates the design of intelligent agents with a degree of autonomy. Although 
these agents are also designed to have a reasonable amount of dynamism, a multi-objective, multi-layer 
control hierarchy is presented here to conceptualize their optimal levels of autonomy. A conceptual 
view of an intelligent agent for ABs is shown in Figure 4.19. 

 

 Figure 4.19. Concept of HICA for a building performance application 
 

where spx is the setpoint, y is the output from the controlled process, S is the supervisory commands, 

qS is the sequence of control primitives used to achieve the objectives, u is the control input to the 

plant, inC  is the coordination input to the agent, and outC  is the coordination output from the agent. 

As shown in Figure 4.19, the concept of HICA was developed by means of cooperating two sub-
systems inside its structural core in order to help intelligent agents to adapt, plan and learn. It may also 
be properly considered as a HCS, which has an intelligent agent wrapped around it. A knowledge base 
is used to create agents with the ability to react to events, learn from occupants, and adapt to the 
environment. The proposed HICA concept combines facilities for planning, coordinating, and reacting 
in hybrid systems to develop intelligent control agents in the form of two parallel cooperating 
subsystems. This concept is advantageous because it offers a means of coordinating multiple agents 
over a distributed network, a topic beyond the scope of this research. 
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4.4.5. Formal Methodology for Verification and Validation of Hybrid 
Statecharts 

As described in previous Sections, a hierarchical functional architecture was used to facilitate the 
modelling and design of HCSs and MASs for large-scale and complex building control applications. 
Such architecture requires an SE approach at different levels of abstraction to ensure that the control 
systems (HCSs and HICAs) meet their specifications for building environmental performance V&V 
are well-established techniques for ensuring the quality of such control systems within their SDLC. In 
this research, the V lifecycle diagram was used as a tool for developing the specifications of hybrid 
Statecharts, particularly MASs. It is often extremely complex to achieve V&V for building control 
applications because they are large-scale and complicated. Figure 4.15 illustrates the complexity of the 
design of control systems for a building that consists of only one zone (or room). The integrated hybrid 
statechart is composed of multi-level functional architecture and a specification structure that enables 
incremental and modular V&V through its decomposition, i.e. by starting from the lowest block level 
and proceeding to the highest block level. When partitioning is possible, V&V activities become 
highly applicable because formal methods such as model-checking can be applied to individual blocks. 
Partitioning provides the only possible means of interpreting formally written requirements for each 
block, thus removing the risk of misunderstandings. This research proposes the use of a multi-level 
approach based on the specification of each activity along its SDLC models. Figure 4.19 illustrates a 
functional approach to performing V&V activities at multiple levels of abstractions. 

 

Figure 4.20. Functional approach to V&V activities at multiple levels of abstraction 
 

The functional approach presented in this research places emphasis on planning and strategy in 
performing V&V activities within every individual block (application) at different levels of abstraction 
before establishing V&V for the entire application. This approach consists of first ensuring that every 
application at the unit (or sub-component) level is verified and validated before proceeding to the 
applications at the component level. Once all the applications of the unit level are verified and 
validated, the V&V of their corresponding main applications at the component level become simple 
because it requires simply verifying and validating the specifications at the component level. The same 
process used to verify and validate applications at the component level are then used to verify and 
validate applications at the sub-system level. After all the applications at the sub-system level are 
verified and validated, the only remaining task is verifying and validating the specifications at the 
system level. By using such a process, all the applications are verified and validated through a 
hierarchical functional architecture. 
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4.5. Conclusion 
This chapter described the development of a general approach to the design and synthesis of a 
functionally distributed dynamic simulation of BACS technology. To explain the means of developing 
this approach, it described a proposed approach to the application of the ANSI/EIA-632 standard; the 
development and implementation of a distributed dynamic simulation mechanism between CME and 
BPS; the representation of data communication protocols for ABs in simulation; the representation of 
BACS technology in simulation; and a strategy for integrating advanced control systems in buildings, 
especially in BPS.  

This general approach can be roughly divided into the two phases of 1) the development and 
implementation of a distributed dynamic simulation between CME and BPS and 2) the integration of 
advanced control systems in buildings. Whereas the first phase is closely related to the nature of the 
application domain, the second depends entirely on the strategy used, as integration may vary from one 
control strategy to another. The proposed strategy for integrating advanced control systems in 
buildings in either real time or in simulations would likely facilitate the integration of any control 
system, including even complex systems, such as HICA systems. 
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Chapter  
 

5. Rational Design Criteria 
for Run-Time Coupling 

 
 
 

   “Selecting the right person for the right job is the largest part of coaching” 
-  Philip Crosby  

 
 
 

5.1. Introduction 
Most existing tools used for creating a cooperative simulation environment consist of different forms 
of computing, information access, and data exchange across multiple processing applications that may 
run on a heterogeneous network (i.e. on different OSs and/or using different protocols). In general, 
computing that consists of applications cooperating over a network is referred to as distributed 
computing, the advantage of which is the provision of a variety of network technologies. As discussed 
in chapter 4, designing a distributed computing environment for a large-scale system such as a BACS 
architecture is a complex and challenging task because it requires an in-depth understanding of all the 
requirements and integrated concepts of the system. Moreover, using the wrong tool for developing a 
mechanism, in particular when developing a distributed dynamic simulation mechanism for BACS, can 
lead to insufficient practical solutions. For this reason, rational design criteria have been established to 
aid in the selection and use of the most appropriate IPC 52 mechanism for developing a distributed 
dynamic simulation environment for BACS. The selected IPC mechanism should have as few 
communication effects on the time dynamic responses of building control applications as possible.  

This chapter describes one of the essential steps in the achievement of better CME integration into BPS 
by the run-time coupling of distributed computer programs. The majority of this chapter focuses on the 
evaluation and performance comparison of possible used IPC mechanisms for the implementation of 
run-time coupling by describing the performance analysis conducted by running benchmark tests for 
each selected IPC mechanism and the results of the communication speed testing of all IPC 
mechanisms that can be used in the development of run-time coupling.  

5.2. Determination of Requirements 
This section describes the requirements and specifications necessary for the rational design of a 
distributed dynamic simulation mechanism for BACS. This also elaborates the reasoning behind the 
hypothesis that marrying both CME and BPS software tools by run-time coupling would potentially 
enable integrated performance assessment by predicting the overall effects of innovative control 
strategies in building environments. In consequence, the major objective of this work is to develop and 
implement run-time coupling between BPS and CME as an enabling product for BACS architecture.  

5.2.1. Concept of Operations 
As it is envisaged that both CME and BPS tools may run simultaneously on a heterogeneous network 
(e.g. Unix and Windows), and that potentially run-time coupling could be conducted with a test-rig as 
a control system (hardware testing in the loop), or even with a building emulator, the IPC mechanism 
must be platform independent. In consideration of these possibilities, the main objective, in this work, 
was to develop and implement a distributed simulation mechanism for BACS. In order to achieve this 
objective, the developed IPC must contain the following characteristics:  

                                                           
52 IPC, also referred to as inter-thread communication and inter-application communication, is a set of programming interfaces 
that allows the coordination of activities among cooperating processes. 
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 flexibility so that run-time coupling can support any building model and any external (or remote) 
control system; 

 reliability so that run-time coupling can support the exchange of data between CME and BPS at 
important frequencies; 

 resource sharing so that run-time coupling can share data over a network (e.g. BACnet); 
 extensibility –so that run-time coupling can incorporate new applications over time without 

disruption or duplication of existing applications; 
 concurrency –so that run-time coupling can process multiple applications at the same time;  
 scalability so that run-time coupling need not change when the scale of a particular application 

increases; 
 fault tolerance so that run-time coupling can appropriately address errors that occur during 

simulations; and 
 transparency so that run-time coupling between CME and one or multiple BPS can be perceived 

as one application rather than as a collection of independent applications. 

As outlined in the requirements described in Section 1.9, it is also important that the IPC mechanism 
have a large transmission capacity to enable communication among the multivariable control systems 
required to run when a building control application regulates a number of physical quantities at the 
same time. Such a situation requires that all sensed and actuated building, plant, and mass-flow control 
actions that ESP-r provides for simulation are exchanged with Matlab/Simulink. All existing 
possibilities regarding these three control actions are described in Table 5.1. 
 

Table 5.1. Different control possibilities in run-time coupling 

Control functions Sensed variables Actuated variables 

Building control 
actions 

Indoor temperature   
Indoor relative humidity   
Wind speed 
Wind direction 
Direct normal solar radiation 
Diffuse horizontal solar radiation 
Outdoor relative humidity  
Solar-air temperature 

Heat flux 
Moisture 

Plant control 
actions 

Dry bulb temperature   
1st phase mass flow rate    
2nd phase mass flow rate 
Additional plant output     
Indoor relative humidity   
Enthalpy 
(1) Outside conditions 

Heat flux 
Flow rate  
Variable 
Mass ratio 
 

Mass flow control 
actions 

Temperature   
Enthalpy 
1st phase mass-flow rate    
2nd phase mass-flow rate 
Additional plant output     
Temperature difference       
Absolute temp. difference          
Pressure                            
Pressure difference          
Absolute press. difference       
Absolute mass flow 
Contaminant concentration 
Indoor relative humidity   
(1) Outside conditions 

Flow rate 
Mass flow rate 

(1) Outside
conditions
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5.2.2. System Requirements  
In order to represent run-time coupling between CME and one or more BPSs in a manner analogous to 
BACS architecture (or technology), data representing physical quantities as they are handled in BACS 
architecture must be readily available and exchanged between CME and BPS on both sides of run-time 
coupling. To meet this requirement, this work enhanced the common data-exchange method that is 
widely used and available on most platforms because it allows for the exchange of data through run-
time coupling with reference to the OSI model, as shown in Figure 5.1. 

 

Figure 5.1. Exchange of data between CME and BPS within an OSI model 
 

Conceptually, BPS is mainly written in Fortran codes and CME is largely written in C/C++ codes. As 
both BPS and CME are legacy tools, integrating them in a distributed simulation requires developing 
their bindings to the implemented IPC mechanism with low overhead   by such means as exchanging 
data directly and avoiding the use of several programming languages. In the case of this research study, 
run-time coupling should support asynchronous events that occur when the time-step of one process 
differs from that of another process and during the synchronous events that occur when the two 
processes are synchronizing with the same defined time-step in execution. The exchange can be either 
unidirectional, as when data are sent one way, or bidirectional, as when data altered during the first 
process are sent to the second process, which in turn sends the data back to the first. The data are 
transferred in the form of data types using a common format so that the processes running on two 
different OSs can translate them as well as the underlying communication protocols. 

Another important requirement of run-time coupling is having the ability to avoid communication-
induced time delays that degrade the performance of building control applications, as shown in Figure 
4.5. when a large amount of data, including those pertaining to outside conditions, the sensed and 
actuated variables of the three different control actions, and other necessary variables for simulation 
setup, are exchanged between ESP-r and Matlab/Simulink. Table 5.2 lists the number of variables 
pertaining to each ESP-r control action for which data must be exchanged with Matlab/Simulink. 
 

Table 5.2. Number of all variables that ESP-r exchanges with Matlab/Simulink 

Control actions Number of sensed variables Number of actuated variables Other variables 

Building  3 + 7 (auxiliary) 2 1 + 3 (optional) 
Plant  9 + 6 (auxiliary) 4 1 + 4 (optional) 
Mass flow  8 + 9 + 6 (auxiliary) 2 1  
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In total, data regarding 66 variables must be exchanged between ESP-r and Matlab/Simulink (i.e. 16 
regarding building control actions, 24 regarding plant control actions, and 26 regarding flow mass-
control actions), not including those related to the establishment of communication options, e.g. mode 
of exchange. As most exchanged variables between BPS and CME must be declared as float precision, 
exchanging them correctly requires choosing the appropriate IPC.  

5.3. Different IPC Mechanisms for Run-Time Coupling 
Currently, there exist a wide range of IPC methods and techniques applicable to many different kinds 
of applications. Establishing better integration of CME and BPS by run-time coupling depends on 
selecting the appropriate IPC method for the development and implementation of run-time coupling. 
To select the most appropriate method, the most commonly used techniques (e.g. ASHRAE-825, 
1997), as identified in the literature, were first evaluated and then experienced by implementing them 
in a test-bed environment with communication between concurrent processes (Yahiaoui et al. 2003). 
Each IPC mechanism discussed below has unique advantages and disadvantages and is the optimal 
solution for a particular problem that is not necessarily that which is investigated in this work. The 
analysis is preceded by a brief introductory overview. 

5.3.1. Non-Distributed Communication Systems 
In non-distributed or traditional systems, a kernel is used to provide a set of generic primitive functions 
for direct use when implementing cooperative applications. This kernel facilitates communications and 
data sharing between two or more applications running within the same machine. In general, these 
generic primitive functions are useful for producer-consumer coupling because they require using a 
first-in, first-out (FIFO) access scheme to retrieve data already written into the system (i.e. into a pipe, 
shared file, or memory segment). The most commonly used functions can be divided into the following 
four categories: 

Use of Pipes 
The use of pipes or tubes, the oldest form of a Unix IPC mechanism, provides a simple, synchronized 
way of passing information between separated processes through a communication channel with two 
endpoints (see e.g. Stevens, 1992). Pipes provide for a unidirectional flow of communication between 
processes consisting of a limited amount of data. Two varieties of pipes are available: anonymous or 
unnamed pipes, which are single FIFO queues that can only be used by related processes (i.e. a parent 
process and its child processes), and named pipes, which are extensions to the unnamed pipes and are 
actually as special files within the FileSystem in which unrelated processes can use them. Figure 5.2 
illustrates the means of run-time coupling Matlab/Simulink and multiple ESP-r(s) using pipes. 

 

Figure 5.2. Run-time coupling between Matlab/Simulink and multiple ESP-r(s) using pipes 
 
There are many ways of using pipes to implement run-time coupling between Matlab/Simulink and 
one or multiple ESP-r(s). However, most are inefficient because they require the creation of a number 
of processes (e.g. shell scripts, batch files, regular files, etc.) that may impose large overhead. The 
methodology proposed here consists of using instantiate pipes to facilitate communication between 
Matlab/Simulink and one or multiple ESP-r(s) independently, as shown in Figure 5.2, which requires 
creating pipes in equal number of ESP-r(s) supposed to be run-time coupled with Matlab/Simulink. 
Reading and/or writing to and/or from the pipes is directly performed without the use of regular files or 
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scripts to reduce the overhead. In this proposed methodology, Matlab creates one more instances, 
depending on the number of ESP-r(s) to connect, of the pipe(s) and waits for ESP-r, which is the writer, 
to connect and write data to it/them. Once Matlab reads data from it/them, ESP-r becomes in turn the 
reader waiting for Matlab to write new data to the pipe. The same procedure continues until the 
exchange has been completed. 

Use of Files  
The use of shared or intermediate files is the simplest mean of sharing data between concurrent 
processes running on the same OS (see e.g. Stevens, 1992). However, the method requires 
synchronization between processes. Moreover, the fact that the concurrent processes do not operate the 
same file at the same time can slow the exchange of data, and in several cases even make the machine 
idle. Figure 5.3 shows the base principle of developing run-time coupling between Matlab/Simulink 
and multiple ESP-r(s) using regular files. 

 

Figure 5.3. Run-time coupling between Matlab/Simulink and multiple ESP-r(s) using files 
 
Although this method is the simplest IPC to implement for run-time coupling between 
Matlab/Simulink and one or multiple ESP-r (s), it is rarely used because it introduces a huge penalty in 
performance due to the large overhead imposed by the hard drive. The optimal means of reducing 
overhead is using only one file for run-time coupling between ESP-r and Matlab/Simulink, as shown in 
Figure 5.2. By such means, ESP-r acts as the writes that writing data to the file and Matlab as the 
reader that reads data from the file, then Matlab becomes the writer that writes data to the same file and 
ESP-r the reader that reads data from it. The same process continues until the exchange has been 
completed. Using regular files to share data between Matlab/Simulink and ESP-r can be advantageous 
when the exchange is asynchronous. However, numerous problems, particularly the production of 
inaccurate simulation results, can arise when both Matlab and ESP-r processes access the same file 
simultaneously.  

Use of Shared memory 
The use of shared memory is an efficient way of initiating the process whereby two or more processes 
map a segment of their virtual space onto an allocated portion of physical memory (see e.g. Stevens, 
1992), as the data exchange is realized instantly and reliably by accessing this allocated memory 
portion. Although this method provides the fastest possible IPC, it is not necessarily the easiest to 
coordinate between concurrent processes, as it requires synchronization. Figure 5.4 shows the 
development of run-time coupling between Matlab/Simulink and multiple ESP-r(s) using shared 
memory. 



A Distributed Dynamic Simulation Mechanism                                                                  5 – Rational Design Criteria 
for Building Automation and Control Systems                                                                          for Run-Time Coupling 
 

 101

 

Figure 5.4. Run-time coupling between Matlab/Simulink and multiple ESP-r(s) using shared memory 
 
Shared memory has previously been used in implementing run-time coupling between ESP-r and 
Matlab/Simulink on a Unix-variant OS (Yahiaoui et al. 2005a). The methodology used in this work 
consisted of first identifying specific components and emplacements in ESP-r requiring data exchange 
with Matlab/Simulink, then interfacing them with the producer and consumer programs that 
manipulate shared memory using F77/C glue. A Matlab MEX-File was also developed to bind 
Matlab/Simulink to shared memory. In this work, ESP-r, which is first the producer, creates a memory 
portion (a segment) and writes data to it while Matlab, which is the consumer, reads data from it before 
destroying it. To retrieve data from ESP-r, Matlab becomes the producer creating another segment and 
writing data to it, while ESP-r becomes the consumer reading from it and then destroying it. The same 
process continues until the exchange has been completed.  

In Windows OSs, shared memory is in principle implemented through either mapping files or mapping 
global variables of dynamic-link libraries53 (see e.g. Windows MSDN, 1993 and Windows MSDN, 
2001). Although the former is preferred because it is more efficient, as access to shared memory is 
achieved through function calls, the implementation of shared memory on Windows OSs is difficult 
regardless of the method used, and its use may decrease computing performance due to the overhead 
imposed by file mapping. 

System V 
System V, commonly abridged to SysV, is an interface consisting of the following three integrated 
types of IPC mechanisms (see e.g. Stevens, 1992):  
 The use of message queues is a comparatively little known, easy way for applications to send 

and receive messages. Message queues are similar to pipes but encapsulate data into a message 
of which has a priority. They also provide asynchronous communication queues that must be 
synchronized so that processes cannot send messages at the same time.  

 The use of shared memory allows processes to share parts of their virtual address spaces. SysV 
shared memories are similar to traditional shared memories but allocate segments in analogue 
form and create and destroy segments in a different manner.  

 Semaphores are a technique for synchronizing processing applications, which must coordinate 
access to shared memory, to exchange messages. Cross-platform semaphores are incorporated to 
ensure that a process does not interfere with the shared memory used by another process. 

These SysV IPC mechanisms all are efficient and reliable when used in run-time coupling. However, 
SysV is only available on Unix OSs and probably not available on Windows OSs. For this reason, 
SysV was not considered  for selection for the development of run-time coupling in this work. 

                                                           
53 A dynamic-link library (DLL) is a set of small programs that contain functions and data that can be used by other applications. 
In general, a DLL is the implementation of the shared library concept in Microsoft Windows OSs. 
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5.3.2. Distributed System Technologies 
In distributed systems, a middleware or a distributed system software layer that connects different 
kinds of applications and provides distribution transparency to its connected applications is used to 
bridge heterogeneities that occur within the network. As Figure 5.1 illustrates, middleware replaces the 
session, presentation, and application layers of the OSI model with an enhanced application layer. In 
general, this middleware is used to provide a set of enabling services (e.g. Sockets APIs) that permit 
the interoperability, reusability, and development of client-server applications (i.e. to provide a 
distributed system comprising both a client application and a server application). In this work, ESP-r is 
the client and Matlab/Simulink is the server. In consequence, Matlab/Simulink can be launched at 
every ESP-r time-step as a separate process. Based on its use in the most widely used and related IPC 
mechanisms, middleware can be divided into the following categories described in the sections below:  

Sockets 
Sockets are endpoints of bidirectional peer-to-peer (P2P) communication systems (see e.g. Stevens, 
1998). As generic interfaces, they enable concurrent applications that reside on either the same or 
different machines to communicate with each other over a network. Sockets also provide the basic 
infrastructure needed to facilitate communications in a distributed system (i.e. between a server and 
multiple clients). As shown in Figure 4.8, sockets APIs (or simply sockets 54) are usually used as 
interfaces between the enhanced application layer and the communication networks. 

From the OSI model point of view, the enhanced application layer is comprised of the upper three 
layers residing in the address space where ESP-r and Matlab/Simulink are running. The remainder of 
the OSI layers provide all the necessary basic functionalities used by the upper layers. Figure 5.5 
shows how run-time coupling between Matlab/Simulink and multiple ESP-r(s) is developed to permit 
these layers to communicate over the network (Yahiaoui et al., 20005b).  

 

Figure 5.5. Run-time coupling between Matlab/Simulink and multiple ESP-r(s) using sockets 
 
The methodology first developed in implementing run-time coupling between Matlab/Simulink and 
multiple ESP-r(s) with sockets was based on identifying the components and emplacements in ESP-r 
requiring the exchange of data with Matlab/Simulink, then interfacing them with sockets. The f77/C++ 
glue used to interface client sockets to ESP-r and the MEX file is also used to interface server sockets 
to Matlab/Simulink. A socket is composed of a network address, which is the combination of an 
internet protocol (IP) address and a port number. As Matlab/Simulink is the server of one or more 
ESP-r(s), i.e. the clients, each ESP-r that wishes to communicate with Matlab/Simulink must first 
create and initialize a socket. Once the socket is created and initialized, Matlab/Simulink accepts 
incoming connections from each ESP-r on a specified port number to complete the connection. If no 

                                                           
54 In computer networking, sockets also known as network sockets or internet sockets are APIs in common IPC use. 
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port number is specified, the default port number is assigned. Once the connections are established, the 
ESP-r can exchange all the necessary data with Matlab/Simulink via its sockets.  

The data exchanged between the ESP-r and Matlab/Simulink support different types of sockets that 
correspond to the different underlying protocols in the TCP/IP suite. Among the main protocols in the 
TCP/IP suite – UDP, TCP, and IP – UDP and TCP are the most commonly used set of communication 
protocols in use today. TCP views the transmitted data as a sequence of bytes, whereas UDP views it 
as small, discrete packets of data. Hence, run-time coupling between ESP-r(s) and Matlab/Simulink 
should support both protocols because each has different performance and reliability characteristics via 
the following forms of communication: 
 Via a stream when the sockets provide an interface to TCP. Before transmitting any data, TCP, 

a reliable connection-oriented protocol that provides for a data flow without record boundaries, 
establishes a mutually acknowledged connection between a sending socket and a receiving 
socket. During the communication, this connection is maintained by the sending and receiving 
sockets throughout the transmission of data, followed by an acknowledgement (ACK) until one 
of these sockets is closed. If the sending socket does not receive the ACK from the receiving 
socket, the data in question will be retransmitted. In effect, TCP guarantees that data sent will be 
delivered successfully without any errors or duplication and read in the same order as they are 
sent. However, it eliminates the possibility of using the sending socket to send data to processes 
other than those of the receiving socket. It also requires much time in terms of connection set-up 
and error checking, especially when transmitting large volumes of data. Moreover, the receiving 
socket blocks if the queue is empty, while the sending socket blocks when the queue is full. In 
essence, TCP may experience low performance due to the significant overhead required per 
transmitted data segment.  

 Via a datagram when sockets provide an interface to UDP. UDP, a connectionless (i.e. no 
notion of connection) protocol that supports a data flow with limited-size packets called 
datagram packets (or datagrams), is unreliable because it does not provide notification prior to 
data transmission or confirmation after data delivery. However, it always calculates the 
checksums (i.e. counts of the correct datagram content included with the datagram) of datagram 
packets to verify whether they have entirely been delivered successfully. Although UDP makes 
no attempt to detect duplicate datagram packets, does not order the transmission of multiple 
datagram packets, and has no built-in acknowledgement and datagram retransmission 
mechanism, its simplicity offers significant benefits in terms of time savings in terms of 
connection set-up and error checking. Furthermore, because UDP is connectionless by nature, it 
does not require that a sending socket be tied to a particular receiving socket, allowing the same 
sending socket to be used to send datagram packets to multiple receiving sockets without re-
initializing them. 

Other types of raw sockets available in most network adapters (e.g. routers) can also be used in 
developing run-time coupling between one or multiple ESP-r(s) and Matlab/Simulink to provide an 
interface to the lower layer protocols, such as IP. Unlike stream and datagram sockets, raw sockets do 
not use the conventional P2P communication method, instead reading and writing the content of 
datagram packets at a lower level. In addition to raw sockets, non-internet sockets that are 
implemented over other transport protocols, such as systems network architecture (SNA) and Unix 
domain sockets (UDS) can be used, but only for internal system communication. Consequently, the use 
of raw and non-internet sockets is limited in terms of efficiency and applicability, and therefore not 
appropriate for the development of run-time coupling.  

Compared to other middleware solutions, sockets are primitive tools in the development of run-time 
coupling between Matlab/Simulink and multiple ESP-r(s). Sockets provide numerous services, but 
they are aimed solely at exchanging data between cooperating applications successfully. Even though 
sockets are complex due to their lack of higher-level facilities, such as those used for error detection 
and for marshalling and unmarshalling data structures, these facilities can be built from scratch in 
accordance with requirements defined early. Consequently, implementing run-time coupling between 
ESP-r and Matlab/Simulink with sockets is a potentially powerful means of optimizing low-level 
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access to exchanged data over a network. In addition, the use of sockets could facilitate the integration 
of web-services within run-time coupling. 

Remote Procedure Call 
Remote Procedure Call (RPC) is an important IPC mechanism that enables cooperating applications to 
exchange data over a network. In RPC, an interface definition language (IDL) is used to generate stub 
and skeleton files that interface applications to the RCP run-time system. By using these stub and 
skeleton files, RPC allows clients to use server services by calling their procedure calls in a similar 
way to those found in different programs. Both local and remote procedure calls are usually 
synchronous and typically follow the request reply mechanism by which a client is blocked until its 
server responds to the call. Asynchronous communication is also supported by RPC. Control of 
execution in the RPC is returned immediately to the client once the server has received the request. In 
order to correctly exchange data between different applications running on a heterogeneous 
environment, RPC uses either eXternal Data Representation (XDR) or Network Data Representation 
(NDR) payload to encode and decode data exchanged between them.  

Despite all these strengths, RPC has a series of major weaknesses (see e.g. Ruh et al., 1999). RPC is 
based on the procedural/structured programming model, which is outdated for use with the object-
oriented model, and suffers from a lack of location transparency, making it difficult to determine 
whether a procedure being called is remote or local. In addition, RPC is inflexible because of the static, 
tightly coupled relationship that it requires between client and server codes. In effect, it allows only a 
single parameter to be supplied as an argument and does not allow the server to pass results back 
within the argument. Even though RPC has evolved into a more generalized messaging protocol called 
XML-RPC, its use remains complex and sometimes inflexible in constructing distributed applications. 
For this reason, RPC was not considered for selection for the development of run-time coupling in this 
work. 

Remote Method Invocation 
Remote method invocation (RMI) is a Java-based programming interface that facilitates the use of 
applications located in a Java virtual machine (JVM) that can be invoked from others located in 
another JVM that reside on the same machine or over a network. RMI is essentially an object-oriented 
Java RPC that uses IDL to describe the distributed system interfaces involved, and is therefore similar 
to RPC. While IDL in RPC is usually based on C procedures, IDL in RMI is based on Java object-
oriented methods (see e.g. Sun, 2003). Even though RMI provides extensions to other languages, such 
as C or C++, by using footbridges via Java native interface (JNI), it remains incompatible with the 
development of run-time coupling because non-Java objects cannot communicate with Java objects via 
RMI and because BPS is written in Fortran language, and rewriting all legacy applications in Java to 
realize the benefits of RMI is infeasible. For this reason, RMI was not considered for selection for the 
development of run-time coupling in this work. 

Distributed Computing Environment 
A distributed computing environment (DCE) an integrated set of software components provided by the 
Open Software Foundation (OSF) to facilitate communications between applications on a 
heterogeneous distributed framework based on a structured procedural model. These components are 
developed on top of RPC to achieve specific goals, such as protecting sensitive information from 
unauthorized access. DCE is a more complete solution compared to other forms of middleware, 
including RPC, which facilitates procedure calling, and RMI, which is used only for calling methods of 
remote objects, due to the breadth of components that it offers. DCE is considered open because, 
unlike RMI, it is not a proprietary technology (see e.g. Shirley et al., 1992).  

There are several limitations imposed by the use of DCE, including its use of outdated procedural 
paradigms, its limited number of popular implementations, and its lack of widespread usage. Another 
important issue is that DCE libraries are not entirely available for free use, an issue that conflicts with 
one of the objectives of this work: enabling run-time coupling in a manner free of cost for research 
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purposes. For these reason, DCE is not considered for selection for the development of run-time 
coupling in this work. 

Distributed Component Object Model 
The distributed component object model (DCOM) is a Microsoft proprietary technology that enables 
multiple applications to communicate on a heterogeneous distributed framework based on an object-
oriented model. DCOM is the distributed extension to the component object model (COM), which 
provides an object remote procedure call (ORPC) on top of DCE RPC (see e.g. Chung et al., 1998). 
COM is a component-based software architecture that promotes reusability by reusing classes or 
objects in environments different from those in which they were created, even across machine 
boundaries. COM is often used as an umbrella term that encompasses distributed Microsoft 
technologies, such as ActiveX and COM+ (see e.g. Microsoft, 2003a). 

Compared to RPC and RMI, DCOM offers a high level of abstraction for developing distributed 
systems, and its architecture has a set of services (e.g. automation) built on top of low-level 
components to specifically meet those specified in OSF DCE. However, the perception of DCOM is 
that of a Microsoft proprietary technology that does not extend well to other platforms, including Unix. 
In addition, DCOM architecture is not well-partitioned, as the boundaries among its layers are not 
clearly defined. For these reasons, DCOM was not considered for selection for the development of run-
time coupling in this work. 

.NET 

.NET, also called .NET remoting or .NET framework, is a Microsoft API specification that allows an 
application to make remote objects accessible to other applications for instantiation and use as if they 
were locally present. In several cases, .NET is similar to XML web-services, which allow cross-
platform method calls on heterogeneous environments (see e.g. Microsoft, 2003b). Compared to RPC, 
RMI, and DCE, .NET offers advantages such as increased performance, scalability, and DCOM 
functionality. However, even though .NET is becoming more and more important as its development 
improves continuously, it remains complex, and as it is generally developed for Microsoft Windows 
platforms, its use is generally limited to applications running on Windows OSs. Consequently, .NET 
does not fulfil the requirements for facilitating run-time coupling on Unix OSs. For this reason, .NET 
was not considered for selection for the development of run-time coupling in this work. 

Common Object Request Broker Architecture 
Common object request broker architecture (CORBA) is a an openly distributed object computing 
infrastructure defined by the Object Management Group (OMG) to enable interoperability between 
applications on heterogeneous environments regardless of their location or language. The core of 
CORBA is object request broker (ORB) specification, which automates many common network 
programming tasks, such as object registration, location, and activation; requests de-multiplexing, 
framing, and error-handling; performs parameter marshalling and unmarshalling; and dispatches 
operations. Effectively, ORB specification plays the role of an object-oriented RPC application 
program interface that provides common services, such as basic messaging and RPC-type 
communication between clients and servers and location and host transparency. Whereas location 
transparency refers to a situation in which clients do not need to know the server’s location, host 
transparency refers to a situation in which ORBs can access and make calls to different CORBA 
objects on various machines. New ORB specifications can support both synchronous and 
asynchronous communications. The interface between the CORBA objects and their associated 
implementations is written in a special-purpose IDL. Figure 5.6 shows how CORBA-based integration 
framework is developed to run-time couple Matlab/Simulink and multiple ESP-r(s). For more details, 
see Yahiaoui et al. (2004). 
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Figure 5.6. Run-time coupling between Matlab/Simulink and multiple ESP-r(s) using ORBs 
 
In summary, CORBA offers several advantages over other distributed systems. From the software 
development point of view, CORBA provides polymorphism among objects, encapsulation, and data 
inheritance; enables the integration of different applications without the need to rely on low-level 
communication facilities; and uses a plug-and-play architecture to keep the distribution of applications 
simple, independent, and reusable across different platforms and networks. However, CORBA is 
particularly difficult to use due to the complexity of its middleware concept. Although CORBA 
generally adds minimal overhead to communications in comparison with the use of sockets, the 
amount of overhead can vary among different CORBA implementations. 

5.4. Run-Time Coupling and Control System Performance Analysis 
In run-time coupling, a communication system, i.e. an IPC mechanism, is used to assure data exchange 
between a building model and its control system. However, implementing a control system over a 
communication medium can produce time delays that degrade its performance and cause instability, 
especially when data are exchanged in exactly the same way as in a real AB. Therefore, a proper IPC 
mechanism used to support data exchange between a building model and its control system is 
necessary to guarantee the run-time coupling QoS, and the integration of control systems by run-time 
coupling is performed to guarantee the control system QoP. When assessing the communication 
medium used between a building model and its control system, it is important to analyze run-time 
coupling QoS before implementing a control system and to specify the control system QoP to help 
evaluate the design and performance of control systems. This section describes the performance 
metrics used to determine both run-time coupling QoS and control system QoP measures. 

5.4.1. Run-Time Coupling Quality of Service  
The section describes the main measures used in evaluating run-time coupling QoS. Specifically, these 
measures are used to determine the capability of the communication medium and provide information 
about its relationships with control parameters, such as sampling periods. The most important of these 
measures include the following:  
 Bandwidth, also called throughput, is the average rate of successful data (or bit) delivery over a 

communication medium within a certain period of time. Hence, when the bandwidth of the 
implemented IPC mechanism for run-time coupling is high, the exchange of data between a 
building model and its control system is rapid. Having high bandwidth is advantageous because 
it allows control systems to operate remotely and correctly and to obtain simulation results that 
are more model-dependent. As the performance of a control system depends on the timeliness of 
the data exchange with the building model, the IPC mechanism selected for the implementation 
of run-time coupling should be able to transmit data within a bounded transmission time. For 
this reason, the performance comparison in this work was based on testing the bandwidth of 
each of the five selected IPC mechanisms to determine which was most appropriate for the 
implementation of run-time coupling.  
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 Latency, the length of time required for a message to travel from one end of a communication 
medium to the other, is measured in terms of the mean and variance of time delays associated 
with the communication capabilities of the implemented IPC mechanism for run-time coupling. 
The key components of latency are the propagation delay, which depends on the distance 
between the communicating processes; the transmission time for the data itself; and the queuing 
delays inside the communication path. To reduce the delays in exchanging data between a 
building model and its control system, it is essential to consider the time-delay effect in the 
analysis and design of control systems. As several control applications might require small 
time-steps, it is important that the IPC mechanism used for the implementation of run-time 
coupling support high communication frequencies. The time delays that reflect the potential 
limitations of a communication medium can be defined as:  
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where lT , pT , tT  and qT are the latency, propagation time, transmission time, and overhead in 

transmission respectively; d and c are the distance over which the data is transferred and the 
speed of light, respectively; and s and w are the size of the data and bandwidth, respectively. 

 Uptime, defined as the absolute degree of operational continuity of run-time coupling during a 
given simulation period, is an indication of both communication efficiency and utilization. 
Whereas communication efficiency is the ratio of the total transmitting time to the time needed 
to transmit data, including queuing time, blocking time, and so on, communication utilization is 
the ratio of the total time needed to transmit data to the total running time. Although both 
communication efficiency and utilization are not directly applicable to control system 
performance, they assure the availability and extensibility of run-time coupling implementation. 
Because communication efficiency indicates when run-time coupling may become saturated and 
communication utilization indicates when run-time coupling may be affected by a time delay, 
these performance measures should be taken into account in the design of control systems. 

 The error rate is the ratio of the number of lost or unsent messages to total messages sent. 
Control systems need required information to be exchanged successfully, quickly, and 
deterministically. If the exchange of this information by run-time coupling results in lost 
messages, the performance of control systems may deteriorate or even become unstable. 
Therefore, it is important that the implemented IPC mechanism for run-time coupling can 
retrieve unsent messages. 

It should be noted that when developing cooperative simulations for control purposes, it is important to 
evaluate the implemented IPC mechanism QoS based on the above-mentioned measures to determine 
if this mechanism allows for control systems to meet their performance specifications correctly.  

5.4.2. Control System Quality of Performance 
This section discusses the control performance criteria of phase and gain margins, the integral absolute 
error (IAE), and the integral time absolute error (ITAE) measures, and demonstrates how control 
system specifications are related to sampling periods. It also describes simulation results relating 
different time delays and system dynamics to provide an understanding of the impact of time delays on 
the performance of control systems. IAE and ITAE, the two criteria used to evaluate the performance 
and design of control systems through run-time coupling, are generally used to provide quantitative 
measures of a control system so that its set of parameters can be optimally adjusted to meet its required 
specifications. Their mathematical formulae are the following: 
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where e is the error difference between the actual and reference trajectories (i.e. between refx and y  , 

respectively) and it and ft are the initial and final times of the evaluation period, respectively. IAE 

accounts for any deviation, whereas ITAE accounts for persistent errors. Among all the available 
performance criteria, ITAE was selected for use in this study because it reflects the true characteristics 
of the control system. 

In run-time coupling, the actuators and sensors of a building model (i.e. of zones, plant systems, and 
flow networks) exchange data with their control systems over a communication medium, as shown in 
Figure 5.7. Because these control loops operate over a communication medium such as that shown in 
Figure 4.4., data transfers between a building model and its control system incur a time delay in 
addition to a control-processing delay, especially when they are performed in exactly the same way as 
in a real AB. Although the control-processing delay cannot be avoided, it is usually small compared to 
the communication delay, and can be overlooked. As the sampling periods of a building model and its 
control system may differ, it is important to use control measures, such as phase margin and control 
system bandwidth, to determine the best sampling period in order guarantee the performance and 
stability of control systems. 

 

Figure 5.7. Schematic view of run-time coupling of a building model and its control  
 
The phase margin is the phase difference by which the phase of an open-loop control exceeds -1800 

when the magnitude is unity. The primary effect of a sampling time delay is an additional phase lag. 

Such phase lags, which are due to the discretization ( s ) and the time delay ( d ), can be 

represented as follows (Nilsson, 1998): 

2
s

s

w T 
    (5.5) 

d dw T    (5.6) 

where w is the frequency and sT  and dT  are the sampling period and the time delay, respectively. 

The control system bandwidth is defined as the frequency at which the output magnitude is 0.707 as 
compared to the output magnitude at low (or zero) frequency when the control system is subjected to 
sinusoidal inputs. In order to guarantee the control QoP, the “rule of thumb” for selecting sampling 

time delays in digital control is that the desired sampling multiple ( /s bww w ) is (Nilsson, 1998): 
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where sw is the frequency of sampling period and bww is the control system bandwidth. In order to 

visualize the impact of sampling and time delays on control QoP, a second order system is considered 
in which the open-loop transfer function is (Lian, 2001): 
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The phase margin of this system is 40o and is achieved when w = 27.8 rad/sec. Based on Equation 
(5.5), the maximum acceptable sampling period is when Ts = 26.4 ms. If we consider that the IPC 
implemented for run-time coupling incurs a time delay (Td ) of 2 ms, then the phase lag due to the time 

delay ( d ) is 3.18o using Equation (5.6). This time delay would further reduce the maximum 

acceptable sampling period, and can have a negative effect on the obtained simulation results. Figure 
5.8 illustrates the simulation results of a model of the impact of sampling and time delays on control 
QoP (see also Lian, 2001). 

 

Figure 5.8. Impact of time delay mean and variance on the performance of control systems  
 

Figure 5.8 shows the results of two closed-loop control systems with bandwidths of 2.5 Hz and 7.5 Hz. 
The horizontal axis is the sampling period, the vertical axis is the ITAE, the red solid lines are the 
results of the sampling effect only, the blue dashed lines are the results of both the sampling effect and 
a constant time delay of 2 ms, and the green dashed lines are the results of the sampling effect with 
varying time delays (uniformly distributed between 0 and 4 ms). Based on Equation (5.7), the 
suggested maximum sampling periods for the two closed-loop control systems are 20 ms and 6.7 ms, 
respectively. In a case without any additional time delays, the performance of both closed-loop control 
systems would deteriorate when the sampling periods become larger than the maximum values. When 
additional time delays are also considered, the point of degradation move is almost similar. However, 
the performance of these control systems remains still worse. In a case of uniformly distributed time 
delays, the performance of the control systems becomes further degraded because the time delay 
variation causes uncertainty in the output of a building process or plant model. 

Note that when an IPC mechanism for run-time coupling incurs a time delay, the performance of the 
control systems degrades as much as this time delay is important, and when the IPC mechanism incurs 
varying time delays, the performance of the control systems is further degraded because varying delays 
create instability within the system. Therefore, the scale of the time delay depends on the type of IPC 
mechanism implemented for run-time coupling. 

Figure 5.8 shows how to determine the location of point B in Figure 4.5 by manipulating Equations 
(5.5) and (5.6). If the statistics of the additional time delay are known, point B can be determined by 
the total number of phase lags due to digital control without time delay   and digital control with 

time delay d . These phase lags can be further expressed as follows (Lian, 2001): 

2
s

s

w T  
      (5.9) 

2

d
d d s

s d d

w T
w T   

         (5.10) 



A Distributed Dynamic Simulation Mechanism                                                                  5 – Rational Design Criteria 
for Building Automation and Control Systems                                                                          for Run-Time Coupling 
 

 110

Assuming that both digital control without time delays and digital control with time delays incur the 

same phase lags (i.e. d    ), the sampling period sT  equals 2d
s dT T  . Equation (5.7) can be 

used to estimate sT  in terms of control system bandwidth, i.e. 20s bwT T . Hence, the sampling 

period of point B can be described as follows: 

2 2
20

d bw
B s s d d

T
P T T T T         (5.11) 

By using Equation (5.11) and by assuming a time delay of 2 ms, point B for the two closed-loop 
control systems shown in Figure 5.8 can be estimated as follows: 

1 1 1
2 2 16

2.5 20 1000BP ms       for 2.5bww Hz  

1 1 1
2 2 2.7

7.5 20 1000BP ms      for 7.5bww Hz  

Note that the relationship between the phase margin and the ITAE performance criteria is approximate 
because using the method described above provides simply a guideline measure.   

5.4.3. Communication Bandwidth versus Control Systems Performance  
For very small simulation time steps or sampling periods, it is highly probable that the communication 
throughput becomes saturated and incurs long time delays, which adversely impacts the performance 
of control systems. If both the sampling periods and the communication traffic loads are known, the 
location of point C in Figure 4.5 can be easily determined by determining the total transmission time 
Ttt of all exchanged messages in a control application. Recognizing that communication traffic 
becomes saturated when PC equals Ttt, the estimation of point C can better be as suggested by the 
sufficient schedulability conditions in Krishna and Shin (1997), as such: 

'0.69
tt

C

T
P    (5.12) 

where 0.69 is the maximum ratio of utilization to meet the necessary and sufficient schedulability 
condition for infinite messages. When the time delays caused by overhead processing can be estimated, 
both PB and PC can be determined by modifying Equations (5.11) with their estimated rates. However, 
it is difficult to estimate the overhead time because it depends on many parameters concerned mainly 
with bindings to the implemented IPC mechanism, and even on the manner in which concurrent 
programs are written.  

5.4.4. Choice of Time-Step in Simulation by Run-Time Coupling 
When simulating building control applications for sensitive HVAC&R equipment that requires 
accurate control using run-time coupling between Matlab/Simulink and ESP-r, the choice of sampling 
period is crucial, and may require a compromise between communication and control performance 
specifications. As outlined above, very small sampling periods guarantee a better control system QoP. 
However, using smaller sampling periods can result in high communication frequencies, and high 
communication traffic loads may degrade the run-time coupling QoS. The degradation of run-time 
coupling QoS could further deteriorate the control system QoP by introducing longer time delays when 
communication becomes saturated. Therefore, it is essential to determine PB and PC, both of which 
depend on the IPC mechanism and underlying protocol used for run-time coupling, in order to choose 
the correct number of time steps for run-time coupling between Matlab/Simulink and ESP-r, especially 
when data are exchanged in exactly the same way as in a real AB. 

5.5. Selecting an IPC Mechanism for Run-Time Coupling 
After the brief evaluation of the different IPC mechanisms previously described, five IPC mechanisms 
(the use of pipes, files, shared memory, sockets, and CORBA) were considered for performance 
comparison to determine which IPC was most appropriate for the current research study. All selected 
IPC mechanisms use the internal OS interface to exchange data between Matlab/Simulink and one or 
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multiple ESP-r(s), and all introduce a certain amount of overhead into their applications that can alter 
the responses of control systems in building performance simulation. Therefore, the goal of this 
comparison was to evaluate the communication performance of each selected IPC mechanism in order 
to choose the most feasible for the development and implementation of run-time coupling between 
Matlab/Simulink and one or multiple ESP-r(s). 

5.5.1. Measuring Time 
To compare the performance of each selected IPC mechanism, benchmark programs were written to 
accurately measure the time required by each to transmit a message transferred in the form of a string 
(i.e. a sequence of data types or of bytes) from the sender to the receiver. The message size increases 
every time it is transferred to the receiver with an extra data type that is equivalent to the initial size of 
the message. The measurement of time begins when the receiver receives the first message and ends 
when the sender informs the receiver that the transfer has been completed.  

Among the several system call functions that can be used for timing measurements, such as ftime(), 
clock(), getrusage(), gettimeofday(), time(), and times(),the gettimeofday()55 function was selected due 
to its ability to retrieve the system clock with a level of accuracy that can be expressed in the 
microsecond range by using the struct function to represent time values. For each iteration of a 
transfer, the elapsed time is calculated as the average time taken to send and receive the message in the 
form of strings. In this work, the start time was obtained prior to the sender writing out the message 
and the end time was obtained after the message had been read. 

5.5.2. System Configuration 
Most experiments were run on a Sun Blade 1000 workstation of 2 CPU modules of 900MHz Ultra 
SPARC III with 4 GB of RAM and 10000 RPM FC-AL HDD56. The OS was Unix 10 (or Solaris 10) 
and the compilers for Fortran and C/C++ programs were of the GNU public licence. For heterogeneous 
remote (sockets and CORBA) experiments, a PC with an Intel CPU 2GHz Pentium 4 with 1 GB of 
RAM and 7200 RPM HDD was used for the server side only. The OS was Microsoft Windows XP and 
the compiler for the C/C++ programs was Microsoft Visual Studio 2008. Both machines (the Sun 
Blade and the PC) were connected to the network by an Ethernet LAN cable at a speed of 10-Mbps, 
and were at distance of about 7 meters from each other. For CORBA, ORBacus was installed on both 
the Sun Blade and PC and used for the client and server programs, respectively. 

5.5.3. Performance Comparison 
This section presents the experimental results obtained by the benchmark programs developed for each 
of the five IPC mechanisms selected for performance comparison. In order to accurately compare the 
run-time speed of each of the selected IPC mechanisms, the performance tests were conducted using 
simple programs necessary in the exchange of data. The IPC mechanisms were not interfaced to ESP-r 
and Matlab/Simulink while experiencing their performance tests. Consequently, the obtained results 
show merely the throughput performances of each selected IPC mechanism. 

Pipe Results 
The throughput performance tests for pipes were run on a Sun Blade 1000 workstation according to the 
specifications described above. Technically, a pipe is similar to a special file with a limited size of 
5120KB57 (typically ten 512-KB chunks) in the system. The kernel manages the access to the pipe and 
prevents concurrent access to it. When the pipe buffer is full, the write() call blocks and/or returns the 
“E_AGAIN” error. Consequently, pipes are not particularly suited for the transfer of large amounts of 
data. For instance, sending a message of 1024 KB would require that the sending and receiving 
processes are alternatively programmed for a minimum of 256 times (i.e. each process would read or 
write a chunk of 4KB before the (named) pipe would be blocked on the write() or the read() call, 
respectively, and then wait for the next iteration). 

                                                           
55 gettimeofday() function is not available on Windows OSs, so an equivalent function has been implemented on it. 
56 RPM FC-AL HDD is collection of three separate words, and stand for Revolution per Minute, Fibre Channel-Arbitrated Loop, 

and Hard Disk Drive respectively. FC-AL is a high (in the order of gigabit per second) -speed HDD. 
57 This value is configurable by users, but is most often limited to the size of a memory page (5120 Kb for SPARC architectures 

and 4096 Kb for x86 architectures). 
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Figure 5.9. Throughput results for pipe data rate 
 
As shown in Figure 5.9, the performance of data transfers drops rapidly from more than 600KB/sec to 
less than 200 KB/sec immediately after the amount of data begins to exceed 150 KB. Although the use 
of pipes provides a simple and reliable programming interface for transferring data between concurrent 
processes, its use as an IPC poses several restrictions, among which are the following: 

1. the need to prevent deadlocks between processes where their programming tasks are not simple; 
2. the need to identify the process on the end of a pipe, as it cannot specify the sequence in which a 

process is allowed to run;  
3. the need to preserve data exchange boundaries (i.e. message queues very limited in size); and 
4. high communication latencies can block the application for long periods. 

Therefore, the use of pipes for run-time coupling is not appropriate because it is limited to applications 
in which the transfer of data is relatively small, to transfers for which time is not a constraint, and 
situations in which the pipes’ equivalence as special files is an advantage. 

File Results 
The throughput performance tests for files were conducted on the Sun Blade 1000 workspace 
according to the specifications described above. The results obtained, which depended on the hardware 
specifications and FileSystem58 configuration, indicated that when exchanging data via a standard file 
located on a fast hard disk (e.g. 10000 RPM) resulted in better performance than when exchanging data 
via a file located on a normal hard disk (e.g. 7200R PM), as well as that performance is much better 
when a hard disk is configured as UFS than when it is in a journaling mode (e.g. ext3).   
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Figure 5.10. Throughput results for file data rate 
                                                           
58 FileSystem, also written as file system, is a method for storing, organizing, and naming computer files. 
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The performance results obtained when using a file, which are shown in Figure 5.10, are acceptable, 
although lower than those of using a pipe. A shared (or intermediate) file is the simplest IPC form that 
unrelated processes can use to exchange data. However, such an IPC form suffers from several 
problems, especially:  
 the latency increases as the size of the exchanged message increases; 
 unrelated processes can only communicate if they share the same file system; and 
 access to files is very slow because they reside on the disk. 

Therefore, the use of files for run-time coupling is inefficient because it results in a transmission speed 
that is very slow and fluctuates when the size of the transmitted message surpasses 0.8 KB. Moreover, 
the fact that the time necessary to write to the file is different from the time taken to read from the file 
indicates that using a file incurs varying time delays into the communication, and makes it difficult to 
synchronize concurrent processes to ensure that their cooperation is not destructive because they are so 
easily accessed. Therefore, using shared files for run-time coupling is not recommended because doing 
so degrades the performance of control systems and causes instability.  

Shared Memory Results 
The throughput performance tests for shared memory were conducted on the Sun Blade 1000 
workstation according to the specifications described above. Figure 5.11 shows the throughput results 
obtained when consumers (i.e. receivers) copy data to their local addressing space before exploiting 
them and Figure 5.12 shows the throughput results obtained when consumers exploit data from the 
shared memory directly.  
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Figure 5.11. Throughput results for shared memory data rate when the consumer 
copies data to its local addressing space before exploiting them 

 
As can be observed in Figure 5.11, performance when using shared memory is much better than when 
using a pipe. Indeed, once the segment is created and synchronization is established, the throughputs 
are only limited by the speed of the method used. The method used in this case is that of the consumer 
copying data into the local addressing space before exploiting them, i.e. implementing shared memory 
via file mapping. In general, this is the method used by Windows OSs. 
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Figure 5.12. Throughput results for shared memory data rate when the consumer 

exploits data directly from the shared segment. 
 

The performance results shown in Figure 5.12 indicate the performance obtained when consumers 
exploit data from the shared memory directly is superior to that obtained when consumers copy data to 
their local addressing space before exploiting them. The reason why the former method results in such 
good performance is that the shared memory is implemented in such a way that it can be accessed 
directly by concurrent programs. However, this way of implementing the shared memory is only 
possible on Unix OSs. Moreover, in some situations, communications must be performed with large 
data volumes and in a specific way so that the consumer can exploit the data directly from the shared 
memory, which makes performance measurement difficult because it causes enormous instantaneous 
throughputs (on the order of 32 MB/msec, i.e. 32GB/sec). 

Socket Results 
The throughput performance tests for the use of both stream and datagram sockets were conducted on 
both the Sun Blade 1000 workstation and the PC according to the specifications described above. 
Figure 5.11 provides the throughput results obtained when the communication uses both stream and 
datagram sockets and Figure 5.12 provides the throughput results obtained when the communication 
between the client and server programs is distributed over a network (i.e. with Ethernet). 
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Figure 5.13. Throughput results using stream and datagram sockets 
 
The performance results obtained when using a socket, shown in Figure 5.13, depend largely on the 
quality and the state of congestion of the network connecting the programs that communicate with 
each other. Consequently, it is inappropriate to provide generic performance measures, as the run-time 
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speed can vary from one network to another and, as such, is dependent on the specific situation. 
Nevertheless, Figure 5.13 demonstrates that using a datagram socket results in better performance than 
that obtained using a stream socket because of the reliability of transmissions (guarantee of data 
delivery) when using datagram sockets. Indeed, this type of socket is usually used to efficiently 
exchange small datagrams (<64 MB). 
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Figure 5.14. Throughput results using stream sockets when exchanging data in binary format 
 
The performance results shown in Figure 5.14 were obtained when the client and server programs 
exchanged data in a binary format. The results demonstrate that the performance when the client and 
server programs run on the same machine (local) is approximately similar to that when the client and 
server programs run on a heterogeneous network (i.e. the server on Windows and the client on Unix). 
This type of communication uses stream sockets whose performances is enhanced by the exchange of 
data in a binary format. 

CORBA Results 
The throughput performance tests for CORBA were conducted on both the Sun Blade 1000 
workstation and the PC according to the specifications described above. In effect, the obtained results 
rely on data types that exhibit a range of performance. 

0

50

100

150

200

250

300

350

400

0

50
00

0

10
00

00

15
000

0

20
00

00

25
00

00

300
00

0

35
00

00

40
00

00

45
00

00

50
000

0

55
00

00

60
00

00

650
00

0

70
00

00

75
00

00

80
00

00

85
000

0

90
00

00

95
00

00

10
000

00

Message Size (B)

T
h

ro
u

g
h

p
u

t 
(K

B
/s

)

Local Heterogenous

 

Figure 5.15. Throughput results using CORBA 
 
The performance results shown in Figure 5.15 were obtained using internet inter-ORB protocol (IIOP) 
to support the interworking between ORBs (i.e. to support client/server applications over TCP/IP 
networks). The performance obtained when the client and server programs were run on the same Unix 



A Distributed Dynamic Simulation Mechanism                                                                  5 – Rational Design Criteria 
for Building Automation and Control Systems                                                                          for Run-Time Coupling 
 

 116

machine (local) is approximately comparable to that obtained when the client and server programs 
were run on heterogeneous environments (i.e. the server on Windows and the client on Unix).  

The results indicate that using CORBA for run-time coupling offers many advantages due to 
CORBA’s portability, extensibility, and interoperability. However, according to Follen et al. (2001) 
and Yahiaoui et al. (2004), developing highly distributed control modelling and building performance 
simulation with CORBA is difficult because neither CME nor BPS easily interfaces with CORBA IDL 
objects. Consequently, the use of CORBA for the implementation of run-time coupling between BPS 
and CME would require a lot of time and development efforts to overcome such a difficulty. 

In addition, CORBA uses Common Data Representation (CDR) – a binary serialization format, for 
exchanging data and messages, and this does not satisfy one of the requirements for which run-time 
coupling between BPS and CME should have the capability to exchange data in ASCII format. On the 
other hand, the choice of CORBA can be an advantage as its use with the ADAPTIVE Communication 
Environment (ACE59) framework as middleware in the development of concurrent communication 
software (i.e. infrastructure) can offer two critical issues for overall communication performance and 
flexibility, as well as the efficiency for exchanging many data format over a network.   

5.5.4. Performance Analysis 
The experimental results indicate that using shared memory, especially when the exchange of data is 
exploited directly, provides the best performance, followed by the use of sockets and CORBA. 
Nevertheless, using shared memory in this manner is only possible on Unix OSs, which results in 
performance lower than that when using shared memory on Windows OSs, and is only possible when 
exchanging data over a heterogeneous network if the libraries of the socket APIs are used. Therefore, 
the use of both sockets and CORBA is well suited for the development and implementation of a 
distributed dynamic simulation mechanism for BACS, i.e. for run-time coupling between Matlab/ 
Simulink and multiple ESP-r(s). 

Both the socket and CORBA implementations were developed on top of the TCP/IP suite and 
introduced a certain level of overhead into the method invocation. The only difference between them 
are that the socket implementation uses network sockets while the CORBA implementation uses 
CORBA remote object invocation via an ORB specification such as MICO, omniORB, TAO, 
ORBacus, or VisiBroker. Although the experimental results of CORBA implementation were obtained 
using ORBacus, they reflect those that would have been obtained using any ORB (see e.g. Tuma and 
Buble, 2002). Because CORBA is difficult and time consuming to implement for run-time coupling 
between ESP-r and Matlab/Simulink, socket implementation was selected for the development and 
implementation of a distributed dynamic simulation mechanism for BACS.  

As shown in Figure 5.14, the use of socket communication in a binary format provides the best blend 
of performance, scalability, and ease of use, and efficiently transmits data between different computing 
platforms in terms of time response and transmission capacity. In addition, socket implementation is 
the best method of representing data communication protocols for BACS, such as BACnet and 
LonWorks, in simulations. 

5.6. Classification of Different IPC Mechanisms 
This section describes the classification of the selected IPC mechanisms and explores their potential 
applications in developing run-time coupling between different simulation domains (e.g. between BPS 
and CME). To do so, a trade-off analysis was performed to evaluate each IPC mechanism based on the 
most important requirements described in the concept of operations (see Section 5.2.1), including 
flexibility, reliability, concurrency, scalability, and transparency, as well as the degree to which each 
selected IPC mechanism was accessible and applicable to the development of run-time coupling. Table 
5.3 classifies the selected IPC mechanisms in terms of the importance of these requirements. 
 
 

                                                           
59 For more details on ACE, see http://www.cs.wustl.edu/~schmidt/ACE.html  
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Table 5.3. Trade-off analysis of different IPC mechanisms  

Requirements 
IPC 

Flexibility Reliability Concurrency Scalability Transparency Applicability  

Pipe  + + + + + −+ 
Standard File  + − + + −+ −+ 
Shared memory ++ ++ + ++ ++ + 
Socket ++ ++ ++ ++ ++ ++ 
CORBA ++ ++ ++ ++ ++ − 

 
Choosing which of the five selected IPC mechanisms for the development and implementation of run-
time coupling is up to the application domain. However, the comparison of performance and ease of 
use clearly indicated that socket implementation was best suited for the development of run-time 
coupling between Matlab/Simulink and one or multiple ESP-r(s). 

Three categories of IPC mechanisms emerged from this evaluation: 
 IPC mechanisms that are entirely managed by users (e.g. files, shared memory, etc.); 
 IPC mechanisms that are managed by the kernel for which the emphasis is on the facility of use 

(e.g. pipes); and 
 IPC mechanisms that are managed by types of libraries in which a number of functions already 

exist and are ready for use (e.g. sockets and CORBA). 

The results of the trade-off analysis of the selected IPC mechanisms for the implementation of run-
time coupling show that the use of sockets best meets all requirements (see Table 5.3). In addition, as 
the control system QoP depends on the run-time coupling QoS, it is important that the selected IPC 
mechanism for the implementation of run-time coupling demonstrates consistently high levels of 
consistency, efficiency, and performance; otherwise, the reliability of the simulation results obtained 
for run-time coupling may be doubted. For this reason, socket implementation was selected as the 
means of the development and implementation of run-time coupling between Matlab/Simulink and one 
or more ESP-r(s) with general and wide applicability. 

5.7. Conclusion 
The purpose of this chapter was to evaluate and compare the performance of different IPC mechanisms 
in order to choose the most appropriate for the development and implementation of run-time coupling. 
Based on the concepts of operations and system requirements for run-time coupling, several IPC 
mechanisms were selected for evaluation in the implementation of run-time coupling between one or 
more ESP-r(s) and Matlab/Simulink. After this selection, an analysis of both control system QoP and 
run-time coupling QoS was performed in order to determine the measures that negatively affect the 
capability of the communication medium and degrade the performance of control systems. This 
analysis also demonstrated how to calculate points B and point C in Figure 4.4 based on the necessary 
design constraints. The subsequent performance comparison of the selected IPC mechanisms indicated 
that shared memory implementation provides the best performance, especially when the exchange of 
data is exploited directly. However, socket implementation was selected as the IPC mechanism for the 
development and implementation of run-time coupling between ESP-r and Matlab/Simulink because it 
best meets all requirements. Moreover, comparison of the performance results for a simple building 
control application using shared memory with those using sockets for the same application indicates 
that it is feasible to consider socket implementation as an additional option for the verification and 
validation of run-time coupling. The following chapter focuses on development and implementation 
issues within run-time coupling between ESP-r and Matlab/Simulink.  
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Chapter  
 

6. Development and Implementation 
Issues for Run-Time Coupling  

 
 
 

   “Without a good library, most interesting tasks are hard to do in C++;  
but given a good library, almost any task can be made easy.” 

-  Bjarne Stroustrup  
 
 
 

6.1. Introduction 
One of the ultimate goals in developing and implementing a distributed system for parallel simulations 
is the delivery of optimal end-to-end performance to end users. Therefore, the implemented IPC 
mechanism for run-time coupling between ESP-r and Matlab/Simulink should not have negative 
effects on control systems performance and stability, especially when exchanging data in exactly the 
same way as in a real AB. As demonstrated in Chapter 5, socket implementation was selected because 
it best meets most requirements imposed by run-time coupling between ESP-r and Matlab/Simulink. It 
also has the advantage of being a common networking interface on both Windows and Unix OSs (i.e. 
Winsock60 on Microsoft Windows and BSD61 sockets on most Unix-variant platforms), both of which 
follow the procedural paradigm that represents the traditional approach to the development and 
implementation of a distributed dynamic simulation for BACS. However, when using sockets, the 
communication associated with the network, as well as with the format for data exchanged over the 
network, can degrade the performance and stability of building control applications. Therefore, it is 
essential to conduct experimental studies on communication-induced time delays to determine whether 
these delays affect control system performance and stability. 

This chapter describes in detail the development and implementation of run-time coupling between one 
or more ESP-r(s) and Matlab/Simulink, specifically a distributed dynamic simulation for BACS, by 
discussing the results of experimental studies of different types of simulation of building control 
applications. It concentrates on the application of SE practice to the integration of CME and BPS by 
run-time coupling and the conceptual design of run-time coupling between ESP-r and Matlab/Simulink, 
focusing on its extension to represent BACS technology in simulation and on translating functional 
requirements into functions and operations in run-time coupling. These requirements are concerned 
with the mode of data exchange, including ASCII, binary, and XML formats, and communication 
modes based on synchronous, asynchronous, and partially synchronous transmissions.  

6.2. SE in the Development of Run-Time Coupling 
Developing a well-established distributed simulation mechanism for BACS is replete with challenges. 
One important challenge is integrating CME and BPS into a single coherent system in a loosely 
coupled manner using a design methodology that meets the requirements of the different technologies 
involved in engineering or reengineering for building control applications. This methodology must be 
based upon the use of a logical construct (or architectural framework) for coordinating and ensuring 
effective integration such that CME and BPS work independently but cooperatively in the same 
environment. As the engineering of such an SoS concept (i.e. an integrated set of a building model and 
its control systems) depends on effective integration, the plan for defining and managing the roles and 
interfaces for each part of the integrated system should take the form of a 3D matrix, as proposed in 

                                                           
60 Winsock is the abbreviation used for Windows Sockets APIs, whose development was based on BSD sockets. 
61 BSD stands for Berkeley Software Distribution, a Unix-variant OS derivative. 
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Figure 4.3. Based on the structure forming this 3D matrix, the generic framework for the development 
and implementation of a distributed dynamic simulation mechanism for BACS (i.e. run-time coupling 
between Matlab/Simulink and one or more ESP-r(s)) is organized into separate hierarchical views. The 
objective of the framework is to enable end-users (i.e. developers) to easily build and simulate their 
own large-scale building control applications in order to meet the requirements of the building 
occupants and environmental operations. Figure 6.1 depicts a simplified example of the means of 
developing a generic framework for the architectural representation of an SoS concept from scratch for 
establishing the hierarchical views and structure composing the 3D matrix. 

 

Figure 6.1. Example of a generic framework for the architectural representation of an SoS concept  



A Distributed Dynamic Simulation Mechanism                                                     6 – Development and Implementation 
for Building Automation and Control Systems                                                                 Issues for Run-Time Coupling 
                                                                          

 120

The main purpose of this framework is to establish the different levels of understanding needed for 
successful implementation of run-time coupling between Matlab/Simulink and one or more ESP-r(s), 
based on the understanding that quality assurance and an in-depth understanding of run-time coupling 
requirements are essential to the success of the SE application. Although this framework is geared 
towards developing a distributed dynamic simulation mechanism for BACS, the idea behind its 
development can be applied to other research contexts as well. 

With the application of SE practice, particularly that of the ANSI/EIA-632 standard, the integration of 
CME in PBS by run-time coupling can be conceived as an integrated set of three systems: 

 a simulation tool for the analysis and design of advanced control systems, i.e. Matlab/Simulink; 
 a simulation tool for the simulation of building performance applications, i.e. ESP-r; and 
 a mechanism for the distributed control system and building performance applications, i.e. run-

time coupling. 

This application can be correctly deployed only if the overall conceptual approach is structured and 
follows a well-defined architectural representation of the framework; that is, one that enlarges the 
scope of the system under development to represent not only the final product but also its SDLC 
process. In consequence, the overall view approach mirrors SE practice to allow analysis of the 
integrated set of three systems as an entirely integrated system. This approach is applied recursively to 
all stages of the system breakdown structure, as represented in Figure 6.1, and carried out in 
accordance with the ANSI/EIA-632 standard by separating the final product (e.g. building model, 
control system, etc.) from the enabling product (e.g. simulation tools, experimental designs, etc.). From 
this perspective, it is important to consider the following: 
 ESP-r acts as an enabling product62 that enables the model of a building zone, plant, and/or data 

flow as a final product that performs the operational functions of a “real” building; 
 Matlab/Simulink acts as an enabling product62 that enables the design of a control system as a 

final product that can be in fact a “real” simple controller, a µ-controller, or an embedded 
controller; and 

 run-time coupling acts as an enabling product63 (or enabling technology) that enables the use of 
a communication system developed between a building model and its control system as a final 
product that explicitly exchanges data in a manner similar to that of most networking platforms 
supported by BACS architecture, such as BACnet and LonWorks. 

In addition to those aspects described above, the entire integrated system (i.e. the integration of CME 
and BPS by run-time coupling) must act as an enabling product that enables the use of distributed 
dynamic simulation for BACS as a final product in BACS architecture. As an SoS concept, BACS can 
be viewed as a single integrated block (or system) that defines the complete solution to building 
control applications. The development of this integrated system should be based on two subordinate 
blocks (or sub-systems) that define the complete solution to a building model and its control system. 
Further development of this integrated system would then focus on the next lower level, at which three 
sub-subordinate blocks (or components) are defined as the complete solution to the integration of CME 
and BPS by run-time coupling. As the design of run-time coupling requires further development of this 
integrated system, each of the three sub-subordinate blocks may be decomposed into one or more 
subordinate components (or sub-components).  

Run-time coupling may enable two means of exchanging data between ESP-r and Matlab/Simulink: 
exchanging data in the normal mode in order to represent networking platforms, such as BACnet and 
LonWorks in simulation, or exchanging data in the real mode. When the integrated system has reached 
the lowest level, no further development is required because all enabling products have been defined 
and can entirely represent BACS architecture in simulation. Thus, Figure 6.1 reflects the overall view 
approach within the scope of SE practice. 

                                                           
62An enabling product is a product (or technology) developed following an SE standard, such as the ANSI/EIA-632 standard. In 
this case, ESP-r and Matlab/Simulink are assumed to be enabling products (even though they might not be) because the focus of 
the simulation are the building models and their control systems .   
63 Unlike ESP-r and Matlab/Simulink, run-time coupling, the objective of this study, was developed following SE principles, i.e. 
the ANSI/EIA-632 standard. 
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The integration solution of the structure forming the 3D matrix, commonly known as the SoS concept, 
depends on the abstraction level and performs the following actions: 

 translates users and high-level system requirements into derived requirements; 
 translates requirements into functions, components, and elements of the integrated system; and 
 translates functions, components, and elements into their respective hierarchical levels of design 

within the integrated system and between the related technologies involved in the design process. 

As shown in Figure 6.1, the deep links may exist for the elements of the left side of the 3D matrix and 
for those of the top side as well. These links are not explicit for those of the bottom right side of the 3D 
matrix as they are embedded in the architectural plans and in the level of the corresponding activity (or 
task). Different links shown in the 3D matrix are represented in a generic way. The b, c, and d frames 
are the axes of notation of the horizontal links and the associated activities via an eye symbolizing the 
axis of a reference (b for the system level, c for the sub-systems level, and d for the components level, 
respectively). The a and f frames illustrate the axes of notation of the vertical links while the e frame is 
the synthesis of the c and d frames to visualize technologies of components in those of subsystems. 

If an application is subject to development, its impact analysis is carried out following the three axes. 
Depending on the purpose of evolution, changes and modifications may be important or unimportant: 

 The more the application to be modified is located in the left side or on the top side of the 3D 
matrix, the greater the changes and modifications are required.  

 If a modification is in the right side of the 3D matrix and concerns only the design and not 
entries in the interfaces, then only application integrating the same technology.  

In summary, applying the total view approach developed within the framework shown in Figure 6.1 to 
the SE process enables the successful implementation of run-time coupling at every level of abstraction 
(or level of the system breakdown structure).  

6.3. Development and Implementation of Run-Time Coupling 
The previous chapter demonstrated that an IPC format using network sockets is the preferred means of 
implementing run-time coupling between Matlab/Simulink and one or more ESP-r(s) because it 
supports distributed simulation over a network protocol, allowing data exchange between a building 
model and its control system, as occurs in reality. The main advantage of using this IPC format lies in 
the fact that although the building model and its control systems are built separately and may locate on 
different kinds of machines, they work together by exchanging data during simulation via a network. 
Figure 6.2 illustrates the proposed approach to run-time coupling between Matlab/Simulink and ESP-r. 

 

Figure 6.2. Distributed control modelling and building performance simulation   
 
In effect, run-time coupling was implemented with network sockets in order to facilitate data exchange 
between Matlab/Simulink and ESP-r when they are concurrently operating either on the same machine 
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or, to increase the speed of simulations, on separate machines connected by a network. In addition, 
when Matlab/Simulink and ESP-r are located on different machines that run on different OSs and/or 
use different protocols, such as Bacnet and LonWorks, run-time coupling was designed in a manner to 
support portability and distributed dynamic simulations over a heterogeneous network (i.e. on different 
machines with different OSs and/or different protocols). For this reason, in this work different methods 
for marshalling and demarshalling (or unmarshalling) data over a network were implemented within 
run-time coupling to convert data (i.e. sensed or actuated variables) into a form of external network 
representation (e.g. a byte-stream) and then back to their native format before their content can read by 
a building model and/or its control systems, respectively. 

The major advantages of run-time coupling are that it requires that any simulation of a building model 
and its control systems be built separately using ESP-r and Matlab/Simulink, respectively, and that it 
provides a means of interoperability to complete data interoperability tasks in a fashion with no or 
mirror user interferences. Therefore, users need only develop a building model in ESP-r and its control 
systems in Matlab/Simulink, and then specify their interfaces by specifying the port-numbers, modes 
of exchange, or variables that they will use to import or export data to or from each other.  

6.3.1. Network Sockets to ESP-r and Matlab/Simulink Bindings 
In order to implement run-time coupling with network sockets, the C/C++ programming language was 
used of which socket libraries were originally implemented. As neither Matlab/Simulink nor ESP-r has 
simple interfaces with socket APIs, the conceptual approach shown in Figure 6.3 is proposed as a 
means of interfacing socket APIs to both ESP-r and Matlab/Simulink. 

 

Figure 6.3. Detailed conceptual design of run-time coupling between ESP-r and Matlab/Simulink 
 
As the design framework shown in Figure 6.3 is based on the idea that run-time coupling should be 
delivered in such a way as to not interfere with users, the details of the parallel and distributed 
computations are hidden to users, while necessary information, such as the port number and IP address 
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of the Matlab/Simulink location, is provided through user interfaces in order to create sockets that 
allow one or more ESP-r(s) to exchange data with Matlab/Simulink. As both datagram and stream 
sockets are supported, the type of sockets should be selected similarly on both sides of the run-time 
coupling mechanism. By such means, this mechanism can serve as a virtual interface that supports 
portability between heterogeneous platforms, enables distributed dynamic simulation of BACS, and 
achieves a higher level of interoperability by using a common middleware platform rather than a non-
distributed communication system. Besides this middleware platform, two data encoding methods are 
integrated to improve interoperability when Matlab/Simulink and ESP-r are running on heterogeneous 
environments and to increase the speed of data exchange between a building model and its control 
systems when ESP-r and Matlab/Simulink are running on distant machines. The first method of data 
encoding consists of implementing two modes (ASCII and binary formats) to meaningfully and 
accurately exchange data between a building model and its control systems to obtain correct simulation 
results. The second method consists of using a set of web-based interoperability specifications, such as 
web-services,64 with XML and SOAP in order to enable building models and their control systems to 
exchange data with a high level of interoperability when ESP-r and Matlab/Simulink communicate by 
representing different data network technologies, such as of BACnet and LonWorks protocols. 

Figure 6.3 depicts how Matlab/Simulink and ESP-r are run-time coupled using network sockets. The 
right side of the figure shows how ESP-r and its integrated subsystems (zone, plant, and flow modules) 
are bound to socket APIs while the left side details how the matespexge65 toolbox is implemented to 
bind socket APIs to Matlab/Simulink by using MEX-files. On the ESP-r side, several subroutines, such 
as IBCLAW25, IPCLAW12, and IFCLAW4, are added and implemented in BPS to allow direct data 
transmission between the subroutines and their parallel programs, which are implemented in the 
matespexge toolbox during simulation. Other subroutines, such as that for a test function, are 
implemented in Building Project Manager (PRJ) to determine whether any of the BPS integrated 
modules chooses and invokes an external control system that should be remotely processed from 
Matlab/Simulink. If this invocation has chosen in one of these integrated modules, a graphical user 
interface containing data regarding the port number, server IP address, current process number, 
communication mode, protocol type, and mode of data exchange appears so that the user can modify 
and choose specific settings. Initially, these settings are set to default values and correspond exactly to 
those specified in the matespexge toolbox. Changing these settings is highly recommended, although 
Matlab/Simulink and ESP-r must use the same entries or may lose their connection. On the 
Matlab/Simulink side, the matespexge toolbox is designed with graphical interfaces in order to allow 
users to differentiate between sensed and actuated variables that should be exchanged with ESP-r. 
Executing the matespexge toolbox at the Matlab prompt results in a graphical user interface appearing 
and displaying the machine IP address of the Matlab/Simulink location, which should match the ESP-r 
IP address. As Matlab is the server and ESP-r is the client, executing the matespexge toolbox is 
essential before initiating simulation in ESP-r (see Appendix C for more details).  

As shown in Figure 6.3, run-time coupling between ESP-r and Matlab/Simulink is designed in a 
layered fashion, where the upper OSI layers resolve different aspects of the communication process. 
As ESP-r consists of legacy Fortran codes, the programs that operate building simulation and those that 
initiate and terminate it are positioned and executed in different steps (i.e. the first programs are 
executed every time-step during the simulation period, while the second programs are executed only 
when initiating and terminating the simulation). Placing functions that open and close sockets in the 
first programs would certainly incur significant delays while exchanging data with Matlab/Simulink 
during simulation, and opening and closing sockets at every time step could lead to computer failures. 

To prevent such technical problems from occurring, the implementation of run-time coupling with 
socket APIs is based on a strict separation of functions into layers to separate functions that deal with 
create socket() and close socket() from those that deal with write to socket() and read from socket(). 

                                                           
64 The use of both XML and SOAP is mandated by some organizations, such as Web-Services Interoperability Organization 
(WS-I), to facilitate best practices for web-services interoperability and promote it across diverse platforms, systems, and 
programming languages. For more details, see http://www.ws-i.org/.   
65 matespexge is an abbreviation used to refer to Matlab and ESP-r exchanges. 
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Using this layered model, the functions of create socket() are completed before ESP-r starts to 
exchange data with Matlab/Simulink, and those of close socket() are called only after the simulation 
has terminated or when an interruption occurs. The functions of write to socket() and read from socket() 
are called at every time-step to export and import data to and from Matlab/Simulink during the period 
of simulation. A similar approach to run-time coupling Matlab/Simulink and ESP-r with internet 
sockets has been proposed by Yahiaoui et al. (2005b). 

Interfacing Client Socket APIs to ESP-r 
Because ESP-r is almost completely written in Fortran programming language and socket APIs can 
only be implemented in programming languages such as C/C++, mixed-language programming using 
Fortran and C++ must be used to interface between Fortran and C/C++ programs (see e.g. Einarsson, 
1995). Using mixed-language programming in which the language subset is common between C and 
C++ and between Fortran 77 and Fortran 90 is often an appropriate way of combining the strengths of 
various programming languages. This work used mixed-language programming for developing and 
implementing an approach combining a Fortran common block with global C/C++ extern data 
structures (or extern structs) of the same name in order to further enable new variables to be exchanged 
with Matlab/Simulink without making large modifications in the existing programming codes.  

Both BPS and PRJ modules were modified and extended in ESP-r to enable users to first select which 
sensed and actuated variables of building zone(s), plant component(s), and/or mass-flow network(s) 
must be used by their external (or remote) control systems, and then choose settings (including server 
IP address, port number, current process number, network protocol, communication mode, and data-
exchange format) for run-time coupling. The added Fortran subroutines that exchange data with 
Matlab/Simulink and functions indicate when initiating and ending simulation are combined together 
with socket APIs of the C/C++ client code separately. The C/C++ client code was developed in a 
hierarchical way in order to support all possible combinations of exchanged variables and settings that 
a user could choose in run-time coupling with Matlab/Simulink. Compiling these modified and 
extended PRJ and BPS modules together with the socket APIs of the C/C++ client code generates 
executable PRJ and BPS, respectively, and allows ESP-r to run as a client process. 

Interfacing Server Socket APIs to Matlab/Simulink 
Matlab/Simulink has a built-in utility called Matlab executable (MEX) that is often used to convert 
Fortran, Java or C/C++ programs to a MEX format. The original sense of the Matlab/Simulink word 
represents two different environments, which are a high-level technical programming language (i.e. 
Matlab) and a graphical block-diagram interface (i.e. Simulink). Depending on which environment is 
interfaced, two main approaches can be used to link external programs written in C/C++: 

1) For Matlab, MEX-files are used and dynamically linked programs that, when compiled, can be 
called from within Matlab in the same way as M-files or built-in functions. In case we need to 
deal with Simulink, the links can be performed between each other by just using sim functions.  

2) Practically the same procedure is adopted by Simulink, although MEX S-functions are used and 
dynamically linked programs that, when compiled, can be called from within a Simulink block 
diagram. However, when there is a need to deal with Matlab, the link should be done through 
M-file S-functions, which are more complicated than using a straightforward sim function.  

The first approach is preferable not only because it is less complex than the second approach but also 
because it offers more advantages over it, such as 1) the ability to manage a high number of 
exchanging variables simultaneously, 2) the versatility needed to meet the requirements of run-time 
coupling, and 3) the ability to implement functionalities66 that are not accessible to M-file S-functions. 
Although the MEX-files were originally designed to allow the inclusion of external routines written 
mainly in C/C++, they are also capable of integrating external shared libraries, such as socket APIs, 
into Matlab67. For these reasons, a MEX-file was used for the development and implementation of the 
matespexge toolbox. For the use of Matlab/Simulink interoperability, technically permutations flexible 

                                                           
66 Such functionalities include the capacity to handle data types other than those supported by MEX S-functions. 
67 In general, this results in a Matlab toolbox since it is a common term for various supporting functions under Matlab. 
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usage model between Matlab, Simulink, and C/C++ are described in Table 5.1. More details can be 
found in MathWorks (2012). 

 
Table 6.1.  Different permutations between Matlab, Simulink and C/C++ programs 

 
 
By combining MEX-file functions and socket APIs, as shown on the left side of Figure 6.3, access 
from ESP-r to Matlab and Simulink functionalities, especially to the application toolboxes for 
advanced control systems, is realized by invoking the “matespexge” toolbox from the Matlab prompt. 
Once the matespexge toolbox has been executed, a graphical user interface including icons and menus 
will display and provide the dialogue for users to create M-files to remotely control a building zone, 
plant, and/or flow model as built in ESP-r respectivily. Further access from these M-files to Simulink 
can be obtained by using “sim” functions, although access from Simulink to Stateflow should be 
obtained by incorporating a Stateflow block in the Simulink block diagram. Moreover, these M-files 
include Matlab functions that contain the left- and right-hand arguments with which the MEX-file is 
invoked. For these reasons, the matespexge toolbox was designed with the use of MEX-files that 
include facilities for enabling run-time dynamic coupling between Matlab/Simulink and one or 
multiple ESP-r(s). After compiling the matespexge toolbox, a dynamic executable file is generated 
with an extension corresponding to the OS over which Matlab/Simulink is running.  

Within the implementation of the matespexge toolbox, the external routines that specifically exchange 
data with subroutines for building zone, plant, and flow network modules of ESP-r are encapsulated 
into a single MEX-file. A global identifier is also integrated to determine which building zone, plant, 
and/or flow network model will exchange data with the created control file. Due this fact, the user 
must provide valid information (i.e. as stated in ESP-r) on the input interface of the matespexge 
toolbox. In addition, as Matlab is an interactive tool, the handling callbacks from ESP-r are ensured by 
default using the matespexge toolbox in order to access Matlab/Simulink as a computational engine. 
For these reasons, the matespexge toolbox is designed in such a way to let Matlab/Simulink operate as 
a server process when its created control files are invoked by one of the three ESP-r modules.  

Because Stateflow is used together with Simulink for the simulation of MASs, use of the matespexge 
toolbox is essential for enabling the integration of advanced control systems, such as hybrid systems 
and MASs in building performance simulation. The use of this matespexge toolbox enables a user to 
interactively build, test, and simulate distributed applications between ESP-r and Matlab/Simulink, 
even when both software tools are running on separate OSs. Therefore, it is a key solution in enabling 
integrated performance assessment of new building control applications that had not been yet possible.  

6.3.2. System-Level Design of Run-Time Coupling  
The most critical issues facing the design of run-time coupling between Matlab/Simulink and ESP-r 
include heterogeneity, interoperability, and parallelism. In order to explore these issues, an approach to 
the system-level design of run-time coupling between Matlab/Simulink and ESP-r was developed in 

FROM … TO … HOW? 

Matlab Simulink Using sim function:   
>> sim(‘mymodelname’) 

Simulink Matlab  M-code S-function 
Caution: interpreted, but not compiled 

Matlab C/C++ MEX-file   or   ActiveX/COM & DDE 
Note: ActiveX/COM & DDE (Dynamic Data Exchange) for Windows OSs only 

C/C++ Matlab MATLAB Engine   or   MATLAB Compiler & runtime  
ActiveX/COM & DDE 

Simulink C/C++ S-function Builder   
C-code S-function 

C/C++ Simulink Engine  or  COM 
[x, y, t] = sim(‘mymodelname’, u0) 
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such a way to perform rapid simulations between building models and their control systems, even 
when ESP-r and Matlab/Simulink are running on a heterogeneous network. This approach is based on 
the hierarchical decomposition concept shown in Figure 6.4, which implements run-time coupling by 
taking into account different levels of abstraction, defining different operations (especially operational 
functions) on each level of run-time coupling, and proposing model refinements that will translate 
requirements and specifications to enable cycle-accurate implementation (i.e. to design components).  

 

Figure 6.4.  System-level design of run-time coupling between ESP-r and Matlab/Simulink  
 
Figure 6.4 illustrates the system-level design towards the preferred means for run-time coupling 
between Matlab/Simulink and ESP-r in which properties such as functionality, connectivity, and mode 
of exchange are represented on different levels of abstraction and each function is a part of the 
previous one. For this reason, the system-level design (or design concept) for run-time coupling is 
based on the SE practice that embeds the V life-cycle model (or diagram) at all levels of abstraction. 
The underlying objective of applying the SE concept is to maximize the value of simulation and ensure 
the translation of the initial (especially functional) requirements into operational functions in the 
design of run-time coupling and its integrated applications, such as interoperability. Moreover, the use 
of an SE concept as a design methodology for the development and implementation of run-time 
coupling between ESP-r and Matlab/Simulink provides a simple and flexible means of interfacing 
Matlab/Simulink with ESP-r over a heterogeneous network (see e.g. Yahiaoui et Sahraoui, 2012).  

Extension of Run-Time Coupling to Represent BACS Technology in Simulation  
Of the many possible ways to run-time couple more than one ESP-r with Matlab/Simulink at the same 
time, the Portable Operating System Interface (POSIX) standard68 for threads has been the most widely 
adopted (Hughes and Hughes, 2003). The use of POSIX threads is very advantageous because of its 
standardization, flexibility, and portability, as well as fact that POSIX threads provide a standardized 
programming interface for the dynamic creation and destruction of threads (i.e. sub-threads). It also 
enables use of the same port and a single shared address space to make Matlab/Simulink accessible to 
all ESP-r(s) connections that are handled on the network. By using a single address space abstraction, 
it is possible to avoid the overhead inherent to data exchange and provide better support for 
concurrency, parallelism, and consistency of data exchange in run-time coupling between Matlab/ 
Simulink and multiple ESP-r(s) with substantial ease.  

                                                           
68 POSIX threads, known more commonly as pthreads or pthreads-win32, are included in IEEE std. 1003.1-2001. 
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To represent BACS architecture in simulation, the approach shown in Figure 6.2 was extended to 
permit the option of run-time coupling more than one ESP-r with Matlab/Simulink. This option was 
developed by using multi-threading in conjunction with C++ codes to support parallel and distributed 
building control applications between multiple ESP-r(s) and Matlab/Simulink in the same simulation 
environment. Within this option, all ESP-r(s) should share the same address space of the Matlab/ 
Simulink location and be able to run on either the same machine as Matlab/Simulink or a separate 
machine connected to a network. Each time a new ESP-r is connected with Matlab/Simulink, its 
specific thread is created by the matespexge toolbox in order to avoid conflicts and data inconsistencies 
with other concurrent ESP-r(s) participating in the same simulation environment. As all participating 
(or connected) ESP-r(s) exchange data with the same Matlab/Simulink, any ESP-r can access all the 
global variables exchanged by Matlab/Simulink through its specific sub-thread. Figure 6.5 illustrates 
an example of how run-time coupling between Matlab/Simulink and multiple ESP-r(s) is implemented 
using POSIX threads.  

  

Figure 6.5. Conceptual view of how matespexge toolbox is multi-threaded with multiple ESP-r(s):  
representation in a conventional way (left) and its equivalence in the V lifecycle model (right) 

 
As shown in Figure 6.5, the matespexge toolbox was implemented in such a way that one or more 
ESP-r(s) can connect and interact with Matlab/Simulink simultaneously. The number of ESP-r(s) to 
run-time couple to Matlab/Simulink depends on the application, varying from one to nine (9) ESP-r(s) 
simultaneously. This implementation is fairly complex and relies on the cooperation of many ESP-r(s) 
with Matlab/Simulink, requiring that the main thread of the matespexge toolbox accept incoming 
connections and create one ESP-r sub-thread for each ESP-r connection that is handled. These ESP-r 
sub-threads are a part of the matespexge toolbox used by shared data structures to communicate with 
their parallel (or with all) connected ESP-r(s). As the matespexge toolbox can run-time couple with 
multiple ESP-r(s),  

 each data exchange to/from ESP-r is handled by the corresponding ESP-r sub-thread on the 
matespexge toolbox side;  

 each ESP-r sub-thread can send data to other connected ESP-r(s) by accessing the shared data 
structure that contains their references; and 

 the sockets connecting the matespexge toolbox to each ESP-r can be retrieved through this 
shared data structure. 

Therefore, any interaction between ESP-r(s) can occur via the matespexge toolbox, where it is handled 
by a particular ESP-r sub-thread. In addition, the matespexge toolbox was implemented with callback 
methods to allow remote control systems (i.e. control systems modelled on Matlab/Simulink) to be 
invoked as they receive data from their corresponding building models built on one or more ESP-r(s). 
Because building models built on multiple ESP-r(s) can interact with each other via the matespexge 
toolbox, their corresponding remote (i.e. external) control systems can also interact with each other on 
the Matlab/Simulink side. The principal objective of using this approach is representing the BACS 
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architecture in simulation and enabling unrelated remote control systems, particularly agents, to 
communicate with each other when their corresponding building models are built on diverse ESP-r(s). 

In effect, permitting control systems, particularly HICAs, to communicate with each other while 
remotely regulating building zone, plant, and mass-flow models built on diverse ESP-r(s) connected to 
a network results in the development of advanced building control applications that had previously 
been infeasible, such as: 
 the use of coordinated and interconnected control systems, especially HICAs, to better operate 

and regulate building HVAC&R equipment and lighting components in ABs; 
 the use of self-adapting control systems to react to climate changes, the addition or removal of 

equipment in a building, or building plant variations; and  
 the use of self-upgrading control systems to meet occupant needs when damping effects or 

changes are critical factors in the functioning of the systems 

One way of successfully designing such control systems is to use SE practices to define all occupant 
requirements and required functionalities in the development, implementation, validation, and 
operation of the functioning processes early in the SDLC. Figure 6.6 illustrates a simplified approach 
to designing such control systems for next-generation ABs. 

 

Figure 6.6. Simplified example of a design of self-updating control systems: representation in a 
conventional way (left) and its equivalence in the V lifecycle model (right)  

 
With the use of SE practices, control systems can be designed following the V lifecycle model, as 
shown Figure 6.6 (right), with the adaptation of procedures, tools, and standards required to analyze, 
develop, implement, validate, and deploy the control systems as effective and pragmatic integrated 
system solutions. At a high level of abstraction, these control systems are seen as single integrated 
solutions, but are seen as a sequence of control sub-systems and components at a low level. The 
objective of this concept is to facilitate the integration of control sub-systems so that they can receive 
signals from other integrated control sub-systems through intermediate components (or networks), with 
these signals containing information about which option(s) to activate so that they can act and operate 
in a manner similar to how they had previously. The integration of these options into control systems 
should be structured in the form of parameterized polymorphic states (or objects), as a set of states 
having the same internal pattern can arise and using this feature by indexing the state in question by a 
parameter is significant (see e.g. Yahiaoui 2012).  

This approach to extending the lifecycle (duration) of control systems can be generalized to any 
system, including those controlling building equipment and plant components, such as heat pumps and 
other important handling units used in buildings. 

6.3.3. Timing Characteristics of Run-Time Coupling 
The most critical time delays that should be considered in a distributed dynamic simulation for BACS 
are the end-to-end delays from Matlab/Simulink to the network and from the network to ESP-r (or 
from ESP-r to the network and the network to Matlab/Simulink). In run-time coupling, message 
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transmission delays can be modelled in three separate parts, representing the elapsed time required at 
sending, exchanging, and  receiving data, as shown explicitly in Figure 6.7. 

 

Figure 6.7. A timing diagram for run-time coupling between Matlab/Simulink and ESP-r 
 

where 
MatlabT and 

ESP rT  represent the computation time of Matlab/Simulink and ESP-r, respectively; 

startT  and 
endT are the starting and ending time when run-time coupling is established between ESP-r 

and Matlab/Simulink, respectively; preT and 
postT  are the pre- and post-processing times, respectively; 

oT is the overhead time imposed by the MEX-file or F77/C++ glue; 
waitT  is the waiting time; and 

txT is 

the network time delay.  

As illustrated in Figure 6.6, time delays can occur when 1) sending data to the network, 2) receiving 
data from the network, and 3) exchanging data through the network between Matlab/Simulink and 
ESP-r. The time delay at the sending phase consists of the overhead time, the pre-processing time, and 
the waiting time. At the sending phase, the pre-processing time is the sum of the time needed for 
encoding data (

codT ) and for writing data (
writeT ), while the waiting time is the sum of the queuing time 

(
queT ) and the blocking time (

blocT ) due to network traffic. The time delay at the receiving phase 

includes the overhead time and the post-processing time, where 
postT  is the sum of the time needed for 

reading data (
readT ) and the time needed for decoding data ( 

decT ). The time delay at the exchanging 

phase consists only of the network time delay, where 
txT  is the sum of the total transmission time of 

data (
tT ) and the propagation delay of the network (

pT ). The total time delay can be explicitly 

expressed by the following equation: 

delay o pre wait tx post oT T T T T T T         (6.1) 

As it is assumed that 
oT  is negligible because the MEX-file and F77/C++ glue are implemented using 

the structures functions to directly interface the application layer of the OSI model with 
Matlab/Simulink and ESP-r, respectively, Equation (6.1) can be rewritten as follows: 

 delay pre wait tx postT T T T T     (6.2) 

Equation (6.2) accounts for the several key components of each time delay. 
 The pre-processing time at the sending phase is the total time that elapses while encoding data 

into an external network format, such as ASCII strings and binary codes, and writing them to 
the local network. The elapsed time depends mainly on the hardware characteristics of the 
machine(s) on which run-time coupling between Matlab/Simulink and ESP-r occurs. The pre-



A Distributed Dynamic Simulation Mechanism                                                     6 – Development and Implementation 
for Building Automation and Control Systems                                                                 Issues for Run-Time Coupling 
                                                                          

 130

processing speed depends on the speed of the machine(s) employed and particularly on the 
procedure implemented for encoding data to be exchanged, from the native format to external 
representation and writing them to the network. In many cases, the pre-processing time is 
relatively constant and small, and therefore negligible. 

 The waiting time at the sending phase is the total amount of time that data may spend waiting in 
the queue (i.e. at the buffer) and remain blocked while other data are transmitted on the network. 
Depending on the amount of data to send and the traffic on the network, the waiting time may 
be significant. The main factors affecting the waiting time are the network protocol used for 
run-time coupling, the data communication mode, and network traffic load. As an example, 
consider when Matlab/Simulink is run-time coupled with multiple ESP-r(s), as shown in Figure 
6.8. The queuing time69 would be based on the traffic load of the network because when an 
ESP-r is exchanging data with Matlab/Simulink, the other ESP-r(s) must wait until the network 
becomes available again. On the other hand, the blocking time is highly dependent on the 
network protocol and communication mode, as time delays are commonly encountered when 
data are exchanged in partially asynchronous or synchronous mode and required to be resent 
especially when acknowledgment is not received in time.  

 

Figure 6.8. A timing diagram for run-time coupling between Matalb/Simulink and multiple ESP-r(s) 
 

The blocking time delay can be calculated by using the Binary Exponential Backoff (BEB) 
algorithm, which is based on a probabilistic model (Bertsekas and Gallager, 1992). However, 
determining an exact expected blocking time delay for Ethernet is very difficult (Lian et al., 
1999). At a high level, the expected blocking time can be described by the following equation: 

   
10

1
Bloc k resid

k

E T E T T


   (6.3) 

where 
residT denotes the residual time from the end of i until the network is idle and  kE T is 

the expected time of the k collisions. Consequently, the blocking time is not deterministic, and 
may be unbounded due to the discarding of data. 

 The network time is the most deterministic parameter in a network because it depends only on 
the data rate, data size, and the distance over the network. As Ethernet was used for run-time 
coupling, this has low medium access overhead and poses practically no delays at low network 
loads (Wheelis, 1993). In addition, it has been shown that for an Ethernet of 10 Mbps with a 
length of 2500 m and four repeaters,70 the minimum allowed frame time is 51.2 µs, which is the 
time required to transmit 64 bytes at 10 Mbps (Tanenbaum, 1996). Hence, the transmission time 
of the network can be expressed by: 

tx bit pT s T T    (6.4)  

                                                           
69 In many cases, the queuing time is set to zero because it is difficult to analyze. However, it is only true for non-standard 
network protocols, e.g. DeviceNet. 
70A repeater is a network device that is used to regenerate or replicate signals over a long distance. 
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where 
bitT is the bit time and 

PT is negligible on a small scale (i.e. when the network distance is 

≤ 100m) because the typical transmission speed in a communication medium is about 
82 10 m s . In effect, it has been shown that at the worst, the propagation delay from one end to 

the other of the network cable is 
PT = 25.6 µs for Ethernet with a length of 2500 m (Lian, 2001). 

 The post-processing time at the receiving phase is the total time necessary for reading 
exchanged data from the local network and then decoding them to the native format for use by 
Matlab/Simulink or ESP-r. The time elapsed during this phase depends on the speed of the 
machine(s) used and the procedure implemented for reading data from the network and 
decoding them to the native format. As is pre-processing time, the post-processing time may be 
constant and negligible. 

6.4. Translating Requirements Specification to Implementation 
This section presents the different methods that have been developed and implemented to translate the 
functional requirements of run-time coupling between ESP-r and Matlab/Simulink discussed in 
Sections 2.9 and 4.2 into functions and operations in a distributed simulation mechanism:  

6.4.1. Data Exchange and Representation in Normal Mode 
In run-time coupling, ESP-r and Matlab/Simulink should form an integrated environment allowing 
cooperation between building models and their control systems distributed in a same simulation. 
Therefore, both ESP-r and Matlab/Simulink should participate in the same distributed simulation using 
a common way of representing and interrelating data exchanged through a network. To fulfil such a 
requirement, two normal modes of data exchange and representation were implemented within run-
time coupling between ESP-r and Matlab/Simulink: a text mode and a binary format. 

Data Exchange in Text Mode 
Exchanging data between ESP-r and Matlab/Simulink in a text mode, especially ASCII is well known 
as a relatively simple yet slow way of exchanging data between programs running on the same 
machine or on different machines connected by a network. It is slow because all data to be exchanges 
are encoded into strings of printable decimal digits (so-called ASCII strings), and then decoded into 
data exchanged after they have been received. Using C/C++, various ways of implementing this mode 
are possible, such as using the functions sscanf() and sprintf(). Whereas the sprintf() function is used to 
convert data to be exchanged into strings, the sscanf() function is used to retrieve that strings back to 
data exchanged. However, the stringstream() class was used in this work because it provides a means 
of manipulating the data to be exchanged and the data that have been exchanged as strings as if they 
were input/output streams, respectively. 

The primary reason for using ASCII code (or strings) in implementing this mode is that it is the default 
form of character encoding used on practically all machines and by all computer languages. However, 
data encryption algorithms, such as the advanced encryption standard (AES), can also be used in the 
implementation of this mode of data exchange. 

Data Exchange in Binary Format  
Exchanging data between ESP-r and Matlab/Simulink in a binary format is considered the fastest way 
of exchanging data between programs running on the same machine or on different machines 
connected by a network because it exchanges data in the form of binary codes. Implementing this 
mode of data exchange requires using data structures (i.e. structs) or classes to package all data to 
exchange into one object at sending and unpackaging that object into data exchanged at receiving. 
When using classes or data structures, the manner in which data are packaged varies depending on the 
compiler and the architecture of the machine being used (i.e. on whether big-endian or little-endian 
architecture is used 71), both of which affect important factors such as padding, byte ordering and 

                                                           
71 Examples of big-endian architectures are microprocessors such as Motorola and Sparc and examples of  little-endian 
architectures are the Intel x86 and Dec Alpha architectures. The major difference between them is that the most significant byte 
comes first in big-endian byte-ordering schemes but last in little-endian byte-ordering schemes.  
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alignment, and endianness when exchanging data structures between programs running in 
heterogeneous environments. To address this issue, a method for dynamically marshalling and 
unmarshalling data structures over a TCP/IP network was implemented within run-time coupling 
between ESP-r and Matlab/Simulink that is effective regardless of their operational and network 
locations. Figure 6.9 illustrates how this method was implemented to exchange data in the form of a 
binary format across heterogeneous environments.   

 

Figure 6.9. A simplified example of exchanging data structures between Matlab/Simulink 
 and ESP-r running on different machines using a binary format 

 
In this method, marshalling (or serializing) is used when sending data to flatten data structures into 
one-dimensional arrays before converting these arrays into a form of external network representation, 
and unmarshalling (or deserializing) is used when receiving data to de-convert data from a form of 
external network representation into a form of internal representation (i.e. one-dimensional arrays) 
before rebuilding the data structures. In addition to these operations, a number of primitive functions 
for byte swapping are also performed within this method to convert network byte order to host byte 
order, regardless of whether the machines being used are similar and/or run on the same OS.  

While implementing this method, this work discovered that additional steps may be required, primarily 
due to the use of new compilers.72 For example, when exchanging data structures containing items (or 
variables) of a simple or a double-precision floating-point type between ESP-r and Matlab/Simulink 
running in heterogeneous environments, the received data are identical to the transmitted data when 
32-bit compilers are used but not precisely identical when 64-bit compilers are used, requiring the 
performance of additional steps. For such reasons, this work re-implemented this mode of data 
exchange within run-time coupling using another method (or format) with an IDL, such as protocol 
buffer73 libraries, to allow Matlab/Simulink and ESP-r to exchange data in a form of binary format, 
regardless of their operational and network locations and the compilers are used. 

Of the formats with an IDL that can be used to exchange data in a binary format between Matlab/ 
Simulink and ESP-r, such as XDR and boost serialization, Google’s protocol buffers were chosen 
because they are the most rapid, simplest, and lightest. Moreover, their use has been described as a 
language-neutral, platform-neutral, and extensible way of serializing data structures for use in 
communications protocols, data storage, and other functions (Protobuf, 2008). Although obviously 
conceived for encoding structured data in an efficient extensible format, Google’s protocol buffers also 
                                                           
72 Most compilers in use today work with 64 bits, whereas they worked with only 32 bits several years ago.  
73 Protocol buffers are serialization formats with an IDL developed by Google for encoding data structures in an efficient yet 
extensible format. For more details, see http://code.google.com/apis/protocolbuffers.  
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serve a purpose similar to that of XML, with the advantage of having a much denser and binary 
representation often wrapped by an additional compression layer for even greater density. Among the 
protocol buffers described with an IDL that define the content of the messages to exchange, a protobuf 
compiler takes this IDL (i.e. .proto file) and generates executable code to manipulate the protocol 
buffers, while a flag to the protobuf compiler specifies the output language, such as C++, Python, Java, 
and so on. For each data type (or item) declared in the IDL file, the output of the protobuf compiler 
includes the native class (or data structure) definition and the codes for accessing the fields, 
marshalling and unmarshalling the data for translation between the native representation and the 
external binary format, and debugging. The generated codes were compiled and linked with the socket 
APIs of the C/C++ client code, which were in turn compiled and linked with ESP-r and with socket 
APIs of the C/C++ server code, which were in turn compiled and linked with the matespexge toolbox. 

In Google’s protocol buffers, the IDL file forms a clear, compact, and extensive notation describing the 
layout of data items and the naming of the fields in a manner roughly analogous to that of simple 
classes or C struct() functions. This IDL also includes two additional properties for each field – (1) a 
distinguishing integral tag used to identify the field in binary representation and (2) an indication of 
whether the field is required, optional, or repeated – that allow for the backward extension of protocol 
buffers by marking fields as optional and assigning them an unused tag and/or by specifying fields as 
repeated to dynamically size or resize the arrays. Because they offer such advantages, Google’s 
protocol buffers were chosen to enable ESP-r and Matlab/Simulink to exchange data in a binary format 
by run-time coupling. 

Experimental Studies on the Effects of Communication Time Delays on the 
Performance and Stability of Building Control Applications 
A series of experimental tests were conducted to determine the performance and stability of control 
systems when run-time coupling was subjected to communication- (or network-) induced time delays, 
with the delays being measured as the total elapsed time to transfer data from ESP-r to Matlab/ 
Simulink and transfer it back to ESP-r in terms of transmission load and periodicity (or simulation 
period). Each experiment was performed in four parts to evaluate performance using both modes of 
data exchange (ASCII and binary), and arranged in ten figures in accordance with the number of run-
time coupled ESP-r(s) to Matlab/Simulink by the network, which varied from 1 to 10. The first two 
parts were conducted when Matlab/Simulink and one or more ESP-r(s) were running in the same 
environment (i.e. all on Unix) and the second two parts when ESP-r and Matlab/Simulink were 
running in distributed heterogeneous environments (i.e. one or more ESP-r(s) on Unix and 
Matlab/Simulink on Windows).  

The total elapsed time (
elapsedT ) was computed by subtracting the time-stamp of when the simulation 

was terminated (
stopT ) from the time-stamp of when the simulation was commenced (

startT ) without 

counting the processing time that elapsed while ESP-r and Matlab/Simulink computations were 
exchanging data with each other over a network. This total elapsed time can be explicitly expressed by 
the following equation: 

elapsed stop startT T T   (6.5) 

The experiments were constructed with the maximum number of simulation time-steps allowed by 
ESP-r, which it is currently limited to 60 steps per hour for building zones and 100 steps per hour for 
building plant components (see e.g. ESRU manual, 2002). The simulation period was set for one day 
for 11 hours (07:00 to 18:00). By calculating the periodicity for each simulation, the results were 
recorded for 660 instances of data exchange74 for building zones and 1100 instances of data exchange 
for building plant components. In addition to the periodicity, the transmission load (or capacity) was 
evaluated by varying the size of the data (or the message) from 100 B to 1000 B, then to 1500 B, 2000 
B, and then to 3000 B, assuming that the 2000 B and 3000 B sizes are sufficiently large to transfer all 
data required for any distributed simulation between one or more ESP-r(s) and Matlab/Simulink.  

                                                           
74 As this exchange is bidirectional between ESP-r and Matlab/Simulink, it makes in reality twice those numbers. 
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Experiments in a Homogeneous Environment 
The experiments in a homogenous environment were performed on a Sun Blade 1000 Workstation 
with 2 CPU modules of 900 MHz Ultra SPARC III and 4 GB of RAM. ESP-r and Matlab were 
installed over the Unix 10 (or Solaris 10) OS on the Sun Blade 1000 Workstation, and the machine was 
connected to the network by an Ethernet LAN cable at a speed of 10 MBps. The compilers used for 
Fortran and C/C++ programs were of the GNU Public License. All ESP-r(s) were run-time coupled 
with Matlab/Simulink by the TCP protocol and executed in increasing order of their ESP-r sub-thread 
numbers such that when Matlab/Simulink was run-time coupled with two or more ESP-r(s), 
Matlab/Simulink exchanged data with one ESP-r only until the simulation using it had terminated, then 
began exchanging data with the next ESP-r, and continued doing so until no run-time coupled ESP-r(s) 
remained. During data exchange, the time-stamp (or time-step) of the first data exchange was sent with 
the simulation data to be subtracted from the time-stamp of the last data exchange in order to calculate 
the time elapsed for distributed simulations between ESP-r and Matlab/Simulink. 

 

Figure 6.10. Experimental results regarding elapsed times of 660 instances of data exchange in 
distributed simulations between one or more ESP-r(s) and Matlab/Simulink in the same environment  
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Figure 6.11. Experimental results regarding elapsed times of 1100 instances of data exchange in 
distributed simulations between one or more ESP-r(s) and Matlab/Simulink in the same environment 

 
It became clear that exchanging data by run-time coupling between one or more ESP-r(s) and Matlab/ 
Simulink running in the same environment using a binary format is more effective and rapid than using 
a text mode. Figures 6.10 and 6.11 show the elapsed times for distributed simulations of a varied 
number of run-time coupled ESP-r(s) with Matlab/Simulink running in a homogeneous environment. 
As the curves in these figures indicate greater fluctuation when exchanging data in a text mode 
compared to a binary format, exchanging data in a binary format by run-time coupling between one or 
more ESP-r(s) and Matlab/Simulink appears to have fewer negative effects on the performance and 
stability of communication-based control systems (explicitly NCSs). In addition, it can be observed 
that when Matlab/Simulink and ESP-r exchanged 1 KB of data by run-time coupling, about 120 ms 
was required to perform distributed simulations of 660 exchanges, and about 200 ms for distributed 
simulations of 1100 exchanges. Therefore, it is important to note that run-time coupling between ESP-r 
and Matlab/Simulink requires only about 0.18 ms to send and receive 1 KB of data in a binary format. 
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Experiments in Heterogeneous Environments 
The experiments in heterogeneous environments were performed on a distributed network consisting 
of a Sun Blade 1000 Workstation with 2 CPU modules of 900 MHz Ultra SPARC III and 4 GB of 
RAM and a PC with an Intel CPU of 2 GHz Pentium IV and 1 GB of RAM. ESP-r was installed over 
the Unix 10 (or Solaris 10) OS on the Sun Blade 1000 Workstation and Matlab was over the Windows 
XP OS was installed on the PC, and both machines were connected to the network by an Ethernet LAN 
cable at a speed of 10 MBps, and at distance of about 7 meters from each other. The compilers used for 
Fortran and C/C++ programs were of the GNU Public License on Unix and of Visual Studio 2008 on 
Windows. All ESP-r(s) were run-time coupled with Matlab/Simulink by the TCP protocol and 
executed in an increasing order following their ESP-r sub-thread numbers in a manner similar to that 
used for the experiments in a homogenous environment. During the data exchange, the time-stamp of 
the first data exchange was sent with the simulation data to be subtracted from the time-stamp of the 
last data exchange in order to calculate the time elapsed for distributed simulations. Although 
synchronizing the clocks of these machines was difficult – or potentially impossible due to several 
incompatibilities – the results of the elapsed times were obtained with a margin of at least 100 ms.  

 

Figure 6.12. Experimental results regarding elapsed times of 660 instances of data exchange in 
distributed simulations between one or more ESP-r(s) and Matlab/Simulink in different environments   
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Figure 6.13 Experimental results regarding elapsed times of 1100 instances of data exchange in 
distributed simulations between one or more ESP-r(s) and Matlab/Simulink in different environments    

 
The experimental results indicated that in most cases, exchanging data in a binary format by run-time 
coupling between one or more ESP-r(s) and Matlab/Simulink running on separate machines connected 
by a network is more effective than doing so in ASCII mode. Figures 6.12 and 6.13 show that the 
elapsed times for distributed simulations of a varied number of run-time coupled ESP-r(s) with Matlab/ 
Simulink running on distributed heterogeneous environments do not vary greatly between the ASCII 
and binary modes for communication loads smaller than 1 KB. However, this lack of difference can 
likely be attributed to inaccurate synchronization between the clocks of the machines used and the time 
required to perform the serialization and deserialization operations that protocol buffers utilize to 
flatten and rebuild, respectively, data structures, depending on the machine involved and its OS. In 
addition, as a network speed of around 10 MBps was used, any utilization of the network on either 
machine could have influenced the elapsed time of data exchange in distributed simulations. Therefore, 
the utilization of machines with better performance characteristics can significantly reduce the elapsed 
times of distributed simulations running in heterogeneous environments.  
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Regardless of the issues mentioned above, it can be observed that when Matlab/Simulink and ESP-r 
running in heterogeneous environments exchange 1 KB of data by run-time coupling, completing a 
simulation requires about 1500 ms for distributed simulations of 660 exchanges and about 2600 ms for 
distributed simulations of 1100 exchanges. Therefore, when run-time coupling between ESP-r and 
Matlab/Simulink is performed on separate machines connected by a network, around 2.3 ms is required 
to send and receive 1 KB of data when using either mode of data exchange (ASCII or binary). In 
addition, the use of machines with better performance characteristics and a higher-speed network could 
significantly reduce the elapsed times of such distributed simulations between ESP-r and Matlab/ 
Simulink. Effectively, reducing the elapsed times of these distributed simulations would certainly 
decrease the impact of network time delays on the performance of building performance applications. 

The objective of conducting experimental studies on distributed simulations running in a homogeneous 
environment and in heterogeneous environments was not only to clarify the importance of using run-
time coupling between Matlab/Simulink and one or multiple ESP-r(s) but also compare the time 
required by different modes of data exchange (ASCII and binary) to send and receive data through 
TCP protocol using network sockets by varying the communication loads. Because using TCP protocol 
is safer than using UDP protocol but requires more time, UDP protocol is often used in NCS studies 
(see e.g. Choy et al., 2003). In addition, with the use of UDP, the response times of run-time coupling 
between Matlab/Simulink and one or more ESP-r(s) running in both a homogeneous environment and 
in heterogeneous environments can also be reduced significantly.  

These experimental studies were conducted by setting the simulation periodicity to 60 and to 100 time-
steps per hour. The obtained results (see Figures 6.10, 6.11, 6.12, and 6.13) show that although 
increasing the simulation periodicity does not necessarily increase the elapsed times of data exchange 
in distributed simulations, the elapsed times always increase in tandem with increases in the 
transmission load. In most cases, it appeared from that exchanging data in binary format results in 
better consistency than doing so in ASCII format. Therefore, it is clear that exchanging data in binary 
mode is generally more efficient in terms of response times and transmission loads when performing 
run-time coupling between Matlab/Simulink and one or more ESP-r(s). 

Although one or more ESP-r(s) were executed simultaneously during the experiments, when two or 
more ESP-r(s) were run-time coupled with Matlab/Simulink, the run-time coupling was configured in 
such a way that Matlab/Simulink could exchange data with only one ESP-r until the simulation with it 
had ended before Matlab/Simulink could start to exchange data with the next ESP-r. It could also be 
configured to allow Matlab/Simulink to exchange data with two or more run-time coupled ESP-r (s) at 
every simulation time-step. 

Mathematical Formulation of Communication-based Control Systems 
Based on the results described above, this section describes the types of delays that arise when 
performing run-time coupling between Matlab/Simulink and ESP-r, investigates their effects on the 
performance and stability of closed-loop network-based control systems, and mathematically expresses 
the issues that arise within communication-based control systems, particularly NCSs. 

1) Delays in communication-based control systems 
When ESP-r and Matlab/Simulink exchange data over a network by run-time coupling, 
communication delays in the network-based control loop arise in addition to a delay from a 

sampling period sT . As shown in Figures 4.4 and 5.7, three types of delays, c , sc ,and ca , 

arise along the network-based control loop. Figure 6.14 shows the timing diagram of time delay 

propagations, where stt is the time instant that a building model built on ESP-r starts to transmit 

the sensed data to a control system modelled on Matlab/Simulink, cst  is the time instant at 

which a control system receives the sensed data, ctt  is the time instant at which a control system 

starts to transmit the actuated data to a building model, act is the time instant at which a building 
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model receives the actuated data, and w is the time that elapses before ESP-r starts exchanging 

data with Matlab/Simulink. 

 

Figure 6.14. Timing diagram of time delay propagations  
 

The ESP-r  to  Matlab/Simulink communication time delay is computed by: 

  sc st cst t    (6.6) 

The Matlab/Simulink  to  ESP-r communication time delay is computed by: 

  ca ct act t    (6.7) 

The computational delay which is referred for Matlab/Simulink to compute a control action 
depending on the received measurement and setpoint is described by: 

  c ct cst t    (6.8) 

The sum of the delays defined in Equations (6.6), (6.7), and (6.8) is referred to as the control 
delay   in Nilsson et al. (1998). Because this delay can affect the performance and stability of 

control systems, it is important that control delay  be smaller than the sampling period  sT  in 

the design of discrete-time network-based control systems. Although several studies of network-

based control systems (see e.g. Nilsson et al., 1998, and Kim et al., 1998) assumed that sT  is 

greater than , this is not always true, as  can be negligible or significant compared to sT  in 

several applications. For distributed simulations that run-time couple more than one ESP-r(s) 

with Matlab/Simulink, sT  should be greater than the sum of   and ( 1) wi   , where 

i corresponds to the number of run-time coupled ESP-r(s), as shown in Figure 6.14. 
2) Effect of delays in communication-based control systems 

As mentioned by Zahr and Slivinsky (1974) and Kolmanovski et al. (1999), the general effects 
of communication-induced delays in the design of closed-loop control systems could lead to the 
following:  
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 Degraded control system performance. Delays can affect the magnitude of the transient 
behaviours in a control system, which degrades overall system performance and can 
result in increased overshoot and settling time. A simple typical example of this situation 
is that which occurs a closed loop system without any control action is subjected to 
communication time delays, as shown in Figure 6.14. 

 
Figure 6.15. A simple example of a feedback control system subjected to time delays 

 
The results obtained from the simulation of the example illustrated in Figure 6.15 without 
delays and with delays are shown in Figure 6.16. 

 

Figure 6.16.  Step responses of the system without delays (a), and with delays (b and c) 
 
By comparing the step responses of a system without delays (i.e. 0  s), as shown in 
Figure 6.16 (a), with those of a system with large delays, as shown in Figure 6.16 (b), it 
can be observed that the responses of the system with large delays (i.e. 0.1  s) result 
in higher overshoot and longer settling time peaks. On the contrary, by comparing the 
step responses of the system without delays (i.e. 0  s), as shown in Figure 6.16 (a), 
with those of the system with small delays (i.e. 0.02  s), as shown in Figure 6.16 (c), 
it can be observed that that the responses of the system are similar. 

The measured elapsed times in exchanging 1 KB of data over a network are about 0.18 
ms when Matlab/Simulink are run-time coupled in the same environment and about 2.3 
ms when they are run-time coupled in heterogeneous environments. These measured 
elapsed times (0.18 ms and 2.3 ms) are extremely small compared to communication 
delays induced in a feedback control system, as is shown in the example in Figure 6.16. 
Therefore, it is important to note that the use of run-time coupling between ESP-r and 
Matlab/Simulink in the design of (remote) control systems for building performance 
applications does not affect their performance. 
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 Decreased stability region. Delays can reduce the stability margin of a system, leading to 

instability, as typically occurs when the sampling period sT is too long. In effect, 

choosing a large sampling period in the design of a discrete-time control system can 
move the poles of the system out of the unit circle and cause the system to become 
unstable. Nise (1995) illustrated this problem by providing the example of a sampled-data 
closed-loop control system, as shown in Figure 6.17. 

 

Figure 6.17. A typical example of a sampled-data closed-loop control system 
 

The closed-loop transfer function of this system using z-transform is as follows: 
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  (6.9) 

Equation (6.9) shows that the closed-loop transfer function for this system can only 

achieve stability if 0.2sT  s. For example, when 0.15sT  s, the system is stable 

because its pole is located inside the unit circle, as shown Figure 6.18 (right), but when 

0.23sT  s, the system becomes unstable because its pole is located outside the unit 

circle, as shown in Figure 6.18 (left).   

 
Figure 6.18. Possible closed-loop system pole locations in the z-plane domain 

 

As shown in Figure 6.18, choosing a sT  that is too large can lead to system instability. 

Therefore, it is necessary to use small simulation time-steps in the design of discrete-time 
control systems for building performance applications using run-time coupling between 
Matlab/Simulink and ESP-r to avoid instability. Several methods and NCS concepts have 

been developed that can be applied to determine the limit of sT by analyzing the stability 

of building control applications while using run-time coupling between Matlab/Simulink 
and ESP-r (see e.g. Dugard et al., 1998, Kolmanovskii et al., 1999, and Zang et al., 2001). 

On the basis of the above analysis, it is clear that the delays induced by run-time coupling 
between ESP-r and Matlab/Simulink during simulations between building models and their 
control systems do not significantly affect performance and stability. As these delays (i.e. 
elapsed times) are extremely small, they are negligible, even when using very small simulation 
time-steps. If necessary, an option for displaying the elapsed times of exchanged data between 
ESP-r and Matlab/Simulink during simulations can be integrated into the matespexge toolbox to 
enhance control performance by compensating for delays. 
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 Formulation of network-based control systems with communication-induced time delays. When 
performing run-time coupling between ESP-r and Matlab/Simulink, different protocols (TCP or 
UDP), communication modes such as partially asynchronous, and asynchronous, and modes of 
data exchange (ASCII and binary) can be used to remotely set up any control system for any 
building and plant model built on ESP-r. Because these remote control systems are modelled on 
Matlab/Simulink, building and plant models receive the control actions (or signals) ( )u t  via a 

communication medium (i.e. network). 

As mentioned in section 4.4.2, the control system QoP is assumed to be the result of optimizing 

the performance criteria J . Thus, ( )recu t provided over a network is given by: 

 ( ) min ( ),recu t J x   (6.10) 

where ( )recu t  is equivalent to ( )cau t  and represents the control signal received by ESP-r. In 

addition to ( )u t , ( )y t is received by control systems via a network. Therefore, both ( )recu t  

and ( )recy t  depend on run-time coupling QoS and are defined as follow: 
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where ( )recy t  is equivalent to ( )scy t  and represents the unit building and/or plant output 

received by Matlab/Simulink; ( )sndu t  is the control signal sent by Matlab/Simulink; ( )sndy t is 

the unit building output by ESP-r ; caz and scz are the time delays in transmitting signals over 
a network; and ( )QoS t is a measure function of run-time coupling, such as transmission 

throughout, latency, uptime, or error rate. Chow and Tipsuwan (2001) described a method of 
monitoring network QoS via middleware, and this can be integrated within run-time coupling 
between ESP-r and Matlab/Simulink to improve the control system QoP with the run-time 
coupling QoS. 

6.4.2. Data Exchange and Representation in Real Mode  
As mentioned in Section 4.3.4, the two dominant open standard protocols in use today in ABs are 
BACnet and LonWorks. Both protocols utilize a gateway to support different communication speeds 
and data formatting across the BACS architecture but do so in a different manner, as they use different 
formats to exchange data and operate at different layers of the OSI model. A characteristic that they 
share is that both use the functions of the application layer that determines the way in which the 
information is modelled and then exchanged over a network. The other OSI layers determine the 
hardware specifications and low-level network details. In this work, these details were determined by 
the implementation of socket APIs. To integrate BACnet and LonWorks functional operations within 
run-time coupling, web-services based on the use of XML and SOAP were intuitively implemented by 
considering only their related operations of data exchange established at the application layer. The 
following summarizes the differences between the protocols: 
 BACnet is a data communication protocol that is created by ASHRAE auspices to meet the 

communication needs of BACS architecture (ASHREA 135, 2001). In BACnet, all exchanged 
data is represented in terms of objects to enable access to information regarding physical 
input/output or the logical groupings of points (commonly known as data points) on the network; 
in terms of properties to define the encapsulated collection, such as names, variables, addresses 
and, functions of every object; and in terms of services to pass information between devices. 
The communication model is performed in client-server architecture and functions over a 
variety of LANs (Ethernet, ARCNET, LonTalk, and so on). BACnet uses a set of rules (i.e. a 
specification) that defines the role of different services to cover access to objects and their 
properties and ensure interoperability between BACnet devices of different manufactures. To 
represent the data-exchange operations of BACnet in simulation, a method based on exchanging 
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data in the form of object properties is integrated within run-time coupling to exchange data 
between Matlab/Simulink and ESP-r in accordance with BACnet specifications. 

 LonWorks is a networking platform built on a protocol created by the Echelon Corporation 
specifically to address the needs of networked control applications (see e.g. Loy et al., 2001). 
Although originally designed for certain uses, such as transportation, education, and industrial 
automation, it is becoming increasingly important for use in ABs, as it supports communications 
on a variety of LANs (LonTalk, Ethernet, ControlNet, etc.) and allows different components to 
co-exist on the same network. LonWorks (usually referred to as “LON”) uses standard network 
variable types (SNVTs, pronounced “snivets”) to communicate data and to contribute to 
interoperability by providing a well-defined interface between LON devices of different 
manufactures. To represent the data-exchange operations of LonWorks in simulation, a method 
based on network variable formats is integrated within run-time coupling to allow data 
exchange between Matlab/Simulink and ESP-r in accordance with SNVT specification. 

To fulfil the requirement of exchanging data between ESP-r and Matlab/Simulink in a similar to how 
data is exchanged in the real world, a new method for exchanging data in XML formats via SOAP 
protocol was implemented within run-time coupling. Although this method consists of exchanging data 
in the form of an XML document (or message) between Matlab/Simulink and ESP-r by run-time 
coupling, the exchanged XML document contains structured information about data-exchange 
operations regarding either BACnet or LonWorks. The principal objective of this implementation was 
not only to fulfil this goal but also provide the flexibility and reliability required to promote 
interoperability between building models and their remote control systems when exchanging data by 
representing different network technologies (i.e. BACnet and LonWorks) in the same simulation run. 
Here interoperability was ensured by establishing a mapping between XML documents describing 
BACnet and LonWorks data-exchange operations such that the XML documents describing the data-
exchange operations of BACnet were independent from those describing the data-exchange operations 
of LonWorks. As a result, run-time coupling between ESP-r and Matlab/Simulink using this method of 
exchanging XML documents supports individual and conjoint representations of BACnet and/or 
LonWorks protocols in distributed simulations of building control applications.  

The initial goal in implementing this mode of data exchange within run-time coupling between ESP-r 
and Matlab/Simulink was to enable building models and their control systems to exchange XML 
documents describing BACnet or LonWorks data-exchange operations through a LonWorks or 
BACnet protocol, respectively. However, due to a lack of BACnet and LonTalk protocol stack libraries, 
the SOAP protocol was used to transport these XML documents in distributed simulations between 
building and plant models and their remote control systems. In addition, XML was used to 
experientially illustrate the practices necessary to allow building HVAC&R equipment and lighting 
components made of different network technologies to be exploited by the same BACS architecture. 
For these reasons, SOAP was generally used together with XML (i.e. web-services) to ensure data 
consistency between the BACnet object properties and LonWorks SNVTs (or SNVT items) in a 
distributed simulation between and ESP-r Matlab/Simulink.   

Web-Services using XML and SOAP 
Although generally used to allow web-based applications to exchange data through a standard protocol 
based on XML (see e.g. Cerami, 2002), web-services have also found a role in exchanging data 
between ESP-r and Matlab/Simulink over a network by XML messaging, as well as in ensuring 
interoperability between the data-exchange operations of BACnet and LonWorks in the same 
simulation. Web-services are similar to web-applications that are based on the use of the following: 

 XML, which, being designed to describe the content of data exchanged between ESP-r and 
Matlab/Simulink in the form of a hierarchically structured document (or message), is well suited 
for representing the concepts of BACnet object properties and LonWorks SNVT items in a 
distributed simulation between ESP-r and Matlab/Simulink. 

 SOAP, which, as an emerging protocol specification for exchanging hierarchically structured 
data such as XML documents, is used as a transport protocol in distributed simulations between 
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ESP-r and Matlab/Simulink. Most of the many libraries75 (i.e. toolkits) for SOAP web-services 
and XML-based applications for programming languages such as Java and C/C++ provide 
transparent SOAP APIs using proven compiler technologies. These technologies leverage strong 
typing to automatically map between C/C++ data types and structures and equivalent XML data 
formats, such as XML schemas or XML schema definitions (XSD). Among the ways of 
performing mapping76 between C/C++ codes and XML documents, using SOAP web-services 
provides numerous benefits. Among these is that web-services development toolkits such as 
gSOAP77 offer XML to C/C++ data bindings to ease the development of SOAP/XML web-
services in C and/or C++ languages. For example, the gSOAP compiler generates efficient 
XML serialization and deserialization routines for native and user-defined C/C++ data types and 
structures. gSOAP also includes a web-service description language (WSDL) compiler to 
generate web-service descriptions for web-based applications (van Engelen, 2006 and van 
Engelen et al., 2006). As a result, the use of gSOAP provides reliable interfaces for run-time 
coupling between ESP-r and Matlab/Simulink because it offers the possibility of extending and 
modifying dynamically XML documents describing BACnet and LonWorks data-exchange 
operations without requiring important modifications in the design concept of run-time coupling. 

The decision to use web-services with XML and SOAP to represent BACnet and LonWorks data- 
exchange operations in distributed simulations between Matlab/Simulink and ESP-r was based upon 
identification of their advantageous characteristics, including: 
 their flexibility and capacity to ensure the seamless transmission of data; 
 their support of interoperability between applications using different network technologies, such 

as BACnet and LonWorks protocols; 
 their simplification of the use of XML in applications by their automatic mapping of it to C/C++ 

data types; 
 their ease of use in the development of web-based applications in C/C++ languages; and 
 their ability to use other related tools, such as WSDL.  

Web-services are an emerging technology designed to support interoperable machine-to-machine 
interactions with other distributed computer technologies, such as CORBA, and RMI. Web-services 
using SOAP with XML can be also used as mechanisms in exchanging typed and structured data 
between Matlab/Simulink and one or more ESP-r(s) by run-time coupling (W3C-XML, 2001 and 
W3C-SOAP, 2007). The advantages of using web-services are that they offer open standards, high-
weight implementation, and platform and language independence. Despite all these advantages, web-
services were not considered early in the development of run-time coupling between Matlab/Simulink 
and ESP-r because of their complexity in interfacing with Fortran codes, but used and implemented on 
the top of it to facilitate interoperability between BACnet and LonWorks data-exchange operations in a 
same simulation. Besides web-services, some XML schema parsers78 for C/C++ data can also be used. 

Representation of Different Protocol Specifications 
In order to enable the automated correlation (i.e. interrelation) between BACnet object properties and 
LonWorks SNVT items, it is necessary to first describe their associated representations in XML 
documents and then define a strategy that allows them to become accessible to each other on a network, 
as BACnet and LonWorks protocols use different representations. In LonWorks technology, the 
SNVTs are not defined directly for specific devices and functionalities. For this reason, the LonMark 
Interoperability Association has presented so-called functional profiles to define minimum 
functionality and a set of mandatory SNVTs. Contrary to LonWorks, BACnet object properties 
represent particular physical points (called also logical groupings of points) to perform specific 
functions that can be uniquely accessible over a network. Figure 6.19 illustrates an example of a 
temperature sensor (i.e., the sensed signal that is transferred in a real AB), which is represented as a 
BACnet object property (left) and a LonWorks SNVT item or variable (right). More detailed 
                                                           
75 Among the most well-known libraries are gSOAP, CSOAP, eSOAP, EasySOAP, and Qt SOAP. 
76 The literature uses other words, such as wrapping, parsing, binding, and linking, in the same context. 
77 More details about gSOAP are available at http://www.cs.fsu.edu/~engelen/soap.html. 
78 XML schema parsers for C/C++ data types and structures such as Xerces-C++, and libxml2 C/C++ wrappers. 
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information about BACnet objects (or BACnet object types) and LonWorks SNVTs can be found in 
ASHRAE 135 (2001) and Echelon Corporation (2002), respectively. Yahiaoui et al. 2007 also reported 
on a means of describing BACnet and LonWorks data operations and the response times for 
exchanging SOAP/XML messages of varying content lengths between ESP-r and Matlab/Simulink by 
run-time coupling. 

 

 

 

 

 

 

 

 
 

Figure 6.19. Example of BACnet object property (left) versus LonWork SNVT item (right) 
 
The example shown in Figure 6.19 is a simplified means of representing the characteristics of both an 
BACnet object property and an LonWorks SNVT item by illustrating only their most significant 
characteristics. Both protocols offer mandatory and optional characteristics for supporting 
interoperability among similar devices designed using their related different technologies. However, 
because they serve as options for facilitating the implementation of similar devices to be incorporated 
into the protocol, most of these optional characteristics are not represented in Figure 6.19, as they are 
not necessary for promoting interoperability between BACnet and LonWorks protocols. Moreover, 
they can be incorporated later if necessary, as the way that web-services are integrated into run-time 
coupling between Matlab/Simulink and ESP-r allows them to be modified and extended. 

The strategy designed to make the XML documents describing BACnet object property and those 
describing LonWorks SNVT item accessible to each other on the network depends on the ability to 
identify which protocols are selected on either side of run-time coupling, and then, if necessary, 
establish a mapping between these XML documents. Therefore, this strategy has two applications: 
distinguishing between the XML documents by using XML namespaces and creating, if necessary, a 
mapping between the XML documents by transforming information from one representation into 
another (see e.g. Aguilera et al., 2002). For instance, when a building model exchanges data through a 
protocol different from that used by its control systems, a mapping will be established between the 
XML documents describing BACnet object properties and LonWorks SNVTs on the server side of 
run-time coupling between Matlab/Simulink and ESP-r. On the contrary, when a building model and 
its control systems use the same protocol, whether it is BACnet or LonWorks, on both sides of run-
time coupling, the exchange of data occurs directly (i.e. without mapping).  

Implementation of Web-Services in Run-Time Coupling 
The implementation of web-services using both SOAP and XML within run-time coupling consists of 
exchanging data between Matlab/Simulink and ESP-r in the form of messages over the network. The 
information contained in a packet consists of XML-encoded data or XML documents formatted in 
accordance with SOAP specifications. As the server programs integrated in Matlab/Simulink and the 
client programs integrated in ESP-r are written in C/C++ languages, gSOAP is used to facilitate the 
mappings between the exchanged XML documents and these integrated programs. These exchanged 
XML documents contain data that Matlab/Simulink and ESP-r exchange with each other over a 
network and that are represented in the form of a BACnet object property or of a LonWorks SNVT 
item, as described in Figure 6.19. The main objective of this implementation is to enable any building 
model and its remote control system to exchange data as they do in reality while they are represented 
as BACnet or LonWorks operations in the simulation. Figure 6.20 illustrates how web-services using 
XML and SOAP are implemented within run-time coupling between Matlab/Simulink and ESP-r. 

Object_Name Room Air-Temperature 
Object_Type Analogue Input 
Present_Value Real (e.g., 94) 
Status_Flag Normal 
Units Degrees Fahrenheit  
High_Limit 98  
Low_Limit 80 
Resolution  Real (e.g., 0.1) 
  

SVNT_Temp 
SNVT Index 105 
Measurement Temperature  

Type Category Signed Long (e.g., 21) 
Units Degrees Celsius 
Type Size 2 bytes 

Valid Range -273.17 to +327.66 
Resolution Real (e.g., 0.01) 

  

M
an

da
to

ry
 

O
pt

io
na

l 



A Distributed Dynamic Simulation Mechanism                                                     6 – Development and Implementation 
for Building Automation and Control Systems                                                                 Issues for Run-Time Coupling 
                                                                          

 146

 

Figure 6.20. Implementation of web-services using XML and SOAP within run-time coupling  
between ESP-r and Matlab/Simulink 

 
When a layer of web-services is added on top of the run-time coupling between Matlab/Simulink and 
ESP-r, the data exchanged between a building model and its control system during a simulation 
become more rational because they are measured in real-world terms, as represented by BACnet and 
LonWorks protocols in the real-time BACS architecture. As shown in Figure 6.20, Matlab/Simulink 
and ESP-r exchange sensed and actuated variables in the form of XML documents formatted according 
to the SOAP specification (i.e. as valid SOAP messages) by run-time coupling. At this time, two 
control zone variables, such as air-temperature and heat flux, are only exchangeable between Matlab/ 
Simulink and ESP-r by run-time coupling in the form of XML documents. However, it is always 
possible to add more sensed and actuated variables in the XML schemas and integrate the C++ web-
services client and server programs in run-time coupling between ESP-r and Matlab/Simulink to allow 
more variables to be exchanged in XML formats. Indeed, both modes of the data exchange (ASCII and 
binary) were implemented within run-time coupling to support and exchange all necessary sensed and 
actuated variables between ESP-r and Matlab/Simulink. 

Based on the example described in Figure 6.19, two XML schemas were written for BACnet object 
properties and LonWorks SNVT items and then compiled with the gSOAP soapcpp2 compiler, which 
generated several files, including the C++ web-services stub and skeleton programs and the XML 
documents. Figures 6.21 and 6.22 illustrate the XML documents79 (SOAP/XML requests and the 
SOAP/XML responses) generated by this gSOAP compiler.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

<?xml version="1.0" encoding="UTF-8"?> 
<SOAP-ENV:Envelope 
 xmlns:SOAP-ENV="http://schemas.xmlsoap.org/soap/envelope/"
 xmlns:SOAP-ENC="http://schemas.xmlsoap.org/soap/encoding/"
 xmlns:xsi="http://www.w3.org/2001/XMLSchema-instance" 
 xmlns:xsd="http://www.w3.org/2001/XMLSchema" 
 xmlns:ns1="http://tempuri.org/ns1.xsd"> 
 <SOAP-ENV:Body> 
  <ns1:BACnetRequest> 
   <ObjetName></ObjetName> 
   <ObjetType></ObjetType> 
   <PresentValue>0.0</PresentValue> 
   <StatusFlag></StatusFlag> 
   <Units></Units> 
   <Highlimit>0</Highlimit> 
   <Lowlimit>0</Lowlimit> 
   <Resolution>0.0</Resolution> 
  </ns1:BACnetRequest> 
 </SOAP-ENV:Body> 
</SOAP-ENV:Envelope> 

<?xml version="1.0" encoding="UTF-8"?> 
<SOAP-ENV:Envelope 
 xmlns:SOAP-ENV="http://schemas.xmlsoap.org/soap/envelope/" 
 xmlns:SOAP-ENC="http://schemas.xmlsoap.org/soap/encoding/" 
 xmlns:xsi="http://www.w3.org/2001/XMLSchema-instance" 
 xmlns:xsd="http://www.w3.org/2001/XMLSchema" 
 xmlns:ns2="http://tempuri.org/ns2.xsd"> 
 <SOAP-ENV:Body> 
  <ns2:LonWorksRequest> 
   <SNVTindex>0</SNVTindex> 
   <Measurement></Measurement> 
   <TypeCategory>0.0</TypeCategory> 
   <Units></Units> 
   <TypeSize>0</TypeSize> 
   <LowRange>0.0</LowRange> 
   <HighRange>0.0</HighRange> 
   <Resolution>0.0</Resolution> 
  </ns2:LonWorksRequest> 
 </SOAP-ENV:Body> 
</SOAP-ENV:Envelope>  

Figure 6.21. XML document for a BACnet request (left) and a LonWorks request (right) 

                                                           
79 In some of the literature, these XML documents are referred to as SOAP/XML messages. 
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<?xml version="1.0" encoding="UTF-8"?> 
<SOAP-ENV:Envelope 
 xmlns:SOAP-ENV="http://schemas.xmlsoap.org/soap/envelope/"
 xmlns:SOAP-ENC="http://schemas.xmlsoap.org/soap/encoding/"
 xmlns:xsi="http://www.w3.org/2001/XMLSchema-instance" 
 xmlns:xsd="http://www.w3.org/2001/XMLSchema" 
 xmlns:ns1="http://tempuri.org/ns1.xsd"> 
 <SOAP-ENV:Body> 

<ns1:BACnetResponse> 
   <ObjetName></ObjetName> 
   <ObjetType></ObjetType> 
   <PresentValue>0.0</PresentValue> 
   <StatusFlag></StatusFlag> 
   <Units></Units> 
   <Highlimit>0</Highlimit> 
   <Lowlimit>0</Lowlimit> 
   <Resolution>0.0</Resolution> 
  </ns1:BACnetResponse> 
 </SOAP-ENV:Body> 
</SOAP-ENV:Envelope> 

<?xml version="1.0" encoding="UTF-8"?> 
<SOAP-ENV:Envelope 
 xmlns:SOAP-ENV="http://schemas.xmlsoap.org/soap/envelope/" 
 xmlns:SOAP-ENC="http://schemas.xmlsoap.org/soap/encoding/" 
 xmlns:xsi="http://www.w3.org/2001/XMLSchema-instance" 
 xmlns:xsd="http://www.w3.org/2001/XMLSchema" 
 xmlns:ns2="http://tempuri.org/ns2.xsd"> 
 <SOAP-ENV:Body> 

<ns2:LonWorksResponse> 
   <SNVTindex>0</SNVTindex> 
   <Measurement></Measurement> 
   <TypeCategory>0.0</TypeCategory> 
   <Units></Units> 
   <TypeSize>0</TypeSize> 
   <LowRange>0.0</LowRange> 
   <HighRange>0.0</HighRange> 
   <Resolution>0.0</Resolution> 
  </ns2:LonWorksResponse> 
 </SOAP-ENV:Body> 
</SOAP-ENV:Envelope>  

Figure 6.22. XML document for a BACnet response (left) and a LonWorks response (right) 
 

The contents of the XML documents shown in Figures 6.21 and 6.22 correspond to the contents of the 
initial files generated by gSOAP when ESP-r and Matlab/Simulink are not yet exchanging data in 
XML format. These contents change in tandem with the data exchange that occurs between ESP-r and 
Matlab/Simulink in run-time coupling during simulations.  

The use of gSOAP enabled adoption of a set of rules with which to map the C/C++ data types and 
structures declared in client and server programs integrated into ESP-r and Matlab/Simulink, 
respectively, to the XML documents representing the data-exchange operations of the BACnet and 
LonWorks protocols, as shown in Figures 6.21 and 6.22. The mapping was fixed at the time of 
compilation by correlating C/C++ data type and structure declarations with semantically equivalent 
XML schemas. All primitive C/C++ data types, including bool, char, int, and double, were directly 
encoded as primitive built-in XML schema types (so-called XSD 80  types), such as xsd:boolean, 
xsd:string, xsd:int and xsd:decimal. Complex types, such as struct() functions or class members, were 
also encoded as complex XML schema types with the data members recursively encoded. However, 
the set of primitive XML schema types were mapped to C/C++ via a declaration of a typedef construct 
that introduced a type name that corresponded with a XSD type to provide the greatest flexibility 
possible in mapping the content of primitive XSD types to C/C++ data structures. For further mapping 
rules, such as pointer types, dynamic types, and transient types between C/C++ and XML, see e.g. van 
Engelen and Gallivan (2002) and van Engelen (2006).  

Experimental Study of Data-Exchange Performance in XML Format 
The section examines the data-exchange performance of run-time coupling between ESP-r and 
Matlab/Simulink in XML format by measuring the response time required for exchanging XML 
documents with string content for different message sizes. The experimental results were obtained by 
considering the following configurations: 

 In homogeneous environment, the experimental tests were performed on a Sun Blade 1000 
Workstation with dual CPU modules of 900 MHZ Ultra SPARC III and 4 GB of RAM. ESP-r 
and Matlab were installed over the Sun Solaris 10 OS and the machine was connected to the 
network by an Ethernet LAN cable at a speed of 10 MBps. The compilers used for C/C++ 
programs were of GNU general license.  

 In heterogeneous environments, the experimental tests were performed on a Sun Blade 1000 
Workstation with dual CPU modules of 900 MHZ Ultra SPARC III and 4 GB of RAM and a PC 
with an Intel CPU of 2 GHz Pentium IV and 1 GB of RAM. ESP-r was installed over the Sun 
Solaris 10 OS on the Sun Blade and Matlab was installed over the Windows XP OS on the PC, 
and both machines were connected to the network by an Ethernet LAN cable at a speed of 10 
MBps, and were at distance of about 7 meters. The compilers used for C/C++ programs were of 
GNU Public License on Unix and of VS 2008 on Windows. 

                                                           
80 XSD is a prefix used by convention to denote the XML schema namespace, although other prefixes, such as xs, are used as 
well. 
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The gSOAP compiler tools that provide SOAP/XML to C/C++ bindings were installed on both Unix 
and Windows. By compiling an XML schema, a number of files were generated, including the XML 
documents, a C++ stub, and skeleton codes, to map between the native C++ data representation and the 
XML format. The generated C++ stub and skeleton codes were compiled and linked with the client 
code integrated into ESP-r, which was in turn compiled and linked with ESP-r and with the server code 
integrated into Matlab/Simulink, which was in turn compiled and linked with the matespexge toolbox. 
Figure 6.23 shows the response times for data exchange in XML format between ESP-r and Matlab/ 
Simulink by run-time coupling when they are running in the same and in different environments.  
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Figure 6.23. Response times for data exchange in XML between ESP-r and Matlab/Simulink  
 
The main objective of this experimental study was to determine whether exchanging data in XML 
format between ESP-r and Matlab/Simulink by run-time coupling impacts the communication latency 
and overall performance of control systems. The results presented in Figure 6.23 regarding the 
response times required for exchanging data in XML format with plain uncompressed string content 
between Matlab/Simulink and ESP-r by run-time coupling in the same environment and in different 
environments indicate that when Matlab/Simulink and ESP-r exchange 1 KB of data in XML format 
by run-time coupling, 5.1 ms is required to send and receive data in the same environment and about 
7.6 ms in heterogeneous environments. The results were obtained without considering the processing 
time of ESP-r and Matlab. 

Based on the aforementioned analysis on the effects of time delays in NCSs, it can be concluded that 
the time required to exchange data in XML format between ESP-r and Matlab/Simulink by run-time 
coupling while representing BACnet and LonWorks protocols in a simulation is within a reasonable 
limit. The experimental results were obtained by exchanging XML documents with string content that 
requires UTF-8 encoding81 because although there exist other ways of encoding82 XML documents, 
UTF-8 encoding is most widely used as the default encoding for XML. However, it should be noted 
that the use of character encodings other than UTF-8 may significantly reduce the time required to 
exchange data in an XML format. 

6.4.3. Modes of Communication or Transmission in Run-Time Coupling 
Because the main feature distinguishing a distributed simulation from a standalone simulation (or from 
a sequential simulation) is the method of advancing simulation time-steps, run-rime coupling between 
Matlab/Simulink and ESP-r was implemented with all the options accessible from the user interface to 
specify the number of simulation time-steps per hour and to determine whether the simulation should 
run in a synchronous,83 a partially synchronous, or an asynchronous mode.  

In a standalone simulation, the simulation clocks (i.e. the number of simulation time-steps or iterations) 
can only be synchronized and advanced by a fixed interval (or step), but in a distributed simulation, the 
                                                           
81UTF-8 (Unicode Transformation Format -8bit) is an efficient means of encoding Unicode documents such as ASCII characters. 
82 Other ways of XML encodings are e.g. base64 content and Direct Internet Message Encapsulation (DIME) attachments.  
83 The synchronous mode is set as the default communication mode in run-rime coupling between Matlab/Simulink and ESP-r. 
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simulation clocks can be synchronized, partially synchronized, or totally asynchronized. These 
simulation clocks are synchronized when a distributed simulation between Matlab/Simulink and ESP-r 
requires strict causality,84 partially synchronized when a distributed simulation requires running as in a 
real-time application, and asynchronized when a distributed simulation requires running in a chaotic 
manner (i.e. when neither Matlab/Simulink nor ESP-r waits for incoming data from the other).  

Synchronous Mode 
Synchronous mode is used when Matlab/Simulink and ESP-r are run-time coupled and synchronized 
with the same number of simulation time-steps in execution. When either ESP-r or Matlab/Simulink 
must wait for incoming data from the other, the number of simulation time-steps is defined by ESP-r, 
which is the client for Matlab/Simulink. Therefore, Matlab/Simulink is in charge of the same number 
of simulation time-steps defined for ESP-r. Synchronous mode is a typical and simple way of run-time 
coupling between ESP-r and Matlab/Simulink because they must wait and exchange data at several 
predetermined time steps for the completion of their computations, as shown in Figure 6.24. 
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Figure 6.24. Run-time coupling between ESP-r and Matlab/Simulink in synchronous mode 
 

Because ESP-r and Matlab/Simulink are executed sequentially, communication in synchronous mode 
blocks the entire simulation at each predetermined time-step until the data transmission has been 
completed, which may cause delays in scheduled transitions. Therefore, when ESP-r and Matlab/ 
Simulink are run-time coupled in synchronous mode, the time constraints of scheduled transitions must 
be satisfied by such means as adjusting the timing of a control loop for several applications. 

Asynchronous Mode 
Asynchronous mode is used in run-time coupling when ESP-r and Matlab/Simulink are processing 
independently from each other, and not synchronized totally. As such, neither ESP-r nor Matlab/ 
Simulink must wait for incoming data from the other and can continue their computations with the 
existing data, although the data might be outdated, until the updated data become available for 
computation. Running distributed simulations in asynchronous mode can be advantageous in some 
cases because both Matlab/Simulink and ESP-r can be run-time coupled with different numbers of 
simulation time-steps, although in other cases the efficiency or even the accuracy of the obtained 
results cannot be ensured. Figure 6.14 shows a case in which the time-step of either ESP-r or Matlab/ 
Simulink differs from that of the other.  
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Figure 6.25. Run-time coupling between ESP-r and Matlab/Simulink in asynchronous mode 
                                                           
84  Causality is a principle of cause and effect, i.e. neither ESP-r nor Matlab/Simulink can proceed without waiting for the other. 
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The asynchronous mode is difficult to program because it requires that Matlab/Simulink and ESP-r be 
run-time coupled in a chaotic manner; that is, in such a way that neither Matlab/Simulink nor ESP-r 
must wait for incoming data from the other but instead proceed with its computation until the common 
task is accomplished. When run-time coupling between Matlab/Simulink and ESP-r is implemented 
with sockets,85 the asynchronous communication is characterized by the fact that the client and server 
programs integrated in ESP-r and Matlab/Simulink, respectively, contain functions that change sockets 
to non-blocking mode. In addition to these functions, several signals, such as “operation would block!”, 
are returned immediately when the operations reading data from the sockets are invoked by ESP-r or 
Matlab/Simulink to indicate that there are no data to be received (see e.g. Stevens, 1998).  

The asynchronous mode was implemented in run-time coupling between ESP-r and Matlab/Simulink 
so that Matlab/Simulink began computing once it received the first data exchange from ESP-r. After 
data were received, ESP-r and Matlab/Simulink computed independently from each other, and when 
no data were available to be received, both continued computing using the most recently received data. 
Using asynchronous mode allows the run-time coupling between Matlab/Simulink and ESP-r to handle 
existing data in a manner that may significantly reduce the execution time (see e.g. Fumagalli et al., 1999). As 
it imposes no constraints on the performance of control systems, the asynchronous mode can be used 
in circumstances where communication-induced time delays are unpredictable. When synchronous 
mode is used in these circumstances, Matlab/Simulink and ESP-r may have to wait for incoming data 
for an extended time, which could result in very low or even impractical computation efficiency. 
Consequently, asynchronous computation can be useful for the simulation of large building control 
applications, such as those supported by BACS technology, although it is much more difficult to 
parallelize due to various independencies in run-time coupling between Matlab/Simulink and multiple 
ESP-r(s).    

Partially Synchronous Mode 
The partially synchronous mode is used when Matlab/Simulink and ESP-r are run-time coupled in 
partially synchronized (or partially asynchronized) mode, which imposes time restrictions on the 
synchronization of their events. However, the data exchange between Matlab/Simulink and ESP-r by 
run-time coupling does not occur in lock-time-step, as it does in synchronous mode. When using the 
partially synchronized mode, it is assumed that the computation time-step and data delivery time of 
either Matlab/Simulink or ESP-r is between the upper and lower bounds. Therefore, as a partially 
synchronous mode lies between the synchronous and asynchronous modes, two possibilities are 
available for run-time coupling Matlab/Simulink and ESP-r in partially synchronized mode: 1) when 
ESP-r is running in synchronous mode and Matlab/Simulink in asynchronous mode and 2) when ESP-r 
is running in asynchronous mode and Matlab/Simulink in synchronous mode. Figure 6.26 illustrates 
these two possibilities. 
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Figure 6.26. Run-time coupling between ESP-r and Matlab/Simulink in partially synchronized mode: 
ESP-r asynchronized and Matlab/Simulink synchronized (left) versus ESP-r synchronized and 

Matlab/Simulink asynchronized (right)  
 

This partially synchronized mode represents the most realistic communication characteristic of BACS 
technology, mainly when ESP-r is running in asynchronous mode and Matlab/Simulink in synchronous 

                                                           
85 Sockets are created in blocking mode by default. 
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mode. Although communication delays in BACS architecture are difficult to predict, a communication 
delay usually has an upper bond, especially when data communications are performed by a network. 
For this reason, use of the partially synchronous mode leads to less uncertainty than does the totally 
asynchronous mode, but is very difficult to program due to the timing differences between Matlab/ 
Simulink and ESP-r (see e.g. Shamsi et al., 2005). The partially synchronous mode was implemented 
in run-time coupling between ESP-r and Matlab/Simulink in such a way that ESP-r could run in either 
synchronous or in asynchronous mode while Matlab/Simulink ran in asynchronous or in synchronous 
mode.  

When running a distributed simulation between a building model and its remote control system in 
partially synchronous mode, the results depend on the timing assumptions. The partially synchronous 
mode can play an important role in control systems, especially when building components are subject 
to delays or objects located in the building change their actions over the timeframe.  

Experimental Results with a Building Control Application 
To demonstrate the development and implementation of run-time coupling between Matlab/Simulink 
and ESP-r, a simple building control application in the form of an on–off control and an existing 
exemplar in ESP-r was analyzed to fulfil the following objectives:  

 compare the results of a standalone simulation obtained using only ESP-r and of distributed 
simulations using run-time coupling between Matlab/Simulink and ESP-r; 

 compare the results of internal and external (i.e. remote) control systems set to regulate the 
temperature at 22º C between 07:00 and 18:00 o’clock for different numbers of simulation time-
steps per hour. The on–off control system was used simply to regulate the air temperature inside 
the building by supplying either maximum heating flux capacity (3000 W) or minimum heating 
flux capacity (0 W). The internal control system refers to the on–off control system 
implemented and available in ESP-r, while the external (or remote control) system refers to the 
on–off control system implemented in Matlab; 

 compare the results of distributed simulations between this building model and its external on–
off control system running in synchronous, asynchronous, and partially synchronous modes; and 

 determine the importance of using run-time coupling between Matlab/Simulink and ESP-r for 
the simulation of building control applications.  

Standalone Simulation 
Figure 6.27 illustrates a building model with its on–off control implemented in ESP-r. The heating 
system was set to operate when the indoor air temperature went below 22o C and to stop when the 
indoor air temperature reached 22o C, while the cooling system was set to operate when the indoor air 
temperature rose above 26o C and to stop when the indoor air temperature reached 24o C. As the 
simulation was performed during the winter, it was assumed that the indoor air temperature would not 
rise above 26o C, and therefore the simulation only concerned the heating process. 

 

Figure 6.27. A simple building model with an internal on-off control implemented in ESP-r 
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Figure 6.28. Simulation results obtained from a standalone simulation using only ESP-r 

Distributed Simulations  
Figure 6.27 illustrates a building model built on ESP-r with an on–off control implemented in Matlab. 
The simulations were performed by run-time coupling between Matlab/Simulink and ESP-r in 
synchronous, asynchronous, and partially synchronous modes, and the data were exchanged between a 
building model and its external (or remote) control system during the simulation by a network.  

 

Figure 6.29. A simple building model with an external on-off control implemented in Matlab 
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Figure 6.30. Simulation results obtained by run-time coupling between  
ESP-r and Matlab/Simulink in synchronous mode 

 
It is important to note that the maximum number of simulation time-steps allowed by ESP-r to display 
simulation results is 60 times per hour for building zones and 100 times per hour for building plant 
components, but the maximum number of simulation time-steps allowed by ESP-r to run simulations is 
actually 999 times per hour for both. As in distributed simulations, the results are transferred from 
ESP-r to Matlab/Simulink every time step, these results can be saved and displayed in the Matlab side. 
Modifying the maximum number of simulation time-steps in the source code to run simulations with 
very small time-steps would require much more effort than it does to run them with the maximum 
number of simulation time-steps. Therefore, the use of run-time coupling between ESP-r and Matlab/ 
Simulink can be an advantage in obtaining the results from distributed simulations between a building 
model built on ESP-r and its external control systems modelled on Matlab/Simulink with small 
simulation time-steps, which in fact are not possible with standalone simulations.  
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Figure 6.31 Simulation results obtained by run-time coupling between  
ESP-r and Matlab/Simulink in asynchronous mode 

 

 

Figure 6.32. Simulation results obtained by run-time coupling between ESP-r and Matlab/Simulink  
in partially synchronous mode (ESP-r synchronized and Matlab/Simulink asynchronized) 
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Figure 6.33. Simulation results obtained by run-time coupling between ESP-r and Matlab/Simulink  
in partially synchronous mode (ESP-r asynchronized and Matlab/Simulink synchronized) 

Performance Analysis 
The following conclusions can be made regarding the simulation results presented in Figures 6.28, 
6.30, 6.31, 6.32, and 6.33: 

1) With distributed simulation between ESP-r and Matlab/Simulink, it is as widely as possible to 
simulate applications in different manners (such as synchronous, partially synchronous and 
asynchronous), which are actually not feasible and not possible with standalone simulation.  

2) The simulation results obtained with different time-steps (30 min,86 10 min, 5 min, 2 min, and 1 
min) presented in Figure 6.28 and those presented in Figure 6.30 are identical despite being 
obtained by standalone simulation using ESP-r and distributed simulation between Matlab/ 
Simulink and ESP-r, respectively. In addition, it can be observed that in Figure 6.30, the 
simulation results can also be obtained with small-time steps (36 s, 6 s and 4 s), which is not the 
case in Figure 6.28. Therefore, it is more advantageous to use distributed simulation between 
Matlab/Simulink and ESP-r than use standalone simulation using just ESP-r.  

3) The simulation results in Figures 6.28 and 6.30 at the time time-steps of 5 min, 2 min and 1 min 
show the same oscillations in control response around the setpoint during the occupied period. 
These oscillations are due to control system capability, in which control actions are either fully 
on or completely off every time a deviation from the setpoint occurs. The control actions 
respond quickly but are sensitive to outside temperature changes, which cause chattering (or 
rapid switching of the controller) at short intervals. In Figure 6.30, it can also be observed that 
the results obtained with small time-steps of 6 s and 4 s are better than those obtained with large 
time-steps. Therefore, the use of small time-steps is sometimes necessary in simulations to 
reduce or overcome oscillations and to obtain results that are more accurate.  

4) By comparing the simulation results presented in Figure 6.31 with those in Figure 6.30 (i.e. 
those with the same number of time-steps), it can be observed that the simulation results 
obtained by run-time coupling between ESP-r and Matlab/Simulink in asynchronous mode 
differ little from those obtained by run-time coupling between ESP-r and Matlab/Simulink in 
synchronous mode. Specifically, the simulation results obtained with the time-steps of 30 min 
and 10 min are similar. However, the results obtained with the time-steps of 5 min, 2 min, and 1 
min are slightly different because the results obtained with run-time coupling between ESP-r 
and Matlab/Simulink in asynchronous mode are influenced by several issues related mainly to 

                                                           
86 Note that in Figures 6.28, 6.30, 6.31, 6.32, and 6.33, m refers to minute(s). 
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computational speed and simulation time. The fact that the final series of simulation results 
presented in Figure 6.31, for which the number of time-steps in ESP-r is 1 min and a small delay 
is introduced in Matlab/Simulink, are similar to those obtained with the number of time-steps of 
1 min indicates that both computational speed and simulation time advances play an important 
role in the simulation results when ESP-r and Matlab/Simulink are run-time coupled in 
asynchronous mode. In addition, the simulation results obtained by run-time coupling between 
Matlab/Simulink and ESP-r in asynchronous mode with the time-steps of 5 min, 2 min, and 1 
min indicate that the control responses are sensitive to both computational speed and simulation 
time advances, which cause chattering (or small oscillations) at short intervals.  

5) As observed by comparing the simulation results presented in Figure 6.32 with those of Figure 
6.30 (i.e. those with the same number of time-steps), it can be observed that the simulation 
results are similar and consistent with each other, even though the results of Figure 6.32 were 
obtained by run-time coupling between Matlab/Simulink and ESP-r in partially synchronous 
mode while ESP-r was synchronized and Matlab/Simulink was asynchronized. This seems to be 
correct, as ESP-r waits for input from Matlab/Simulink, and Matlab/Simulink writes practically 
the same output. Every time Matlab/Simulink tries to read data from sockets and when no data 
are available to be received, Matlab/Simulink computes using the last received input, and 
provides the same output to ESP-r. Therefore, it is important to note that when a building model 
is synchronized (i.e. waiting to receive data from its control system), its control response is not 
sensitive, at all, to issues such as computational speed and simulation time advances.  

6) By comparing the simulation results presented in Figure 6.33 with those of Figure 6.30 (i.e. 
those with the same number of time-steps), it can be observed that the simulation results 
obtained at the time-step of 10 min (and even of 30 min) are similar, but that those obtained at 
the time-steps of 5 min, 2 min, and 1 min differ slightly. Because the simulation results of 
Figure 6.33 were obtained by run-time coupling between Matlab/Simulink and ESP-r in 
partially synchronous mode while Matlab/Simulink was synchronized and ESP-r was 
asynchronized, Matlab/Simulink waited for the input from ESP-r, but ESP-r did not wait for the 
output from Matlab/Simulink, and continued computing with the last batch of received data 
when no new data were available. In addition, the simulation results obtained by this 
communication mode with time-steps of 5 min, 2 min, and 1 min show that the control response 
is sensitive to issues such as computational speed and simulation time advances. Since this 
communication mode (i.e. when ESP-r is asynchronized and Matlab/Simulink is synchronized) 
represents the real situation (i.e. as BACS functions), it can be easily observed by comparing  to 
the simulation results of Figure 6.30 how control and communication-induced time delays  
affect the dynamic (or control) response of a building process or plant model. 

7) The performance comparison between the simulation results presented in Figure 6.30 and those 
of Figures 6.31 and 6.33 indicate that one advantage of run-time coupling between ESP-r and 
Matlab/Simulink in synchronous mode is that it can guarantee the convergence of computation 
such that the results of a standalone simulation, such as those shown in Figure 6.29, have the 
same convergence characteristics. The simulation results presented in Figures 6.31, 6.32, and 
6.33 also indicate that when run-time coupling between ESP-r and Matlab/Simulink is in 
asynchronous or partially synchronous mode, the convergence of computation largely depends 
on issues related to computational speed and simulation time advances. 

All these developments highlight the importance of run-time coupling between Matlab/Simulink and 
ESP-r in the integration of advanced control methods in building performance simulation for 
improving all quality aspects of building indoor environments, as well as in the simulation of building 
control applications combining building and plant models, together with their external control systems. 
It is especially interesting to note that the simulation results presented in Figures 6.28 and 6.30 indicate 
that run-time coupling between ESP-r and Matlab/Simulink is a valid approach.  

An Iterative Approach to Run-Time Coupling between ESP-r and Matlab/Simulink   
Used as a general solution to many linear and nonlinear systems, the iterative approach is seen as an 
efficient approach to analyzing distributed processing between a building model built in ESP-r and its 



A Distributed Dynamic Simulation Mechanism                                                     6 – Development and Implementation 
for Building Automation and Control Systems                                                                 Issues for Run-Time Coupling 
                                                                          

 157

external control systems modelled on Matlab/Simulink. Supposing that one wants to solve a fixed-
point problem by run-time coupling between ESP-r and Matlab/Simulink, one can assume: 
 ( )x f x   (6.10)  

where nx X    and nX  . Let 1X , 2X , …, nX  be the given sets, where n m  and X is 

the Cartesian product of 1 2( , ,..., )nX X X . For any x X , 1 2( , ,..., )nx x x x  , where ix is the 

corresponding element of iX , in which 1, 2,...,i n . If :i if X X is a given function, 

:f X X  can be defined as 1 2( ) ( ), ( ),..., ( )nf x f x f x f x  x X  . To find the fixed point on 

f  such that x X   and ( )x f x  , it follows that 

 1 2( , ,..., ), 1, 2,...,i i nx f x x x i n     (6.11) 

Equation 6.11 represents the component solution to Equation 6.10, which provides a basis for the 

distributed iterative computation, where ( )ix k  represents the value of ix  at time-step k . By 

supposing that at a set of time-steps 1, 2,3,...k   one or more components ix  are updated by ESP-r 

or Matlab/Simulink, it can be assumed that the updated ix becomes: 

 1 1 2 2( ( ), ( ),..., ( )), , 1, 2,...,i i i
i i n nx f x x x i k n      (6.12) 

where i

k  represents the time when k th becomes available at the updated ( )ix k  at time-step k . In 

addition, i

k  satisfies the condition 0 i

k k   when i k . For all time-steps, ix  is fixed and 

( 1) ( )i ix k x k   when i k . The time difference ( ( ) ( ))i

kk t t  is considered a communication 

delay.  

To provide a specific description regarding the different communication modes that run-time coupling 
between ESP-r and Matlab/Simulink supports, the following must be assumed regarding each mode: 

 Synchronous mode: , 1, 2,...,i

k k i k n      

 Asynchronous mode: i  is indefinite and j  is a definite sequence of i in such a way that  

     lim ( ) , 1, 2,...,i

k
j

j k n


      (6.13) 

 Partially synchronous mode: there is a positive integer M , and for all i  when i k  

 i

kk M k     (6.14) 

 and for all i  when i k  

 i

k k    (6.15) 

Based on this detailed analysis, it is clear that Equation (6.12) can be used with a synchronous, 
asynchronous, or partially synchronous iterative approach. Therefore, run-time coupling between ESP-
r and Matlab/Simulink can be implemented using an iterative approach to support synchronous, 
asynchronous, and partially synchronous computations.    

When run-time coupling between ESP-r and Matlab/Simulink is performed in asynchronous mode, 
neither ESP-r nor Matlab/Simulink must wait for data sent from the other at every time- (or 
computation-) step, as each can proceed using the most recently received data. However, the 
convergence condition for asynchronous mode is more strict than that for synchronous mode, as it 
requires convergence without waiting for the exchanged data. 

Convergence in Asynchronous Mode    
Although it is difficult to analyze the convergence of asynchronous computations, a set of sufficient 
conditions that can guarantee convergence when using an iterative approach in asynchronous mode 
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when run-time coupling between ESP-r and Matlab/Simulink for application to several fixed-point 
problems can be defined. Specifically, a set of sufficient conditions that can guarantee convergence 
when using an iterative approach in asynchronous mode is assumed to exist when there is a sequence 
nonempty ( )X j  that satisfies the following two conditions: 

 The synchronous convergence condition: for any j  and any ( )x X j , ( ) ( 1)f x X j  holds, 

implying that if x  belongs to (0)X , the limited points of sequences generated by the 

interactive approach in synchronous mode are fixed points of f . 

 The box condition: for every j , the sets ( )i iX j X exist such that 

1( ) ( ) ... ( )nX j X j X j    , which implies that by combining elements of vectors in 

( )X j , the new element of ( )X j  is created. 

When the above conditions are satisfied, the asynchronous convergence theorem, which states that if 
the synchronous convergence condition and the box condition hold, the initial solution 

1 2(0), (0),..., (0)nX X X , which belongs to the set (0)X such that every limiting point of ( )x t is a 

fixed point of f , can be applied.  

Therefore, the asynchronous convergence theorem provides a basis for the convergence analysis of 
run-time coupling between ESP-r and Matlab/Simulink in asynchronous mode. 

6.4.4. Types of Simulation by Run-Time Coupling 
A control system is generally based on a continuous-time, discrete-time, discrete-event, or combined 
continuous/discrete model. Therefore, every simulation is a specification of a physical control system 
in terms of a set of states and events. In a continuous simulation, state changes may occur continuously 
over time; in a discrete simulation, the occurrence of an event is instantaneous and fixed within a 
selected point in time; and in a mixed-continuous and discrete simulation, states interact in a complex 
or unpredictable way with events.  

This section describes in detail how run-time coupling between ESP-r and Matlab/Simulink supports 
distributed simulations between building and plant models and their remote control systems that have 
been implemented in different ways.  

Simulation of Continuous Control Systems 
Simulation of continuous-time (or analogue) control systems usually uses numerical methods for 
solving a single or a series of differential equations principally based on numeric integration 
algorithms that use a finite number of time points in the integration interval. In several cases, the 
algorithms also adapt the integration interval (or step size) to address the advancement of the 
simulation time. For this reason, run-time coupling between Matlab/Simulink and ESP-r is 
implemented in a loosely coupled system in which the differential equations on one side of the run-time 
coupling do not influence the differential equations on the other side of the run-time coupling, thus 
avoiding the development of conflicts caused by feedback loops in a distributed simulation between 
building and plant models and their remote control systems. Such feedback loops could occur in tightly 
coupled systems in which the change in a continuous variable modelled by a differential equation on 
one side of a distributed simulation causes a change in the input variable in a differential equation on 
the other side of the distributed simulation.  

The reminder of this research study focuses solely on the analysis of run-time coupling between ESP-r 
and Matlab/Simulink that has been implemented in a loosely coupled manner in order to obtain 
accurate and reliable results with distributed simulations between building and plant models and their 
remote continuous-time control systems. As both variable-time and fixed-time solvers that compute the 
next simulation step in terms of the current simulation time and step size are supported by run-time 
coupling, they can be used for distributed simulations of building control applications.   



A Distributed Dynamic Simulation Mechanism                                                     6 – Development and Implementation 
for Building Automation and Control Systems                                                                 Issues for Run-Time Coupling 
                                                                          

 159

Simulation of Discrete Control Systems 
Two kinds of simulation for discrete control systems can be distinguished according to the way in 
which the simulation time progresses. In time-driven discrete simulation, the simulated time is 
advanced in time-steps of a constant size (i.e. the simulated control system is discretized by unitary 
time intervals), while in event-driven discrete simulation, the simulated control system is discretized 
by event-occurrence instants. The latter is subsequently categorized as a form of a discrete-event 
system (DES) that evolves in accordance with the occurrence of events and the modelling approaches 
for which include state machines and automata, Petri nets, and Markov chains. 

As most of the concepts and design procedures for discrete-time (or digital) control systems are the 
same as those for continuous control systems, the simulation of discrete-time control systems also 
utilizes numerical integration algorithms that use discrete integration step sizes. Accordingly, run-time 
coupling between ESP-r and Matlab/Simulink is implemented to support distributed simulations 
between building and plant models and their remote control systems that are modelled digitally or in 
discrete-time domain. 

The concepts of control systems modelled on a DES87 are based on a logical simulation time and the 
goal of operating as rapidly as possible. The major characteristic of these control systems is that their 

simulation time jumps in discrete amounts of time (i.e. when all control events at time it  are 

processed, the simulation clock is changed to the time-step of the next event 1it  ). Few forms of DES 

use time-stepped methods, where simulation time is advanced in fixed time intervals. In order to 
support these concepts for control systems modelled on a DES by distributed simulations with building 
zone and plant models, run-time coupling between ESP-r and Matlab/Simulink can be implemented 
with the option of selecting among the three modes of communication (synchronous, asynchronous, or 
partially synchronous). 

Experimental Studies on Different Types of Simulation by Run-Time Coupling 
In order to compare the results obtained by different types of simulation when using run-time coupling 
between ESP-r and Matlab/Simulink, a simple building model that is an existing exemplar in ESP-r, as 
shown in Figure 6.29, can be used in combination (i.e., in closed loop) with a PI control system 
modelled on Matlab/Simulink. Figure 6.34 shows how this PI control system is implemented in a 
continuous-time manner (left side) and in a discrete-time manner (right side) when using run-time 
coupling between ESP-r and Matlab/Simulink. 

  

Figure 6.34. Continuous-time control system (left) vs. discrete-time control system (right)    
 

The input to this PI control system implemented in Matlab/Simulink is the error signal created by 
subtracting the sensed air temperature of the building model built on ESP-r from the air temperature 
setpoint. The output of this PI control system, a weighted sum of the error signal and its integral gain, 
is the actuated heating flux to the building model built on ESP-r. The weighting gains are the same 
used for both continuous-time PI control system and discrete-time (or digital) PI control system. Figure 
6.35 illustrates the simulated results obtained with the continuous-time PI control system. 

                                                           
87 Control systems modeled on a DES are also called discrete-event control systems. 
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Figure 6.3588. Simulation results obtained with a continuous PI control system 
 

The distributed simulation between the building model built on ESP-r and the PI control system 
modelled on Matlab/Simulink was based on a form of synchronous transmission. For the digital PI 

control system, the sampling period ST  was 0.1s. Figure 6.36 illustrates the simulated results obtained 

with the discrete-time (or digital) PI control system. 

 

Figure 6.36. Simulation results obtained with a digital PI control system 
 
Comparison of the simulation results in Figures 6.35 and 6.36 indicate that they are precisely identical 
despite being obtained by different types of a PI control system (i.e. continuous-time and discrete-time 
systems). In addition, it appears that the simulation results obtained with the simulation time-step of 1 
min are similar to those obtained with the simulation time-step of 2 min, as well as that once the 
control response (e.g. the air temperature in a building zone) reaches the setpoint, the response 
becomes stable and is maintained continuously at the level of the setpoint until the end of the occupied 
period.  

Figure 6.37 illustrates the simulation results obtained for the PI control system by run-time coupling 
between ESP-r and Matlab/Simulink in asynchronous mode. 

 

Figure 6.37. Simulation results obtained for a PI control system by run-time coupling between  
ESP-r and Matlab/Simulink in asynchronous mode 

 
Comparison of the simulation results in Figures 6.37 and 6.35 (or 6.36) indicate that they are different 
for both cases (i.e. with the simulation time-step of 1 min and 2 min). In addition, it appears that: 
                                                           
88 Note that in Figures 6.35, 6.36, 6.37, 6.38, 6.39 and 6.41, the sensitive heating load corresponds to the values on the secondary 
Y-axis (right) and other variables correspond to the values on the primary Y-axis (left).  
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- for the simulation results obtained with the simulation time step of 1 min, the control response 
(i.e. the maintaining of the indoor air-temperature at the desired setpoint) is less sensitive to 
significant changes in outside temperature. Despite disturbances, the control response may be 
improved by changing the weighting gains for the PI control system. 

- for the simulation results obtained with the simulation time step of 2 min, the control response is 
too sensitive to significant changes in outside temperature because the time step of 2 min is long 
compared with the time in which both a building model and its control system evolve.  

From above, it is clear that the control response in asynchronous mode can be unstable because neither 
ESP-r nor Matlab/Simulink wait for the other, and depends on issues such as computational speed and 
simulation time advances of ESP-r and Matlab/Simulink. Figure 6.38 illustrates the simulation results 
obtained for the PI control system by run-time coupling between ESP-r and Matlab/Simulink in 
partially synchronous mode while ESP-r was synchronized and Matlab/Simulink was asynchronized. 

 

 Figure 6.38. Simulation results obtained for a PI control system by run-time coupling  
between ESP-rand Matlab/Simulink in partially synchronous mode  

(ESP-r synchronized and Matlab/Simulink asynchronized) 
 
Comparison of the simulation results in Figures 6.38 and 6.35 (or 6.36) indicate that they are precisely 
identical despite being obtained by different communication modes (i.e. synchronous mode and 
partially synchronous while ESP-r was synchronized and Matlab/Simulink was asynchronized). It also 
appears that the control response (i.e. the maintaining of the indoor air-temperature at the desired 
setpoint) does not depend on issues such control and communication-induced time delays. Figure 6.37 
illustrates the simulation results obtained for the PI control system by run-time coupling between ESP-
r and Matlab/Simulink in partially synchronous mode while ESP-r was asynchronized and Matlab/ 
Simulink was asynchronized. 

 

Figure 6.39. Simulation results obtained for a PI control system by run-time coupling  
between ESP-rand Matlab/Simulink in partially synchronous mode  

(ESP-r asynchronized and Matlab/Simulink synchronized) 
 
Comparison of the simulation results in Figures 6.39 and 6.35 (or 6.36) indicate that they are more or 
less identical despite being obtained by different communication modes (i.e. synchronous mode and 
partially synchronous while ESP-r was asynchronized and Matlab/Simulink was synchronized). It also 
appears that the control response obtained with small simulation time-steps can depend on the control 
system settings (such as weighing gains and control strategy), and in general it is stable for both cases. 
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A simple building model based on an existing exemplar in ESP-r is shown in Figure 6.29 to 
demonstrate the application of discrete-event control systems to building and plant models using run-
time coupling between ESP-r and Matlab/Simulink,. Note that discrete-event control systems are 
useful when dealing with dynamic systems that are not fully captured by classical models, such as 
those expressed in differential equations. Such control systems are increasingly becoming important 
for the following two main reasons: (1) the use of events to capture system dynamics is natural, or 
perhaps inevitable, at a higher level of abstraction and (2) many decision and control problems 
involving complex systems are inherently discrete in nature. Figure 6.40 illustrates how a simple 
discrete-event control system is implemented in Matlab/Simulink using Stateflow.  

  

Figure 6.40. A simple discrete-event control system (left) and an example of its sample path (right)  
 

Note that the sample path (or state trajectory) of the simple discrete-event control system shown in 
Figure 6.40 is an example of a condition in which the number of states {Off, On_High, On_Medium, 
and On_Low} is arbitrary and their values (i.e. specified heating capacity flux) are chosen in such a 
way to obtain a good control response. Increasing the number of states may provide a better control 
response. However, providing fewer states, such as simply {On, Off}, may result in the same response 
obtained by on–off control system. Therefore, the discrete-event control system response depends on 
the number of states. The transition between these states takes place when one event {α, β, γ, φ} occurs 
(i.e. when a difference between the setpoint and the indoor air temperature arises). Figure 6.41 shows 
the simulation results obtained using a discrete-event control system by run-time time coupling 
between ESP-r and Matlab/Simulink based on synchronous, asynchronous, and partially synchronous. 

 

Figure 6.41. Simulation results obtained for a discrete-event control system using run-time coupling 
between ESP-r and Matab/Simulink in synchronous, asynchronous and partially synchronous modes 

 
Comparison of the simulation results obtained in Figure 6.41 and those obtained by the on–off control 
system at the simulation time step of 2 min, as shown in Figures 6.30, 6.31, 6.32, and 6.33, shows that 
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the results obtained with a discrete-event control system are much better for all communication modes 
because of more states. Regarding the simulation results obtained in Figure 6.41, it appears that the 
results obtained by run-time coupling between ESP-r and Matlab/Simulink in synchronous mode and 
in partially synchronous mode while Matlab/Simulink was asynchronized and ESP-r was synchronized 
are rather identical because the building model waits to receive data from its control system. Compared 
to those obtained in partially synchronous mode while Matlab/Simulink was synchronized and ESP-r 
was asynchronized, it appears that the control response is oscillating only slightly and nonsignificantly 
around the setpoint due to the state transition in a discrete-event control system.  However, for those 
obtained in asynchronous mode, the oscillations are slightly significant because neither ESP-r nor 
Matlab/Simulink wait for the other, and the control response depends highly on computational speed.  

Experiments with Distributed Simulations on Heterogeneous Environments 
This section presents the simulation results obtained using two different machines with different OSs, 
Unix and Windows. These machines were a Sun Blade 1000 Workstation with 2 CPU modules of 900 
MHz Ultra SPARC III and 4 GB of RAM, and a PC with an Intel Core Duo CPU of 2.66 GHz and 3 
GB of RAM. ESP-r was installed over the Unix 10 (or Solaris 10) OS on the Sun Blade 1000 
Workstation and Matlab was installed over the Windows 7 OS on the PC, and both machines were 
connected to the internet by an Ethernet LAN cable (at a speed of 10 MBps for Sun Blade Workstation 
and of 100 MBps for PC), and located at different geographical places (i.e. at home and university) 
distanced from each other by about 1.9 km. The compilers used for Fortran and C/C++ programs were 
of the GNU Public License on Unix and of Visual Studio 2010 on Windows. This physical distance 
was estimated and calculated based on the latitude and longitude points (or coordinate sets) of the two 
machines. Figure 6.42 illustrates how distributed simulations were performed in heterogeneous 
environments between ESP-r and Matlab/Simulink installed over different OSs running on different 
machines and exchanging data in a binary format over a network during the simulation. Consequently, 
the simulation results were obtained by run-time coupling between a building model built on ESP-r (as 
shown in Figure 6.29), and either a PI control system modelled on Matlab/Simulink  (as shown in 
Figure 6.34 - right) or a discrete-event control system modelled on Matlab/Simulink using Stateflow 
(as shown in Figure 6.40) in synchronous, asynchronous, and partially synchronous modes.  

 

Figure 6.42. Distributed simulations by run-time coupling between ESP-r and Matlab/Simulink 
running on a heterogeneous network of different machines  

 
Figure 6.43 illustrates the simulation results obtained for the PI control system by run-time coupling 
between ESP-r and Matlab/Simulink in synchronous mode. 

 

Figure 6.43. Simulation results obtained for a PI control system by run-time coupling between  
ESP-r and Matlab/Simulink in synchronous mode 
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It can easily be observed that the simulation results shown in Figure 6.43 are similar and comparable 
with those shown in Figure 6.35 and 6.36, for both simulation time steps of 1 min and 2 min. These 
results are alike because both ESP-r and Matlab/Simulink are synchronized and wait to receive data 
from each other during the simulation. Figure 6.44 illustrates the simulation results obtained for the PI 
control system by run-time coupling between ESP-r and Matlab/Simulink in asynchronous mode. 

 

Figure 6.44. Simulation results obtained for a PI control system by run-time coupling between  
ESP-r and Matlab/Simulink in asynchronous mode 

 
It appears that the simulation results shown in Figure 6.44 are different from those shown in Figure 
6.37 for both simulation time steps of 1 min and 2 min. These differences are principally due to the 
presence of a physical distance (i.e. a network) that influences the simulation results obtained by run-
time coupling between ESP-r and Matlab/Simulink. The use of asynchronous mode in the presence of 
a network can be an advantage for small simulation time steps. Figure 6.45 illustrates the simulation 
results obtained for the PI control system by run-time coupling between ESP-r and Matlab/Simulink in 
partially synchronous mode while ESP-r was synchronized and Matlab/Simulink was asynchronized. 

 

Figure 6.45. Simulation results obtained for a PI control system by run-time coupling  
between ESP-r and Matlab/Simulink in partially synchronous mode  

(ESP-r synchronized and Matlab/Simulink asynchronized) 
 
It can also be observed that the simulation results shown in Figure 6.45 are similar and comparable 
with those shown in Figure 6.38, and even with those shown in Figure 6.43, for both simulation time 
steps of 1 min and 2 min. These results are alike because the building model built in ESP-r is not 
influenced by the presence of a network (i.e. physical distance). Figure 6.46 illustrates the simulation 
results obtained for the PI control system by run-time coupling between ESP-r and Matlab/Simulink in 
partially synchronous mode while ESP-r was asynchronized and Matlab/Simulink was synchronized. 

 

Figure 6.46. Simulation results obtained for a PI control system by run-time coupling  
between ESP-r and Matlab/Simulink in partially synchronous mode  

(ESP-r asynchronized and Matlab/Simulink synchronized) 
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It appears that the simulation results shown in Figure 6.45 are different and not comparable with those 
shown in Figure 6.39, especially for the simulation time steps of 2 min. These differences are 
principally due to the presence of a network that influences the simulation results obtained with large 
simulation time steps by run-time coupling between ESP-r and Matlab/Simulink. Consequently, the 
use of small simulation time steps for this mode can be an advantage in the presence of a network.  

Figure 6.47 illustrates the simulation results obtained for a discrete-event control system by run-time 
coupling between ESP-r and Matab/Simulink running on a heterogeneous network in synchronous, 
asynchronous and partially synchronous modes for the simulation time steps of 2 min and 1 min. 

 

Figure 6.47. Simulation results obtained for a discrete-event control system by run-time coupling 
between ESP-r and Matab/Simulink in synchronous, asynchronous and partially  

synchronous modes for simulation time steps of 2 min and 1 min. 
 
It can be observed from the simulation results shown in Figure 6.47 that when ESP-r and Matlab/ 
Simulink are set in synchronous mode and in partially synchronous mode (i.e. ESP-r synchronized and 
Matlab/Simulink asynchronized) are similar and also comparable with those obtained when ESP-r and 
Matlab/Simulink are running on the same machine, as shown in Figure 6.41 for the simulation time 
steps of 2 min. However, the simulation results obtained in asynchronous mode and those obtained in 
partially synchronous (i.e. ESP-r asynchronized and Matlab/Simulink synchronized) are different with 
those obtained using the same communication modes as shown in Figure 6.41. These differences are 
principally due to the presence of a network, which has an influence on the performance and the 
stability of control systems. It also appears that when using large simulation time steps the control 
responses are subject to high variance, but when using small simulation time steps the responses are 
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rather better. Therefore, it is clear that the presence of a network, such as is the case for real-time 
network based control systems such as NCSs or DCSs, influences the control responses, especially 
when a building model built in ESP-r is asynchronized and its external control system modelled in 
Matlab/Simulink is synchronized, as usually is the case for real ABs controlled by BCAS architecture. 

Note that more simulation results obtained by run-time coupling between Matlab/Simulink and two or 
more (until 9) ESP-r(s) in synchronous, asynchronous, and partially synchronous mode for simulation 
time steps of 2 min and 2 min are given in Appendix D. 

Experiments with Distributed Simulations on Grid Computing Environments 
This section presents the simulation results obtained using different machines with different OSs, 
Unix, Cygwin, and Windows. These machines were a Sun Blade 1000 Workstation with 2 CPU 
modules of 900 MHz Ultra SPARC III and 4 GB of RAM, a laptop PC with an Intel CPU of 2 GHz 
Pentium IV and 1 GB of RAM, and an office PC with an Intel Core Duo CPU of 2.66 GHz and 3 GB 
of RAM. ESP-r1 was installed over the Unix 10 (or Solaris 10) OS on the Sun Blade 1000 Workstation, 
ESP-r2 was installed over the Cygwin 6.1 on the Windows XP OS on the laptop PC, and Matlab was 
installed over the Windows 7 OS on the office PC. The Sun Blade Workstation and laptop PC were 
connected to the network by an Ethernet LAN cable at a speed of 10 MBps, and at distance of about 7 
meters from each other (i.e. located at home), while the office PC was connected to the network by an 
Ethernet LAN cable at a speed of 100 MBps, and distanced from the two other machines (Sun Blade 
Workstation and laptop PC) by about 1.9 km (i.e. located at university). The compilers used for Fortran 
and C/C++ programs were of the GNU Public License on Unix and of Visual Studio 2010 on Windows. 
Figure 6.48 illustrates how distributed simulations were performed in grid computing environments 
between Matlab/Simulink and two ESP-r(s) installed over different OSs running on different machines 
and exchanging data in a binary format over a network during the simulation. Consequently, the 
simulation results were obtained by run-time coupling between a building model built on ESP-r (as 
shown in Figure 6.29), and either a PI control system modelled on Matlab/Simulink  (as shown in 
Figure 6.34 - right) or a discrete-event control system modelled on Matlab/Simulink using Stateflow 
(as shown in Figure 6.40) in synchronous, asynchronous, and partially synchronous modes. 

 

Figure 6.48. Distributed simulations by run-time coupling between Matlab/Simulink and two ESP-r(s) 
running on grid computing environments. 

 
Figure 6.49 illustrates the simulation results obtained for the PI control system by run-time coupling 
between Matlab/Simulink and two instances of ESP-r in synchronous mode. 
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Figure 6.49. Simulation results obtained for a PI control system by run-time coupling between  
Matlab/Simulink and two ESP-r(s) in synchronous mode 

 
It appears that the simulation results shown in Figure 6.49 are very similar and comparable with those 
shown in Figure 6.43, for both simulation time steps of 1 min and 2 min. It can also be observed from 
Figure 6.49 that the simulation results obtained by ESP-r 1 are similar to those obtained by ESP-r 2 for 
both simulation time steps of 1 min and 2 min. The simulation results are alike because every run-time 
couple of Matlab/Simulink and ESP-r is synchronized and waits to receive data from each other during 
the simulation. Figure 6.50 illustrates the simulation results obtained for the PI control system by run-
time coupling between Matlab/Simulink and two instances of ESP-r in asynchronous mode. 
 

 

 

Figure 6.50. Simulation results obtained for a PI control system by run-time coupling between  
Matlab/Simulink and two ESP-r(s) in asynchronous mode 

 
It appears that the simulation results shown in Figure 6.50 are different from those shown in Figure 
6.44 for both simulation time steps of 1 min and 2 min by comparing either with the results obtained 
by ESP-r 1 or with those obtained by ESP-r2. In addition, it appears that the simulation results 
obtained by ESP-r 1 are not comparable with those obtained by ESP-r 2. The simulation  results are 
different due principally to the use of two instances of ESP-r by run-time coupling with Matlab/ 
Simulink at the same time. Even though the same building model built in separate ESP-r(s), the results 
obtained by ESP-r 2, running on Cygwin, are rather better than those obtained by ESP-r 1, running on 
Unix OS. Both ESP-r 1 and ESP-r 2 were executed in increasing number order by means of using 
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scripts that launch them at a specific time with a difference of 1 or 2s only. Consequently, it is clear 
that the presence of a network (i.e. physical distance) and the use of more than one instance of ESP-r 
by run-time coupling with Matlab/Simulink at the same time influence the performance and stability of 
control systems. Figure 6.51 illustrates the simulation results obtained for the PI control system by run-
time coupling between Matlab/Simulink and two instances of ESP-r in partially synchronous mode 
while ESP-r was synchronized and Matlab/ Simulink was asynchronized. 

 

 

Figure 6.51. Simulation results obtained for a PI control system by run-time coupling between  
Matlab/Simulink and two ESP-r(s) in partially synchronous mode  

(ESP-r(s) synchronized and Matlab/Simulink asynchronized) 
 
It also appears the simulation results shown in Figure 6.51 are very similar and comparable with those 
shown in Figure 6.45, and even with those shown in Figure 6.49, for both simulation time steps of 1 
min and 2 min. These results are alike because every run-time couple of ESP-r and Matlab/Simulink is 
synchronized and waits to receive data from each other during the simulation. In consequence, the 
presence of a network (i.e. physical distance) and the use of more than one instance of ESP-r do not 
have influence on the control responses. Figure 6.52 illustrates the simulation results obtained for the 
PI control system by run-time coupling between ESP-r and Matlab/Simulink in partially synchronous 
mode while ESP-r was asynchronized and Matlab/Simulink was synchronized. 

 

Figure 6.52. Simulation results obtained for a PI control system by run-time coupling between  
Matlab/Simulink and two ESP-r(s) in partially synchronous mode  

(ESP-r(s) asynchronized and Matlab/Simulink synchronized) 
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It appears that the simulation results shown in Figure 6.52 are different from those shown in Figure 
6.45, for both simulation time steps of 1 min and 2 min. These differences are principally due to the 
presence of a network (i.e. physical distance) and the use of more than one instance of ESP-r by run-
time coupling with Matlab/Simulink at the same time during the simulation. Even though the same 
building model built in separate ESP-r(s), the obtained results are similar only for the simulation time 
steps of 2 min. From Figure 6.52, it can easily be observed that for the simulation time steps of 1 min, 
the obtained simulation results are influenced by both the presence of a network and the use of more 
than on instance of ESP-r. The more the number of instances of ESP-r run-time coupled with Malab/ 
Simulink is important, the more the simulation results will be influenced when using small simulation 
time steps due to the increasing amount of data exchange over a network. Both ESP-r 1 and ESP-r 2 
were executed in increasing number order by means of using scripts that launch them at a specific time 
with a difference of 1 or 2s only. Consequently, it is clear that the presence of a network (i.e. physical 
distance) and the use of multiple instance of ESP-r by run-time coupling with Matlab/Simulink at the 
same time influence the performance and stability of building control applications. This common mode 
of communication is the one that is used by DCS architecture, and essentially by BACS architecture. 

Figure 6.53 and 6.54 illustrate the simulation results obtained for a discrete-event control system by 
run-time coupling between Matab/Simulink and two instances of ESP-r running on a heterogeneous 
network in synchronous, asynchronous and partially synchronous modes for the simulation time steps 
of 2 min and 1 min.  Figure 6.53 shows the simulation results obtained by ESP-r 1 running on Unix OS. 

 

Figure 6.53. Simulation results obtained for a discrete-event control system by run-time coupling 
between Matab/Simulink and ESP-r 1 in synchronous, asynchronous and partially  

synchronous modes for simulation time steps of 2 min and 1 min. 
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From Figure 6.53, it can easily observed that the simulation results obtained in synchronous mode and 
partially synchronous mode (i.e. ESP-r synchronized and Matlab/Simulink asynchronized) are similar 
and comparable with each other, and also with those shown in Figure 6.47 and 6.41 for both simulation 
time steps of 1 min and 2 min. However, the simulation results obtained in asynchronous mode and 
those obtained in partially synchronous (i.e. ESP-r asynchronized and Matlab/simulink synchronized) 
are different from those obtained using the same communication modes shown in Figure 6.41 and 6.43. 
These differences are principally due to the presence of a network and the use of multiple instances of 
ESP-r by run-time coupling with Matlab/Simulink, at the same time, in which they influence both  the 
performance and the stability of control systems. It also appears that when using large simulation time 
steps the control responses are subject to high variance, but when using small simulation time steps the 
responses are rather better. Therefore, it is clear that the presence of a network and the use of multiple 
instances of ESP-r by run-time coupling with Matlab/Simulink at the same time influence both the 
performance and the stability of building control applications, such as is the case for real large-scale 
control systems. Figure 6.54 shows the simulation results obtained by ESP-r 2 running on Cygwin. 

 

Figure 6.53. Simulation results obtained for a discrete-event control system by run-time coupling 
between Matab/Simulink and ESP-r 2 in synchronous, asynchronous and partially  

synchronous modes for simulation time steps of 2 min and 1 min. 
 

By comparing the results obtained by ESP-r 1 as shown in Figure 6.53 with those obtained by ESP-r 2 
as shown in Figure 6.54, it can easily be observed that:  

- the results obtained using the modes of synchronous and partially synchronous while ESP-r was 
synchronized and Matlab/Simulink asynchronized are similar and comparable with each other, 
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and even with those shown in Figure 6.47 and 6.41 using the same communication modes, for 
both simulation time steps of 1 min and 2 min.  

- the results obtained in asynchronous mode are different and not comparable with each other, and 
also with those shown in Figure 6.47 using the same communication mode, for both simulation 
time steps of 1 min and 2 min.  

- the results obtained in partially synchronous mode while ESP-r was asynchronized and Matlab/ 
Simulink synchronized are different from each other for the simulation time steps of 2 min, and 
more or less comparable with each other for the simulation time steps of 1 min 

From above, it is clear that the presence of a network and the use of multiple instances of ESP-r by 
run-time coupling with Matlab/Simulink at the same time influence the control responses, even when 
using samell simulation time steps. Giving that the simulation results obtained with the modes of 
synchronous and partially synchronous while ESP-r was synchronized and Matlab/Simulink was  
asynchronized are always very similar and comparable with each other concludes that the developed 
and implemented distributed dynamic simulation mechanism for BACS is verified and validated on the 
basis of these comparisons, and particularly for their best accuracy. 

6.4.5. Performance Enhancements  
This section examines M&S methodologies in terms of their efficiency in working with building 
control applications (i.e. building and plant models built on ESP-r in collaboration with their remote 
control systems modelled on Matlab/Simulink) inherent in distributed simulations. The objectives of 
this analysis are improving the performance of run-time coupling between ESP-r and Matlab/Simulink 
through minimizing the elapsed times for distributed simulations of building control applications and 
enabling run-time coupling between ESP-r and Matlab/Simulink to support large-scale M&S 
applications, particularly across a heterogeneous computing network. 

Framework for Discrete Event Systems Specification/Run-Time Coupling Between 
ESP-r and Matlab/Simulink  
Discrete event system specification (DEVS) formalism is a system-theoretic approach to the modelling 
of DES and a large class of continuous systems (Zeigler et al., 2000) used as the formalism to describe 
real-world system behaviours in an abstract and rigorous manner. Compared with traditional M&S 
methodology, DEVS is a scalable and reusable M&S framework that enables characterization of 
systems in terms of hierarchical modules with well-defined interfaces. It also allows the building of 
hierarchical model structures by aggregating a set of component models to a model and specifying the 
hierarchical inheritance between each component and the model. Due to its system-theoretic concepts, 
the DEVS modelling paradigm naturally maps onto object-orientation implementation, and has 
consequently been implemented in sequential, parallel, and distributed environments (see e.g. Nutaro 
and Sarjoughian, 2004). 

There are different means of implementing the DEVS framework, including in C++ and Java. DEVS-
C++, for instance, is a C++ M&S environment based on the parallel and distributed DEVS formalism. 
From both the functional and physical points of view, a user-defined model can be based on either an 
atomic or a coupled model (Zeigler, 1984). While an elemental part of a system can be represented as 
an atomic model with well-defined input–output interfaces, a system represented as a coupled model 
designates how systems can be coupled to form an SoS concept with the same input–output interface. 
Hence, the normal communication between DEVS models takes place via input and output ports. By 
adopting this concept for use in run-time coupling between ESP-r and Matlab/Simulink, different 
options for exchanging data between a building model and its control system are implemented and can 
be used during the simulation. In run-time coupling between ESP-r and Matlab/Simulink, a user needs 
to define interfaces, which contain the information required to establish the correct connections 
between a building model built on ESP-r and its remote control systems modelled on Matlab/Simulink. 

An atomic model defines both the states (variable values) and associated time segments that are 
piecewise constant, the means of generating new state values, and the time at which new states should 
take effect. Formally, a parallel atomic model specification is defined as an 8-tuple (Chow, 1996): 
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int, , , , , ,extM X Y S ta      (6.16) 

where X  is a set of input events, Y  is a set output events, S  is a set of states, int  is the internal 

transition function, ext  is the external transition function, con  is the confluent transition function ,  

is an output function, and ta  is a time advance function.  

A coupled model designates how (less complex) models can be coupled to interact with each other. 
Given atomic models, coupled models can be formed in a straightforward manner. Two main activities 
involved in coupling models are specifying their component models and defining the coupling that 
represents desired interactions. A parallel coupled model is formalized as a 6-tuple (Chow, 1996): 

, , ,{ },{ },{ }i i ijM X Y D M I Z    (6.17) 

where X  is a set of input events, Y  is a set output events, D is a set of components of the coupled 

model, { }iM  is a set of atomic models, { }iI is a set of influences of model i and ij I  , and { }ijZ  

is the i-to-j output translation function (i.e. a set of output-to-input maps). 

In terms of DEVS M&S, the interactions between a building and plant models built on ESP-r with their 
external control systems modelled on Matlab/Simulink are systematically captured by coupling inputs 
of ESP-r to outputs of Matlab/Simulink and outputs of Matlab/Simulink to inputs of ESP-r. Therefore, 
three different types of coupling are implemented within run-time coupling between ESP-r and Matlab/ 
Simulink: external coupling, external input coupling, and external output coupling. External coupling 
establishes the connections between ESP-r and Matlab/Simulink, external input coupling interconnects 
the inputs of ESP-r to the outputs of Matlab/Simulink, and external output coupling interconnects the 
outputs of ESP-r to the inputs of Matlab/Simulink, with the inputs and outputs interconnected by 
common network sockets through which data are exchanged between ESP-r and Matlab/Simulink by 
run-time coupling. 

In addition to the use of DEVS formalism, the use of the system entity structure (SES) in conjunction 
with a rule-based system has been proposed and employed to support simulation interoperability by 
run-time coupling between ESP-r and Matlab/Simulink. Combining DEVS with SES provides a basis 
for supporting model reuse for a large class of control systems, including continuous systems, discrete-
time systems, and DES by providing a set of modelling capabilities for full-fledged dynamical control 
systems containing intelligent features (e.g. hybrid system and MAS). 

System Entity Structure 
A system entity structure (SES) provides a means of formally organizing a family of models as a 
labelled tree (Zeigler, 1990 and Rozenblit and Hu, 1992) by representing a large system in terms of 
smaller systems. As such, SES formalism provides support for specifying hierarchical structures that 
are enriched knowledge representations of decomposition, taxonomic, and coupling relationships 
among entities forming the entire system. This decomposition enables representation of the 
construction of a system from a set of entities, while a taxonomy supports a representation of the 
possible variants of an entity. The coupling identifies constraints on ways in which entities may be 
combined in distributed simulations.  

A key feature of the SES tree is the provision of support for decomposition, which represents 
alternative choices, and specialization, which represents a way in which a general entity can be 
classified into particular entities. Based on the SES axiomatic framework, run-time coupling between 
ESP-r and Matlab/Simulink is implemented in such a way to enable control systems designed for 
building and plant models to be systematically analyzed while experimenting with different design 
choices (i.e. methods of control, types of simulation, etc.). Figure 6.55 illustrates a layered view of 
DEVS/SES M&S that accords with the conceptual layers of run-time coupling.  
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Figure 6.55. A comprehensive M&S framework with a layered view of DEVS and SES 
 
As shown in Figure 6.55, the DEVS and SES M&S architecture consists of five layers: (1) the 
hardware, (2) the middleware, (3) the simulation, (4) the models, and (5) the applications. The lower 
layers provide services for the upper layers, and all conceptual layers of run-time coupling collectively 
support the M&S framework for improving the performance of distributed simulations between 
building and plant models and their remote control systems, as well as the representation and exchange 
of simulation data between ESP-r and Matlab/Simulink at run-time. Within the DEVS formalism, the 
simulation layer is independent from the layer of models in order to support distributed simulations. As 
a result, DEVS formalism and run-time coupling between ESP-r and Matlab/Simulink are roughly 
matched with the modelling and simulation layers, respectively. Using this architectural framework, 
run-time coupling between ESP-r and Matlab/Simulink can be designed to support modular and 
hierarchical models in distributed simulations of building control applications with wider and more 
general applicability.  

6.4.6. The Blackboard Model  
The blackboard model provides a number of capacities similar to those of the aforementioned 
implemented run-time coupling model between one or more ESP-r(s) and Matlab/Simulink, such as the 
capacity for collaborative problem solving, task and data parallelism to vision problem solving, and 
synchronized, asynchronized, or partially synchronized read–write consistency. Among the several 
definitions for a blackboard, the simplest is a global data structure to which all participants can write or 
from which they can read (Engelmore and Morgan, 1988). Based on Shaw and Garlan’s (1996) 
conception of a blackboard architectural model as a well-established model for solving problems 
related to control, communication, and collaboration in a system, it has traditionally been suggested as 
adequate for use in heuristic problem solving. According to Hughes and Hughes’s (2003) description 
of the blackboard as a means of recording, coordinating, and communicating the effects of two or more 
software-based problem solvers, the blackboard architectural model can be conceived as composed of 
two components: the blackboard,89 a centralized object to which all problem solvers have access, and 
the problem solvers90 who may read the blackboard and change its contents, which vary at any given 
time. By comparing this model with run-time coupling between one or more ESP-r(s) and 
Matlab/Simulink, it can be easily distinguished that ESP-r and Matlab/Simulink are the problem 
solvers and the matespexge toolbox is the blackboard. Effectively, the matespexge toolbox acts as a 
server and ESP-r(s) act as clients. As the matespexge toolbox is implemented as a toolbox for use with 
Matlab, Matlab/Simulink is considered the problem solver. The communication between the 
matespexge toolbox and ESP-r(s) is ensured through the TCP/IP protocol suite (TCP and UDP), and 
performed using a synchronous, asynchronous, or partially synchronous mode. With run-time coupling, 
Matlab/Simulink and ESP-r(s) operate as independent processes over a network such that they can be 
run on the same machine or on different machines connected to a network. The matespexge toolbox is 
implemented in such a way to maintain service-specific states between different invocations of the 
same ESP-r and share service-specific states between two or more ESP-r(s). From a design point of 
view, this implementation is equivalent to the implementation of the distributed algorithmic and rule-
based blackboard system (DARBS) (see e.g. Nolle et al., 2001). 

                                                           
89 A blackboard is also called a central blackboard (BB) in the literature. 
90 Problem solvers are also called knowledge sources (KS) in the literature.  
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The matespexge toolbox has a number of segments that all have a variety of implementations. While 
the matespexge toolbox contains the common core components that most blackboards have, the control 
system in the blackboard can have more than three layers in which the problem solvers may be 
activated concurrently. The lowest layer of control focuses on the synchronization of the problem 
solvers that must protect the integrity of the blackboard, the middle layer focuses on the coordination 
among the problem solvers to solve problems such as the choice of a solution or of the problem on 
which to focus, and the highest layer focuses on determining the manner of saving the solution or 
partial solutions written to the blackboard. Future enhancements of the matespexge toolbox include 
improvement of its control system in order to monitor changes and connect problems solvers through 
heuristic analysis.  

6.5. Conclusion 
This chapter described the application of SE practice to the integration of CME and BPS into the 
detailed conceptual design of run-time coupling between Matlab/Simulink and ESP-r, focusing on its 
application to the representation of BACS technology in simulation and the translation of functional 
requirements, such as the translation of modes of data exchange and communication into functions and 
operations in run-time coupling. It also reported on a number of experimental results regarding the 
elapsed times for distributed simulations between one or more ESP-r(s) and Matlab/Simulink running 
in a homogeneous environment and in heterogeneous environments when data are exchanged in ASCII 
and binary format, and regarding the response times for data exchange in XML format between ESP-r 
and Matlab/Simulink while the data operations of BACnet and LonWorks protocols are represented in 
simulation. The results indicate that it requires about 0.25, 0.18, and 5.1 ms to exchange 1 kB of data 
in ASCII, binary, and XML format, respectively, between ESP-r and Matlab/Simulink over a network, 
as well as that the network-induced time delays, which are on the order of milliseconds, do not 
significantly affect the performance and stability of control systems. Therefore, it should be clear that 
the run-time coupling between ESP-r and Matlab/Simulink presented here has been designed in a 
correct and appropriate manner (i.e. in such a way to guarantee both run-time coupling QoS and QoP 
control systems). Comparison of the simulation results obtained with a standalone simulation using 
only ESP-r and a distributed simulation using run-time coupling between ESP-r and Matlab/Simulink 
indicates that run-time coupling between ESP-r and Matlab/Simulink is superior due its inherent 
advantages. One of such advantage is the ability to perform distributed simulations between building 
models and their control systems using synchronous, asynchronous, or partially synchronous 
transmission. This also included verification of experimental results obtained with diverse types of 
simulation by means of practical applications of continuous, digital, and discrete-event control 
systems. Finally, performance enhancements have added to promote run-time coupling between ESP-r 
and Matlab/Simulink for general and wide applicability. 
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Chapter  
 

7. Verification and Validation 
of Run-Time Coupling* 

 
 
 

“Everything that can be counted does not necessarily count; 
 everything that counts cannot necessarily be counted.” 

-  Albert Einstein. 
 
 
 

7.1. Introduction 
Performing a rigorous analysis of a DCS requirements specification, more specifically a requirements 
specification of the run-time coupling between ESP-r and Matlab/Simulink, is one of the most 
significant tasks during the early stages of the development of a distributed dynamic simulation 
mechanism for BACS. If a methodology based on a common framework for performing V&V 
processes91 through the SDLC model of run-time coupling between ESP-r and Matlab/Simulink is not 
developed, there will be no grounds on which to place confidence in the simulation results obtained by 
using run-time coupling between ESP-r and Matlab/Simulink. In addition, the ambiguities and errors 
left unchecked during the analysis phase can creep into the development and design phases, resulting 
in cost and time overruns and a less reliable final product. Therefore, a methodology was developed 
based on a common framework for performing V&V activities (or processes) through the SDLC model 
of run-time coupling between ESP-r and Matlab/Simulink. 

As indicated in Section 6.2, because run-time coupling between ESP-r and Matlab/Simulink is 
developed and implemented as an enabling product (or technology) for the integration of advanced 
control systems in building performance applications, the run-time coupling consists of a collection of 
independent entities that operate in a cooperative environment to solve problems that cannot be 
individually solved, or simulate building control applications that have not previously been yet 
possible. Indeed, run-time coupling between ESP-r and Matlab/Simulink is developed to support 
distributed simulations that appear to occur within a single, coherent, and integrated environment. 
However, such integrated environments introduce a validation challenge. Even though Matlab/ 
Simulink and ESP-r have been separately validated, coupling them at run-time may make them invalid. 
However, several researchers have argued that because the combination of separately validated models 
must be valid, validation of the combination itself is unnecessary or redundant. Other researchers have 
argued that this combination of validated models is not necessarily valid, an argument that was 
recently recognized and formally proven by Balci (1998) and Weisel et al. (2004). Consequently, when 
models are combined, a complete validation approach must be developed that can validate each sub-
model separately, and then validate the composite model as a whole. 

Balci (1998) described five levels of testing throughout the V lifecycle model (or process) – unit 
testing, integration testing, system testing, acceptance testing, and regression testing – used to validate 
separate models in a manner analogous to unit testing in software engineering and to validate the 
composite model in a manner analogous to system testing. However, testing is more difficult because 
the effective use of run-time coupling between ESP-r and Matlab/Simulink cannot be completely 

                                                           
91 V&V is a collective term used here to describe the methods, techniques, and processes through which run-time coupling 
between ESP-r and Matlab/Simulink is evaluated and formally approved for use.  

*Note that any reproduction of this Chapter in part or in whole without prior authorization from the author is strictly prohibited. 
The corresponding author’s e-mail is  yahiaoui[at]mail.com.   
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determined by the data. Therefore, a methodology must be developed for performing V&V processes 
with an SE concept and through the SDLC model of run-time coupling between ESP-r and 
Matlab/Simulink to ensure that the use of run-time coupling between ESP-r and Matlab/Simulink is 
reliable. This methodology should also facilitate the evaluation of the performance and dependability 
of run-time coupling between ESP-r and Matlab/Simulink to allow a certain level of confidence in the 
simulation results. Thus, developing this methodology successfully requires 1) considering the SE 
concept as a guide, 2) performing V&V activities through the SDLC model, and 3) integrating a 
method for formalizing requirements. 

This chapter highlights first the need for verification and validation of a DCS, and particularly of run-
time coupling between ESP-r and Matlab/Simulink, and the importance of considering the entire 
lifecycle of run-time coupling between ESP-r and Matlab/Simulink in dependability improvement. 
Second, it provides a rationale for using a generic V&V methodology and providing a mapping 
between V&V methods/standards and the application area in the V&V of distributed systems. Third, it 
describes the modelling and analysis of run-time coupling between ESP-r and Matlab/Simulink by the 
use of Petri nets, which are used for the reliable dependability evaluation of run-time coupling between 
ESP-r and Matlab/Simulink. The chapter concludes by presenting and discussing the simulation 
performance results.  

7.2. Verification and Validation  
Run-time coupling between ESP-r and Matlab/Simulink is a type of a DCS in which building models 
built on ESP-r are remotely regulated by control systems modelled on Matlab/Simulink by the 
exchange of data over a communication network. As such, run-time coupling between ESP-r and 
Matlab/Simulink is clearly an interdisciplinary technology combining different application domains, 
such as building environmental performance systems, data communication systems, and control 
systems, such that they operate as a single integrated system built upon communication networks that 
enable the integration of advanced control systems in building performance applications according to 
dependability requirements that must be verified and validated.  

Therefore, run-time coupling between ESP-r and Matlab/Simulink is a complex distributed system that 
consists of at least two separate but loosely coupled software tools (ESP-r and Matlab/Simulink) in 
which network faults affecting the dependability of run-time coupling QoS and control system QoP 
could be introduced at all conceptual levels of its design. To achieve a certain level of dependability, 
the V&V process must consist of the following: 
 V&V methods that test and verify that the run-time coupling between ESP-r and Matlab/ 

Simulink is correctly implemented outgoing from system requirements, and 
 V&V methods that verify that each level/part of run-time coupling between ESP-r and Matlab/ 

Simulink is correctly implemented outgoing from system requirements. 

The V&V methods described in this section are based on parallel and distributed systems, and 
especially on run-time coupling between ESP-r and Matlab/Simulink, but are also appropriate for 
centralized systems and other systems. Because of the importance of reliability and safety aspects in 
the dependability of run-time coupling between ESP-r and Matlab/Simulink, dependability issues are 
also discussed in this section.  

7.2.1. Objectives and Goals 
The main objective of this section is to develop a V&V methodology based on best practices in order 
to detect potential problems, including errors, faults, and failures, especially those related to critical 
processing, as early as possible in the development phase of the lifecycle model, as well as to validate 
the functioning of run-time coupling between ESP-r and Matlab/Simulink. This methodology is based 
on the understanding that preventing such problems and analyzing the performance of run-time 
coupling between ESP-r and Matlab/Simulink should be part of the run-time design.  

While validating dependability in a DCS (i.e. in run-time coupling between ESP-r and Matlab/ 
Simulink), it is important to consider the entire distributed simulation system, as faults and errors could 
be introduced at all conceptual levels. For this reason, only considering network-related components, 
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such as communication protocols, would restrict the result (or value) of the validation. Therefore, this 
study analyzes the entire lifecycle of run-time coupling between ESP-r and Matlab/Simulink to achieve 
the following goals:  

 generate confidence in the use of run-time coupling between ESP-r and Matlab/Simulink; 
 avoid cost and time delays by identifying errors and faults early in the process; and 
 evaluate and assess the correctness and quality of run-time coupling throughout its SDLC. 

Evaluating and analyzing the quality and correctness of run-time coupling between ESP-r and 
Matlab/Simulink throughout the lifecycle model necessitates the use of a common framework for 
performing V&V activities within an SE concept to ensure that run-time coupling between ESP-r and 
Matlab/Simulink is reliable and operates as expected from initiation to the greatest extent possible. 

7.2.2. Dependability  
From an SE perspective, dependability can be defined as “the collective term used to describe the 
availability performance and its influencing factors: reliability performance, maintainability 
performance and maintenance support performance” (IEC92 IEV-number 191-02-03, 1990). In other 
words, the dependability of a system is the extent to which it can be trusted to behave as expected by 
its end users. As the most important property of a system, particularly a computing or communication 
system (Avizienis et al., 2004), dependability must be an integral part of its design, and should be 
evaluated using modelling and analysis (Muppala et al., 2000). Therefore, it is important to study the 
dependability of a DCS, and especially of run-time coupling between ESP-r and Matlab/Simulink, to 
determine its ability to reliably deliver specified services to end users.  

Although there exist many different ways of describing dependability, a consensus view is to present 
dependability via attributes (or influencing factors), threats, and means (Avizienis et al., 2004). In the 
systematic view of dependability shown in Figure 7.1, the concept is extended to increase and maintain 
the dependability of a (complex) system.  

 

Figure 7.1. Components of dependability 
 
As show in Figure 7.1, faults, errors, and failures that produce threats that can affect the dependability 
of a system (i.e. the run-time coupling between ESP-r and Matlab/Simulink) may arise from the use of 
an inappropriate approach in the implementation of a distributed dynamic simulation mechanism for 
BACS or from mistakes made during the specification, design, development, and/or deployment 
phases. Because run-time coupling between ESP-r and Matlab/Simulink is implemented using the most 
appropriate IPC mechanism and following SE practices, especially the ANSI/EIA-632 standard, most 
sources of faults, errors, and failures are taken into consideration during its development and 
implementation. Therefore, threads are not part of the focus on the V&V of dependability in run-time 
coupling between ESP-r and Matlab/Simulink. In addition, means, defined as mechanisms concerned 
with fault prevention, fault tolerance, fault removal, and fault forecasting, are used to avoid and reduce 
threats as well as recover from their consequences. The dependability of run-time coupling between 

                                                           
92 IEC refers to the International Electrotechnical Commission, a commission that establishes international standards in the field 
of dependability. 
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ESP-r and Matlab/Simulink can be determined by the following six performance attributes (Avizienis 
et al., 2004): 
 availability, the extent or probability that a DCS or run-time coupling between ESP-r and 

Matlab/Simulink is available for use at any random time in within an interval [0, ]t ; 

 reliability, the probability that a DCS or run-time coupling between ESP-r and Matlab/ Simulink 
is correctly and continuously operational during the interval [0, ]t ; 

 maintainability, a measure of the ability of a DCS or run-time coupling between ESP-r and 
Matlab/Simulink to return to normal operation after a failure; 

 confidentiality, a measure of the degree to which a DCS or run-time coupling between ESP-r 
and Matlab/Simulink can ensure that exchanged data are consistent; 

 integrity (and/or trustworthiness), the probability that errors or other circumstances will not lead 
to failures in a DCS or run-time coupling between ESP-r and Matlab/Simulink; and  

 safety, the probability that a DCS or run-time coupling between ESP-r and Matlab/Simulink will 
not incur any catastrophic failures within an interval [0, ]t . 

Both reliability and security issues are classified into the same concept of dependability from which 
security has attributes including confidentiality, integrity, and availability. In this research work, it was 
assumed that reasonable security routines regarding the accurate exchange of data over a network had 
been implemented in run-time coupling between ESP-r and Matlab/Simulink. Therefore, security 
issues were not considered in the evaluation and assessment of the dependability of run-time coupling 
between ESP-r and Matlab/Simulink. It was also assumed that a DCS, and especially run-time 
coupling between ESP-r and Matlab/Simulink, is similar to a framework that can generically integrate 
the dependability attributes of availability, reliability, maintainability, and safety. By supposing that 

 ,iS s i I   is the set of all possible states of a DCS, this DCS can be divided into two disjoint 

subsets sS and fS , where sS is a subset of states in which a DCS is operating successfully and fS  is a 

subset of states in which a DCS has failed. Therefore, as described in Pimentel and Salazar (2002), the 
set of all possible states of a DCS (i.e. run-time coupling between ESP-r and Matlab/Simulink) can be 
given by: 

s fS S S    (7.1) 

where  ,s i sS s i I   and  ,f i fS s i I   

Based on the previous definitions of dependability, the key properties of a DCS (i.e. run-time coupling 
between ESP-r and Matlab/Simulink) can be defined in the following manner: 

   y: ( ) ( ) / ( ) , 0,savailabilit A t Prob s t S s S t       (7.2) 

  : ( ) ( ) / ( ) , 0,s sreliability R t Prob s t S s S t       (7.3) 

  : ( ) ( ) / ( ) , 0,s fmaintainability M t Prob s t S s S t      (7.4) 

Defining safety requires setting the original subset sS to state A  and decomposing the subset fS  into 

two states B  and C  so that: 

  ( ) ( , ) / ( ) ( , ), 0,safety Prob s t A B s A B t      (7.5) 

It can be observed from Equations (7.3) and (7.5) that the evaluation of the reliability and safety 
functions are similar, differing only in the underlying states. Carvalho and Portugal (2001) used this 
approach to evaluate the dependability of fieldbus networks. Using Equations (7.2), (7.3), and (7.4), 
the mean time to failure (MTTF) and mean time to repair (MTTR) can be deduced as follows (Pimentel 
and Salazar, 2002):   

0
( )

t

MTTF R t dt   (7.6) 
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0
(1 ( ))

t

MTTR M t dt     (7.7) 

As  is the random variable that represents the time in [0, ]t , the probability distribution function of 

this variable is: 
( ) { }F t Prob t   (7.8) 

One of the major advantages of a DCS, i.e. run-time coupling between ESP-r and Matlab/Simulink, is 
its potential to operate even in the presence of several faults using redundancy configured as fault 
tolerance (e.g. Pimentel and Salazar, 2002), which is a tremendous advantage for networked control 
applications requiring a high level of reliability (see e.g. Poledna, 1996). In order to achieve reliability, 
a reliable DCS, and especially run-time coupling between ESP-r and Matlab/Simulink, should be able 
to detect lost data and recover them when errors occur. As the consequences of such errors can affect 
the perception of reliability, an aspect of dependability, the following aspects must be considered when 
performing V&V throughout the lifecycle: 

 fault avoidance, the ability to minimize the possibility of errors before they result in the 
introduction of faults; 

 fault detection and removal, the use of V&V methods that increase the probability of detecting 
and correcting errors before deployment; and  

 fault tolerance, the use of run-time techniques that ensure that errors and faults do not lead to 
failures. 

Several methods can be used to model and analyze the dependability of a DCS. Moncelet et al. (1998) 
analyzed the dependability of a mechatronic system using a Monte-Carlo simulation by assuming that 
the all the messages had been successfully transmitted between distant components while entirely 
ignoring the network that linked those components. Barger et al. (2003) used coloured Petri nets in an 
assessment of dependability that accounted for the data lost by assigning a fixed probability, with a 
special focus on analyzing a scenario leading to DCS (or NCS) failure.  

7.2.3. Types of Errors in Distributed Control Systems  
Because run-time coupling primarily uses a network to exchange data between ESP-r and Matlab/ 
Simulink, the time delay between the initiation and delivery times of the message is influenced by the 
speed of the network (bit-rate), the size of the message, the amount of traffic in the network, and the 
communication protocol utilized, the last of which affects the reliability and fault-tolerance of a DCS 
through its priority assignment and error-correction schemes. Therefore, it is important to study and 
analyze possible faults and errors that are unique for a DCS, especially run-time coupling between 
ESP-r and Matlab/Simulink. Hedberg and Wang (2001) documented the following solutions to errors 
considered unique for a DCS and important for the V&V of run-time coupling between ESP-r and 
Matlab/Simulink: 
 To avoid node errors, transient or permanent design software faults that may cause a node not to 

be fully operational, a procedure based on a common network interface was implemented in 
run-time coupling between ESP-r and Matlab/Simulink. 

 To avoid bus (or network) errors, which can occur when data are modified but not sent on the 
network, two data-exchange modes (ASCII and binary) and a TCP protocol supported by run-
time coupling between ESP-r and Matlab/Simulink were implemented to prevent data 
modification and guarantee their delivery.  

 To avoid timing errors, hardware and software faults that may result in incorrect timing and 
may occur when data are sent too late (or with delays), run-time coupling between ESP-r and 
Matlab/Simulink was implemented with options for enabling data to be exchanged in binary 
format and for selecting different communication modes, such as asynchronous and partially 
synchronous transmission, to minimize such delays. 

 To avoid data consistency errors, which occur when nodes cooperating on the same task use 
data of the different age (i.e. time-step), run-time coupling between ESP-r and Matlab/Simulink 
was implemented to mainly support the data exchange at every simulation time-step. 
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 To avoid initialization and restart errors, which can occur when initialization is not conducted 
at the beginning of a data exchange or the order of exchange is reversed, run-time coupling 
between one or more ESP-r(s) and Matlab/Simulink was implemented such that Matlab/ 
Simulink is the server and ESP-r is the client, and initialization is performed by default each 
time ESP-r is connected to Matlab/Simulink. 

 To avoid babbling idiot errors, which can occur when one or several nodes in distributed 
systems overload the network by erroneously sending messages, run-time coupling between one 
or more ESP-r(s) and Matlab/Simulink was implemented to exchange data at every simulation 
time-step. When two or more ESP-r(s) simultaneously send a high priority message to Matlab/ 
Simulink, the exchange will be managed in an orderly way (i.e. as if they were connected to the 
network).    

 To avoid configuration errors, which can arise when there is an incorrect parameterization of 
nodes or an incorrect mix of nodes in a distributed system, run-time coupling between ESP-r 
and Matlab/Simulink was implemented in such a way that every-time an ESP-r(s) participate in 
a simulation is referenced by a number that Matlab/Simulink recognizes to avoid such errors. 

To assess these errors, a new methodology (i.e. method and standard) must be developed to validate a 
DCS, i.e. run-time coupling between ESP-r and Matlab/Simulink.   

7.2.4. Rationale for a Generic V&V Methodology 
Among the several methodologies (i.e. existing standards/practices and methods) used to verify and 
validate particular computer programs (see e.g. Sahraoui and Jones, 1999 and IEEE 1516-4, 2007), 
V&V activities have not been specifically and adequately addressed in performing verification and 
validation of a DCS (such as run-time coupling between ESP-r and Matlab/Simulink). At present, no 
V&V methodology exists that is sufficiently generic to facilitate all M&S applications. Existing 
standards or practices and methods are dependent on a specific implemented technology (see e.g. IEEE 
1516-4, 2007) or on a specific development paradigm (see e.g. IEEE 1516-3, 2003). Therefore, there is 
a need to develop a methodology that can perform the V&V process through the entire lifecycle model 
using the SE standard as a guide. In consequence, the methodology would employ V&V methods that 
could be used at different levels of the lifecycle and are related to the SE standard to ensure that all SE 
requirements are met. 

As mentioned in section 2.4.4, few of the many methods used for the verification and validation of 
computer systems are specifically used for DCSs. These few methods can be classified into following 
categories:  
 Formal methods take the form of a set of system specifications (i.e. as development methods) or 

V&V methods that are based on mathematical concept analysis. Formal methods can be used in 
the V&V of a DCS, especially of run-time coupling between ESP-r and Matlab/Simulink, to 
ensure that its design and implementation meet the requirements specification of its intended 
use. One advantage of using formal methods is that it provides only one possible interpretation 
of formally written requirements, thus removing the risk of misunderstanding. Another 
advantage is that it is possible in many cases to perform mathematical proofs (either with a tool 
or manually) to verify that the applications of run-time coupling between ESP-r and 
Matlab/Simulink behave as expected.  

 Testing plays an important role in an SDLC, especially in the V&V of parallel and distributed 
systems. As described in section 2.4.4, testing of the complete system is usually performed to 
determine whether functionalities have been correctly implemented and design errors have been 
removed. However, it difficult to test a DCS, such as run-time coupling between ESP-r and 
Matlab/Simulink, using several test methods because of the high requirements of timing (i.e. the 
test must not interfere with the behaviour of the DCS). In addition, as there is no single test that 
can detect all faults in a DCS, it is necessary to combine different testing methods to reach a 
high level of fault coverage. The testing methods applied to run-time coupling between ESP-r 
and Matlab/Simulink should be able to determine whether the coupling operates as expected 
(i.e. performs validation) or operates with respect to what is specified (i.e. performs 
verification).  
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 Analysis is an important V&V method that can be used during the V&V phase of an SDLC. As 
described in section 2.4.4, analysis can be part of any process in distributed system validation 
and quality assurance, but is useful only if the design and implementation of run-time coupling 
between ESP-r and Matlab/Simulink is verified and validated by experienced independent peers 
and users. As run-time coupling between ESP-r and Matlab/Simulink is not yet deployed for 
widespread use, analysis cannot be considered in this case. 

 Trial methods are methods by which a DCS is considered to be operating correctly only if its 
obtained results are confirmed by comparing them with those obtained by another (or an older) 
DCS. A trial method is thus a kind of empirical technology for validation when a system is 
operating in a real-world environment under intensive monitoring and performance verification. 
A trial method can be applied to run-time coupling between ESP-r and Matlab/Simulink if it is 
implemented with two different IPC mechanisms, such as shared memory and network sockets, 
so that their results can be compared. 

 Simulations are useful when a distributed system and/or its environment are difficult to test and 
assess. Simulations can be used to find previously unidentified problems with requirements or 
other faults (e.g. delays in network and response times) in run-time coupling between ESP-r and 
Matlab/Simulink. However, performing simulations requires the use of a tool that models and 
simulates the behaviour of run-time coupling between ESP-r and Matlab/Simulink, including 
that regarding data-exchange profiles with respect to the nodes and network, and is time 
consuming because it requires repeating simulations (i.e. with different settings) until the results 
confirm that the system requirements have been fulfilled. 

Other important considerations in V&V activities are related international SE standards, including the 
following, which may be used for verification and validation of systems, principally DCSs such as run-
time coupling between ESP-r and Matlab/Simulink: 
 ANSI/IEA 632 – Processes for Engineering or Reengineering a System  
 ISO/IEC 61508 – Functional Safety of Electrical/Electronic/Programmable Electronic Safety-

Related Systems  
 ISO/WD 15745 – Industrial Automation System and Integration: Open System Application 

Framework 
 ISO/IEC 15504 – Software Process Assessment and Capability Determination 
 ISO/IEC 15288 – System Life Cycle Process Model  

Table 7.1 presents a mapping between V&V methods/standards and the application areas of V&V in 
dependable distributed systems, and particularly run-time coupling between ESP-r and Matlab/ 
Simulink, based on a thorough analysis of the V&V methods and related standards. 
 

Table 7.1. Trade-off analysis of V&V methods/standards and the application 
areas of V&V in dependable DCSs. 

 

                     Methods &  
Technology   Standards
application area 

 

Formal 
methods 

 

Test 
 

Analysis
 

Trial
 

Simulation 
 

IEC- 
61508

 

WD-
15745

 

IEC-
15504 

 

IEC-
15288 

 

EIA-632 

Validation of system 
topology 

x  x x x     x 

Validation of 
communication network 

x x x x x x x x  x 

Validation of bus 
systems 

x x x x x x  x x x 

Validation of nodes x x x x x x x x x x 
Validation of distributed 
system protocols  

x x x x x x  x x x 

Validation of fault 
tolerance 

x x x x x x x x x x 

Validation of node 
application software 

x x x x x x x x x x 
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As can be observed in Table 7.1, formal methods and the ANSI/EIA-632 standard are best suited for 
the application of V&V in a dependable DCS, especially run-time coupling between ESP-r and 
Matlab/Simulink. Because the ANSI/EIA-632 standard was used in this study, the following eight (8) 
requirements for V&V were considered:  

- Verification-1: design solution verification is used to verify that the system design solution of 
run-time coupling between ESP-r and Matlab/Simulink conforms to the requirements of the 
selected physical solution representations (i.e. of real-time building control applications); 

- Verification-2: end product verification is used to verify that run-time coupling between ESP-r 
and Matlab/Simulink conforms to its specified requirements; 

- Verification-3: enabling product readiness is used to determine the readiness of run-time 
coupling between ESP-r and Matlab/Simulink for development, implementation, deployment, 
and so on; 

- Validation-1: requirements statements validation is used to ensure that technical requirement 
statements and specified requirement statements of run-time coupling between ESP-r and 
Matlab/Simulink are well formulated; 

- Validation-2: acquirer requirements validation is used to ensure that the concept of operations 
defined for run-time coupling between ESP-r and Matlab/Simulink is in accordance with 
acquirer (or user) needs and expectations; 

- Validation-3: other stakeholder requirements validation is used to ensure that the set of 
operational requirements (i.e. needs) accords with other stakeholder needs and expectations with 
respect to run-time coupling between ESP-r and Matlab/Simulink; 

- Validation-4: system technical requirement validation is used to ensure that the set of system 
technical requirements defined for run-time coupling between ESP-r and Matlab/Simulink 
accords with with the validated acquirer and other stakeholder requirements; and 

- Validation-5: logical solution representations validation is used to ensure that each set of 
logical solution representations accords with the appropriately assigned subset of technical 
requirements of run-time coupling between ESP-r and Matlab/Simulink. 

The mapping between V&V methods/related standards and the application areas of V&V in a 
dependable DCS (i.e. run-time coupling between ESP-r and Matlab/Simulink) was performed to assist 
in the selection of the appropriate method for performing V&V within a related SE standard, with the 
primary motivation being to identify and correct errors and faults during the development phase and to 
prevent errors from being propagated in the deployment of run-time coupling between ESP-r and 
Matlab/Simulink. 

7.2.5. Concept  
One of the key issues regarding V&V activities in this study was ensuring that the implemented run-
time coupling between ESP-r and Matlab/Simulink was reliable and functioned as expected from the 
onset to the greatest degree possible. V&V is a set of activities performed in parallel with the SDLC 
process to provide assurance by verifying that the functions and properties of run-time coupling 
between ESP-r and Matlab/Simulink correspond to the expected needs throughout the entire SDLC (or 
V lifecycle) process within the context of an SE concept, such as the ANSI/EIA-632 standard. 
Therefore, it ensures that the requirements for the implemented run-time coupling between ESP-r and 
Matlab/Simulink are correct, complete, and consistent, and that the SDLC model correctly implements 
system requirements.   

As mentioned in Section 2.4.4, verification is the process of demonstrating that the implemented run-
time coupling between ESP-r and Matlab/Simulink fulfils specified requirements, while validation is 
the process of demonstrating that the implemented run-time coupling between ESP-r and Matlab/ 
Simulink behaves as intended under all operational conditions. The V&V process can be described as a 
series of technical and management activities performed throughout the lifecycle model of run-time 
coupling between ESP-r and Matlab/Simulink to improve its reliability and quality and to ensure that 
its delivery satisfies the user’s operational needs. 



A Distributed Dynamic Simulation Mechanism                                                                 7 – Verification and Validation 
for Building Automation and Control Systems   of Run-Time Coupling 
                                                                              

 183

Only several of the validation methods that can also be used for verification can also be used for 
verification. For example, a method that specifically checks the implementation against its specified 
requirements cannot be used as a validation method because it is targeted at formal verification. 
Therefore, when methods could be used for both V&V there are called validation methods, but when 
methods are only applicable in verification these are called verification methods.  

7.3. Role of Verification and Validation in SDLC 
The concept of operations that run-time coupling between ESP-r and Matlab/Simulink must fulfil is 
determined during the specification phases. Due to the complexity of distributed systems, complete 
verification or complete validation is, in most cases, not possible (see e.g. Girault and Valk, 2003). 
One of the most valuable design aspects of distributed systems is the availability of executable models 
to perform V&V activities throughout the SDLC process, especially during its early design phases. For 
example, when NASA (2004) conducted a study of V&V activities, it found that a large number of 
errors discovered in the testing phase, a relatively late phase of the SDLC process, had been introduced 
at the beginning of the process as requirements errors, and that remediating these errors in the testing 
phase was more than ten (10) times more complex than it would have been had these errors been 
identified earlier during the design phase. 

To address this issue, this section presents a fairly common and generally common-sense set of best 
practices for performing V&V activities throughout the entire SDLC process using an SE concept, 
such as the ANSI/EIA-632 standard, as a guide. Several of these practices can be used at different 
levels of the SDLC process. Run-time coupling between ESP-r and Matlab/Simulink must meet its 
specifications and fulfil a certain level of dependability, which increases the requirements regarding 
V&V activities. Therefore, the V&V activities must be performed throughout the lifecycle of run-time 
coupling between ESP-r and Matlab/Simulink and not, as they had been previously, only on the final 
technology. 

By performing V&V activities throughout the lifecycle, dependability is increased, but it is very 
difficult to determine to what degree (or level), and, depending on the quality of the implementation of 
run-time coupling between ESP-r and Matlab/Simulink, different V&V activities might be more or less 
appropriate. The purpose of these V&V activities is to demonstrate that the risk of certain failures 
occurring is below a certain level. As described above, dependability could be affected and faults could 
be introduced during all phases of the lifecycle. Therefore, even if much effort is expended on the 
verification and validation of run-time coupling between ESP-r and Matlab/Simulink to identify 
possible errors and faults, these processes are only two within the entire lifecycle. Therefore, it is 
important to study how V&V activities, including inconsistency checking and tracing, should be 
performed throughout the V lifecycle model according to the requirements of an SE standard, such as 
the ANSI/EIA-632 standard. 

7.3.1. Verification  
As described in detail in Section 2.4.4, the verification process in the SDLC of run-time coupling 
between ESP-r and Matlab/Simulink consists of determining whether integrated computer programs 
contain any programming errors or bugs and whether run-time coupling between ESP-r and Matlab/ 
Simulink fulfils its specified concept of operations (or specified behavioural requirements). As none of 
the several techniques applicable to run-time coupling between ESP-r and Matlab/Simulink is perfect, 
this study proposes an approach to performing verification activities throughout the V lifecycle of run-
time coupling between ESP-r and Matlab/Simulink according to the EIA-632 standard to verify 
compliance with specified requirements; that is, verify that 
 run-time coupling fulfils the requirements established during the previous phase, and 
 run-time coupling is internally complete, consistent, and sufficiently correct for deployment. 

In general, the two types of approaches considered within this standard should be 
 run-time coupling qualification, which is used to ensure full compliance with specifications, and  
 run-time coupling acceptance, which is used to ensure full compliance with key criteria. 
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As can be observed in the graphical view of the proposed approach in Figure 7.2, the verification 
activities of run-time coupling between ESP-r and Matlab/Simulink are performed throughout the V 
lifecycle model following the principles of the EIA-632 standard. 

 

Figure 7.2. Verification activities of run-time coupling throughout the V-lifecycle model 
 
Figure 7.2 describes the activities that must be considered while performing verification of run-time 
coupling between ESP-r and Matlab/Simulink. During the early design phases, it is important to not 
only focus on the requirements specified for run-time coupling but also consider in which environment 
run-time coupling will be used and for which applications. During the phases concerned with 
translating the requirements into a specification, all requirements must be correctly implemented in the 
specification. Outgoing from the specification it is possible to verify the compliance of run-time 
coupling against its specified requirements. For such reasons, the verification of activities in the 
analysis phases can be completed by simulation, while the verification of activities in the synthesis 
phases, in which several parts of the specification may be formal, can be completed by either testing or 
formal methods. 

7.3.2. Validation 
As described in detail in section 2.4.4, the objective of the validation process is to ensure that the 
implemented functions, such as those pertaining to the user-interface and operational concepts, of run-
time coupling between ESP-r and Matlab/Simulink behave as intended. Because run-time coupling is a 
complex system that combines a number of technologies to form a single, integrated large-scale 
system, a practical approach is required to perform validation by analyzing the consistency and 
completeness of such a system. One way to perform validation is by tracing the hierarchy from the top-
level design down to the specific operations of run-time coupling. For this reason, this study proposes 
an approach to performing validation activities throughout the V lifecycle of run-time coupling 
between ESP-r and Matlab/Simulink according to the EIA-632 standard to validate that it performs the 
following: 
 complies with the needs and expectations of stakeholders; 
 behaves as expected when subjected to anticipated events; and 
 does not behave unexpectedly when subjected to unanticipated events. 

In general, two types of approaches are considered in this standard: 
 requirements validation, which is used to determine whether any requirements have not been 

fulfilled, and  
 run-time coupling validation, which is used to determine whether the needs and expectations of 

stakeholders have been fulfilled. 
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As can be observed in the graphical view of the proposed approach in Figure 7.3, the validation 
activities of run-time coupling between ESP-r and Matlab/Simulink are performed throughout the V 
lifecycle model following the principles of the EIA-632 standard. 

 

Figure 7.3. Validation activities of run-time coupling throughout the V-lifecycle model 
 
Figure 7.3 describes the activities that must be considered while performing validation of run-time 
coupling between ESP-r and Matlab/Simulink. During the early design phases, it is important to not 
only focus on the requirements specified for run-time coupling but also consider in which environment 
run-time coupling will be used and for which applications. During the phases concerned with 
translating the requirements into a specification, all requirements must be correctly implemented in the 
specification. Outgoing from the specification it is possible to verify the compliance of run-time 
coupling against its specified requirements. For such reasons, the validation of activities in the analysis 
phases can be completed by simulation, while the verification of activities in the synthesis phases, in 
which several parts of the specification may be formal, can be completed by either testing or formal 
methods. 

7.3.3. Formal Methods  
The use of formal methods provides a means of developing a description of a system, especially a 
DCS, at several stages in its specification and design. As the resulting description takes a mathematical 
form, it can be subjected to mathematical analysis to detect inconsistent, incomplete, and incorrect 
values (i.e. requirements). Moreover, the description can be analyzed by either simulation or animation 
to display various aspects of the behaviour of the system. Such analysis can provide extra confidence 
that a DCS, or run-time coupling between ESP-r and Matlab/Simulink, meets the formally specified 
requirements. Formal methods typically provide a notation, a procedure for deriving a description in 
that notation, and various forms of analysis for reviewing a description for different correctness 
properties. Among the most popular of the number of formal methods that have been developed for 
system specification and verification are the following:  

 Z (notation) is a model-based specification language and a formal design technique that allows 
progression from a Z specification to executable algorithms to verify their correctness with 
respect to the specification (Spivey, 1992). Z is mainly used for describing and modelling in the 
specification phase.  

 Communicating sequential processes (CPS) is a technology for the specification of concurrent 
software systems and the verification that the implementation of concurrent processes satisfies 
their specifications (Hoare, 1995). Within a CPS, a system is modelled as a network of separate 
processes composed in either a sequential or parallel manner. 

 Process algebra is a set of formal notations and rules for describing algebraic relationships 
among software engineering processes (Wang and King, 2000). Generally, process algebra is an 
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extension of formal languages, such as CPS, that provides a tool for the high-level description of 
interactions, communications, and synchronizations between independent processes. 

 Specification and description language (SLD) is used for describing system structures, data 
types, behaviours, and instances (see e.g. Turner, 1993). SLD is one of the important sources of 
UML, which is considered a well-developed system specification language that supports the 
unambiguous specification and description of reactive distributed systems. 

 Language of temporal ordering specification (LOTOS) is a means for describing and reasoning 
about the behaviour of concurrent systems and communicating processes (see e.g. Turner, 
1993). LOTOS is based on the calculus of communicating systems (CCS), and uses other 
features of related algebraic CPS for the description of abstract data types. 

 Statemate-Vienna design method (Stm-VDM) is an automated tool integrating the statecharts- 
based semi-formal approach and the VDM-based formal approach to support the translation 
process in the formalization of requirements for V&V processes (see e.g. Sahraoui et al., 2000). 

 Petri net models are critical formal models used for the description of distributed systems. Petri 
net models, and particularly coloured Petri net models (Jensen, 1994), provide faithful and 
convenient graphical representations that greatly aid in understanding the behaviour of modelled 
systems, namely DCSs. The use of coloured Petri nets in modelling systems or DCSs results in 
compact models with a higher level of abstraction, especially when the system or DCS can be 
expressed as a set of components with similar behaviours.     

The formal method integrated as part of a V&V process should be associated with a number of 
activities, including 

 abstraction, the development of approximate models for run-time coupling between ESP-r and 
Matlab/Simulink or its sub-system components that are adequate for the intended analysis 
purposes;  

 formal analysis, the analysis of formal specifications of run-time coupling between ESP-r and 
Matlab/Simulink using automated and/or techniques, such as Stm-VDM, proof checkers, and 
model checkers, as well as state exploration tools such as Petri nets;  

 formal specifications, descriptions of run-time coupling between ESP-r and Matlab/Simulink 
using mathematical notations based on formal logic; whereas a requirements specification 
should be limited to describing the required properties of run-time coupling between ESP-r and 
Matlab/Simulink, a design specification will reflect elements of the implementation of run-time 
coupling between ESP-r and Matlab/Simulink, such as functional decomposition;  

 formal verification, the formal analysis of the requirements specification of run-time coupling 
between ESP-r and Matlab/Simulink in order to ensure that it is complete and consistent and 
does not permit unexpected and undesirable behaviours; and 

 formal validation, the formal analysis of run-time coupling between ESP-r and Matlab/Simulink 
to demonstrate that its formal design specification satisfies the associated formal requirements 
specification. 

Because the use of Petri net models, and especially coloured Petri net models, allows requirements to 
be validated early and fault detection and correction to be performed on time, it is the best means of 
modelling and analyzing the implemented run-time coupling between ESP-r and Matlab/Simulink. A 
model representing the implemented run-time coupling between ESP-r and Matlab/Simulink can be 
simulated and analyzed using Petri net tools, such as CPNtools,93  embedded into objects, where 
transitions are targeted by messages. The use of a hierarchical approach to Petri net models can serve 
as the basis for development of the analysis (top-down) and synthesis (bottom-up) phases of the V 
lifecycle model of run-time coupling between ESP-r and Matlab/Simulink. 

7.4. Modelling and Analyzing of Run-Time Coupling Between ESP-r 
and Matlab/Simulink using Petri Nets 

The analysis of run-time coupling between ESP-r and Matlab/Simulink requires the use of tools that 
can model its structural features, dynamic behaviours, hierarchical structures, and/or stochastic 
                                                           
93 CPNtools can be downloaded from http://wiki.daimi.au.dk/cpntools/cpntools.wiki  



A Distributed Dynamic Simulation Mechanism                                                                 7 – Verification and Validation 
for Building Automation and Control Systems   of Run-Time Coupling 
                                                                              

 187

processes, actions for which CPN tools used for modelling, analyzing, and validating concurrent 
systems are particularly well suited.  

7.4.1. Brief Introduction to Petri Nets 
Being amenable to the analysis and synthesis phases, Petri net models have a wide range of SE 
applications within formal methods used for managing the complexity, heterogeneity, and dynamism 
inherent in distributed systems. In SE practice, Petri nets can play a significant role in bringing the gap 
between a requirements specification and the implementation of the system, as can be used to model, 
analyze, and verify the functionalities and properties of any type of system. A major advantage of 
using Petri net-based models is that the same model can be used for the analysis of behavioural 
properties, the evaluation of performance, and the systematic construction of discrete-event systems 
and control systems (see e.g. Zurawski and Zhou, 1994).  

In effect, the rich expressive power of Petri nets due to ability to provide both graphical representations 
and mathematical equations allows them to accurately model a variety of dynamic behaviours of 
synchronous and asynchronous concurrent systems. Petri nets can be classified as ordinary or classical 
Petri nets, which are composed of places, transitions, valuated arcs, and marks (see e.g. David and Alla, 
1992); timed Petri nets, which are based on introducing times that can be placed on transitions and 
places (see e.g. Chiola and Ferscha, 1993) and can be used to evaluate processing and transmission 
delays in distributed systems; stochastic Petri nets (SPNs),which are extensions of timed Petri nets 
(see e.g. Yahiaoui, 2005, Koriem et al., 2004, and Park, 2004) used to define continuous functions for 
time and probability rules regarding transitions and places that are useful in model-based performance 
analyses and dependability evaluations of distributed systems; and coloured Petri nets (CP-nets or 
CPNs), which are a well-known class of high-level Petri nets used as part of a graphically oriented 
language in the design, specification, simulation, verification, and validation of systems due to their 
properties of concurrency, communication, and synchronization (see e.g. Jensen, 1997, Kristensen et 
al., 1998, and Jensen et al., 2007). CPNs are a graphical oriented language (i.e. tool) combining the 
strengths of ordinary Petri nets with the strengths of a high-level programming language. In this 
category (i.e. CPNs), Petri nets provide the primitives for modelling concurrency and synchronization, 
while the programming language provides the primitives for the definition of data types and the 
manipulation of data values. With the use of CPN models, it is possible to study the behaviour of a 
modelled system using simulation, verify its properties using state-space methods and model checking, 
and conduct simulation-based performance analysis. CPNs can be divided into the two categories of 
timed CPNs, which provide a means of determining the probability of interpreting the dynamic 
properties of a system in time and space (Jensen, 1994), and hierarchical CPNs, which can be used to 
construct a large model by combining a number of smaller CPNs (Jensen, 1997). Combining timed 
CPNs and hierarchical CPNs results in hierarchical timed coloured Petri nets (HTCPNs), which are 
recognized as a powerful modelling language for describing and analyzing the properties of complex 
reactive systems (see van Hee, 1995 and Jensen et al., 2007).  

7.4.2. Modelling with Ordinary Petri Nets 
Petri nets are graphical and mathematical modelling tools used for describing and studying 
information-processing systems characterized as concurrent, asynchronous, distributed, parallel, 
nondeterministic, and/or stochastic (e.g. Marata, 1989). Figure 7.4 illustrates how Petri nets are used to 
model the properties of events in run-time coupling between ESP-r and Matlab/Simulink, such as 
parallelism, mutual synchronization, asynchronous events, concurrent operations, and conflicts or 
resource sharing. As graphical tools, Petri nets are used as statecharts in a visual formalism for 
modelling a DCS, i.e. run-time coupling between ESP-r and Matlab/Simulink, in terms of places and 
transitions. In addition to graphical nets, tokens are used to simulate the dynamic and concurrent 
operations of run-time coupling between ESP-r and Matlab/Simulink. As mathematical tools, Petri nets 
are used to develop state equations, algebraic equations, and other mathematical models describing the 
behaviour of run-time coupling between ESP-r and Matlab/Simulink. 
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Example of parallelism 
between ESP-r and 

Matlab/Simulink  

 
Mutual synchronization 

 
Semaphore 

 
Resource sharing  

 
Asynchronous 

Figure 7.4. Modelling of different properties of run-time coupling between ESP-r and  
Matlab/Simulink using uncoloured Petri nets 

 
The Petri nets model shown in Figure 7.5 represents and specifies the essential features of run-time 
coupling between ESP-r and Matlab/Simulink. This model consists of two parts, with the first part 
representing the communication medium from ESP-r to Matlab/Simulink, i.e. from the sensor to the 
control system, and the second representing the communication medium from Matlab/Simulink to 
ESP-r, i.e. from the control system to the actuator. Petri nets are formally defined as a 5-tuple: 

0, , , ,PN P T F W M   (7.9) 

where: 

1 2{ , , ..., }mP p p p  with 0m   is a finite set of places graphically represented as cycles 

1 2{ , ,... }nT t t t  with 0n   is a finite set of transitions graphically drawn as bars, where 

P T    and P T    
( ) ( )F P T T P     defines an input–output relation to and from transitions, graphically 

represented by a set of directed arcs called flow relations 
 :W F N  assigns weights ( , )w p t  to arcs ( , )p t F to denote their multiplicity 

0 :M P N is the initial marking. 
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Figure 7.5. A Petri nets model of run-time coupling between ESP-r and Matlab/Simulink  
 
A model evaluating the performance and dependability of run-time coupling between ESP-r and 
Matlab/Simulink must include the variables of time and probability, and typically does so by 
associating probabilities with transitions, which results in extensions of Petri nets such as SPNs (see 
e.g. Yahiaoui, 2005). However, as the Petri nets model of run-time coupling between ESP-r and 
Matlab/Simulink is symmetrical: (i.e. Part 1 of Figure 7.6 is similar Part 2 of Figure 7.6), this Petri nets 
model can be replicated due to the distinguishable tokens. For this reason, CPNs were chosen because 
of the good properties (such as consistent symmetry specification as well as structural and behaviour 
analysis) that they provide. In addition, CPNs allow not only a precise representation of run-time 
coupling between ESP-r and Matlab/Simulink but also the modelling of its aspects, such as static 
aspects due to the structure of CPNs and dynamic aspects due to the token evolution. The analysis of 
CPN models can be performed using several methods, including exhaustive reachable state space 
enumeration, structural analysis, and simulation. Therefore, modelling run-time coupling between 
ESP-r and Matlab/ Simulink in CPNs permits the study and analysis of the interactions of request-
response data exchanged between ESP-r and Matlab/Simulink on its CPN model behaviour. The CPN 
model can also be adapted to determine run-time coupling QoS and control system QoP. 

7.4.3. Modelling with Coloured Petri Nets 
CPNs provide a framework for the design, verification, and validation of systems, especially 
distributed systems, and offer advanced modelling facilities such as distinguishable tokens and 
hierarchical modelling. Developing a graphical description of CPNs, however, requires the use of 
complex definitions of data types (or colour sets) and variables comparable to those used in 
programming languages. The syntax and semantics have a mathematical definition and CPN models 
can be susceptible to formal verification of behavioural properties, such as absence of deadlock, 
liveness, and cyclic behaviour (Jensen, 1997). As mentioned above, CPN models can be extended with 
timing information and represented in a hierarchical manner, in which they results in HTCPN models. 
Therefore, HTCPNs were used to model run-time coupling between ESP-r and Matlab/Simulink and to 
analyze its performance to determine data throughput and time delays. In this study, the simulation was 
limited to the analysis of backward and forward network delays between ESP-r and Matlab/Simulink 
by run-time coupling, i.e. the ESP-t to Matlab/Simulink delay and the Matlab/Simulink to ESP-t delay, 
respectively. 
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Figure 7.6 illustrates a CPN model of run-time coupling between ESP-r and Matlab/Simulink 
conducted by CPN tools in a hierarchical manner such that the two sub-models represented in the first 
layer – the communication medium from ESP-r to Matlab/Simulink and the communication medium 
from Matlab/Simulink to ESP-r – and the three sub-models represented in the second layer – sender, 
network, and receiver – are the set of subnets that compose the communication medium from ESP-r to 
Matlab/Simulink. 
 

from ESP-r to Matlab/Simulink from Matlab/Simulink to ESP-r 

 
 

 

Sender 

 
Network 

 

Receiver 

 
Figure 7.6. CPN model of run-time coupling between ESP-r and Matlab/Simulink 

 
Formally, CPNs are defined as a 9-tuple: 

, , , , , , , ,CPN P T A N C G E I    (7.10) 

where: 
  is a finite set of non-empty types 
P  is a finite set of places 
T  is a finite set of transitions 
A  is a finite set of arcs, such as P T P A T A        

N is a node function defined from A  into P T T P    
C is a colour function defined as :C P   
G is a guard function defined from T into expressions such as: 

: [ ( ( )) ( ( )) ]t T Type G t B Type G t       with { , }B true false  

E is an arc expression function defined from A  into expressions such as: 

: [ ( ( )) ( ( )) ( ( )) ]MSa A Type E a C p a Type G t       with ( )p a  is a place of ( )N a  

I  is an initialization function defined from P  into closed expressions such as: 

: [ ( ( )) ( ) ]MSp P Type I a C p    



A Distributed Dynamic Simulation Mechanism                                                                 7 – Verification and Validation 
for Building Automation and Control Systems   of Run-Time Coupling 
                                                                              

 191

HTCPNs are defined as a 12-tuple: 

 0, , ,HTCPN PG CPN R r   (7.11) 

where: 
PG  is a finite set of pages such that a) each page pg PG  is a non-hierarchical CPN and  

b) none of the pages has any net element in common 
CPN satisfies the requirement of non-hierarchical CPNs, as described in Equation (7.10) 
R  is a set of time values, also called time stamps, that is a subset of R closed under + and 

containing 0 

0r  is an element of R  called the start time  

The basic concept of HTCPNs is to allow the construction of a large model by using a number of small 
CPN models that are related to each other in a well-defined way, as shown in Figure 7.7. These CPN 
models were used for reachability, performance, and reliability analysis, and in general to verify the 
properties of run-time coupling between ESP-r and Matlab/Simulink, as described by Berthomieu et al. 
(1991), Sakthivel and Moily (1993), and Bucci and Vicario (1995). Examples of properties that were 
verified by CPNs are application dependency and consistency of results.  

Figure 7.7 shows a sequence diagram describing the interactions of data exchanged between ESP-r and 
Matlab/Simulink over a network that has been developed and implemented with sockets and modelled 
and analyzed using CPN tools. 

 

Figure 7.7. Sequence chart of data exchange between ESP-r and Matlab/Simulink 
 

7.4.4. Dependability Modelling using Petri Nets 
The use of Petri net models is an effective way of specifying a DCS, i.e. run-time coupling between 
ESP-r and Matlab/Simulink, at the state-space level with a reasonably high level of formalism while 
also applying precise operational semantics, which enable the derivation of the associated state-space. 
Malhotra and Trivedi (1995) described a methodology for constructing dependability models among 
system components using Petri net models, particularly SPNs. Stochastic well-formed nets (SWNs), 
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coloured extensions of SPNs, have been also been used by Bobblio et al. (2003) to cope with the 
complexity of dependability modelling. Bernadi et al. (2004) also described many possible approaches 
to using Petri nets to evaluate the dependability of complex systems. 

SWNs use a semantic defined by Markov chains from which dependability can be evaluated directly 
when models are not very complex, or when using a dependability evaluation tool when models are 
more complex. However, such tools do not generally provide analytical expressions of the different 
measures due to the complexity of the models (Carvalho and Portugal, 2001). In order to cope with the 
complexity of DCSs, i.e. run-time coupling between ESP-r and Matlab/Simulink, a method based on 
the backward reachability of CPNs was used to perform dependability analysis (Bouali et al., 2008). 
This method, which provides information regarding not only the static and dynamic behaviour of the 
modelled system but also different ways of reaching a particular CPN marking that represents a 
particular error or fault, such as a failure state or a transient fault, is performed on the inverse of CPN 
models, which is obtained by transforming the original CPN models while preserving their properties. 

Inversion of CPN Models 
The inversion of CPN models is usually obtained by performing transformations of the original CPN 
models while preserving their original properties. These transformations, which are directly dependent 
on the structure of the CPN models, can be described as follows (Bouali et al., 2008): 
 Basic transformations are the simple inversions of input and output arcs of a CPN model such 

as: 
'( 2, ) ( 2, )

'( 1, ) ( 1, )

Pre p t Post p t

Post p t Pre p t








  

 where Pre  and Post  are the backward and forward incidence applications, respectively. 
 Mixed transformations are the mixed inversions of CPN models containing input arcs marked 

by variables and other arcs marked by constants or reversible functions. These transformations 
are assured by a mix of basic transformations when each variable is defined by only one 
function, such as in the following: 

 '( , ) ( , )Pre pj t Post qj t  if ( , )Post qj t  is marked with a constant, with 1, 2,...,j m  

'( , ) ( , )Post pi t Pre pi t  if ( , )Pre pi t  is marked with a constant, with 1, 2,...,i n  
1'( , ) ( , )Pre qj t Pre pi t  if ( , )Pre pi t  is marked with a variable and this variable is 

associated with the function ( , )Post qj t , with 1, 2,..., , 1, 2,...,j m i n   
1'( , ) ( , )Post pi t Post qj t  if ( , )Post qj t  is marked with a function and this function 

is associated to the variable ( , )Pre pi t , with 1, 2,..., , 1, 2,...,j m i n   
' ( '( , )) ( ( , ))t tG Pre qj t G Post pi t  if ( , )Post pi t  is marked with a function and this 

function is associated with the variable ( , )Pre pi t , with 1, 2,..., , 1, 2,...,j m i n   

When output arcs are marked with a multivariable function, CPN models are not directly 
reversible. In this case, the transformation is assured by an orthonormalization procedure such 

as the use of 1( )xg y  and 1( )yg x  functions, which are partial inverses of ( , )g x y . 

 Parallel transformations are inversed CPN models containing shared variables and/or functions, 
such as a CPN containing the variable x  ( ( , ) )Pre p t x  that is shared by n  functions  

( ( , ) ( ), 1... )iPost qi t f x i n   with 1f  reversible. The inverse of this CPN is obtained as 

follows: 
1'( 1, ) ( , )Pre q t Pre p t , 

'( , ) iPre qi t Id , with 2,3,...,i n  
1'( , ) ( 1, )Post p t Post q t  

' 2 1

1[ '( , ) ( ( '( 1, )))]i

t n iG Pre qi t f f Pre q t    
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The above-described rules allow the inversion of the structure of CPN models. In several cases, two 
additional principles can be used to analyze the dynamic behaviour of CPN models: marking 
enhancement, the sum of the assumptions regarding the modelled system state (additional tokens), or 
potentially valid transition, in which a transition is potentially valid if it has at least one precondition 
place marked by a token compatible with an arc expression and a guard and one precondition place not 
marked by a token compatible with the transition firing.  

Application to Run-Time Coupling between ESP-r and Matlab/Simulink 
As shown in Figure 7.7, the CPN model of the communication medium from ESP-r to Matlab/ 
Simulink consists of the sender, the network, and the receiver. In order to verify the reachability of its 
given marking, backward reachability analysis is performed by inverting components of the CPN 
model. The inversion of the |Transmit Data| and |Transmit Ack.| transitions is performed by basic 
transformations; of the |Receive Ack.| transition by a mix transformation, as this transition aims to 
delete the old value in (NextSend) and replace it by the token value of the (D) place; of the |Send data| 
transition by a parallel transformation, as it is shared by both the (A) and (NextSend) places; and of the 
|Receive Data| transition by a combination of parallel and mix transformations, as it is shared by both 
the (NextRec) and (Data Received) places and the tokens in it are known.  

The sequence of transition firing in the original CPN model, expressed as |Send Data|, |Transmit Data|, 
|Receive Data|, |Transmit Ack.|, and |Receive Ack.|, corresponds to a partial order of transition firings. 
Analysis of the CPN model inversion is performed by inversing the order of the transition firing, in 
which the |Receive Data| transition is potentially valid at the beginning of the process. The firing of 
this transition is performed with a marking enhancement by which two tokens are added to the CPN 
model, the first to the (NextRec) place and the second to the (C) place, based on to the assumption 
made when the second packet of data was correctly received. The firing of the |Send data| transition is 
assured by a token that the (NextSend) place uses to assume that correct data transmission has occurred.  

Validating the Inversion of CPN Models 
One of the most important steps in validating CPN model inversion is ensuring that the transformed (or 
inversed) CPN model possesses the same properties as the original CPN model. CPN model inversion 
of run-time coupling between ESP-r and Matlab/Simulink (i.e. the communication medium from ESP-r 
to Matlab/Simulink and the communication medium from Matlab/Simulink to ESP-r) is accomplished 
by inversing the arc directions and specifying tokens to allow the inversed order of transition firings, as 
partially described in the previous section. Analysis of the inversed CPN models, which was conducted 
via automated processing using CPN tools, indicated that the inversed CPN models were valid, as there 
were no coherent initial markings possible to obtain in the (Data Received) places when faults were 
introduced into the CPN models.  

7.4.5. Simulation Performance Results 
The CPN tools shown in Figure 7.7 were used to simulate the CPN models of run-time coupling 
between ESP-r and Matlab/Simulink to compare their obtained results with existing results (i.e. those 
obtained with run-time coupling between ESP-r and Matlab/Simulink itself, as described in Chapter 6). 
However, performing simulations to obtain the response times of backward and forward network 
delays in terms of data throughout with CPN tools, as described in Chapters 5 and 6, is extremely 
complex. Therefore, the response times of the CPN models representing the communication medium 
from ESP-r to Matlab/Simulink and of the communication medium from Matlab/Simulink to ESP-r 
were obtained based on a number of uniformly random time intervals to determine backward and 
forward network delays, respectively.  

Figure 7.9 illustrates the response times of three different types of network time delays, a backward 
network delay, a forward network delay, and a total network delay, the last of which is the sum of the 

first two. The network time delay from ESP-r to Matlab/Simulink is calculated as SC  and the network 

time delay from Matlab/Simulink to ESP-r is calculated as CA . 
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Figure 7.8. Response times of backward, forward and total network time delays 
 
From the results obtained in Figure 7.8, it appears that although the backward and forward network 
delays are entirely limited between two boundaries, the total network delay is not limited because there 
exist situations when network time delays are important and affect the control system QoP (i.e. the 
quality of regulation). The results also indicate a good correlation between the backward and forward 
network delays without time shifting phase, which can result in constant time responses. In addition to 
these results, the analysis of the CPN model representing run-time coupling between ESP-r and 
Matlab/Simulink indicated that the level (or degree) of reliability is 2/300 = 99 %, which affirms that 
the utilization of run-time coupling between ESP-r and Matlab/Simulink for distributed control and 
building performance applications has a very high level of dependability, more precisely a high level 
of reliability. As the CPN model captures both the static and dynamic behaviour of run-time coupling 
between ESP-r and Matlab/Simulink, it can subsequently show the dynamic behaviour of distributed 
simulations between ESP-r and Matlab/Simulink.  

As the original objective of this study was to analyze the dependability of run-time coupling between 
ESP-r and Matlab/Simulink, the analysis here is limited to the evaluation of reliability, one of the most 
important attributes of dependability. This study could be extended by evaluating other aspects of 
dependability, such as availability, maintainability, and fault tolerance, or by evaluating the 
dependability of run-time coupling between ESP-r and Matlab/Simulink in the presence of 
transmission faults, such as by injecting faults arising in bursts of random length and having a random 
duration via the communication medium in order to determine MTTF and MTTR measures. Regarding 
the latter form of analysis, Ghostine et al. (2006) described a framework for the dependability 
evaluation of an NCS in the presence of transmission faults.  

The results displayed in Figure 7.9 indicate that network time delays greater than 0.75 ms are likely to 
degrade the performance and stability of building control applications. Determining when the control 
system QoP is affected by network delays requires not only determining the speed and bandwidth of 
the network and the size and frequency of data exchanged via the network but also identifying which 
building model or process to control. 

7.5. Conclusion 
It remains impossible to conclusively demonstrate that a DCS, especially run-time coupling between 
ESP-r and Matlab/Simulink, is absolutely infallible, but in contrast is sufficiently reliable. Usually 
V&V activities (i.e. methods and procedures) are carried out based on analysis and evaluation of the 
accuracy of the results obtained through different approaches or in different ways. However, according 
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to Balci (1998) and Banks et al. (2005), V&V outcomes do not normally indicate that a model is 
entirely accurate or entirely inaccurate, but rather provide measures of its degree of accuracy and the 
ranges or types of inputs within which this accuracy is present. For this reason, a methodology was 
developed based on a framework for performing V&V activities throughout the SDLC model to 
determine the degree of reliability in order to provide users with a sufficient degree of confidence in 
the simulation results obtained when using run-time coupling between ESP-r and Matlab/Simulink.  

This chapter described a variety of practical methods for the V&V of DCSs, especially of run-time 
coupling between ESP-r and Matlab/Simulink, pertaining to formal specifications, testing, analysis, 
and simulation, as well as the set of international SE standards for the V&V of DCSs. It then provided 
a mapping between V&V methods/standards and the application area of V&V in dependable DCSs to 
aid in the selection of an appropriate method for performing V&V activities according to an SE 
standard. This process resulted in the selection of a methodology based on a common framework for 
performing V&V activities through the SDLC model of DCSs, especially of run-time coupling 
between ESP-r and Matlab/Simulink. The framework for generating formal specification models was 
provided by the use of Petri nets, especially that of CPNs and HTPCNs. To perform dependability 
modelling and analysis, a method based on backward reachability of CPN models was performed on 
inverse CPN models. Focusing on the simulation performance results obtained using CPN tools, the 
chapter concluded by describing how the response times of backward and forward network delays 
demonstrate the high level of reliability provided by the utilization of run-time coupling between ESP-r 
and Matlab/Simulink for distributed control and building performance applications. 
 
The importance of the V&V of DCSs continues to increase due to the desire to use these systems in 
more and more critical applications. While valid, the methodology based on a framework for 
performing V&V activities throughout the SDLC lifecycle model requires more research and 
development. Further work is needed to generalize this methodology to other applications, such as the 
dependability analysis of the DCS variables of availability, maintainability, and fault tolerance, as well 
as to allow it to accommodate specifications based on CPN model inversions. 
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Chapter 
 

8. Integration of Advanced Control Systems 
in Building Performance Applications  

 
 
 

   “Imagination is more important than knowledge.” 
Albert Einstein 

 
 
 

8.1. Introduction 
Specification of building occupants’ requirements is one of the most important phases in the 
development of advanced control systems for building performance applications. These specifications 
are crucial to providing a healthy, comfortable, and productive indoor environment for occupants while 
minimising energy consumption and costs in buildings, and reducing greenhouse gas emissions. One 
of the most efficient ways to achieve this specification is to apply advanced control systems to building 
performance applications. Although distributed control systems and building processes and/or plant 
models offer many benefits – such as flexibility in dealing with advanced and various control methods, 
reduced installation costs, and ability to share control functions – communication-induced time delays 
could degrade the performance and stability of building HVAC equipment and lighting components.  

This chapter mainly focuses on the comparison of simulation results obtained using continuous- and 
discrete-time control systems and simulation results obtained using communication-based control 
systems with run-time coupling between ESP-r and Matlab/Simulink. In addition, an analysis was 
developed to compensate for time delays shorter or longer than one sampling period and design 
advanced control systems for building processes and plant models using run-time coupling between 
Matlab/Simulink and one or more ESP-r(s). Finally, this chapter deals with the design of advanced 
control systems including conventional, modern, hybrid, and intelligent systems modelled on Matlab/ 
Simulink for building processes and plant models built on ESP-r. In particular, it focuses on the 
development and application of MASs in buildings. 

8.2. Analysis and Synthesis of Network-Based Control Systems Using 
Run-Time Coupling between ESP-r and Matlab/Simulink 

Because run-time coupling between ESP-r and Matlab/Simulink was designed to integrate advanced 
control systems into building performance applications, the analysis and synthesis of network-based 
control systems using run-time coupling between ESP-r and Matlab/Simulink may be continuous or 
discrete. In addition run-time coupling between ESP-r and Matlab/Simulink was designed in such a 
way as to allow any remote control system modelled in Matlab/Simulink to be used for any building or 
plant model built on ESP-r.  

A performance comparison is necessary to evaluate the simulation results obtained through different 
configurations of continuous, discrete, and network-based control systems, and determine if network-
based control systems designed using run-time coupling between Matlab/Simulink and ESP-r are 
sufficiently reliable and stable and are not disturbed by important communication delays.     

8.2.1. Performance Comparison of Continuous, Discrete, and Network-Based 
Control Systems 

As part of the design of network-based control systems using run-time coupling between ESP-r and 
Matlab/Simulink, a performance comparison was made between the simulation results obtained using 
continuous, discrete, and network-based control systems. Figure 8.1 illustrates different concepts of 
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continuous, discrete, and network-based control systems with different configurations. The simulation 
results obtained using continuous and discrete control systems (a, c) only used Matlab/Simulink. By 
contrast the simulation results obtained through different configurations of network-based control 
systems used run-time coupling between ESP-r and Matlab/Simulink. The same control system – PI 
control – was used for all concepts. The proportional and integral parameters were set to 6.55 and 6.15, 
respectively, and were the same for all control system configurations.  

The building model was a simple transfer function of 1 ( 1)s  . The programs for this transfer 

function and for zero-order hold (ZOH) were implemented in ESP-r in order to accurately compare the 
simulation results obtained through different configurations of network-based control systems with 
those obtained through continuous and discrete control systems, as shown in Figure 8.1. 

In the case of network-based control systems, Matlab/Simulink began the simulation, and ESP-r was 
launched at every simulation time step, as defined in Matlab/Simulink. All simulation results were 
displayed in Matlab/Simulink. The reference ( )r t  was a square-wave signal generator that produced a 

rectangular waveform signal bounded between -1 and 1 during the simulation period. The same 
reference signal was used for continuous, discrete, and network-based control systems. 

 

Figure 8.1. Control system configurations: (a) continuous, (b, d1 and d2).networked, and (c) discrete 
 

8.2.2. Simulation Results 
Figure 8.2 shows the simulation results obtained from the continuous, discrete, and network-based (or 
networked) control systems configured as shown in Figure 8.1. As network-based control systems may 
be designed in different ways depending on the type of control system (either continuous or discrete), 
all possible designs including continuous and discrete control systems were considered in order to 
compare their simulation results. For discrete control systems, the simulation results were obtained 

using 0.1sT s  and 0.01sT s . 



A Distributed Dynamic Simulation Mechanism                                         8 – Integration of Advanced Control Systems 
for Building Automation and Control Systems                                                    in Building Performance Applications 
                                  

 199

       
 (a) (b) 

     
 (c, 0.1

s
T  ) (c, 0.01

s
T  ) 

   
 (d1, 0.1

s
T  ) (d1, 0.01

s
T  ) 

   
 (d2, 0.1

s
T  ) (d2, 0.01

s
T  ) 

Figure 8.2. Simulation results obtained from five continuous, discrete, or network-based control 
systems (see Figure 8.1). The reference is shown in blue          , and  

the desired response is shown in green          . 
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8.2.3. Discussion 
Comparison of the simulation results obtained from the different configurations shown in Figure 8.1 

showed that the simulation results obtained using configurations (a), (b), (c, 0.01sT  ), (d1, 

0.01sT  ), and (d2, 0.01sT  ) were practically similar. The responses of these different types of 

control systems get to the reference ( )r t with the same amount of time and stay stable along it. 

However, the simulation results obtained using configurations (c, 0.1sT  ), (d1, 0.1sT  ), and (d2, 

0.1sT  ) were slightly different. The responses of control systems using the configurations (c, 

0.1sT  ) and (d2, 0.1sT  ) were the same but differed from the responses for configuration (d1, 

0.1sT  ). Therefore, the simulation results obtained from configurations (b) and (d2) were similar to 

those obtained from configurations (a) and (c), respectively. Run-time coupling between ESP-r and 
Matlab/Simulink was designed with respect to configurations (b) and (d2) in order to allow any 
continuous and discrete control system modelled on Matlab/Simulink to be used for any building or 
plant model built on ESP-r. 

8.2.4. Distributed Simulation between Matlab/Simulink and Multiple ESP-r(s)  
Of particular interest was the configuration whereby Matlab/Simulink is run-time coupled with two or 
more ESP-r(s). Figure 8.3 illustrates a simple version of this configuration. 

 

Figure 8.3. Run-time coupling between Matlab/Simulink and two ESP-r(s). 
 
Figure 8.4 shows the simulation results obtained by run-time coupling between Matlab/Simulink and 

two ESP-r(s). The building model was a simple transfer function of 1 ( 1)s  , which was used by 

ESP-r(1) and ESP-r(2). The reference was a square-wave signal generator for both ESP-r(s). 
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Figure 8.4. Simulation results obtained by run-time coupling Matlab/Simulink with two ESP-r(s). The 
reference is shown in blue        , and the desired response is shown in red        . 
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The simulation results, as shown in Figure 8.4, demonstrate that when run-time coupling Matlab/ 
Simulink with two or more ESP-r(s), communication-induced time delays do not degrade the 
performance and stability of control systems. Therefore, run-time coupling between one or more ESP-
r(s) and Matlab/Simulink is designed not to affect performance and stability of controlled systems, 
such as building processes or plant models. 

8.2.5. Theoretical Analysis  
For a more comprehensive theoretical analysis of network-based control systems with run-time 
coupling between ESP-r and Matlab/Simulink, the following linear system was considered: 

 
x Ax Bu

y Cx

 







 (8.1) 

where A , B , and C are state, input, and output matrices, respectively; ( )x   is the state vector; ( )u   

is the input (or control) vector; and ( )y  is the output vector. In order to stabilise the system while 

addressing certain performance criteria, the feedback control system must be designed as follows: 

 u r Ky    (8.2) 

where r is the reference vector and K is the control matrix gain. Substituting Equation 8.2 into 
Equation 8.1 leads to the following: 

 
( )x A BKC x Br

y Cx

  







  (8.3) 

In light of the configuration of network-based control system (d2), when transmission is synchronised, 
the applied control input can be defined as follows: 

 
( ) ( ) ( )

( ) ( )

CA

s s SC

u t r k Ky k

r t T Ky t T





  

    
  (8.4) 

For asynchronous mode, the quantity sT  should be replaced as follows:  

 ( )s delayT T k  (8.5) 

The resulting closed-loop control system description in synchronous mode is as follows: 

 
( ) ( ) ( ) ( )

( ) ( )

s SC sx t Ax t BKCx t T Br t T

y t Cx t

     








 (8.6) 

When communication time delays are important, the control system described by Equation 8.6 can be 
analysed using dynamic feedback compensators in Matlab/Simulink as described by Haddad et al. 
(1997). For improving the desired response, a multi-step-ahead predictor can be used in 
Matlab/Simulink to compensate for time delays, as described by Luck and Ray (1990). The state–space 
representation of this system in synchronous mode can be described as follows: 

 
( ) ( ) ( )

( ) ( )

delayx t Ax t Bu t T

y t Cx t

  








 (8.7) 

Communication time delays can be important when transmission speed is slow. Thus, the design of 
control systems depends on knowledge of time delays. Ignoring the delay during the analysis and 
design phases of control systems may degrade the performance and stability of systems. To ease 
implementation, the state–space representation of a system with delays shorter or longer than one 
sampling period is shown in the following section. 
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Time Delays Shorter Than One Sampling Period 
The common solution to Equation 8.7 is as follows: 

 0( ) ( )

0( ) ( ) ( )
t

tA t t A t

delayt
x t e x t e Bu T d        (8.8) 

For discrete time systems, the solution when using ZOH becomes 

  ( ) (( 1) )(( 1) ) ( ) ( )
s delay

s s

s

kT TA T A k T

s s delaykT
x k T e x kT e Bu T d  

       with 0,1, 2,...k   (8.9) 

Since the delayed input signal ( )delayu T   is not piecewise constant over sT , the delayed signal will 

change during one sampling period. The solution becomes 

 

( ) (( 1) )

( 1) (( 1) )

(( 1) ) ( ) (( 1) )

( )

s delay
s s

s

s
s

s delay

kT TA T A k T

s s skT

k T A k T

skT T

x k T e x kT e Bd u k T

e Bd u kT









  

  



   






 (8.10) 

Hence the discrete time state–space of the system can be given as follows: 

 

    

01
(( 1) ) ( )

( )
( ) 0 0 (( 1) )

(( 1) ) ( )
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s s

s s

x k T x kT
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 (8.11) 

where  

 ( )sA Te  , 

 
( 1) (( 1) )

0

s
s

s delay

k T A k T

kT T
e Bd 

  


   , and 

 (( 1) )

1

s delay
s

s

kT T A k T

kT
e Bd 

      

Time Delay Longer Than One Sampling Period 

When delayT is longer than sT , the analysis requires adaptation, which can be accomplished by 

decomposing delayT  such that 

( 1)delay s delayT d T T      with  0 delay sT T   (8.11) 

 where d is an integer. The solution becomes as follows: 

 0 1(( 1) ) ( ) ( ( 1) ) ( )s s s s sx k T x kT u kT d T u k d T           (8.12) 

The corresponding state–space representation, as described by Astrom and Wittenmark (1997), is 
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 (8.13) 
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Researchers have designed a number of control methods for systems with time delays shorter or longer 
than one sampling period. In particular they have used jump systems theory (see Fragoso et al., 1995), 
Markovian queues (see Chan and Ozguner, 1995), and stochastic delays (see Krtolica et al., 1994, and 
Nilson et al., 1998). In order to compensate for communication time delays that can occur due to run-
time coupling between one or more ESP-r(s) and Matlab/Simulink, an option was selected in the 
matespexge toolbox to indicate and measure communication delays from ESP-r to Matlab/Simulink 
and from Matlab/Simulink to ESP-r at every time step during the simulation. 

8.3. Design of Control Systems for Building and Plant Models by Run-
Time Coupling between ESP-r and Matlab/Simulink 

This section describes how different control methods should be designed for building and plant models 
using run-time coupling between ESP-r and Matlab/Simulink. As there are several control methods, 
varying from basic to advanced, their design for building and plant models using run-time coupling 
between ESP-r and Matlab/Simulink should be performed as follows. 

8.3.1. Basic and Conventional Control Methods 
The design of basic and conventional control methods for building and plant models using run-time 
coupling between ESP-r and Matlab/Simulink – such as on/off, PI, and PID – should be carried out in 
the same environment in which the model is usually run (e.g., Matlab/Simulink). The tuning of 
proportional, integral, and derivative parameters for conventional control systems should be 
accomplished using trial and error across several simulation tests.  

8.3.2. Intelligent Control Methods 
The design of intelligent control methods for building and plant models using run-time coupling 
between ESP-r and Matlab/Simulink – such as fuzzy logic and NN control systems – should be carried 
out in the same environment in which the model is usually run (e.g., Matlab/Simulink). In principle, 
these methods have the intrinsic advantage that they can be applied through the use of knowledge- 
and/or experience-based linguistic rules.   

8.3.3. Modern Control Methods 
The design of modern control methods for building and plant models using run-time coupling between 
ESP-r and Matlab/Simulink – such as optimal, adaptive, predictive, modal, and robust control systems  
– should be carried out in such a way that the building or plant model is described in the general form 
of the state–space representation as follows: 

 
( ) ( ) ( )

( ) ( ) ( )

x t Ax t Bu t

y t Cx t du t

 

 





 (8.14) 

where A  is the state matrix and ( )x   is the state vector (both describe the state of the building or plant 

model). Because this is a SISO representation, ( )u   is the input (or control) scalar, and ( )y  is the 

output scalar. B  is the input vector, C  is the output vector, and d  is a scalar value indicating direct 
feed of building or plant input to the output, if any. When specifying building and plant models in a 
linear time-invariant (LTI) framework, the matrix A , the vectors B  and C , and the scalar d  are 
constants. The dynamic behaviour of an LTI SISO model is often described by the content of the 
matrix A , the vectors B  and C , and the scalar d . In most practical cases, the value of d is 0.  

One of the advantages of representing the building or plant model in the state–space representation is 
that it directly applies to MIMO. For MIMO applications the vectors B  and C , and the scalar d  

become matrices, and the scalar ( )u   and ( )y   become vectors. Dealing with MIMO applications 

requires ensuring that the same input and output variables are selected on both sides of run-time 
coupling between ESP-r and Matlab/Simulink.  

In contrast to the frequency domain of basic and conventional control systems, modern control systems 
use the time domain state–space representation, where the notions of controllability and observability 
are of great importance in their applications. Furthermore, controllability and observability are two 
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fundamental issues in the analysis of a building or plant model that must be addressed before choosing 
the best control strategy or determining whether it is even possible to control or stabilise the system. 
For example, according to Luenberger (1979), controllability corresponds to the ability to control a 
system whereas observability is related to the possibility of observing the state of a system through 
output measurements. Therefore, it is important to ensure that the controlled building performance 
application is controllable and observable in order to ensure good results in the execution of a closed-
loop control of a building or plant model. 

In order to apply modern control methods to building performance applications, building and plant 
models must be described in the state–space representation (i.e., using Equation 8.14). Although the 
building itself is a static system, or object, many or all its performance applications – such as heating, 
cooling, and daylighting – are highly dynamic and can change within time. Because a control strategy 
can be applied to a building performance application only when that building performance application 
is controllable, control systems must be applied only to dynamic building applications that are 
automatically operable. In addition, in a distributed (or coupled) simulation, a control system and its 
building or plant model must be built separately on different software tools, such as on Matlab/ 
Simulink and ESP-r, respectively. For this reason, two separate models must be developed and used 
when designing a modern control system for a building performance application, especially when 
using a run-time coupling mechanism. This representation results in the same specification exhibited in 
third-generation ABs. Therefore, two models – the reduced model and extensible model – are used for 
the closed-loop control system of a building or plant model through run-time coupling between 
Matlab/Simulink and ESP-r. Figure 8.5 shows the design of modern control systems for building 
performance applications using run-time coupling between Matlab/Simulink and ESP-r. 

 

Figure 8.5. Design of modern control systems for building performance applications 
 using run-time coupling between Matlab/Simulink and ESP-r 

 
Therefore, as shown in Figure 8.5, the design of modern control systems for building performance 
applications using run-time coupling between ESP-r and Matlab/Simulink requires using two models: 
the reduced building or plant model, which should be built on the Matlab/Simulink side, and the 
extensive building or plant model, which should be built on the ESP-r side. The reduced building or 
plant model characterises only the building processes or dynamic plant models that are controllable 
(operable). By contrast, the extensive building or plant model characterises the entire building or plant 
model including its materials, construction, and even the parts that are not operable. Hence, the 
building processes and dynamic plant models must be modelled using the state–space representation 
on the Matlab/Simulink side in order to successfully apply a modern control system. 

8.3.4. Hybrid Control Systems  
As described in previous chapters, HCSs are reactive systems that intermix continuous time and 
discrete event control systems. Figure 8.6 illustrates how HCS can be analysed and designed using run-
time coupling between ESP-r and Matlab/Simulink. 
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Figure 8.6. Design of HCS using run-time coupling between ESP-r and Matlab/Simulink. 
 

As shown in Figure 8.6, the design of HCS for building and plant models using run-time coupling 
between ESP-r and Matlab/Simulink can be carried out by using Matlab or Simulink for continuous-
time control systems and by using Stateflow for discrete-event control systems. In general Simulink is 
used to model continuous dynamics and Stateflow is used to specify the modal behaviour of the system 
and the discrete control logic (for example, see MathWorks, 2012). Matlab and Simulink are the 
primary development programming and graphical environments, respectively. Stateflow is the 
modelling language based on hierarchical state machines with discrete transitions between states. 
Hence, it is possible to translate a Stateflow model into a guarded transition formalism. Furthermore, 
there is some literature on using semantic translation for simulation of hybrid systems in Stateflow (for 
example, see Agrawal et al., 2004). 

HCSs are a rich class of control systems that involve the interaction of discrete-event systems with 
differential equations. In particular the design task of such control systems has received extensive 
attention in the recent literature (for example, see Asarin et al., 2000; Lygeros et al., 1999; and Moor 
and Raisch, 1999). As shown in Figure 8.6, HCS consists of a finite number of continuous control 
systems and a discrete supervisor, which acts on quantised measurement information (or observable 
states) by switching between the continuous control systems at each time instant. One of the main 
advantages of HCS is the use of the supervisor to choose the control system closest to the current 
condition as defined by the state of the building or plant model. In addition the supervision can be used 
to choose a typical control system for specific situations when communication-induced time delays are 
important to maintaining the performance and stability of a building or plant model. 

Continuous-Time and Discrete-Event Control Systems 
In principle building and plant models can be represented in a continuous state–space, where the state 
takes on values that are real numbers and evolves with time according to a set of differential equations. 
The discrete supervisor is a discrete-event control system that can be modelled as a deterministic 
automaton. A continuous-time control system can be mathematically represented as follows (see 
Antsaklis and Nerode, 1998): 

( , )x f x u   (8.15) 
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where x  is the continuous state of the building or plant model to be controlled, u is the continuous 
control, and f  is a function (typically a Lipschitz continuous function). The state–space and the 

control space are continuous sets, which are defined over the continuous-time axis and thus can be 

represented as functions of 0 1: [ , ] nx t t   and 0 1: [ , ]u t t  , respectively. 

On the other hand, a discrete-event control system94 can be described as follows (see Cassandras, 
1993): 

( , )q g q v   (8.16) 

where q  is the discrete state of the building or plant model to be controlled, g  is a transition function, 

and q  denotes the new state. The state–space and the control states form finite sets such as 

1{ ,..., }Nq q  and 1{ ,..., }Nv v . The discrete state and discrete control are not defined over the time axis 

but form only a finite number of states and transitions. A finite state machine (or automaton) 
conveniently describes a discrete-event control system, where its vertices represent the discrete states 
and its edges are defined by the transition functions. 

Hybrid Automaton 
A hybrid automaton is a dynamic system that describes the evolution in time of the values of a set of 
discrete and continuous-state variables, as shown in Figure 8.7. The syntax language used in this work 
for modelling both a mathematical and a graphical representation is similar to the syntax given by Alur 
et al. (1996) and Lygeros et al. (2000). Without any continuous and discrete controls, an autonomous 
hybrid automaton can be defined as an 8-tuple:  

, , , , , , ,H Q X D Init Inv E G R    (8.17) 

where Q  is a set of discrete states, X is a set of continuous variables, D Q Q   is a set of discrete 

fields, nInit Q   is a set of initial conditions, : 2
n

Inv Q  is the invariant location labelling,   

: n nE Q   is a set of edges, : 2
n

G E   is a guard condition (or labelling), and 

: 2
nnR E   is the reset edge labelling. A state in H is a pair ( , )q x , where q Q  is the 

discrete state and ( ) nx Inv q    is the continuous state.  

 

Figure 8.7. Hybrid automaton. 
                                                           
94 A discrete-event control system corresponds more or less to a finite-state machine. This should be distinguished from a 
discrete-time (or digital) control system. (See section 6.4.4 for more details.) 
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As illustrated in Figure 8.7, a hybrid automaton is a finite-state automation augmented with a set of 
continuous-state variables and a continuous-state equation for every discrete state or location. It 
evolves in either continuous-time or discrete transitions. Starting from an initial value ( , )q x Init , 

the continuous-state x  flows while the discrete state q  remains constant. The continuous evolution 

can go on as long as x  remains in q . If the invariance condition is not satisfied, then a discrete 

transition is forced and the continuous state may be reinitialised. If x  reaches a guard ( ( , )G q q ), the 

discrete-state value may change to q . At the same time, the continuous state is reset to some values in 

1( , )R e x . After this discrete transition, the continuous evolution resumes, and the process is repeated.   

Hybrid automaton is autonomous because it independently changes the discrete states depending on 
the inputs. In effect, discrete state transitions are not forced to fire when the guards are enabled. The 
discrete field, the guard condition, and the reset condition are enabled to depend on the continuous and 
discrete inputs, whereas the continuous and discrete outputs are enabled to depend on the hybrid state. 
In this way HCSs are defined as intelligent. 

Both purely discrete-event and continuous-time control systems fit within the hybrid automaton model. 
A discrete-event control system can be modelled as a hybrid automaton with no continuous dynamics 
(i.e., 0x  ). A continuous-time control system can be modelled as a hybrid automation with a single 
discrete state and discrete field equal to continuous state–space.  

Modelling Hybrid Statecharts 
The concept of hybrid statecharts is based on the integration of continuous-time dynamics and finite-
state automata into the same formalism. A hybrid statechart may have multiple concurrent states, 
which are expressed as recognizable situations, and may be accompanied by (a) conditions that are 
optional Boolean expressions but that must be true when a transition occurs, (b) events that cause a 
transition from one state to another, (c) actions that result from a state change, and (d) default 
transitions that are used to specify which states are initially active. In addition to states and transitions, 
a set of differential and algebraic equations can be associated with a simple or composite state of the 
hybrid statechart, for which a condition is specified over continuously changing variables as a trigger 
for transition. This set of equations and triggers is defined by the simple state and all its containers. 
Section 4.4.2 shows an example of a building heating process, which was modelled using hybrid 
statecharts. Consequently, by using hybrid statecharts, it is possible to model and represent a wide 
range of phenomena present in building processes and dynamic plant models.  

There are several reasons why hybrid statecharts are necessary:  
 modelling abstractions such as the hierarchical organisation of building and plant models, and 

the time-scale separations of their continuous behaviours 
 modelling building control applications that rely on a sequential planning algorithm, with safety 

and quality constraints depending on continuous variables 
 rigorous modelling of embedded control systems, which require a hybrid formalism in order to 

capture the interaction of the logics implemented through hardware and software 

In addition to using continuous-time equations, one of the main advantages of applying hybrid 
statecharts to the modelling of building performance processes and dynamic plant models is using 
finite-state automaton as a model for discrete behaviour to provide more precision and/or faster-
response control systems.    

Stability 
Stability requires that small perturbations in operating conditions lead to small changes in the 
behaviour of building indoor environments and plant models. Generalising the notion of stability to 
HCS is possible and requires paying attention to the evolution of the continuous state and the discrete 
state. An equilibrium point for an HCS can be either in the interior of a domain or on the boundary 
between two or more domains. For instance, Lyapunov’s direct and indirect methods, which are 
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powerful tools for analysing the stability of difference and differential equations, have been used for 
hybrid systems (see Johansson and Rantzer, 1998).  

Verification  
Verification is the formal process of analysing whether a control system designed for a building or 
plant model satisfies the desired specifications using a computer algorithm or program. Many hybrid 
formalisms and tools have been extended to the verification of various classes of hybrid systems, 
including HyTech95, Stateflow, and others. In order to reduce the complexity of formally verifying 
whether a hybrid statechart satisfies a given specification, a simplified model is extracted by ignoring 
irrelevant details but preserving the specification of interest. Such a concept of abstraction is crucial to 
the success of model-based testing (see Alur et al., 1995).   

Supervisory Control 
As shown in Figure 8.6, supervisory controls are an optional part of HCSs. They decide which of the 
control systems should be active at each time instant (Lemmon et al., 1999). The switching signal is 
determined by the supervisor based on the control actions (outputs) and the observable states (inputs). 
One purpose of the supervisor is to stabilise the building or plant model despite large uncertainties and 
disturbances (environmental influences). In addition a supervisory control system can be used for gain 
scheduling to handle large variations in operating conditions of building plant systems and other 
situations in buildings (e.g., occupancy, vacancy, etc.). 

Intelligent Control  
The objective of intelligent control is to design control systems with positive, intelligent, and creative 
attributes that are close to human perceptions (see Ari et al., 2005). In general these control systems are 
used whenever a mathematical description of a building or plant model is difficult or impossible, or 
where building processes or plant operations are unpredictable. Integrating the notion of intelligent 
control into HCS would enable system designers to create autonomous control systems that can sense, 
reason, plan, learn, and act in an intelligent manner. 

Modern Control 
The major purpose of modern control is to give a systematic approach to synthesis control laws with 
proprieties of the building or plant model specified by optimising performance criteria or cost function 
(see Yahiaoui et al., 2005b) and (Lute and van Passen, 1995). Integrating the notion of modern control 
into HCS would enable the design of innovative control systems that achieve high comfort and 
performance while minimising energy consumption and other factors. 

Application Example 
To illustrate some of the aforementioned concepts, consider the PI control system with the transfer 

function of 1 ( 1)s   shown in Figure 8.1(a). In theory, this PI control system is just an RC filter, 

which can be viewed as shown in Figure 8.8. 

 

Figure 8.8. Schematic representation of an active low-pass filter in an electrical circuit (left) and its 
hybrid statechart equivalent (right). 

                                                           
95 HyTech is an automatic tool for the analysis of embedded systems. 
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Figure 8.8 shows a PI control system developed in the form of hybrid automata. This representation 
demonstrates that hybrid statecharts are powerful and can be used to model any process and system. 
Figure 8.8 demonstrates the implementation of PI controls using digital circuits instead of analogue 
circuits. Implementing PI controls with digital circuits requires the use of software and hardware in the 
design of the system, one of the main reasons why HCSs are sometimes called embedded control 
systems. Figure 8.9 shows the simulation results obtained by the equivalent representation of PI 
controls in the form of hybrid automata using Simulink and Stateflow. 

   

Figure 8.9. Simulation results obtained using the PI control modelled in the continuous-time approach 
(left) and in the form of hybrid automata with two discrete states (off, on) (right). Control response is 

shown in green          , and reference is shown in blue         .  
 
A comparison of the simulation results shown in Figure 8.9 (left) with those shown in Figure 8.1 (right) 
demonstrates that different PI control system designs (i.e., those modelled on the continuous-time 
approach or on hybrid automata) yield practically the same control responses. Therefore, it is 
advantageous to design the PI control system in the form of hybrid automata, which involves coupling 
continuous dynamics and discrete events to drive the control response to the desired reference set. In 
building performance applications, 96  continuous behaviour often arises as a manifestation of the 
underlying physical laws governing the building processes and the dynamic behaviours of building 
plant models. On the other hand, discrete behaviour can originate from various sources of discrete 
phenomena including the following: 
 discrete-state changes in building performance such as occupancy, vacancy, and so on 
 sensors that give discrete rather than continuous outputs (especially for levels and flows) 
 actuators with discrete positions as such on/off switchers, motors without speed control, and so 

on 
 logic-based switching for safety and supervisory control applications in buildings 

In building control applications, various layers of the automation hierarchy can be distinguished such 
as 

 simple regulation of building processes such as air temperature, relative humidity, and so on 
 basic sequence control between activities such as natural ventilation, mechanical ventilation, 

and so on   
 advanced control strategies such as multivariable control function, setpoint optimization, and so 

on 

Traditional control systems have been applied to building environmental performance by separating 
the continuous-time and discrete-event control systems. However, HCSs are applied when intermixing 
both continuous-time and discrete-event control systems. Therefore, the use of HCS for building 
performance applications allows the design of flexible, reliable, and effective control systems. Such 
flexibility can play a critical role in achieving optimum control setpoints, minimising energy 
consumption to the building indoor environment, and operating building HVAC equipment, or plant 
systems, and lighting components as efficiently as possible. 
                                                           
96 Throughout this work, the term building performance applications is used exclusively to refer to building processes and/or 
dynamic plant models. 
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8.4. Automated Buildings 
Although there are several historical examples of building automation, such as Roman heating 
systems, the field of computerised building automation is quite young. The adoption of computers for 
building automation has caused an increase in the efficiency and productivity of building 
environments. Computers can automate indoor processes and optimise the performance of HVAC 
equipment and lighting components. The function of such building automation, particularly building 
automation and control systems, is central to the concept of ABs. Its purpose is to control, optimise, 
monitor, and supervise building performance applications97 such as lighting, heating, ventilation, air-
conditioning, energy management, fault detection and diagnoses, access control, and so on. Therefore, 
the achievement of this purpose should yield large energy savings, create significant reductions in 
costs and greenhouse gas emissions, and result in proper adaptation to needs and preferences of the 
occupants.  

8.4.1. Automation Tasks  
One of the most important tasks of ABs is adapting indoor processes (or variables) to the individual 
preferences of occupants while minimising energy consumption and related costs. As this work is 
concerned with third-generation ABs, the design of control systems, especially MASs, should be 
developed to  
 learn about the building environments and behaviour of occupants 
 adapt building control operations to the needs and preferences of occupants 
 minimize total energy consumption 
 manage energy usage during peak periods 
 reduce greenhouse gas emissions that depend on and correlate to reductions in energy use 

Consequently the core of third-generation ABs is the design of control systems, which should allow 
integration, automation, adaptation, and optimization of all control operations encountered in building 
environmental performance. For example, when improper control systems are designed for building 
indoor processes, such as air temperature, humidity, ventilation, and air quality regulation, there can be 
significant negative effects on the productivity and health of occupants. Therefore, it is essential to 
properly design control systems that provide a comfortable and healthy indoor environment while 
maintaining an acceptable level of temperature and humidity around the preferences of occupants and 
creating a sense of habitably through air movement, ventilation, and slight temperature variation. One 
way of successfully designing control systems for building performance applications is to use SE 
practices to ensure that all occupants’ needs and references are satisfied throughout the SDLC model 
of designed control systems. 

8.4.2. Application of Systems Engineering Practices in Design of Advanced 
Control Systems for Building Performance Applications 

A very structured and rigorous way of designing advanced control systems for building performance 
applications using run-time coupling between Matlab/Simulink and one or more ESP-r(s) involves 
using SE practices to translate occupants’ needs into an advanced control system that most efficiently 
meets those needs. Figure 8.10 shows how to design an advanced control system through a simple V-
diagram while applying SE practices. 

 

Figure 8.10. A well-established way of designing advanced control systems.   

                                                           
97 In the literature terms such as building services and building facilities are used to refer to building performance applications 
(or operations).  
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As shown in Figure 8.10, the V-model (or diagram) is simple because it consists of a small number of 
phases ranging from requirements to specification, implementation, integration and testing, and 
operation and deployment. The requirements phase defines occupants’ needs and determines which 
building processes or dynamic plant models to control and which to use to derive requirements of the 
subsystem level of abstraction from requirements of the system level of abstraction. The specification 
phase identifies the goals and functionalities of the control systems along with their inputs and outputs, 
which must be selected to be run-time coupled with ESP-r. The implementation phase takes the needs 
and goals of the pervious phases and implements them using appropriate control systems. The 
integration and testing phase consists of integrating building or plant models built on ESP-r with the 
remote control systems modelled on Matlab/Simulink using run-time coupling and then testing if their 
inputs and outputs are correctly connected. The operation and deployment phase consists of calibrating 
the necessary control parameters to meet the requirements and to run simulations.  

8.4.3. Improvements in efficiency and productivity of buildings 
One way of improving the energy efficiency of buildings and reducing their greenhouse gas emissions 
is by enabling the integration of control systems – principally advanced control systems. For example, 
one consequence of turning on building indoor processes such as heating and lighting only when 
necessary is significant cost savings and large reductions in energy consumption, which is an effective 
way of reducing greenhouse gas emissions. Such an improvement can create positive consequences 
especially when the integration of advanced control systems is based on the use of MASs to coordinate 
between an agent detecting if the building is occupied and other agents facilitating automation and 
optimization of lighting and heating operations or processes.  

Improvements in productivity can also be achieved based on the use of MASs, for example in order to 
coordinate between an agent planning to perform control operations and other agents facilitating 
automation, adaptation, and optimization of building indoor processes to meet needs and preferences 
of occupants. There are many other scenarios in which the integration of advanced control systems, 
especially MASs, in building performance applications can improve the efficiency and productivity of 
buildings by reducing energy consumption, costs, and greenhouse gas emissions. 

8.5. Multi-Agent Systems  
This section gives a brief overview of MASs, describes their characteristics, and outlines the 
application of MASs to building simulation. 

8.5.1. Overview  
MAS is a concept derived from distributed AI, which firstly use it in order to reproduce the knowledge 
and reasoning of several heterogeneous agents that need to coordinate to jointly solve real-world 
design planning problems (see e.g. Wooldridge and Jennings, 1995; Ferber,1999; Weiss, 2000). In 
some literature, MASs in control engineering also referred to as multi-agent control systems. 

According to Russel and Norvig (2003), an agent is anything that perceives its environment through 
sensors and acts upon that environment through actuators. A rational agent is an agent that always tries 
to optimise an appropriate performance measure. In terms of building control applications, an agent is 
a control process or system that acts intelligently and autonomously to achieve its goals. The agent’s 
environment is the building performance application (or environmental process).  

However, agents rarely are stand-alone systems. In many situations they coexist and interact with each 
other in several different ways. Grouping agents that agree to cooperate to execute a task or achieve a 
goal results in a MAS. Therefore, MASs are structures of several independent and autonomous agents 
in which every agent independently pursues its goals and cooperates with others when necessary. 

8.5.2. Characteristics of Multi-Agent Systems 
The fundamental aspects that characterise MASs and distinguish them from single-agent systems are 
as follows: 

 Agent design: this is realised in the form of a hybrid statechart.  
 Environment: this refers to a building process or plant model that is under consideration. 
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 Perception: this is the ability to observe the data of other agents when necessary for the 
purposes of decision making. When Matlab/Simulink is run-time coupled with one or more 
ESP-r(s), designed agents can observe each other through their exchanged data. 

 Control: contrary to single-agent systems, the control in a MAS is typically distributed. Run-
time coupling between one or more ESP-r(s) and Matlab/Simulink enables synchronous, 
asynchronous, and partially synchronous distributed computing to facilitate coordination and 
cooperation between agents designed for different roles. An agent can be used to simultaneously 
control several building processes or plant models built on two or more ESP-r(s).       

 Knowledge: In an MAS, agents can be designed by considering the knowledge of other agents. 
These agents can cooperate to achieve a goal that a single-agent system cannot perform in 
isolation. Through the use of extended hybrid statecharts, agents can be designed with different 
levels of knowledge by integrating hybrid automaton and intelligent control methods into the 
same formalism.  

 Communication: In an MAS, agents can interact for coordination of strategies. Communication 
among agents can be internal or external; both modes are supported by run-time coupling 
between one or more ESP-r(s) and Matlab/Simulink. Whereas the interactions among 
interagents are performed for building or plant models built on the same ESP-r, the interactions 
among external agents are performed for building or plant models built on different ESP-r(s). 

8.5.3. Application of Multi-Agent Systems to Building Performance 
The application of MASs to building energy and environmental performance is simple and mostly 
based on theory. Until now there have not been any software tools to simulate both MAS and building 
performance applications. However, with run-time coupling between Matlab/Simulink and one or 
more ESP-r(s), this application can be treated as a collection of autonomous agents modelled as hybrid 
statecharts on Matlab/Simulink to control building zones or plant models built on one or more ESP-
r(s). Some of the benefits of applying MASs to building performance applications are as follows: 
 increases in speed and efficiency due to distributed asynchronous or partially synchronous 

computation supported by run-time coupling between one or more ESP-r(s) and Matlab/ 
Simulink  

 scalability and flexibility due to ease of modification of statecharts modelled on 
Matlab/Simulink 

 reusability and redistribution of agents for several building or plant models built on the same or 
different ESP-r(s) 

However, there are various applications of MASs in real ABs using BACS technology to manage and 
control by computer building performance and other applications (see Wang et al., 2010). Such 
application of MASs can be simulated using run-time coupling between Matlab/Simulink and one or 
more ESP-r(s) in order to investigate and improve buildings performance operations. 

8.6. Modelling  and Simulation of Multi-Agent Systems in Buildings  
As mentioned in sections 4.4.3 and 4.4.4, hybrid statecharts and extended hybrid statecharts are used in 
this work as visual concepts for modelling autonomous agents and HICAs, respectively. Because 
hybrid statecharts are a simple solution for modelling complex systems, they are used to specify and 
coordinate the behaviour of agent activities to achieve mutually desirable goals. Statecharts are based 
on a hierarchical structure that can enable complex agents to be described by a hierarchy of super- and 
substates (e.g., in the form of structured tree diagram). For communication between agents, statechart 
events are used, as they may be simultaneously broadcast to all statecharts by using an identical 
transition label in multiple concurrent states. 

Figure 8.11 illustrates the overall architecture of an autonomous agent. Based on this architecture, the 
agent first senses the current information of the building or plant model and then carries out the control 
action while taking certain performance criteria or knowledge into consideration. As a result the 
control action is achieved with the capability of learning from the past, self-adapting to the present 
situation, and planning for the future.  



A Distributed Dynamic Simulation Mechanism                                         8 – Integration of Advanced Control Systems 
for Building Automation and Control Systems                                                    in Building Performance Applications 
                                  

 213

 

Figure 8.11. The basic architecture of an autonomous agent.  
 

The advantage of using hybrid statecharts for designing MASs is that hybrid statecharts have 
hierarchical and behavioural structures. Both structures are used in MASs to divide the control 
problems into smaller subproblems. Supposing that any building performance application can be 
formulated as a sequential decision-mating problem, system designers should create an autonomous 
agent to solve problems by planning or learning depending on the availability of knowledge of the 
environment (i.e., the building or plant model). Figure 8.12 illustrates four main categories of 
sequential decision-making problems as classified by Littman (1996).  

 

Figure 8.12. Classification of sequential decision-making problems. 
 

In the planning category, a complete model of the environment is known and is made available in 
advance. Hence, a planner accomplishes the task of finding the optimal policy, and an agent then 
executes the optimal policy. However, when the environment is unknown or when it is difficult to 
develop a detailed model of the environment, the reinforcement learning category applies. In this case, 
the only way for the agent to find the optimal policy is through interaction with the environment 
through perception and action. There are two other categories in addition to the planning and 
reinforcement learning categories. These categories combine some characteristics of planning and 
learning. Whereas the model-based reinforcement learning category uses experience to generate the 
model that serves as a planner to update policy for the agent, the simulated reinforcement category 
uses a preconstructed simulator to develop a model based on previous knowledge that emulates the 
environment and generates the quasiexperience to train the learning agent. Consequently, the design of 
an autonomous agent depends on the building performance application and can be reactive, 
deliberative, or hybrid.    
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8.6.1. Reactive Agent 
A reactive agent is a simple agent that operates autonomously and is responsible for specific tasks. 
Therefore, the reactive agent is not much more than an automaton that observes the environment, acts 
upon it, and then finds the appropriate actions. A reactive agent is formally defined as a multiple:  

, , , , , ,i cRA E P A M perceive act action  , with 1, 2,3...i   (8.18) 

where  perceive = E P , act = [ ... ] cP M M M A     , action = 

[ ... ] [ ... ]P M M M M M M        , iRA  is the reactive agent of number i , E  is the set of 

states for the environment, P  is a partition of E  (i.e., the possible action that an agent can choose), 

cA is the set of actions that an agent can apply, and M  is the message that agents can send to each 

other.   

Figure 8.13 illustrates a typical example of a reactive agent that is modelled on Matlab/Simulink and 
run-time coupled with a building model built on ESP-r in order to autonomously maintain the indoor 
air temperature at the desired level.  

   

                                                          

Figure 8.13.  A typical representation of the reactive agent.  
 
As shown in Figure 8.13, the reactive agent was designed in such a way that by default it sets the 
actuator – the heating plant – to the off position. However, once it detects that the air temperature in 

the building space int  is lower than the air temperature setpoint spht , it immediately switches the 

actuator to the on position. When the actuator is switched to the on position, the amount of heat 
supplied to the space is calculated in terms of the approximate amount of heat lost from that space and 
the air temperature inside the space, as well as the outside air temperature when this is important and 
disturbs the functioning of the autonomous agent. In this example, the outdoor air temperature was not 
included because its value was nearly zero during the period used for the simulation (see Figure 8.14).  
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Figure 8.14. Simulation results obtained by the reactive agent. 
 
Figure 8.14 shows the simulation results obtained by the reactive agent depicted in Figure 8.13, as 
modelled in Matlab/Simulink. This reactive agent was designed to autonomously regulate the indoor 
temperature in the building model as shown in Figure 6.29. The simulated results show that there are 
small variations in the control response due to the discrete states of the agent. 

8.6.2. Deliberative Agent 
A deliberative agent specifies which actions are necessary to execute in order to meet a certain number 
of preferences at certain moments under the presence of constraints. In addition the deliberative agent 
uses its internal dynamics to achieve desirable control objectives while satisfying the defined 
performance criteria or cost function despite the presence of constraints. Therefore, a deliberative 
agent is as a deliberate automaton that observes the environment, acts upon it, and chooses control 
actions according to preferences, information gathered from observations (e.g., inputs, past actions, 
etc.), and defined performance criteria. Formally, a deliberative agent is defined as a multiple:  

0, , , , , , , , ,i cDA D E P A M d G perceive act action  , with 1, 2,3...i   (8.19) 

where perceive = E P ,  act = [ ... ] cP M M M A     , action = cD P A  , iDA  is the 

deliberative agent of number i , D  is the set of predicate logics,98 E  is the set of states for the 

environment, P  is a partition of E  (i.e., the possible action that an agent can choose), cA is the set of 

actions that an agent can apply, M is the message that agents can send to each other, 0d  is the set of 

initial states of G , and G  is the set of goals of iDA , with D P D  . 

Compared to a reactive agent that responds in a timely fashion to environmental change, the 
deliberative agent also has the ability to act in anticipation of future goals, to predict the future 
evolution of the building or plant model, and to adapt to controlled variables with changes that occur 
outside or inside the building. Furthermore, a deliberative agent can have a set of deliberation 
resources, which in some cases can be imported and accessed by another agent (see Larson and 
Sandholm, 2001). 

Figure 8.15 illustrates an example of a deliberative agent modelled on Matlab/Simulink and run-time 
coupled with a building model built on ESP-r. The purpose of the agent is to autonomously maintain 
the indoor air temperature at the desired level while minimising energy consumption.  

                                                           
98 The term predicate calculus is also used in the literature. Both stand for a convenient basic for constructing logical forms such 
as clocks, relations between propositions, and so on.  
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Figure 8.15.  A typical representation of the deliberative agent. 
 
As shown in Figure 8.15, the autonomous agent was designed in such a way that by default it sets the 
actuator (i.e., the heating plant model) to the off position. However, once it detects that the indoor air 

temperature in the building space int is lower than the air temperature setpoint spht , it immediately 

switches the actuator to the on position. When the actuator is switched to the on position, the amount 
of heat supplied to the space is calculated in terms of the approximate amount of heat lost from that 
space; the air temperature inside that space; the outside air temperature, if necessary; and the 
performance criterion. In this example, the performance criterion was defined in such a way as to 
maintain the indoor air temperature within the thermal comfort ranges (i.e., limits) as recommended in 
ASHRAE-55 (2004) while minimising energy consumption in the building space. Depending on the 
application, the performance criteria may be defined to achieve other parameters that affect the control 
responses. Figure 8.16 shows the simulation results obtained by the deliberative agent as illustrated in 
Figure 8.15 and as modelled in Matlab/Simulink.  
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Figure 8.16. Simulation results obtained by the deliberative agent. 
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The simulation results shown in Figure 8.16 were obtained using the same building model as shown in 
Figure 6.29. The deliberative agent was designed to autonomously maintain the indoor air temperature 
at the desired setpoint while minimising the energy use in the building space. The simulated results 
show that small variations in the control response due to the discrete states of the agent. These results 
can still be improved by calibrating the weighing matrices (i.e., by choosing and accurately weighting 
the matrices) of the performance criterion (function cost). 

8.6.3. Hybrid Intelligent Control Agent 
As mentioned in section 4.4.4, HICA is an intelligent automaton that, in addition to reactive and 
deliberative agents, has the capacity to follow its own plans and sometimes to directly react to changes 
without deliberation. Figure 8.17 illustrates an example of a HICA modelled on Matlab/Simulink and 
run-time coupled with a building model built on an ESP-r in order to autonomously and intelligently 
regulate the indoor air temperature in a building space. 

 

 

 
 

Figure 8.17. A typical representation of a HICA.  
 

As illustrated in Figure 8.17, the HICA was designed in such a way that by default it sets the actuator 
(the heating plant) to the off position. However, once it detects that the air temperature in the building 
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space int is lower than the air temperature setpoint spht , it immediately switches the actuator to the on 

position. When the actuator is switched to the on position, the amount of heat supplied to the building 
space is calculated in terms of the approximate amount of heat lost from that space; the air temperature 
inside that space; the outside air temperature, if necessary; and the relationship function of fuzzy sets 
for different thermal comfort ranges, as recommended by ASHRAE-55 (2004). The cooling mode is 
not considered in this example because when the HICA sets the actuator to the off position, the output 
supplied to the building space is zero.  

Unlike reactive and deliberative agents, HICAs contain a knowledge base, which in this example was 
created based on the knowledge domain of the thermal comfort index PMV. However, the formation of 
the knowledge base structure can vary depending on the application. In addition to a knowledge base, 
HICAs can include decision-making strategies for planning, adapting, and learning by using other 
intelligent control methods, such as NN and genetic algorithms. Figure 8.18 shows the simulation 
results obtained by the deliberative agent illustrated in Figure 8.17, as modelled in Matlab/Simulink. 
The same building model shown in Figure 6.29 was used for this simulation. 
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Figure 8.18. Simulation results obtained using the HICA. 
 
The simulation results of Figure 8.18 show that the control response was maintained at the desired 
temperature setpoint. The simulation results obtained by HICA are better than those obtained through 
reactive and deliberative agents because the control response is sometimes subject to very small 
variations such as when important disturbances affect the indoor air temperature. These results could 
be improved by modifying or improving the membership functions of the fuzzy sets and by setting up 
more input and output variables in a fuzzy model. 

8.6.4. Discussion 
A comparison of the simulation results obtained by different agents demonstrates that the control 
responses obtained using different agents are approximately similar. Because the building model used 
for simulation was simple and all control methods were advanced, the results did not exhibit large 
differences. In contrast, when the building model is complex, the differences may appear. 
Nevertheless, the objective was to demonstrate the development and implementation of different types 
of agents using run-time coupling between ESP-r and Matlab/Simulink with extended hybrid 
statecharts. Run-time coupling between one or more ESP-r(s) and Matlab/Simulink allows for 
simulation of simple and complex applications based on the integration of MASs in buildings.   

8.7. Approach to Peak Electricity Demand Management 
HVAC&R equipment and lighting components that operate independently of each other frequently 
cause temporally correlated energy demand peaks. As the price of these peaks can be over 200 times 
the nominal power rate (see TRF Energy, 2007), the peaks often cause expensive and inefficient 
energy consumption for building occupants. This situation requires an effective management system 
that can reveal the presence of peak periods and manage the demand for energy through a well- 
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established energy efficiency strategy that appropriately maintains indoor thermal and visual comfort 
and IAQ aspects while reducing energy usage. In general this can encourage occupants to use less 
energy during these periods or schedule energy use for off-peak periods such as nonworking hours, 
nighttime, and weekends.  

Several research studies address reducing energy consumption in buildings, mainly when the peak 
electricity demand is high (see Oldewurtel et al., 2010). However, as most of these studies focused on 
the use of MPC strategies – which are characterised by the use of empirical models that only 
approximate reality), the peak periods are not always managed and considered by control strategies. 
Figure 8.19 shows a typical example99 in which the predicted (predispatch) price activity does not 
correspond to the actual (dispatch) price activity, even when both predicted and observed demand 
activities were approximately similar.  

 

Figure 8.19. A simplified overview of demand and price activity in the real-time 
electricity market for a 24-hour period. 

 
As early mentioned in section 2.6, BACS uses a network to communicate between the central 
computer and building equipment and components. This offers the ability to remotely control building 
equipment and components and substantially reduce energy usage during peak periods. Therefore, 
computer programs were developed and implemented on Matlab/Simulink to continuously read (i.e., at 
every control time step) electricity pricing information (e.g., price and demand activity) from the 
electronic market. Figure 8.20 shows a simple example where price and demand activities are 
continuously read from the electricity market and displayed on Matlab.  

 

Figure 8.20. Example of reading information of electricity pricing from the electronic market. 
 

With this developed approach, it is possible to develop and implement well-established energy 
efficient strategies with advanced control systems in order to effectively manage energy consumption 
                                                           
99 Note that the information contained in this example presents a simplified overview of demand and price evolution in the real-
time electricity market in Canada, as provided on http://www.ieso.ca/imoweb/marketdata/markettoday.asp 
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during peak periods while properly maintaining the indoor comfort and IAQ environment in buildings. 
In addition reading the electricity price rate or activity in real time provides the principal information 
for control strategies to sensitively react to peak periods. This can also achieve a desired trade-off 
between reducing the energy consumption and minimising waiting time for the operation of energy-
consuming equipment such as air conditioners. As a result, the use of real-time electricity pricing by 
BACS can potentially lead to more economic and environmental advantages in ABs. 

8.8. Design Control Strategies for Building Performance Applications        
One of the main objectives of developing and designing control strategies for building performance 
applications is to significantly improve aspects of thermal, visual, and IAQ comfort in a building 
environment while minimising energy consumption and reducing other factors such as greenhouse gas 
emissions. Kolokotsa (2007) considered the improvement of thermal, visual, and IAQ comfort with 
simultaneous energy savings. Accordingly, the integration of control systems in building performance 
applications in terms of improvement of indoor comfort and energy was ensured in this work through 
run-time coupling between Matlab/Simulink and ESP-r. Even if aspects of thermal comfort (e.g., 
indoor air temperature and indoor relative humidity) are coupled, in order to control them efficiently 
and simultaneously, the control strategy should be designed based on the Mollier diagram or chart. For 
this reason, the option to read, analyse, and display the thermal parameters on the Mollier diagram in 
terms of upper setpoints, lower setpoints, and actual indoor variables of air temperature and relative 
humidity was implemented to display the relationships or connections at any time step during the 
simulation by calling the option from the matespexge toolbox interface. Figure 8.21 illustrates an 
example of this option when it is called during the simulation. 

 

Figure 8.21. Display of the relationship of simulation data on the Mollier diagram. 
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As shown in Figure 8.19, the relationships between the upper setpoints, lower setpoints, and actual 
indoor variables of air temperature and relative humidity can be displayed at any time step during the 
simulation. The thermodynamic proprieties of humid air are also displayed on Matlab/Simulink and 
estimated based on the Mollier diagram. 

8.9. Conclusion 
The purpose of this chapter was to create a performance comparison of the simulation results obtained 
by different configurations of continuous, discrete, and network-based control systems in order to 
determine if network-based control systems designed using run-time coupling between ESP-r and 
Matlab/Simulink are sufficiently reliable and stable and are not disturbed by important communication 
delays. The performance comparison showed that the results obtained by continuous and discrete 
control systems were similar to those obtained by network-based control systems using run-time 
coupling between ESP-r and Matlab/Simulink. Therefore, run-time coupling between ESP-r and 
Matlab/Simulink can be implemented in such a way as not to degrade the performance or stability of 
control systems designed for building performance applications. 

Next, this chapter focused on the analysis and design of different control systems for building or plant 
models using run-time coupling between ESP-r and Matlab/Simulink. These designs included basic, 
conventional, modern, hybrid, and intelligent control systems. An approach was developed by 
demonstrating that the results obtained through continuous and discrete PI control systems were 
similar to those obtained by through an HCS. In addition, hybrid statecharts were used as visual 
formalisms for modelling systems such as HCSs. In particular the application of SE practices to the 
design of control systems for building performance applications was described. 

Finally, the chapter described the application and development of MASs in buildings with a focus on 
the design of reactive, deliberative, and hybrid agents using the extended hybrid statecharts with run-
time coupling between ESP-r and Matlab/Simulink. The simulation results were obtained for every 
agent (reactive, deliberative, or hybrid), and their design was explained through an application example. 
It was concluded that run-time coupling between ESP-r and Matlab/Simulink allows for integration of 
advanced control systems, particularly MASs, into building simulation.  
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Chapter  
  

9. Case Study: Application of Advanced  
Control Systems in a Real Building 

 
 
 

   “No amount of experimentation can ever prove me right; 
 a single experiment can prove me wrong.” 

Albert Einstein 
 
 
 

9.1. Introduction 
Although theoretical studies are useful, from the perspective of practice, even the most elegant theory 
can be useless if it does not help to build systems in the real word. Most of the literature on integration 
of advanced control systems with building performance applications has mainly focused on theoretical 
work. However, this chapter concerns experimental studies on control and monitoring of HVAC 
equipment and lighting components in a real building. Performing experiments requires using a 
computer to receive data from inputs, perform operations, and send the results through outputs. The 
use of computers for control applications offers many advantages, such as flexibility, reliability, and 
easy implementation of complex control algorithms. Hence, the most common way of using a 
computer for real-time control is to have sensors connected to that computer, a control program and 
actuators that affect the building processes according to outputs produced by the control program.  

The design of an advanced control system often requires a mathematical model of the controlled plant 
or process in the form of a transfer function or state-space representation. The control accuracy and 
reliability of an advanced control system strongly depends on the accuracy and reliability of the model. 
For this reason, this chapter covers the mathematical analysis and modelling of HVAC equipment and 
lighting components, as well as the design of automated control systems for large-scale applications. 

9.2. Test-cell Facility: Case Study 
The test-cell at Delft University of Technology has been used to investigate the integration of 
advanced control systems into building performance applications, especially in real time. The objective 
of this integration is to accomplish a comfortable indoor climate at the lowest energy consumption. 
The test-cell is of thermally light construction, as shown in Figure 9.1.    

 

Figure 9.1. Test-cell facility: outside view (left) and orientation (right).  
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The test-cell has a double skin facade (DSF) that is almost south faced (about 30º east azimuth), as 
shown in Figure 9.1. The internal size of the test-cell is 3.1×1.9×2.68m. The window surface is 
3.1×1.9m and is placed at 0.8m above the floor. More details about the location of the components of 
the test-cell and its materials are given in Appendix E. Figure 9.2 shows the inside view of the test-cell. 
Next to the test-cell is the monitoring room, where the data acquisition and computer components are 
situated, as shown in Figure 9.2. 

   

Figure 9.2.  Test-cell facility: inside (left) and monitoring room (right). 
 
The walls and roof of the test-cell are constructed of lightweight sandwich plates consisting of a layer 
of polysterene in the middle and steel plates on each side (inside out outside). The floor of the test-cell 
is made of several layers: polysterene, polywood, aluminium, and carpet. The total window surface is 
composed of three panels with the same dimensions. While the two panels of the motorised windows 
are located in each corner, the middle panel is fixed. Next to the total window surface (i.e., the first 
skin facade) is the cavity where the shading device (venetian blinds) are placed. The shades serve two 
purposes, acting as blinds when the device is unrolled vertically along the total window surface and as 
blades (i.e. blind slats) when the shading device rotates horizontally to face the total window surface. 
The valves (or dampers) are placed at the bottom of the cavity to control the airflow through the cavity. 
Next to the cavity is the second skin facade, which is composed of transparent glazing panels on the 
right and middle sides of the facade, and opaque glazing panels on the left side of the facade. Figure 
9.3 shows the total view of the test-cell, its monitoring room, and the devices (i.e. actuators only) that 
are remotely monitored and controlled from the monitoring room.  

 

Figure 9.3.  Total view of the test-cell and its monitoring room. 
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Matlab/Simulink is installed on the computer in the monitoring room to control different devices 
(actuators) placed in the test-cell. The control systems regulating the devices in the test-cell are 
developed and called by the TestPoint100 program within Matlab/Simulink, which was developed to 
display and record all data measured by sensors and actuated by actuators located in the test-cell. 
Figure 9.4 shows the TestPoint program, which was modified to integrate humidity sensors and an 
actuator (i.e., humidifier).  

 

Figure 9.4. TestPoint interface. 
 

As shown in Figure 9.3 and 9.4, the test-cell is equipped with the following actuators: 
 motorised windows 
 valves (or dampers) at the bottom of the cavity 
 a shading device (venetian blinds) 
 electric heater (radiator) 
 air conditioner (cooler)  
 adiabatic humidifier 
 artificial lighting 
 mechanical ventilation (fan for exhaust or air supply) 

In this study, the fan was positioned in such a way to supply outdoor air into the test-cell. As shown in 
Figure 9.4, the test-cell is equipped with the following sensors: 
                                                           
100 TestPoint is used to interface between devices (sensors and actuators) and Matlab/Simulink. Note that developing or 
modifying TestPoint’s interface requires knowledge of oriented-object programming in Visual Basic.  
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 air temperature sensors (T) (thermocouples) placed inside and outside of the test-cell and in the 
cavity between the first and second skin facades. All sensors are positioned as shown in the 
TestPoint interface in Figure 9.4. Most are inside and at different heights of the test-cell (i.e., 
floor, bottom, middle, top, or roof).  

 weather station, including sensors for wind velocity (Wvel) and direction (Wdir), a sensor for 
rain detection (Rain), and a sensor for temperature (Temp). The weather station is placed on the 
roof of the test-cell. 

 relative humidity sensors (RH) placed inside and outside of the test-cell 
 light-intensity sensors (ls) and solar radiation sensors (lsK) placed outside and inside the test-

cell on a vertical position to/from, and a horizontal position to/from, the wall of the window 
facade. 

9.3. Objective of the Case Study 
The main objective of this case study was to design a control system that created a comfortable indoor 
climate in an office building while minimising energy consumption and maximising the use of natural 
resources. Several different control system designs were tested in order to take maximum advantage of 
(a) natural resources while maintaining the indoor climate of an office building at desired, comfortable 
working conditions and (b) weather conditions by using passive devices during the occupied and 
unoccupied period. 

9.4. Specification Components of Test-cell 
This section gives a brief description of the DSF, HVAC, and lighting components used in the test-cell. 
It then presents the functioning mode of active and passive devices of the test-cell and describes the 
components of the monitoring room.    

9.4.1. Double Skin Facade  
DSF consists of the outer (or second skin) facade, the intermediate space (the cavity), and the inner (or 
first skin) facade. The second skin facade is generally used to provide protection against the weather 
and external noises. It also contains openings at the bottom and top of the facade for ventilation of the 
cavity and test-cell. While the opening at the bottom of the facade can be subjected to the effects of the 
wind, the opening at the top is not. Therefore, the airflow in the cavity is activated by solar inducted 
thermal buoyancy, the effects of the wind, and mechanical ventilation. More details about the DSF of 
the test-cell can be found in Stec (2006). 

Motorised windows  
The two panels of the total window surface are remotely controlled from the computer and are opened 
and closed by means of electromotors. These motors are hinged on the top frames of windows so that 
the windows rotate along the lower side and open inward, as shown in Figure 9.5.  

        

Figure 9.5. Window opening in the test-cell (right) and its equivalence in surface area (left). 
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As shown in Figure 9.5, the total surface area of the window opening in the test-cell is 0.51×2m2. The 
position of the two panels is determined by a potentiometer that is connected to the electromotor 
regulated from the computer. Each window can open up to 180mm. The electromotors are Mingardi 
Magnetics Micro-Ss.  

Motorised Venetian Blinds 
The venetian blinds are mounted in the cavity between the first skin and the second skin facades, as 
shown in Figure 9.5. The distance between the total window surface and the venetian blinds is about 
50mm. The venetian blinds used in the test-cell are equipped with electromotors that perform two 
types of movement: (a) the rolling up or down of the blinds and (b) the rotation of the blades (slats). 
The electromotors are operated remotely from the computer. Therefore, it is possible to adjust both the 
height of the blinds and the angle of the blades to any position. When the venetian blinds are rolled 

down, the U-value of the window surface decreases from 2.7 to 1.9 2W m k .  

Motorised Dampers 
The valves (or dampers) located at the bottom of the cavity are used to increase or decrease the air 
resistance in the cavity and are operated by electromotors that are regulated from the computer. Hence, 
it is possible to adjust the dampers in the cavity to any position.   

9.4.2. HVAC Equipment and Lighting Components 
All HVAC equipment and lighting components used in the test-cell to control the indoor processes are 
monitored and operated from the computer. These HVAC equipment and lighting components include 
the following: 

Airflow Supply 

A Belimo VU-5-cd fan is used for airflow supply. The maximum supply of airflow rate is 188 3m h . 

The airflow is regulated by means of an air volume valve from the computer. The airflow supply is 
located on the same wall as the door of the test-cell. 

Artificial Lighting 
Two standard ceiling lamps with two fluorescent parallel tubes of 36W  each are used for artificial 
lighting in the test-cell. Both lamps are placed in the middle of the roof and regulated (i.e., switched on 
or off) from the computer.  

Auxiliary Heating 
An electric radiator is used to supply heat to the text cell. The full power of the radiator is 1750W , 
and the heat is regulated from the computer. The radiator is located in the middle of the test-cell near 
the northeast-facing wall. 

Auxiliary Cooling 
A Daikin Split-Sky indoor air conditioner (or cooler) is used for air-cooling supply. The full power 
supply of the cooler is 700W , and the cooler is regulated from the computer. The cooler is installed 
above the door of the test-cell. 

Humidifier 
An adiabatic Biotech BT-201 ultrasonic humidifier is used to regulate the absolute humidity supply. 

The maximum humidifying capacity is 450 ml s , and the humidifier is regulated from the computer. 

The humidifier is located in the middle of the test-cell near the wall facing south-north. 

9.4.3. Functioning Mode of Test-cell Components  
Table 9.1 depicts the functioning mode of different components used in the test-cell. The passive 
actuators are position based, whereas the active actuators either on or off. As the active actuators are 
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not position based, maintaining their indoor variables at the fixed setpoints is complex and requires 
applying HCS.    
 

Table 9.1 Functioning mode of the passive and active components used in the test-cell 

Test-cell Components Devices (Actuators) Functioning mode Type  
 

 
DSF 

Motorised windows Position  
Passive  
devices 

 

Blinds Position 
Blades Position 

Dampers Position 

 
 

HVAC 

Fan Position  
 

Active  
devices 

 

Artificial lighting On/Off 
Radiator On/Off 
Cooler On/Off 

Humidifier On/Off 
 

9.4.4. Components of the Monitoring Room  
Figure 9.2 shows the data acquisition and computer equipment, which are used for monitoring and 
controlling all components of the test-cell and are placed in a separate room called the monitoring 
room. 

Data Acquisition 
Data acquisition equipment, especially HP-3852A, was used to handle all measurements in and around 
the test-cell. These measurements include the output of sensors and the input to actuators, which are 
displayed in Figure 9.4.  

Computer 
The data acquisition equipment was connected to the computer by an IEEE-488 interface bus. General 
purpose interface bus (GPIB) software was used to control communication with the PCI bus IEEE-488 
board. The weather station was also connected to the computer by a RS-232 serial communication 
port. Programs developed based on DriverLINX programming were used to handle this serial 
communication port with the weather station.  

The computer contains a number of programs including TestPoint, Desktop Management Interface 
(DMI) control,101 and pcAnywhere. Whereas the DMI control and TestPoint programs were used for 
data acquisition, the pcAnywhere program was used to control the computer using an office computer 
located at Technische Universiteit Eindhoven (TU/e). A webcam was used to observe if the position of 
certain devices, such as windows and shutters, matched the values indicated in the interface in 
TestPoint. Almost all experiments were remotely conducted using pcAnywhere from the office 
computer located at TU/e. 

9.5. Application of Advanced Control Systems 
To successfully apply an advanced control system, designers must first define, analyse, and model 
different building performance processes that influence the indoor climate and use the energy supply in 
the form of a state–space representation. 

9.5.1. Analysis and Modelling 
Different building performance processes and dynamic plant models that are controllable in the test-
cell should be modelled in the form of system-level operation specification in order to conceptualise 
and design advanced control systems. For this reason, continuous-time and discrete-event models were 
developed and used to achieve the desired thermal comfort, visual comfort, and IAQ in the room. 

                                                           
101 DMI control program is used to prevent confusing of harmony remote actuators of the test-cell. 
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Following the concept of the tree diagram, as illustrated in Figure 4.14, different control applications 
were developed for both the occupied and vacant periods in the test-cell. Therefore, two branches of 
control applications were distinguished and independently considered. 

Test-cell Occupied  
When the test-cell was supposed to be occupied (between 8:00 and 17:00), a control system 
continuously adjusted the test-cell’s actuators to maintain thermal, visual and IAQ levels at the desired 
setpoints. This translated into three main categories, which are identified and developed below. 

a) Thermal Comfort 
Thermal comfort concerns the building performance processes that influence the air temperature and 
relative humidity in the test-cell. Generally, thermal comfort refers to control of the heating, cooling, 
humidifying, and dehumidifying processes in buildings. Thermal comfort is mainly determined by the 
temperature and humidity of a building space. Many other factors such as activity, clothing, age, and 
gender are also important for thermal comfort but were not considered in the test-cell application. 
Therefore, the main objective of control systems is to maintain appropriate thermal conditions (or 
maintain thermal comfort at some desired temperature and humidity) for building occupants. 

Appropriate thermal comfort is expressed by the predicted mean vote (PMV) and percentage people 
dissatisfied (PPD) indices (see ASHRAE, 2005). Both PMV and PPD are calculated by Fanger’s 
equations (Fanger, 1972). Whereas PMV predicts and represents the mean thermal sensation vote on a 
standard scale for a large group of persons, PPD is estimated to be 5% when the PMV is zero. 
According to ASHRAE-55 (2004), the thermal comfort index—called effective temperature (ET)—is 
indicated by coding –3 for cold, –2 for cool, –1 for slightly cool, 0 for natural, +1 for slightly warm, +2 
for warm, and +3 for hot. PMV has been also adopted by ISO Standard-7730 (1994), which 
recommends maintaining the PMV at level 0 with a tolerance of 0.5 at the best thermal comfort. Both 
standards define indoor temperature ranges that should result in thermal satisfaction for at least 80% of 
occupants in a building space. ASHRAE Standard-55 guidelines recommend keeping the operative 
temperature of an office between 20ºC and 23.5ºC in the winter and between 23ºC and 26ºC in the 
summer – at air speeds lower than 20 ms-1, and the indoor relative humidity between 40% and 60%. 

Heating Mode 
The heating mode should be active when it requires turning on the heater in order to heat up a building 
space (or test-cell). Therefore, a mathematical model for this heating process can be approximately 
described by the following first-order differential equation:  

 in out

d
Q Q Q

dt
    (9.1) 

where d Q
dt

 is the total rate of change of the energy in a building space (W ), inQ  is the total rate of 

the heat entering the building space (W ),  outQ is the total rate of the heat leaving the building space 

(i.e., loss through the floor, walls, roof, and windows) (W ). 

The energy Q is defined by  

pQ m c T     (9.2) 

where m is the mass of the building ( Kg ), pc is the specific heat of the air ( .J Kg K ), and T is the 

air temperature differential ( oC ). 

After combining Equations 9.1 and 9.2, the resulting equation for the heating process of a building 
space becomes 

 ( )
in in outp

d
m c T t Q Q

dt
    (9.3) 



A Distributed Dynamic Simulation Mechanism                                                9 – Case Study: Application of Advanced 
for Building Automation and Control Systems                                                         Control Systems in a Real Building 
                                  

 229

The total rate of heat leaving the building space is proportional to the indoor–outdoor air temperature 
difference, which is given by 
 

0 ( )out in outQ U T T   (9.4) 

where 0U is the heat loss coefficient (W K ). 

Substituting Equation 9.4 into Equation 9.3 gives a relationship in the form of the state–space 
representation, which is as follows:        

 0 01
in in in out

p p p

U Ud
T T Q T

dt m c m c m c
   

  
 (9.5) 

where the 0

.

U

m c
 factor is the effect of the disturbance input of 

out
T . 

On the basis of the table of common proprieties for air, as described in ETB (2006), the value of pc  

equals 1.005 . / .k J Kg K , and the value of the density   is in the order of 1.205 3Kg m  vis-à-vis a 

temperature of around 20 o C . The value of m  is determined by  

m V   (9.6) 

where V is the total volume of the test-cell ( 3m ). Besides this, the value of 
0U is calculated as follows:  

0 ( ) ( )i i window glass walls walls ceiling ceiling floor floorU U A U A U A U A U A           (9.7) 

where iU is the U-value defined for each area of the test-cell and iA is the surface area of each side of  

the test-cell ( 2m ). 

Cooling Mode 
The cooling mode should be active when to cool down the air temperature in the test-cell. 
Consequently a mathematical model for the fast dynamics cooling process can be approximately 
described by the following first-order differential equation (see van Paassen, 2003):  

 
( )

( ) ( )s in d
indT t

T t K T t
dt

       (9.8) 

where  is the delay time ( s ), ( )T t is the difference in the indoor and entering air temperatures ( oC ), 

sK  is the gain factor, and d is the dead time ( s ). 

By replacing ( )T t with in outT T , the resulting equation for fast dynamics cooling process becomes 

( ) ( ) ( )in in out s in d

d
T t T T K T t

dt
       (9.9) 

The delay time is approximately defined as 

 
V




   (9.10) 

where V is the total volume of the building ( 3m ), and   is the airflow rate ( 3m s ). Typical values 

for   vary between 600 s  and 900 s , and the value of d depends on how well the supplied air is 

mixed with the room air.  In an ideal mixing case, 0d  . In general 0.1d   . 

The difficulty with Equation 9.9 is finding the proper value for sK  because the fast response of an air 

conditioner ends in a slowly increasing ramp response of the slow dynamics, as shown in Figure 9.6.  
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Figure 9.6. Response of the indoor temperature to air supply conditions. 
 

The end value should be found by cutting off the slow dynamics caused by the heat accumulation of 

the walls. Therefore, the value of sK is determined in relation to the factor cA , which depends on the 

heat transfer coefficients of the walls and the air speed and is expressed as follows: 

 c

p

A
A

C m

 


 
   (9.11) 

where   is the heat transfer coefficients of the wall, A  is the surface of the walls, and m  is the 

supplied airflow. Figure 9.7 shows the relation between cA and sK , which is derived from a long 

series of experiments (see Profos, 1972). 

 

Figure 9.7. Gain factor sK  in relation to gain cA . 

Humidification Mode 
The humidifying mode should be active when in order to increase the relative humidity in the test-cell 
by adding moisture to the air. Consequently a mathematical model for the humidifying process can be 
approximately described by the following first-order differential equation:  

 , ,( )in out Hum air in air ext

d
w w W W W

dt
       (9.12) 
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where inw and outw are the total moisture content of air inside and air outside the building, respectively 

( 2gH O kg of dry air); HumW  is the evaporation rate of water by the humidifier ( kg h ); and 

,air inW and ,air outW  are the total rates of moisture transfer from the inside air leaving the building and 

the outside air entering the building, respectively ( kg h ) . 

As the moisture content of air outside of the building is constant (or varies very slowly), the relation 
given by Equation 9.12 becomes 

 , ,
in

Hum air in air ext

dw
W W W

dt
      (9.13) 

In general ,air inW  and ,air outW  are linear and may be written as follows: 

 
,

,

( , )

( , )

air in R in R in

air out R out R out

W f V w V w

W f V w V w

  

  
   (9.14) 

where RV  is the ventilation rate through the test-cell. Hence, the relative humidity   can be expressed 

as follows:  

100%v

s

P

P
    (9.15) 

where vP  is the partial pressure of the water vapour in the air, and sP is the partial pressure of the 

water vapour in a saturated mixture under the same temperature, given that the relative humidity of dry 
air is 0% and the relative humidity of saturated air is 100%. 

Dehumidification Mode 
The dehumidifying (or drying) mode should be active in order to decrease the relative humidity in the 
test-cell. As there was no dehumidifier available in the test-cell, controlling dehumidification was 
difficult. Dehumidification was accomplished by heating and cooling the air in the test-cell. Figure 9.8 
shows the control strategy used to maintain the indoor relative humidity at a desired setpoint without 
using a dehumidifier. 

 

Figure 9.8. A control strategy for regulating relative humidity and air temperature during  
winter and summer in the test-cell without using a dehumidifier. 
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In order to adjust the indoor relative humidity to the desired setpoint in winter and summer, the 
humidifier is activated after activating the preheater, cooler, and/or reheater,102 as shown in Figure 9.8. 
The preheating and reheating processes are performed by the same heater while maintaining both the 
indoor air temperature and relative humidity at their desired setpoints. The dehumidification process is 
self-regulated by simply heating, cooling, and condensing the air in the test-cell. In addition, as the 
indoor relative humidity is lower than the outdoor relative humidity,103 the cooler and heater are 
activated before the humidifier in order to cool down the air until it reaches the desired dew point. 
Then the air is heated up to set the indoor relative humidity and indoor air temperature at their desired 
setpoints. Figure 9.9 illustrates the strategy developed by considering the Mollier diagram to control 
the relative humidity in the test-cell.   

 

Figure 9.9. Humidity control strategy using an adiabatic humidifier. 
 
As shown in Figure 9.9, the heater, cooler, and humidifier are all controlled in sequence in order to 
first reach the desired dew point and then bring both the indoor air temperature and indoor relative 
humidity to their desired setpoints. With this strategy, when the indoor relative humidity rises above 
the upper setpoint, the dew point is decreased (therefore, by definition, there must be a decrease in the 
water content in the air. Hence, this method of regulating the relative humidity in buildings is reliable 
and does not require using the dehumidifier, only operating the humidifier when necessary. 

b) Indoor Air Quality 
Indoor air quality concerns the building performance processes that influence air quality in a building 
space. In general indoor air quality is concerned with control of fresh air and the ventilation rate. It 
consists of assuring the provision of fresh outdoor air into the building in order to remove indoor air 
pollutants, including odour, dirt, and germs, from the interior space. According to ASHRAE-62 
(2001), IAQ may be determined using the carbon dioxide (CO2) concentration in a building. Typically, 
the rate of ventilation required to remove indoor air pollutants and meet a satisfactory level of indoor 

comfort can vary as little as 2 3dm s  per person to as much as 25 3dm s  per person depending on 

the type of building space (or zone). This can be accomplished by either natural or mechanical 
ventilation, or through hybrid ventilation, which is a combination of natural and mechanical 
ventilation. As the test-cell is supposed to be an office space occupied by one person, the provision of 

fresh outdoor air must be ensured at 10 3dm s . More details about the ventilation rates required for 

diverse building spaces, especially in the Netherlands, can be found in NEN-1089 (1986). 

A critical mean of regulating IAQ in buildings concerns the control of airflow (i.e., the movement of 
air). Airflow is defined as the amount of fresh air supplied into a building space, which is governed by 

                                                           
102 The term after-heater is also used in the literature. 
103 In the Netherlands the outdoor relative humidity is usually high (above 50%). 
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the need to remove indoor pollutants. Therefore, the control of airflow is important not only to ensure 
occupants’ comfort and health but also to reduce energy losses while maintaining acceptable IAQ 
levels. Hence, airflow across the test-cell area is driven either by wind pressure and stack effects (i.e., 
passive ventilation) or by a mechanical air supply fan (i.e., active ventilation). 

In principle there exist several methods for detecting and predicting the parameters that support the 
definition of airflow, including ventilation rate, air movement, and air quality. Among the most 
efficient in terms of assessing airflow patterns within buildings and air-handling units are 
 tracer gas technique, a widely used method for determining airflow rates in a building space. 

Cheong (2001) described four types of tracer gas techniques:  
a) constant injection, which is used for long-term continuous air exchange rate measurements 

in single zones, or for measuring the airflow through the ventilation ducts  
b) pulse injection, which is used with the tracer and is injected as a short pulse at the time 

variation to analyse building airflow systems and measure small airflow rates in the ducts 
c) concentration decay, which is the most basic technique for measuring air exchange rates over 

short periods of time 
d) constant concentration, which is used for continuous air exchange rate measurements in one 

or more zones and is particularly useful for measuring ventilation in occupied buildings 

All these tracer gas techniques are classified based on the method of injection and the form of 
the mass balance equation. Hence, the generalized tracer gas mass balance equation may be 
written as follows: 

( )
( ) ( ) ( ) ( ) ( )o i

dC t
V F t C t q t C t q t

dt
      (9.16) 

 
 
 
 

 

where V is the volume of the room ( 3m ), iC is the indoor concentration of tracer gas (ppm104), 

F is the rate of tracer gas emission into the room ( 1s ), oC is the outdoor concentration of 

tracer gas (ppm), and q  is the amount of airflow across the room or test-cell ( 3m s ). 

The air exchange or infiltration rate I  is calculated as follows:   
( )q t

I
V

  (9.17) 

After the different tracer gas techniques described above were evaluated, the concentration 
decay technique105 was selected and used to measure the ventilation in the test-cell. Moreover, 
Niemela et al. (1982) described the concentration decay as the suitable tracer gas technique for 
studying ventilation in rooms. Therefore, after the tracer gas concentration is injected either into 
the air supply fan of the test-cell or in front of the opened dampers at the bottom of the cavity 
while the motorised windows are opened, the amount of ventilation and the airflow in the test-
cell are determined as follows: 

0

1

1
ln( )

C
I

t C



 (9.18) 

where t  is the time interval between two time samples 0t  and 1t , 0C  is the concentration at 

0t , and 1C  is the concentration at 1t .  

                                                           
104 Ppm stands for parts per million and is a pseudo unit used to describe small values of mass fractions/ratios.  
105 This technique is also now considered the standardized measurement test procedure (see ASTM International, 2001). 

Amount of the tracer emitted into the room

Amount of tracer leaving the room 

Rate of change in concentration of tracer in the room
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Based on a previous work conducted for the same case study by Stec (2006), a number of tracer 
gas measurements were made by supplying tracer gas into the test-cell through the cavity with 
the motorised windows and dampers at different positions. These measurements showed that the 

measured airflow rates in the test-cell were almost all above 0.01 3m s , even when the wind 

speed was very low (around 0.5 m s ). The amount of ventilation across the test-cell depended 

on the temperature difference between the room and the cavity, and the effective area of the 
window openings. Therefore, the provision of fresh air into the test-cell can be passively 
ensured by simply adjusting the opening of the motorised windows and dampers in the cavity. 

In general, trace gas techniques are easy to set up in a small, vacant building like the test-cell. 
However, for occupied buildings, it is difficult to use these techniques because they require a lot 
of tracer gas concentration to fully fill a building, which increases costs. In addition, as the 
concentration is not the same in each room of the building, the accuracy of this method is lower. 
For this reason, other methods have been researched to overcome such problems.   

 Analytical solution airflow is used to determine the airflow rate in buildings due to different 
weather parameters (see van Galen, 1994). This amount of ventilation is expressed as follows: 

,

m n l

w effq a A v S     (9.19) 

where ,w effA is the effective area of the window opening (
2m ); v  is the wind (or air) speed 

( m s ); S  is the solar radiation (
2W m ); and , ,a m n , and l  are the coefficients that depend 

on the building characteristics – respectively, the window openings, buoyancy pressure, and air 
speed in the cavity. In principle these coefficients are obtained experimentally from tracer gas 
measurements using least squares fit: 

,ln( ) ln( ) ln( ) ln( ) ln( )w effq a m A n v l S        (9.20) 

After least squares fitting was applied to Equation 9.20, the values for the coefficients , ,a m n , 

and l  were determined depending on whether the ventilation was passive or active, as reported 
in Table 9.2. 
 

Table 9.2. Values for coefficients , ,a m n , and l . 

Coefficients 
Ventilation mode a m n l 

Passive 105 0.043 0.788 –0.104 
Active 189 –0.048 0.171 0.013 

 
With the values for the coefficients listed in Table 9.2, the ventilation rate in a building space, 
especially in the test-cell, can be rewritten as follows: 

0.048 0.171 0.013

,

0.043 0.788 0.104

,

189 ,  fan is On

105 ,   fan is Off

w eff

w eff

q A v S when

q A v S when





   

   





 (9.21) 

Table 9.2 demonstrates that when the fan is turned on, the solar radiation has the least effect on 
the airflow, and the wind speed, which is perpendicular to facade of the test-cell, has a high 
influence. On the contrary, when the fan is turned Off, an increased solar radiation results in less 
airflow, and the wind speed has the most influence on the airflow. Therefore, large airflows can 
be achieved by opening the windows at the maximum.  

The empirical measurements were used to analyse the effects on the airflow through the test-cell 
for different window openings, along with the functioning mode of the fan (either on or off). 
The fan is turned on when referring to mechanical (or forced/active) ventilation and turned off 
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when referring to natural (or passive) ventilation. Mechanical and natural ventilation were 
compared and analysed by taking into account the effective area of the window openings. 

As the test-cell is equipped with a DSF, the provision of fresh outdoor air by natural ventilation 
depends on the effective area of the openings in the DSF, particularly the position of the 
dampers (or valves) in the cavity. When the dampers are totally closed in the cavity, the 
provision of fresh air into the room through the opened windows may not be assured as the gaps 
between the glass of the first skin facade are very small and might be insufficient to meet the 
ventilation needs in certain cases. Therefore, the passive provision of fresh air into the test-cell 
room involves controlling the automatic opening of the dampers according to the wind 
conditions. Figure 9.10 illustrates the air openings in the DSF of the test-cell. 

Cavity 

Outdoor Indoor 

oA  

w  

wA   

,w oA  

  Air-flow 

 

Figure 9.10. Air openings in the DSF of the test-cell: side view (left) and front view (right). 
 
As shown in Figure 9.10, there is an airflow inlet at the bottom of cavity and an outlet at the top 
of the cavity. The gaps between the glass of the external skin facade can be inlets or outlets 
depending on pressure differences between the outside air and the air in the cavity. In the 
internal skin facade, the windows can be opened gradually (by degrees) or closed completely. 
Table 9.3 shows the percentage, total area, and angle of the window openings in the test-cell. 
 

Table 9.3. Percentage, total area, and angle of the window openings  

Percentage of the 
window openings ( % ) 

Total area of one 

window opening (
2m ) 

Angle of the window 

opening, 
w

 (º) 

100  0.51 6.14 
75 0.38 4.60 
50 0.25 3.07 
25 0.13 1.53 
10 0.05 0.61 
2 0.01 0.12 

 
The effective area of the window openings of the test-cell describes the admittance106 of air into 
the room. Therefore, taking into account the resistance of the facade openings and area of the 
window openings, the area through which the airflow is entering the test-cell is expressed by 

     

1 2

, 2 2 2

,

1 1 1
1w eff

o w w o

A
A A A

  
  

 
 
 
 

 (9.22) 

                                                           
106 This refers to a measure of the area of the openings through which air is allowed to flow freely into the room. 
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where oA is the area of the openings in DSF ( 2m ) including the area of the inlet tracts opened 

by the dampers, the area of the gaps between the glass, and the area of the outlet in the cavity; 

wA is the area of the windows that can be opened (
2m ); and ,w oA  is the area of the window 

openings (
2m ). Table 9.4 reports an example of the calculated effective area of the window 

openings for different positions of the motorised windows and dampers. 
 

Table 9.4. Effective area of the window openings for different positions  
of dampers and windows. 

Position of 
dampers 

 

Position of 
windows 
 

Area of the 
openings in 
DSF ( 3

1 oA )

Total area of the 
windows that can 
open ( 2

1 wA ) 

Area of the 
opened windows 
( 2

,1 w oA ) 

Effective area of 
the window 
openings (

,w effA ) 

0% (closed) 100% (open) 0.11 1.02 1.02 0.109 
0% (closed) 50% (open) 0.11 1.02 0.51 0.107 
0% (closed) 10% (open) 0.11 1.02 0.10 0.074 
100% (open) 100% (open) 0.22 1.02 1.02 0.210 
50% (open) 50% (open) 0.15 1.02 0.51 0.142 
50% (open) 20% (open) 0.15 1.02 0.20 0.119 
50% (open) 10% (open) 0.15 1.02 0.10 0.083 

 
Table 9.4 demonstrates that the effective area of the window openings depends largely on the 
position of the windows and dampers. For example, when the windows and dampers are fully 
opened, the effective area is almost double the effective area when only dampers are completely 
closed. Therefore, for natural ventilation, the position of the window openings and the position 
of dampers must be controlled in order to control the amount of airflow entering the test-cell. 

Figure 9.11 shows the measurements obtained while analysing the effects on the airflow caused 
by the solar radiation and the wind speed in the test-cell. 

 

Figure 9.11. Measurements of the effects on airflow due to solar radiation (left)  
and the wind speed (right) 

 
As shown in Figure 9.11, the wind speed and solar radiation affect the airflow rate entering the 
test-cell principally due to the cavity (i.e., the DSF). Hence, it is important to analyse whether 
the solar radiation and wind speed should be considered in the design of a control system for 
mechanical ventilation for a building space equipped with DSF. Table 9.5 reports the calculated 
and estimated amount of ventilation based on the measurements of solar radiation, wind velocity, 
and wind direction for different positions of the window openings, along with the fan modes 
(off and on). These measurements were performed in the winter during December and January 
in such a way that when the fan was off, the windows were opened at 10%, 20%, or 100%, and 
when the fan was on, the windows were opened at 2%, 4%, and 6%, depending on the rate of 
supplied fresh air. 
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Table 9.5. Calculated amount of ventilation in terms of effective area of the window 
 openings, solar radiation, and wind velocity, subsequent to Equation 9.21 

Natural ventilation  Forced ventilation  

Solar 
radiation 

Wind 
velocity 

Wind 
direction 

Window 
opening vq  Solar 

radiation 
Wind 
velocity  

Wind 
direction 

Window 
opening  vq  

99 0.82 E 0.102 22 27 0.31 E 0.0204 119 
4 3.22 E 0.102 28 11 1.57 SE 0.0204 111 

257 0.53 E 0.102 17 190 1.08 SW 0.0204 121 
394 0.70 SW 0.102 20 663 0.90 SW 0.0204 139 
24 1.21 E 0.204 35 85 0.65 SW 0.0408 137 
2 2.47 SE 0.204 34 12 1.67 E 0.0408 118 

306 1.01 SW 0.204 23 600 0.94 SW 0.0408 147 
30 1.38 SE 1.02 188 6 0.40 SE 0.0612 153 
284 2.49 SE 1.02 97 8 0.94 SE 0.0612 135 
123 0.84 SW .02 72 12 1.65 E 0.0612 130 
5 2.35 SW 1.02 191 498 0.61 E 0.0612 138 

316 131 SW 1.02 108 608 1.90 SE 0.0612 136 
 
Table 9.5 shows that for natural ventilation, the airflow rate in the test-cell varied between 17 

and 191 3m h  according to different positions of the window openings. In addition the airflow 

across the test-cell was proportional to increased wind speed, and the solar radiation had a large 
negative impact on the airflow. For mechanical ventilation, the airflow rate in the test-cell 

varied between 111 and 153 3m h  according to different positions of the window openings. In 

addition the airflow across the test-cell decreased when the wind speed increased, and in most 
cases the airflow increased proportionally to the increase in solar radiation. Therefore, it is 
important to analyse whether the variation of the dampers in the cavity influenced the airflow 
rate in the room while using mechanical ventilation to determine if it is necessary to control the 
motorised dampers in the cavity while using mechanical ventilation. 

 The heat balance method is simple and usually used to estimate airflow rates within buildings 
(see McQuiston et al., 2000). The ventilation rate in the building according to heat gain balance 
can be deduced as follows:   

. p air sol trans

d
V c T Q Q Q

dt
       (9.23) 

where T  is the air temperature difference ( o C ), airQ  is the heat gain (or heating/cooling load)  

due to airflow (W ), solQ  is the solar heat gain (W ), and transQ  is the transfer heat gain (W ). 

The solar heat gain is determined as follows:  

solQ A I     (9.24) 

where A  is the surface area through which the heat flows ( 2m ), I  is the radiation heat flow 

density ( 2W m ), and  is the solar gain factor of the window glass. 

The transfer heat gain is expressed as follows:  

. .transQ U A T    (9.25) 

where U is the transmittance (i.e., U-value) ( 2W m K ). 

Finally, the heat gain due to airflow is determined as follows: 

Q ( )air p supply inq c T T      (9.26) 

where supplyT  is the temperature of the supplied air ( oC ). 
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By neglecting transQ  and solQ , Equation (9.23) is simplified as follows: 

p air

d
V c T Q

dt
     (9.27) 

Combining Equations 9.26 and 9.27 results in the following: 

, or
( ), with

supply out

supply in

supply cav

T Td q
T T T

T Tdt V


   







  (9.28) 

where cavT is the temperature of the air in the cavity  ( oC ). 

By replacing ( )supply inT T  with T , Equation 9.28 becomes 

( ), or
, with

( )
out in

cav in

T T Td q
T T

T T Tdt V

  
  

  





 (9.29) 

and can be written as 
1 1

00

t

t

T t

T t

d q
T dt

T V





  
   (9.30) 

where 0t and 1t are the initial and final time samples, respectively.  

After Equation 9.30 is solved, the airflow rate in the room can be calculated and estimated using 
the simplified heat balance method:  

1 0

1 0

ln ln ( ), or
, with

( )( )

t t out in

cav in

T T T T T
q V

T T Tt t

     
 

  





 (9.31) 

For natural ventilation, driving forces for the provision of fresh air into a building are provided 
by naturally produced pressure differences due to the wind outside the building and/or the 
buoyancy (thermal stack) effects caused by different air densities due to differences in 
temperature and/or moisture content between two or more zones. As the test-cell is equipped 
with DSF, ventilation by air exchange occurs through the window openings between the room 
and the cavity. Hence, natural ventilation is achieved by allowing air to flow in and out of the 
test-cell by opening the motorised windows and dampers in the cavity.  

Wind pressure acts on all buildings, naturally creating a positive pressure on the building side 
facing the wind (windward side)107 and a negative pressure on the opposite side and on the wall 
side (leeward side). This negative pressure inside the building is sufficient to introduce large 
flows through the building opening. In general an inflow of air is induced on the windward side 
and an outflow on the leeward side.108 Therefore, the wind pressure on the surface of a building 
is given by the following (ASHRAE 1997): 

2

2
wind pP v C


    (9.32) 

where pC is the pressure coefficient that ranges for simple buildings from a typical value of  

–0.3 to –0.5 on the leeward side to +0.7 to +0.8 on the windward side, and  is the air density 

( 3kg m ), which is approximately equal to 1.29 3kg m at 0 oC . 

                                                           
107 Weather side is also used in the literature to refer to windward side.  
108 One way to estimate and interpret the airflow rates and patterns on the windward and leeward sides of the DSF is to use the 
heat balance method (see Iselt, 2004; and Stec, 2006). 
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In order to analyse the influence of wind on the airflow through the room, the effect of the 
direction of the wind must be examined. Accordingly Iselt (2004) defined the perpendicular 
component as a most adequate representation of the wind pressure on the surface of the facade. 
This consists of representing the perpendicular wind as the real wind but including the effect of 
the direction. Therefore, a series of experiments was conducted by analysing the perpendicular 
wind as the component of the wind perpendicular to DSF to determine whether the wind 
influences the airflow through the test-cell. Figure 9.12 illustrates the wind pressure deployed 
on the windward and leeward sides of the test-cell. 

Perpendicular wind 

DSF 

Windward Side Leeward side 

SW

NE 

SE NW 

Real wind 

Test-Cell  

Figure 9.12. Perpendicular wind.  
 

Figure 9.13 illustrates the experimental results of the airflow in terms of the perpendicular wind 
when the dampers in the cavity are completely closed and when the room air temperature is 
higher than the cavity air temperature (left) or lower than the cavity air temperature (right). 
These experimental results were obtained while the dampers (or valves) in the cavity were 
completely closed (i.e., set to 0%).  

 

Figure 9.13. Wind effects on the airflow through the opened windows: room air warmer than 
cavity air (left) and room air colder than cavity air (right). 

 
When the wind comes from the leeward side, the values are negative, and when the wind comes 
from the windward side, the values are positive. In principle there are linear relations between 
the perpendicular wind and the airflow, one relation for the leeward side and another for the 
windward side. Figure 9.13 shows that the wind has small effects on the airflow when the room 
air temperature is higher than the cavity air temperature. Figure 9.13 shows that there is also a 
small correlation between wind and airflow when the room air temperature is lower than the 
cavity air temperature. In addition the airflow rate can be different even at the same wind speed, 
and for different wind speeds, the airflow rate can be the same. As a result, the wind has a small 
effect on the airflow rate in the room when there is an air temperature difference between the 
room and the cavity and the dampers in the cavity are totally closed.  
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Buoyancy (or stack) effect relies on thermal forces set up by air density differences and caused 
by air temperature differences between the room and cavity. This occurs through the open 
windows such that hot air rises and cold air sinks (see Straube, 2007). Figure 9.14 illustrates two 
cases of buoyancy (or stack) effects caused by differences in air temperature between the room 
and the cavity with the windows open.  

 

Figure 9.14. Buoyancy pressure across the window openings of the test-cell:  
room colder than cavity (right) and room warmer than cavity (left).  

 
As illustrated in Figure 9.14, two different airflows through the window openings of the test-cell 
can occur depending whether the air temperature differences between the room and the cavity 
are positive or negative. These temperature differences can occur due to the heating of the room 
or the cavity. The buoyancy-induced pressure difference P across the window opening can be 
expressed by 

0 0
( )cav in cav inP P P gH         (9.33) 

where 
0cavP and 

0inP  are the cavity and indoor pressures at reference level ( Pa ), respectively; 

g is the gravitational acceleration ( 2m s ); H is the height above the reference level ( m ); and 

cav  and in  are the cavity and indoor air densities at a reference level ( 3kg m ), respectively. 

When the air is regarded as incompressible and the temperature difference is not large, the air 
temperature and density differences are approximately related by the following: 

in

in

cav in cav

cav

T T

T

 



 
  (9.34) 

The height at which the air enters or exits the room depends on the position of the window 
openings compared to the neutral (horizontal) plane109 at which the indoor pressure equals the 
cavity pressure (i.e., when the difference is zero). In principle this neutral plane is called the 
neutral pressure plane (NPP110). When Equations 9.33 and 9.34 are combined, the pressure 

difference at the neutral height above the reference level 0H can be rewritten as follows: 

0 0 0
in cav

cav in in

cav

T T
P P gH

T



  , with  

0 0cav inP P P    (9.35) 

When the room air temperature is warmer (and lighter) than the cavity air temperature, the 
ventilation rate must be high because the buoyancy forces across the window openings drive the 
air of the cavity into the room from the bottom of the window openings and extract it from the 

                                                           
109 In Figure 9.14 this neutral plane is located at the middle of the opened windows, but this is not always the case. 
110 Neutral pressure level (NPL) is also used in the literature. 
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top of the window openings. On the contrary, when the room air temperature is cooler (and 
denser) than the cavity air temperature, the ventilation rate must be low because the buoyancy 
forces across the window openings drive the air of the cavity into the room from the top of the 
window openings and extract it from the bottom of the window openings. The main reason for 
keeping the ventilation rate low is that the air flowing into the room is the cavity air that has 
already mixed with the air of the test-cell. Because this reduces the overall fresh air supply, the 
use of natural driving forces is considered inadequate and requires using forced air movement in 
order to maintain the required IAQ level in a building space. For this reason, a control system 
must be designed in such a way as to switch to mechanical ventilation when the room air 
temperature falls below the cavity air temperature. 

According to Stec (2006), the influence of temperature difference may have a significant impact 
on the performance of buildings equipped with DSF, especially in the summer when the 
ventilation rate, depending on the positive or negative value of the air temperature difference 
between the room and the cavity, would support low energy consumption in maintaining 
optimal thermal comfort. Without an appropriate control system for the vent openings, the 
airflow can regulate itself depending on the overall thermal balance of the building. Therefore, 
it is important to design an appropriate control system to automatically open the windows and 
dampers and regulate the airflow rate in a building space. In addition, the natural ventilation in 
summer should be managed in such a way that during daytime, the provision of fresh air will be 
assured with the required IAQ level in order to avoid overheating the room, and during 
nighttime the maximum rate of ventilation will be assured in order to ensure precooling of the 
building. In general, the use of ventilation during nighttime on hot days is beneficial in terms of 
precooling the building and can be accomplished simply by opening the windows and without 
activating the air supply fan. Therefore, automatic opening of the windows and dampers should 
be regulated from 0% to 100% according to weather conditions.  

However, controlling the fresh air supply to a building space by changing the position of the 
window openings at every time step may produce harmful effects in terms of noise due to the 
functioning of the motors. For the comfort of the building occupants, the number of changes in 
the position of the opened windows should be minimised during the daytime while maintaining 
the provision of fresh air into a building space. According to Iselt (2004), it is possible to 
control the airflow rate entering the room by regulating the opening of the dampers in the cavity 
while reducing the number of changes in the position of the windows during the daytime. For 
this reason, a series of experiments were performed to determine the behaviour of airflow 
through the open windows according to different positions of the damper openings and wind 
velocity. Figure 9.15 illustrates the correlation of the airflow and temperature differences 
between the room and the cavity in terms of the wind velocity and different damper openings. 

 

Figure 9.15. Experimental results of the airflow rate in the presence of the wind speed:  
room colder than cavity (left) and room warmer than cavity (right) 
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Figure 9.15 shows that changing the position of the dampers in the cavity from 0% (completely 
closed) to 100% (fully open) influences the rate of airflow entering the room, especially when 
the wind speed is high and facing the facade. Therefore, it should be noted that for buildings 
equipped with DSF, the continuous passive influx of fresh air can be assured by simply 
controlling the automatic opening of the dampers in the cavity. This also limits the number of 
adjustments to the position of the windows during the occupied period in order to maintain the 
comfort of occupants and reduce the harmful noise effects produced by motors of the windows. 

As there are other factors, such as solar radiation, that can influence the airflow rate in the room, 
a series of experiments was conducted to determine the behaviour of the airflow through the 
opened windows while sunlight was hitting the facade of the test-cell. Figure 9.16 illustrates the 
empirical correlation of the airflow and temperature differences between the room and the 
cavity in terms of solar radiation and the degree to which the dampers were open. 

 

Figure 9.16. Experimental results of the airflow rate in the presence of solar radiation:  
room colder than cavity (left) and room warmer than cavity (right). 

 
Figure 9.16 shows that solar radiation has a small influence on the airflow when the difference 
in air temperature between the room and the cavity is positive; it also has a very small effect 
when the difference is negative. In addition, there is practically no correlation between the 
airflow and the solar radiation according to the different positions of the dampers in the cavity 
when sunlight is hitting the facade. Further experimental results showed that there is also no 
correlation between airflow and solar radiation in terms of position of the shading devices and 
dampers in the cavity while sunlight is hitting the facade. Therefore, control of natural 
ventilation by automatically opening the motorised windows and dampers in the cavity does not 
require the use of the automatic blinds or blades.  

For mechanical ventilation, the air supply fan is used as a driving force to ventilate the test-cell 
with fresh outside air whenever the room air is warmer or colder than the ambient air and the 
cavity air. In order to determine whether the opening of the dampers in the cavity influences the 
airflow in the room when using mechanical ventilation, a series of experiments was conducted 
using different positions of the dampers in the cavity while the motorised windows of the room 
were open. Figure 9.17 shows the experimental results of the airflow as a function of the 
difference in air temperature between the room and the cavity for different positions of the 
dampers in the cavity while the air supply fan is partly active and the motorized windows are 
completely open. 
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Figure 9.17. Experimental results of the airflow rate in terms of temperature differences:  
room colder than cavity (left) and room warmer than cavity (right). 

 
Figure 9.17 demonstrates that for both graphs the value of the airflow remains constant for 
every position of the dampers in the cavity. Thus, changing the position of the dampers in the 
cavity does not affect the airflow when mechanical ventilation is used. In addition when the 

difference in air temperature between the room and the cavity (i.e., in cavT T T   ) is negative, 

the airflow rate is relatively low. When this difference is positive, the airflow rate is high. Such 
evidence confirms the need to switch between natural and mechanical ventilation modes in 
order to properly meet IAQ and thermal comfort requirements while reducing energy 
consumption, costs, and environmental effects.  

Additional experiments were conducted over three days under different weather conditions for 
different positions of the window openings and dampers in the cavity to determine whether it 
was necessary to minimise the opening of the windows when using mechanical ventilation. 
Figure 9.18 shows the experimental results of the airflow as a function of the air temperature 
difference between the room and the cavity for different positions of the windows and the 
dampers while the air supply fan was active at 70%. 

 

Figure 9.18. Experimental results of the airflow rate in terms of temperature differences 
between the room and the cavity for three days under different weather conditions. 

 
The experimental results shown in Figure 9.18 represent three days of different weather 
conditions. For each day, the airflow was constant. Using the air supply fan overruled all other 
factors that influence airflow, such as temperature differences and wind speed. In addition, the 
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experimental results showed that the area of the window openings affected the airflow, but the 
position of the damper openings had no influence on the airflow. The greater the area of the 
window openings, the higher the value of the airflow was. Consequently, it is unnecessary to 
control the position of dampers in the cavity when mechanical ventilation is active. It might be 
useful to set the dampers to the open position in order to ventilate the cavity and decrease the 
temperature of the cavity air. These outcomes are in harmony with those obtained by Iselt 
(2004). The advantage of mechanical ventilation over natural ventilation is that using the air 
supply fan stabilises the airflow in the room. However, this finding is valid only for facades 
with high resistance, such as DSFs. For facades with low resistance, wind would likely 
significantly influence the airflow rate supplied by the mechanical fan.  

In summary, this experimental work was undertaken to determine mathematical formulas and 
define all parameters regarding wind speed, air temperature, and area of the openings for control 
of natural and mechanical ventilation in buildings, especially those equipped with DSF. All the 
experimental results obtained by the heat balance method, as well as the analytical solution of 
airflow, were compared with those obtained using the tracer gas concentration decay technique. 
The results were closely correlated. Most of the experimental results obtained by the tracer gas 
concentration decay technique can be found in Lute (1992), van Gallen (2004), and Stec (2006).   

Natural Ventilation  
Natural ventilation should be active when the room air temperature is above the cavity air temperature. 
This process requires setting the windows of the test-cell and the dampers at the bottom of the cavity to 
certain open positions in order to provide fresh outside air into the test-cell and ventilate the cell using 
wind and buoyancy effects. Figure 9.19 illustrates a graphic representation of natural ventilation of the 
test-cell and the supposed direction of airflow through it. Therefore, the provision of fresh outdoor air 
into the room by natural ventilation involves the control of automatic openings of the windows and 
dampers in the cavity from 0% to 100%. 
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Figure 9.19. Supposed airflow pattern when using natural ventilation in the test-cell. 
 
In order to keep and maintain the provision of fresh air into the room by natural ventilation at a rate of 

10 3dm s  per person, the position of the motorised windows and dampers in the cavity must be 

adjusted. Delivering fresh air into the room and ventilating air from the room through the open 
windows contribute to sensible heat gain in the room. Consequently, a mathematical model for this 
natural ventilation process can be approximately expressed as follows:  

v w

d
Q Q

dt
  (9.36) 
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where vQd dt  is the rate of change in internal heat gain due to ventilation, and wQ is the heat gain 

due to air entering or leaving the room through the open windows. 

Developing Equation 9.36 results in  

( )w
in in cav

qd
T

dt V
T T    (9.37) 

where wq is the airflow through the open windows.  

Phaff (1980) and de Gids (1982) described an airflow model based on an empirical correlation that 
determines the ventilation rate through open windows as a function of the air temperature difference, 
wind speed, and other fluctuating factors for a single skin facade. By considering this airflow model, it 

is possible to determine wq  as follows: 

,

2. . .w eff in cavw cq A a s m H T T n     (9.38) 

where cs is the air speed in the cavity ( m s ); H is the window height ( m ); and a , m , and n  are 

the coefficients for the window opening, thermal buoyancy, and air speed in the cavity, respectively.  

For simplified calculation of the effective area ,w effA  through the window openings, Lute (1992) 

proposed the following relation: 

, , sinw eff h w wA A    (9.39) 

where ,h wA  is half of the total area that the windows that can be opened to (
2m ), and w is the 

opening angle of the windows (Radian). 

The average air speed in the cavity can be calculated as follows:  

,

c
c

c tot

q
s

A
  (9.40) 

where cq  is the airflow rate in the cavity ( 3m s ), and ,c totA  is the total inlet cross-sectional area of 

the cavity ( 2m ), which can be expressed as  

, ,c tot leng damp gapsA A A   (9.41) 

where ,leng dampA  is the length (or size) of the damper openings ( 2m ), gapsA  is the area of the gaps ( 2m ). 

The average length of the damper openings depends on the position of the dampers in the cavity and 
can be determined by 

, ,leng damp damp max dampA A   111, with 0.0 1.0damp   (9.42) 

where ,max dampA  is the maximum opening area of the dampers ( 2m ), and damp  is the position of 

dampers, which varies from 0% to 100%. 

In effect, the main driving forces of airflow in a ventilated cavity are wind pressure and stack pressure 
(or buoyancy effects). Note that wind pressure on a building is dynamic and complex, but it is possible 
to estimate average ventilation rates in a cavity by knowing the wind speed and direction. Hence, the 
wind pressure in the cavity can be expressed as follows: 

 2

2
outlet inlet gaps

wind P P PP v C C C


       (9.43) 

                                                           
111 Note that this relationship is defined linearly as described in the user’s manual, but in general this is not necessarily the case 
as the flow characteristics of the valves are not really linear with their positions.    
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where v  is the wind speed at roof level. By neglecting gaps

PC , as airflows through small gaps may be 

bidirectional depending on pressure difference between the ambient air and the cavity air, Equation 
9.43 becomes 

 2

2
outlet inlet

wind P PP v C C


      (9.44) 

The thermal buoyancy difference driving airflow between the top and bottom vents of a cavity was 
approximately determined by Straube (2007):  

1 1
3456stack

cav out

P h
T T

    
 
 
 

  (9.45) 

where h  is the height of the cavity. 

The total pressure in the cavity can now be written as the sum of the stack and wind pressures:  

tot stack windP P P      (9.46) 

According to Bassett and McNeil (2005), the airflow rates through vents depend on the detailed 
geometry of the openings and on whether the airflow is laminar or turbulent. In effect Burnett and 
Straube (1995) measured airflow through a range of vents and confirmed the validity of the following 
relationship: 

2
dQ A C P


     (9.47) 

where A  is the cross-sectional area of the cavity, and dC is a discharge (or flow) coefficient,112 which 

is a function of the orifice opening and can be described as follows: 
1

dC    (9.48) 

where   is a friction factor, which for the control of opening of the dampers at the bottom of the 

cavity can be determined as a function of the relative inlet opening and the angle y  (van Passen and 

van Galen, 1995): 

3.333 2.19810 y   , with 
100

y


 , and : 0 100   (9.49) 

where   is  the opening angle. A typical value for   is approximately 0.8 for air leaving the opening. 

Substituting Equation 9.48 into Equation 9.47 yields the following:  

2A
Q P


     (9.50) 

In principle the airflow rate in the cavity is the result of a combination of the airflow rate caused by 
thermal buoyancy and the airflow rate caused by wind pressure. Sherman (1992) proposed a simpler 
model to calculate this airflow rate as follows: 

2 2

c stack windq Q Q    (9.51) 

where stackQ  is the airflow rate caused by thermal buoyancy and windQ  is the airflow rate caused by 

wind pressure. Combining Equations 9.44, 9.45, 9.50, and 9.51 results in the following: 

22 1 1
3456 ( ) ( )outlet inlet

c P P

cav out

A
q h v C C

T T
          (9.52) 

                                                           
112 Note that the value of Cd is one of the main complexities in calculation and network flow models for natural ventilation. 
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After Equation 9.52 is substituted into Equation 9.40, the average speed in the cavity becomes  

 2

,

2 1 1
3456 outlet inlet

P P

cav out

c

damp max damp gaps

A
h v C C

T T
s

A A




       


 

 
 
 

 (9.53) 

Several methods have been proposed to calculate wind pressure coefficients. For example, van Passen 
and Stec (2001) calculated the wind pressure coefficient based on the simplified equation described by 
Swami and Chandra (1988): 

20.0001111.( ) 0.6, 0.3p pC WD when C     (9.54) 

where WD  is the angle between the wind direction and the normal of the facade (on the windward 
side, 0WD  ). In addition wind pressure coefficients described by Bowen (1976), as summarised by 
Liddament (1986), represent the outlet (or top vent) and inlet (or bottom vent) at 10% and 80% of the 
building height. The test-cell was assumed to be an office building surrounded by other buildings and 
trees more or less of the same height. 

Substituting Equation 9.53 into Equation 9.38 results in the following: 

 

 

2

,

,

2

2

2 1 1
3456 outlet inlet

P P

cav out

w w eff in cav

damp max damp gaps

A h v C C
T T

q A a mH T T n
A A



 

  

   


  
  

  


    (9.55) 

with 
     

1 2

, 2 2 2

,

1 1 1
1w eff

o w w o

A
A A A

  
  

 
 
 
 

 

    or , , sinw eff h w wA A   .  

According to (Stec, 2006), the use of the first relation of ,w effA  is more accurate than the last relation 

(i.e., Equation 9.38). Nevertheless, this last relation remains true when the second skin facade is 
removed or when a building is equipped with single skin facade. Therefore, the use of Equation 9.38 
becomes valid also when controlling the natural ventilation of a building space by adjusting the 
window openings.  

Substituting Equation 9.55 into Equation 9.37 results in the following: 

2 2

,

2

,

2 1 1
( 3456 ( ) ( ))

( )
( )

outlet inlet

P P

w eff cav out

in in cav in cav

damp max damp gaps

A h v C C
A T Td

T T T a mH T T n
dt V A A



 

  

    
 

   (9.56) 

In particular, when the control system detects that increased ventilation, such as night cooling, is 
requested or scheduled, this would set both motorised windows and dampers in the cavity to the fully 
open position (100%) and switch them to normal mode at the required time.  

Mechanical Ventilation 
Mechanical (or forced) ventilation should be active when the room air temperature is below or equal to 
the cavity air temperature. This process requires switching on the air supply fan and setting the 
motorised windows of the test-cell to a certain open position in order to ensure the provision of fresh 
outside air into the test-cell. Figure 9.20 shows a graphic representation of mechanical ventilation of 
the test-cell and the supposed direction of airflow through it. Therefore, the provision of fresh outdoor 
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air into the room by mechanical ventilation involves both switching on the air supply fan and 
automatically opening the windows from 0% to 100%. 

Gaps 
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Outdoor Indoor 
Blinds Ventilation grid  
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Blades 

Electrical heater 

Air-conditioner  

First skin
façade 

Outlet 

Inlet 

Second skin 
 façade 

Humidifier Dampers  

Air-flow direction 

Motorized windows  
(active) 

 

Figure 9.20. Model airflow pattern when using mechanical ventilation in the test-cell.113 
 

In order to keep and maintain the provision of fresh air into the room at a rate of 10 3dm s  per 

person) using mechanical ventilation, the amount of fresh air supplied by the fan must be regulated and 
the position of the window openings must be adjusted. Because the windows must be opened to extract 
the air from the room while the fan is turned on and supply the fresh outside air to it, both contribute to 
sensible heat gains in the room. Consequently a mathematical model for this mechanical ventilation 
process can be expressed approximately by the following: 

v sa ea

d
Q Q Q

dt
   (9.57) 

where saQ  is the heat gain entering the room due to the air supply, and eaQ  is the heat gain leaving the 

room due to air exhaust. Developing Equation 9.57 results in the following:  

( ) ( )sa ea
in out in in cav

q qd
T T T T T

dt V V
       (9.58) 

where saq  is the volume of the airflow supplied by a mechanical fan, and eaq is the volume of the 

airflow extracted through the opening of the windows. The supply airflow rate through a mechanical 
fan is controlled by the valve position, which determines the flow area and thus controls the required 
provision of fresh outside air to the room. As the flow characteristic of the valve is not linear with its 
position,114 the flow in equal percentage increases by the same fractional amount for each increment of 
opening. Therefore, the volumetric airflow supplied into the room is determined on the basis of the 
equal percentage valve flow characteristic and is given by the following (see Kreider et al., 2002): 

vval K
sa vq k e  , with 0.0 1.0val   (9.59) 

where vk  is the proportionality constant; vK is the valve size constant; and val  is the valve position, 

which varies from 0% to 100%. Formally, when the valve is opened to the maximum (100%), the 

supply airflow into the room is of the order of 188 3m h  (0.052 3m s ). On the contrary, when the 

valve is opened to 64%, the supply airflow into the room is around 36 3m h  (10 3dm s ). When the 

                                                           
113 Note that in Figure 9.19, the dampers in the cavity are shown closed, but this is not a functioning requirement. 
114 More details on the valve function can be found at http://www.belimo.eu/ch/en/index.cfm. 
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air supply fan is used, the volume of the airflow supplied into the room depends principally on the 
valve position for all pressure differences between the indoor and ambient air. A pipe of 10 cm  
diameter is typically used to transport ambient air into the room. At the outlet the average airflow (i.e., 
velocity of the air supplied into the room) is estimated as follows: 

sa
inl

cs

q
u

A
  (9.60) 

where inlu  is the average velocity of the air at the inlet ( m s ) and cA is the cross-sectional area of the 

fan (or pipe) ( 2m ), which is given by 

2

4
csA d


   (9.61) 

where d  is the diameter of the pipe ( m ). 

The volume of the extracted airflow through the operable windows is controlled by the automatic 
opening of the windows. Maintaining IAQ in the room at an acceptable atmospheric level when 
turning on the air supply fan requires opening the motorised windows at a certain position to allow the 
air supplied by the fan to freely circulate and ventilate the room. However, when the motorised 
windows are mostly open, the cavity air can infiltrate into the room and perturb the indoor thermal 
comfort. Therefore, it is important that a control system designed for mechanical ventilation adjusts the 
length (or size) of the window opening while switching on the air supply fan in order to maintain IAQ 
in the room at an acceptable atmospheric level. The extracted airflow rate through the window opening 
can be determined as follows:115 

,

2
ea dw oq A C P


     (9.62) 

where ,w oA  is the total area of the open windows, which can be linearly determined as follows: 

 , ,maxw o windo wA A  , with 0.0 1.0windo   (9.63) 

where ,maxwA  is the maximum area of the open windows and windo is the position of the window 

opening and varies from 0% to 100%. 

Assuming that the airflow rate exhaled through the open windows (outflow) is equal to the airflow rate 
supplied by the fan (inflow), the continuity equation is then applied: 

ea saq q   (9.64) 

Using the Bernoulli equation, both absolute pressure and velocity can be expressed as follows:  

2 2( )
2

out inlP u u


     (9.65) 

where outu  is the average velocity of the air at the outlet ( m s ), which can be deduced from Equation 

6.64 as follows: 

, ,cs inl w o out sa w o outA u A u q A u      (9.66) 

This implies 

,
sa

out

w o

q

u
A   (9.67) 

Assuming that the airflow in the room is steady, Bernoulli’s equation is then used to determine the 
velocity of air flowing through the open windows as follows (see Shaw, 1976): 

                                                           
115 Note that other methods can also be applied to determine the exhaled airflow rate through the open windows such as the 
tracer gas concentration delay technique (Lute, 1992) and analytical solution airflow (van Galen, 1994).  
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2outu gH  (9.68) 

where H is the height at which the windows can be opened ( m ) and g is the acceleration due to 

gravity, which equals to 9.8 2m s . Considering Equation 9.68, Equation 9.67 can be rewritten as 

,
2

sa
w o

q

gH
A   (9.69) 

which implies  

,max 2

1 sa
windo

w

q

A gH
   (9.70) 

From Equation 9.70, windo  can now be easily determined. It equals 5.8% when the supply airflow into 

the room is about 10 3dm s . Therefore, the windows should be opened by at least 5.8%, which is 

approximately equivalent to 0.06 2m , in order to allow the supplied air to freely circulate through the 
room and ventilate it. 

Combining Equations 9.60, 9.65, 9.66, and 9.67 results in the following: 
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 (9.71) 

Substituting Equations 9.71 and 9.63 into Equation 9.62 gives the following: 

qea windo  Aw ,max Cd 2gh 1 4 
windo  Aw ,max

 d 2
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 (9.72) 

Substituting Equations 9.59 and 9.72 into Equation 9.58 results in the following: 
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 (9.73) 

In particular, when the control system detects a request for increased ventilation, such as precooling, 
this turns on the air supply fan and sets the motorised windows to the fully open position in order to 
cold down the room as quickly as possible.  

Hybrid Ventilation 
Hybrid ventilation is active when a control system switches between natural and mechanical 
ventilation during different times of the day or seasons of the year in order to minimise energy 
consumption while maintaining IAQ and thermal comfort. Based on the analysis, the control strategy 
for hybrid ventilation was developed in such a way that when 

mechanical ventilation =1
is

natural ventilation =1
, ( )in cav cav out

true
T T T T

false







 


 (9.74) 

The main objective of this control strategy was to maintain the provision of fresh air into the room at a 

rate of 10 3dm s  per person and to establish the desired IAQ and thermal comfort with the lowest 

energy consumption possible.  
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c) Visual Comfort  
Visual comfort concerns the building components or devices that can be used for control of the light 
level or illumination in the test-cell. Generally, these components address natural and artificial sources 
of light that are used in buildings, and these sources can be supplied and controlled in many ways. 
Both sources contribute to the quality of visual comfort in building spaces. Visual comfort is the main 
determinant of lighting requirements: sufficient levels of light for occupant activities and tasks ensure 
and enhance visibility and visual performance in building spaces, particularly in offices. Other factors 
of that affect occupants’ lighting preferences, such as age and gender, are also important for the 
satisfaction of indoor visual comfort requirements, but they are not considered in the test-cell’s control 
applications.116  Therefore, the main objective of control systems is to provide greater flexibility, 
leading to better management and utilization of lighting components, such as artificial lighting 
(luminaires) and natural lighting (venetian blinds, awnings, shutters, etc.). Another objective is to 
supply and maintain a suitable indoor luminous environment and avoid discomfort for occupants while 
at the same time taking full advantage of the benefits of daylighting and minimising energy 
consumption. 

Visual comfort is principally determined by the illumination level created by artificial light or 
daylight)117 as a function of the artificial lighting from electric luminaires and the glare from direct and 
indirect sunlight. According to CIE118 (2001), the recommended illuminance for general office work 
should be around 500 lx . This illuminance is generally based on uniform and constant levels of 
artificial light in the working plane. However, when natural light is used to illuminate the interior space 
of the test-cell, the light levels for indoor visual comfort are set between 5.2 and 6.1 Klx  in order to 
provide sufficient illumination. These levels were defined by taking as a reference the glass window 
surface used in the test-cell (Iglesia, 2002). In principle, the illumination on the working plane 
provided by an unobstructed overcast sky119 continuously varies, but a constant 5000 lx is taken as a 
standard for daylight in many countries. This constant represents the light from a heavily overcast sky 
that will likely be exceeded for 85% of normal working hours. Although the overcast sky in the 
Netherlands is not strictly uniform in luminance, two daylight levels (lower and upper) were used for 
control systems in order to provide the room with sufficient daylight as often as possible. These 
daylight levels were determined through the estimation of the daylight factor, a percentage of internal 
illuminance at the working plane to external illuminance. CIE (2001) recommends an average daylight 
factor of 5% and a minimum daylight factor of 2% for office work. However, replacing a given 
amount of light output generated by electric luminaires with the same amount of daylight is not always 
possible because of the nonuniformity of daylighting. For this reason, advanced control systems are 
required for dynamic complex fenestration 120  systems, such as switchable glazing and motorised 
venetian blinds, in order to use daylight to the maximum extent while maintaining the indoor luminous 
environment (or daylight level) at the required levels and avoiding discomfort for occupants. 

Note that building lighting automation is one application for which system-level considerations should 
play a paramount role in the development and design of advanced intelligent control systems, 
especially advanced hybrid intelligent control agents (AHICA), in order to better manage and use 
natural and artificial lighting components in buildings. Moreover, these control systems can offer 
flexibility and automatic adaption to changes, preferences, and differences between occupants while 
increasing building energy savings. Such control systems should be designed based on hierarchical, 
generic, and architectural concepts, which can thus constitute of self-adapting and/or learning abilities 
and self-tuning regulator as well. One of the rational approaches toward the development and design of 
such control systems is using strategic briefing as described by Blyth and Worthington (2001) and Al 
hassen (2005) to better fulfil occupants’ requirements (or needs), promote a more effective indoor 
luminous environment, and increase building energy efficiency.   

                                                           
116 Note again that the test-cell is considered a building office.  
117 By definition daylight, or light of day, means the combination of all direct and indirect sunlight outdoors during the daytime. 
118 CIE stands for Commission Internationale de l'Eclairage, which in English means International Commission on Illumination. 
119 This is actually the sky condition applied in daylight factor calculations, as recommended by CIE (2001). 
120 Fenestration is the term used by ASHREA (2001) to designate any light-transmitting opening on the elevations of a building. 
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Artificial Light Mode 
The artificial light mode is active when the indoor illumination level in the test-cell is lower than the 
required light level (setpoint). In principle this mode is used to provide enough light into the room to 
complement the indoor daylight level when the indoor daylight level is lower than required during 
occupancy. Therefore, the control systems were designed to use daylight as the primary source of 
indoor illumination and electric lighting as a supplementary source. Because the electric lighting used 
in the test-cell is not dimmable, the amount of light output supplied inside the room cannot vary 
according to the sunlight. Hence, when the artificial light mode is active, the electric luminaires of the 
test-cell are switched on. 

Natural Light Mode 
The natural light mode is active when natural light is provided from the sun and/or sky. This possibility 
is valid only when the sensors for light intensity and solar radiation located outside the test-cell 
indicate that there is a sufficient quantity of daylight to illuminate the space instead of using artificial 
lighting. Daylighting, or the use of natural light to illuminate a space during the day, requires adjusting 
the motorised venetian blinds121 to provide the interior with the required light as long as daylight can 
be used and is available. In order to satisfy the requirements of visual comfort and good visibility, 
control systems for motorised venetian blinds must be developed and designed in such a way as to 
exploit the daylight during the day and optimise it in terms of the required indoor light (or 
illumination) level and distribution in a building space without causing discomfort for the occupants.   

Of course, several research studies have been conducted on the development of intelligent control 
systems for sun-shading devices including venetian blinds, awnings, and shutters. These include self-
adjusting control systems for indoor environments based on integration of thermal comfort and visual 
comfort (Dounis et al., 1993), self-adaptive adjusting parameters for daylighting and solar control of 
buildings (Guillemin and Morel, 2001), combining control systems for shading devices and electrical 
light savings (Athienitis and Tzempelikos, 2002), and indoor lighting controls based on fuzzy logic 
controls (Lah et al., 2005). However, practically all of these studies have some limits as the control 
laws developed to automatically adjust the position of the blinds and the angle of the blind slats are not 
coordinated; in particular the adjustment of the angle (or tilt angle) of the blind slats is not precise. In 
addition fuzzy logic control is popularly used for the control of such complex systems without taking 
into account their dynamics and the sun’s apparent movement over the course of day and year. Besides 
these limits, the obtained results are rather ambivalent; the methods introduced to control the shading 
devices, especially the motorised (or automated) venetian blinds, cannot be applied more generally. 

Therefore, an improved method to design control systems for motorised venetian blinds was proposed 
to automatically adjust both the position of the blinds and the angle of the blades in the test-cell on the 
basis of the required indoor illumination levels and the sun’s apparent movement or position 
throughout the day and seasons. These motorised venetian blinds are controlled in order to provide the 
room with daylight and to shade its space from sunlight (from glare or direct sun) while maintaining 
the indoor daylight to the required illumination level and the glare to an acceptable level. Moreover, 
the control actions of both the position of the blinds and the angle of the blades are coordinated in 
order to avoid overheating and overcooling of the room while achieving occupants’ visual well being 
and increasing building energy efficiency. 

Principal reason of designing appropriate control systems for solar-shading devices 
Although daylighting provides a major opportunity for energy savings, it confronts several technical 
problems, including glare and heat associated with daylight. For instance, studies like the one by 
Koster (2004) estimated that the application of advanced control systems for building lighting 
components can decrease energy costs for buildings by 30% to 50% in most situations by providing 
adequate quantity and quality of daylight in interior spaces. In addition the proper use of shading 
devices in buildings can substantially contribute to energy savings. For this reason a series of 
experiments were conducted for one month (30 days) in winter and in summer in order to determine 

                                                           
121 Venetian blinds are slatted blinds with two adjustable features: blind position and slat (blade) angle.   
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whether different blind positions influence the heating and cooling loads in buildings. Figure 9.21 
illustrates the experimental results of electrical energy consumed by cooling and heating for different 
blind positions (closed, open, or half open) over a month in the test-cell. 
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Figure 9.21. Monthly energy consumption for cooling and heating the test-cell  
with different blind positions. 

 
It is important to note that the monthly experimental electrical energy consumption results for cooling 
and heating in the test-cell (shown in Figure 9.21) are approximate because they are partly based on 
estimations. Nevertheless, these results show that the electrical energy consumed for cooling and 
heating of the test-cell when the blinds are closed is relatively small compared to when the blinds are 
half open or completely open. During winter the energy consumed for heating the test-cell is high 
when the position of the blinds is half open or completely open and low when the position of the blinds 
is closed. On the contrary, during the summer, the energy consumed for cooling the test-cell is high 
when the position of the blinds is half open or completely open and low when the blinds are closed. In 
addition these experiments were conducted to determine the impact of the venetian blinds on the 
heating and cooling loads in the buildings.  
 
Further experiments showed that the energy consumed for heating is low when the position of the 
blinds is open due to the insolation of the sun during the winter (Bauer et al., 1996). However, this 
effect is less pronounced in countries like the Netherlands where the sun rarely shines. Thus, the 
energy consumed by cooling and heating needs can be reduced by 30% by better operating the solar-
shading devices, especially the venetian blinds. In addition these experiments were carried out for only 
three positions of the venetian blinds. Carrying out experiments for more blind positions may result in 
more energy savings. Therefore, it is imperative to develop logical bases for integrated control systems 
by which multiple control actions of the venetian blinds are coordinated to use daylight to the 
maximum possible extent in buildings and avoiding extra heating and cooling of the space in order to 
meet occupants’ visual comfort and achieve energy savings. 

Natural light 
Natural light (daylight) comes from the sun by means of the sky. However, although the sun can be a 
reasonably constant source of light, it constantly changes in terms of quantity, directional quality, and 
colour according to the time of day, the season, and the weather. Figure 9.22 shows how daylight 
changes with altitude and seasons at a particular location on earth.  
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Figure 9.22. Daylight in different seasons of the year. 

Sun’s equations of motion  
The sun’s position can be calculated from the location of a building on earth (longitudinal and lateral) 
and the position of the earth towards the sun’s declination. Figure 9.23 shows the projection of the 
sun’s rays on the venetian blinds of the test-cell and all solar angles for the vertical facade. 

 

Figure 9.23. The sun’s position and declination toward the position of a building on earth.  
 
According to de Jong and Brink (1987), the sun’s declination is approximately determined as follows: 

 180
23.45 sin 81

365
dD N    

 
 

 (9.75) 

where D  is the sun’s declination (  ) and dN  is the number of days since the start of the year. 

In order to determine the sun’s position in the sky from a position on earth, two solar angles must be 
calculated throughout the day. The solar altitude angle   is the angular distance between the sun and 

a horizontal plane at the location of the test-cell. The solar azimuth angle   is  the angular distance 
between the projection of the radiation beam on the horizontal surface from south to east. Both angles 
are calculated using solar time. According Duffie and Beckman (1991), solar time is the time used in 
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all of the sun angle relationships and does not coincide to the local clock time. Consequently the local 
time and the solar time are related as follows: 

60( ) 4( )cor sol loc st lon ott t t L D E      (9.76) 

where cort  is the time correction ( min ), loct  is the local clock time ( h ), solt is the solar time ( h ), stL  

is the local standard time meridian ( h ), lonD  is the longitudinal position of the building (or test-cell) 

facade ( west ), and otE  is the equation of time ( min ). According to Iqbal (1983), the equation of 

time is described as an empirical equation that is approximately given as follows: 

(0.006918 0.399912 cos( ) 0.070257 sin( )

0.006758 cos(2 ) 0.000907 sin(2 )

0.002697 cos(3 ) 0.00148 sin(3 )) 180

ot d d

d d

d d

E B B

B B

B B 

    

   

    

   (9.77) 

with 
360

( 1)
365

d dB N      (9.78) 

where dB 122 is the day angle (º). Thus, 1 365dN  . 

The earth is divided into 24 zones of 15º each. While the solar time is 12 hours when the sun’s position 
is straight above the position on earth, the local time is 12 hours when the sun’s position is straight 
above the time meridian that belongs to the time zone where the building is located. Therefore, the 
local standard time meridian is a reference time meridian used for a particular time zone and can be 
determined as follows (Kalogirou, 2007): 

15st GMTL T     (9.79) 

where GMTT  is the difference of the local clock time from Greenwich Mean Time (GMT) ( h ). Since 

the earth rotates 15° per hour on its axis, each hour of rotation corresponds to an angular motion of the 
sun east or west of the local meridian. This angular motion is defined as the hour angle (or solar hour 

angle) aH , which can be calculated as follows (Kalogirou, 2007): 

15 ( 12)a solH t       (9.80) 

where aH  is by definition equal to 0° at solar noon, negative in the morning, and positive in the 

afternoon.  

The solar azimuth angle  and the solar altitude angle  are related with latD , D , and aH  using the 

following equations (see ASHRAE, 1997): 

sin cos cos cos sin sinlat a latD D H D D       (9.81) 

and 
sin cos sin

cos
cos cos

lat

lat

D D

D





 




 (9.82) 

where latD is the lateral position of the test-cell. Both Equations 9.81 and 9.82 are used to calculate the 

various parameters needed to determine both the position of the blinds and the angle of the blades, and 
the solar radiation falling on the facade of the test-cell.  

The values for the sunset and sunrise hour angles can be determined from Equation 9.81, as at sunrise 
and sunset, the solar altitude is zero. This leads to the following equation: 

 1cos tan tan
a lat

H D D   (9.83) 

where aH  is negative for sunrise and positive for sunset. 

                                                           
122 In certain parts of the literature, no name is given to this variable.  
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Therefore, the points of time of sunrise and sunset in solar time are as follows (Lute, 1992): 

0
,

0
,

12 (1 )

12 (1 )

s sr

s ss

H
t

H
t





  

  







 (9.84) 

where ,s srt  the solar time at sunrise ( h ) and ,s sst  is the solar time at sunset ( h ). 

Solar radiation on the facade  
Solar radiation falling on the facade of a building (or test-cell) located at a specific position on each is 
considered to consist of two parts: (a) deterministic (i.e., determined by the position of the sun toward 
the position of the building) and (b) stochastic (i.e., caused and characterised by clouds and other 
forms covering the facade of the building. This position of the facade is determined by both  , which 

is the angle between the normal to the facade and the direction toward the south, and w , which is the 

angle between the normal to the facade and the vertical axis of the facade.  

The position the facade of the test-cell toward the sun comprises the solar surface azimuth   and the 

incidence angle of the beam (or direct) solar radiation  . The solar surface azimuth   is defined as 

     (9.85) 

When 2   or 3 4 , the surface is shaded. 

The incidence angle   is related to  ,  , and w  by the following equation (ASHRAE, 1997): 

cos cos cos sin sin cosw w          (9.86) 

where w  is the tilt angle of the facade. Given that the facade of the test-cell is vertical, w  , 

which causes Equation 9.85 to become  
cos cos cos    (9.87) 

The direct solar radiation123 falling perpendicular to the window facade of the test-cell is determined by 
the following (van Paassen and Lute, 1990): 

cos cos cosfac srD srDG G G        (9.88) 

where facG  is the solar irradiation falling on the window facade ( 2W m ) and srDG is the direct solar 

irradiation ( 2W m ). The total solar radiation falling on the window facade of the test-cell is the sum 

of the direct and diffuse sky radiation, and the solar radiation reflected from surrounding surfaces. 
Thus it is calculated as follows (see Lute, 1992): 

sr srD srd srrG G G G    (9.89) 

where srG is the total solar irradiation on the window facade ( 2W m ), srdG is the diffuse solar 

irradiation ( 2/W m ), and srrG is the solar irradiation reflected from surrounding surfaces ( 2W m ). 

Hence, the total solar illuminance incident on the facade of the test-cell is the product of the total solar 
irradiation and the solar luminous efficacy, which is thus given by the following: 

s sr sE G K   (9.90) 

where sE  is the total solar illuminance ( lx ) and sK is the solar luminous efficacy ( lm W ). 

The solar light (or luminous) flux arriving at the window facade of the test-cell from the sky can be 
approximately determined using the following: 
                                                           
123 In the literature, the measurement of the solar radiation falling on a surface is also called irradiance or radiative flux. The 
amount of incoming solar radiation received in a given time and location is sometimes called insolation. 
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skyw w wA E    (9.91) 

where w  is the solar luminous flux incident on the window facade ( lm ) and 
skywE is the illuminance 

on the window facade of the test-cell ( lx ). 

Visual Comfort 
The visual comfort provided in the test-cell was based on the estimation of both the daylight level and 
glare occurrence. Whereas the daylight level is calculated by the daylight factor, the glare is quantified 
by the daylight glare index (DGI), which depends mainly on the window luminance and reflexions 
within the room. According to CIE (1983), glare is a condition of vision such that there is discomfort 
or reduction in the ability to see details, objects, or both due to an unsuitable distribution, a range of 
luminance, or extreme contracts in space or time. There are two forms of glare: (a) discomfort glare, 
which causes discomfort without necessarily impairing vision of objects and details, and (b) disability 
glare, which impairs vision without necessarily causing discomfort. Both forms of glare are unwanted 
and can be avoided by properly operating the venetian blinds using appropriate control systems. 

Visual comfort is determined by the illumination level, while other parameters like glare are subjective 
and difficult to measure because they are based on the judgement of occupants. However, the DGI 
equation is derived from experiments, which in particular provide guidelines and recommendations for 
choosing the type of shading devices and lighting installations. Therefore, control systems should be 
designed in such a way that glare caused by a direct view of the sky is considered to be acceptable if 
the DGI in the room does not exceed the recommended level of perception, as shown in Table 9.5 (see 
Johnsen et al, 2006). 
 

Table 9.5. Typical scale of perception according to DGI. 

 

 

 

 

 

 
 
In order to comply with visual comfort, control systems must therefore maintain a DGI of less than 24, 
which is the uncomfortable glare perception limit. DGI is defined as follows (Chauvel et al., 1982): 

1.6 0.8
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1

10 log 0.478 ( )
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  (9.92) 

where n  is the number of glare sources in the field of view, ,s iL is the average luminance of each glare 

source in the field of view ( 2cd m ), bL is the average luminance of the background excluding the 

glare source ( 2cd m ), wL is the average luminance of the window ( 2cd m ), s  is the solid angle 

subtended by each glare source ( sr ), and i  is the solid angle subtended by each glare source 

modified ( sr ). As the test-cell has one window facade (which is mostly treated as a single glare 

source), this can imply that 1n   and s wL L . Thus, Equation 9.92 becomes 

1.6 0.8

0.5
10 log 0.478
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s

b s s

L
DGI

L L


 
  

  (9.93) 

 

DGI  Perception 
>28 
28 
26 
24 
22 
20 
18 
16 

Intolerable 
Just intolerable 
Uncomfortable 

Just uncomfortable 
Just acceptable 

Acceptable 
Noticeable 

Just perceptible 
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According to Aizlewood (2001), sL and bL can be derived from shielded and unshielded vertical 

illuminance, respectively, and are thus determined as follows: 

s
s

E
L

 



  (9.94) 

where sE  is the average vertical illuminance from shielded illuminance sensor ( lx ) and   is the 

configuration factor of the source with respect to the measurement point. In addition,  

 
(1 )

s un un
b

E E E
L

  


 
 

 (9.95) 

where unE is the average vertical illuminance from unshielded illuminance sensor ( lx ). 

According to Aizlewood (2001) and Chung (2005), the modified (or corrected) solid angle   can be 
determined from the diagram presented by Chauvel et al. (1982) using the following equation: 

sp d    (9.96) 

where p  is the position factor, which is calculated from Guth’s position index P  (Hopkinson, 1963) 

and (Luckiesh and Guth, 1949): 
1.6

(10 ,0 )

( , )v v

P
p

P 

 
 
  
 

 (9.97) 

where the values of (10 ,0 )P    and ( , )v v
P   are determined using Table 9.6. 

 
Table 9.6. Position factor (Hopkinson et al., 1966) 

 
 
Guth’s position index as defined by IESNA (2000)124 and Chung (2005) is as follows: 
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exp (35.2 0.31889 1.22 ) 10

(21 0.26667 0.002963 ) 10

v
v v

v v v

P e  

  

 



   

   
 (9.98) 

                                                           
124 IESNA stands for illuminating Engineering Society of North America. 
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where v  is the angle from vertical of the plane containing the source and normal to the line of sight 

(  ) and v  is the angle between the line of sight and the line from the observer to the source (  ). 

Both are defined as exhibited in Figure 9.24. 

 

Figure 9.24. Geometry definition of the angles v and v within the test-cell. 

 

According to Nazzal (2001), the total solid angle s can be calculated as follows:  

   1 1

2

cos tan ( 2 ) cos tan ( 2 )w w v w v

s

v

A w d h d

d


  
  (9.99) 

where ww  is the window width, wh is the window height, and vd is the distance from the observer’s 

point to the centre of the window. 

Note that the DGI equation was chosen because it is mainly based on the perceived analysis of the sky 
viewed through the window and the average luminance of the area, although there exist other methods 
such as daylight glare probability (DGP) and degree of discomfort glare (DDG). In addition, some of 
these methods are based on perceived tests, which are complicated to set up for instantaneous use by 
control systems. Therefore, DGI is the appropriate method to use for the control of glare in buildings. 

For the illumination level, CIE (2001) recommended a minimum illuminance on the working plane in 
office spaces of 500 lx : 

 ,min 2
500

,
room

lm
E

m floor
  (9.100) 

where ,minroomE  is the minimum illuminance on a horizontal work surface in the room. Because the 

sensors for light intensity are placed vertically on the window facade, the minimum illuminance on a 
vertical window surface illuminating the horizontal work surface in the room can be expressed as 
follows: 

,min 2
500

,
area

w

area

floorlm
E

m floor window
  , which implies 

,min 2
1117

,
w
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E
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  (9.101) 
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where ,minwE  is the minimum illuminance on a vertical window surface of the room; areafloor is the 

floor surface of the room, which equals 12.46 2m ; and areawindow  is the window surface of the room, 

which equals 5.58 2m . Figure 9.24 illustrates a typical representation of the radiating (sensors) and 
receiving (work area) surfaces of the room, where the angles of these surfaces are supposed to be 45º 
to the spatial angle. 

 

Figure 9.25. Representation of the radiating and receiving surfaces within the room. 
 
According to Iglesia (2002), the measurements of the sensors for light intensity used in the test-cell are 

accurate only if the underlying data are recalibrated using a linear regression of 0.8 4.5wE  , which 

implies ,minwE  will equal 5.2 Klx . As CIE (2001) also recommended a maximum illuminance on a 

working plane in office spaces of 1000 lx  (1 Klx ), ,maxwE  equals 6.1 Klx . These values for the 

minimum and maximum illuminance in the test-cell match the lower and upper daylight levels for 
indoor visual comfort as given by Iglesia (2002). Therefore, control systems for visual comfort in the 
test-cell were designed to maintain the indoor illuminance between the lower and upper light levels of 
5.2 Klx  and 6.1 Klx  in order to provide the room with daylight as long as possible during the daytime. 

Work plane illuminance  
In addition to visual comfort, work plane illuminance measured at approximately 0.76m from the floor 
is perhaps the most important parameter in lighting applications. Minimum and maximum work plane 
illuminance levels are recommended for various building zones and task types to ensure that building 
occupants can maximally perform different activities (IESNA, 2000). In previous studies work plane 
illuminance has been used as a predictor for manually controlled and automated dimming lighting 
systems. For this reason, it was hypothesised that work plane illuminance could be used as a reference 
point for daylight control applications, such as the position of the blinds. Therefore, the control 
systems were designed to monitor the light that falls onto the horizontal working plane in the test-cell 
with the least possible obstruction by automatically adjusting the position of the blinds and the angle of 
the blades (i.e. blind slats). 

Active control strategy 
Glare is mainly caused by the reflexion of direct sunlight and can be controlled by correctly operating 
the shading devices, especially the venetian blinds. Control of glare is typically achieved by adjusting 
the position of the blinds and the angle of the blind slats. However, the adjustment of the position of 
the blinds and/or the angle of the blades when the sky is overcast or completely full of clouds may be 
unnecessary as it may obstruct the occupants’ view of the outside world. In addition such adjustments 
may make noises and disturb the occupants. For this reason a control strategy was developed to 
automatically operate the venetian blinds in the test-cell only when necessary, taking into account sky 
conditions in order to enhance illuminance by achieving the desired light level with daylight present, 
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maintain glare to an acceptable level, provide a view to the outside world when possible, and minimise 
control actions of adjusting the angle of the blind slats during working hours. 

According to Darula and Kittler (2002) and Matsuura (1987), CIE declared a number of sky conditions 
as standard for the design of daylighting schemes (i.e., control systems). These standard skies are 
defined by functions (e.g., solar altitude, if the sun is hidden, etc.) under conditions ranging from sunny 
to overcast: 
 Sunny applies to any sky condition where the sun is shining and not hidden by the clouds. 
 Clear sky refers to less than 30% cloud cover. 
 Partly cloudy sky refers to between 30% and 70% cloud cover 
 Cloudy sky refers to more than 70% cloud cover, which normally excludes the sun 
 Overcast sky125 applies to a completely closed sky condition, with 100 % cloud cover. This state 

cannot be combined with sun in a meaningful way.  

In principle, there are five or more sky conditions. However, some researchers, such as Perez et al. 
(1990), IESNA (2000), and Eicker (2003), classified only three categories: 
 clear or sunny sky 
 intermediate or partly cloudy sky 
 overcast or cloudy sky 

According to Perez et al. (1990) and Chirarattananon et al. (2002), these three sky conditions can be 
distinguished from each other in terms of the sky ratio and clearness indices, as reported in Table 9.7.  
 

Table 9.7. Classification of sky condition. 

Indices 
Sky conditions 

Sky ratio SR  Clearness index   
0.3SR   4.5   clear or sunny  

0.3 0.8SR   1.23 4.5   intermediate or partly cloudy 
0.8 SR  1.23   overcast or cloudy sky 

 
The sky ratio SR  is expressed as follows: 

srd

tH

G
SR

G
  (9.102) 

where tHG  is the global horizontal irradiance ( 2W m ), which is given as follows (ASHRAE, 1997): 

tH srD srdG G G    (9.103) 

The clearness index   is defined as  
3

3

( ) 1.041

1 1.041

srd srND srdG G G 




  


 

    (9.104) 

where srNDG  is the direct normal irradiance ( 2W m ), which is given by the following (ASHRAE, 

1997): 

exp( sin )
s

srND

s

A
G

B 
    (9.105) 

where sA  and sB  are the apparent solar radiation and atmospheric extinction coefficients, respectively. 

In addition to the sky ratio the clearness indices, the brightness index is used to further differentiate sky 
conditions. The brightness index   is determined as follows (Perez et al., 1990): 

                                                           
125 In principle this sky condition is applied in daylight factor calculations because it usually has the most stable luminance 
distribution. 
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srd
o

eo

G
m

G
    (9.106) 

where om  is the relative optical air mass and eoG  the extraterrestrial irradiance ( 2W m ).   

The solar irradiance values are translatable to the illuminance values using the following relationship 
(Winkelmann and Selkowitz, 1985): 

93

111
D srD

d srd

E G

E G

 

 





  (9.107) 

The luminance of these three sky conditions varies over a wide range of values, as depicted in Table 
9.8 (see Ursula, 2001).  
 

Table 9.8. Luminance of natural sources of light 

Sky conditions Luminance ( 2cd m ) 

Clear or sunny sky 600000 to 1600000000 
Intermediate or partly cloudy 
sky 

2000 to 12000 

Overcast or cloudy sky 1000 to 6000 
 
The application of HCS to daylighting (i.e., daylight availability) and solar-shading devices consists of 
designing a continuous control system for every sky condition and a supervisor control system that 
switches between the three control systems depending on the daylight availability (i.e., according to 
the values of the sky ratio and clearness indices as shown in Table 9.7). Figure 9.26 illustrates a two-
level hierarchical control system for daylighting applications. 

 

Figure 9.26. Proposed control strategy for artificial lighting and natural daylighting  
applications in a building – particularly the test-cell – using HCS. 

 
A supervisory control system (or supervisor) decides which of the three control systems should be 
active at each time instant depending on the availability of daylight. The purpose of this supervisor is 
to choose the control system closest to the current sky condition in order to maintain the indoor light 
level (or illuminance) at the setpoint or between the setpoints to provide the room with daylight as long 
as possible during working hours and stabilise the light level despite large uncertainties and/or 
disturbances by operating the motorised venetian blinds and switching on the artificial lighting only 
when necessary. The three control systems were designed to provide the best control solution to the 
current sky condition. Every control system is designed to meet the occupant requirements in the 
presence of any sky condition. Thus, the first control system is active only when the sky is cloudy or 
overcast, the second is active only when the sky is partly cloudy or intermediate, and the third is only 
active when the sky is clear or sunny. One of the main advantages of using this class of HCSs is 
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simplification of the design of control systems and facilitation of the use of different setpoints for 
different sky conditions.  

When the first control system is active, it retracts the venetian blinds, and if necessary switches on the 
artificial lighting, to complete the indoor illuminance provided by daylighting up to the setpoint. 
According to Priolo et al. (2001), this complement can be expressed as follows: 

( ) 0al al st inE P E E    (9.108) 

where alP is the relative electrical power applied to the artificial lighting ( [0,1]alP  ), stE is the 

setpoint illuminance ( lx ), inE is the indoor illuminance ( lx ), and ( )al alE P  is the illuminance 

provided by the artificial lighting ( lx ), which can be determined by a fourth-order polynomial fitted 
into four measurements using the nonlinear least squares method (Guillemin, 2003): 

4 3 2( )al al al al al alE P a P b P d P c P         (9.109) 

where a , b , c , and d are the parameters of the electrical lighting that are determined experimentally 

and periodically readjusted (Priolo et al., 2001). When the solution alP  is lower than 0 or higher than 1, 

the control system replaces it with the nearest physical value (Guillemin, 2003). Therefore, the 

artificial lighting is switched on only when ,in st lowE E  in order to complete the indoor lighting 

provided by overcast sky until the lighting setpoint is reached. Following Perez et al. (1990), the 
luminance distribution of the overcast sky is determined by the following: 
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 (9.110) 

with   ( , ) 1.35 sin(3.59 0.009) 2.31 sin(2.6 0.316) 4.799 2.326a X Y Y X Y      ,  

 ( , ) 0.563 ( 1.059)( 0.008) 0.812b X Y Y X     , and 

 min 1, max[0, ( 1) 0.2 , ( 0.05) 0.4]sa     . 

where vcL is the luminosity at a given position in the sky ( 2cd m ), Z is the solar zenith angle ( rad ), 

  is the angle between direct solar irradiation and considered luminance direction ( rad ),   is the 

elevation angle for luminous direction in the sky dome ( rad ), s  is the solar evaluation angle ( rad ), 

and ia , ic , ic  , and id are the coefficients derived by least squares fitting (Perez et al., 1990). 

However, as the electrical lighting in the test-cell is not dimmable, the control system is designed to 

switch on the electrical lighting when ,in st lowE E  and to switch it off when ,in st upE E . The values 

of lowE  and upE  are 5.2 and 6.1 Klx , respectively. The principal objective of this hysteresis control is 

to avoid frequent switches on or off. 

The second control system automatically adjusts the position of the blinds, and if necessary the angle 
of the blind slats, in venetian blinds to provide the room with sufficient daylight. As the system is 

active only when ,in st upE E  and when the sky is intermediate to partly cloudy, control of glare is 

often unnecessary. Following Perez et al. (1990), the luminance distribution of the intermediate sky is 
determined by the following: 
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 (9.111) 
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with 
2

( ) 0.856 16exp( 3 ) 3(cos )f X X X     , ( ) 1 exp( 0.32 sin )X X    , and 

 1.2 1.8sb   . 

The third control system automatically adjusts both the position of the blinds and the angle of the 
blades in order to provide the room with a sufficient amount of natural lighting from the clear sky 
while preventing occupants from direct solar penetration. Following Perez et al. (1990), the luminance 
distribution of the clear sky is determined by the following: 

   

 
(1 ) ( ) ( ) ( 2) ( ) ( ) ( ) ( 2) ( )

cos exp( 3 )
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 (9.112) 

with 
2

( ) 0.91 10 exp( 3 ) 0.45(cos )f X X X    , and  min 1, ( 3) 3sc   . 

Note that only three sky conditions are considered by the proposed control strategy, as shown in Figure 
6.25, but they can easily be modified to include additional sky conditions. In summary, this proposed 
control strategy was designed based on a two-level hierarchical structure using HCS. Hence, a high-
level supervisor control system switches between the three continuous low-level feedback control 
loops in terms of the present sky condition, all acting through the same building lighting components 
(i.e., artificial lighting and the venetian blinds).  

Thermal model for DSF with venetian blinds 
The venetian blinds influence the solar gain, and their effects influence the heat flow that enters the 
room by convection or radiation. These effects are determined by means of convection factors (see 
Paassen and Lute, 1990) and can be described in three parts: one is reflected to the outside, another 
enters the room as radiation, and the third is absorbed by the venetian blinds. The second slowly heats 
up the facade of the room and eventually increases the indoor air temperature, whereas the third causes 
the venetian blinds to act as a radiator, rapidly raising the room air temperature through the convective 
heat flow that develops from the higher temperature of the venetian blinds. Figure 9.27 shows the 
effects of venetian blinds on solar radiation. 

 

Figure 9.27. Effects of venetian blinds on solar radiation. 
 

The convective heat flow of the solar radiation csq  admitted to the indoor space is determined by the 

following: 

cs c srq f G   (9.113) 

where cf  is the convection factor of the blind position, which is in general defined as 0 1cf   

( 1cf   means the blinds are open and 0cf   means the blinds are closed). 

The radiative heat flow of the solar radiation rsq  that reaches the facade of the room is determined by  

the following:  

(1 )rs c srq f G     (9.114) 
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For buildings equipped with DSF, solar radiation is influenced by the first and second skin facades, as 
well as the venetian blinds. In the test-cell, the venetian blinds are placed externally between the first 
and the second skin facades. Figure 9.28 illustrates a simple thermal static model for DSF with a 
shading device, especially a venetian blind, between the two facades. 

 

Figure 9.28. Thermal static model for a DSF and a blind control. 
 

In order to quantify the impact of solar thermal heat, a simple thermal model of a DSF equipped with a 
venetian blind was defined. The power balance of heat brought into the room per square meter of 
windows can be expressed as follows (expanded from DELTA project126; see Bauer et al., 1996): 
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 (9.115) 

 
 

 
 

 

where wP  is the specific power balance of the windows ( 2W m ), 1wg  is the solar transmission 

coefficient of the first skin facade (i.e., the first window), 2wg  is the solar transmission coefficient of 

the second skin facade (i.e., the second window), bg is the solar transmission coefficient of venetian 

blinds, cU  is the heat loss coefficient of the first skin facade ( 2W m K ), and R  is the thermal 

insulation coefficient for blind ( 2m K W ). 

Note that Equation 9.115 was developed for application to different weather conditions (i.e., during 
sunny or cloudy days either in the summer or winter) in order to describe the responses of thermal and 
visual aspects under the influence of the dynamics of the room for situations with the blinds closed 

(down) or open (up). According to Bauer et al. (1996), when 0wP  , the solar radiation heats up the 

room through windows, and when 0wP  , heat losses cool down the room through the windows.  

                                                           
126 The thermal static model developed in the DELTA project was defined on the basis of using a simple skin facade (i.e., a 
window with a blind system).  

Solar gains through closed blind part 

Heat losses through window and blind 

Solar gains through open blind part 
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Deducing the blinds position from Equation 9.115 is possible simply by introducing the venetian 
blinds occlusion levels, which can be categorised into ten or more steps as shown in Figure 9.29. The 
more occlusion steps identified, the more complex the control system design is and the more efficiently 
the indoor illuminance can be provided.  

Inkarojrit (2005) conducted a research pilot study on the possibilities of monitoring window blind 
movements from outside the building using time-lapse pictures taken with a digital camera at 
approximately two-hour intervals. The pilot study examined three facade orientations, and the results 
revealed two major window blind control characteristics: (a) the window blind occlusion level changed 
only slightly on a day-to-day basis and (b) the average window blind occlusion values were greatly 
different between the north and the east and south facade orientations. 

 

Figure 9.29. Venetian blind occlusion steps (0 = fully opened, 1 =fully closed). 
 
One way to determine whether opened or closed blinds have a large impact on the power balance of 
windows is to add a weighing factor to the calculated position of the blinds. This factor can be 

obtained from the derivative of wP  versus cf . For example, Guillemin (2003) used Equation 9.115 to 

compare visual and thermal optimization to determine the heat power balance of a window by 
choosing defined blind positions for different cases (summer, winter, sunny, and cloudy). However, the 

value desired for wP  sometimes cannot be achieved through any of the positions of the blinds. This can 

happen, for example, in summer during the daytime if the desired value of wP  is less than zero. For 

this reason, a new control method was developed to automatically adjust both the position of the blinds 
and the angle of the blades according to the current sky conditions, the work plane illuminance 
position, and the sun’s apparent movement according to the season and time of day. 

Position of blinds  
In order for a control system to maintain the work plane illuminance with skylight and sunlight at the 
reference point i  by automatically adjusting the position of venetian blinds, the position of the blinds 
must be determined based on the basic geometry of a building location in relation to the sun’s position. 
In addition this control system must prevent direct solar (or sunlight) penetration into the room while 
maximising daylight benefits. Therefore, a mathematical model was developed for use by the control 
system to determine the position of the blinds according to the sun’s position. Figure 9.30 illustrates an 
example of the basic geometry of the position of the lower end of the blinds for daylighting control 

applications in the test-cell, where bL is the position of the blinds, cH is the height of the blind cover, 

bH  is the height of the blinds, dH  is the height of the work plane (e.g., the desk), wH  is the height of 

the wall of the window facade, bD  is the distance between the blind placement and the y  axis, and 

yD  is the distance from the y  axis to the work plane illuminance at reference point i . 
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Figure 9.30. Main components of the determination of the position of venetian blinds. 
 
Figure 9.30 shows a mathematical model for the position of the blinds as a function of the distance 
from the blinds to the work plane illuminance at reference point i , the sun’s position, and the hour of 
the day:  
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 (9.116) 

Because the position of the blinds should be expressed as a percentage from 0% to 100%, a 

mathematical relation was developed to obtain the percentage equivalent of bL :  
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max min

100p
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, with min maxbL L L   (9.117) 

where minL  is the minimal position127 of a totally open blind, maxL is the maximal position of a fully 

closed blind, and blindp  is the position of a blind and varies from 0% to 100%. Therefore, when 

Equation 9.116 is used, the control system should be able to adjust the position of the blinds according 
to the determined work plane illuminance, the sun’s position, and the hour of the day. As the sun’s 
position changes over time, direct sun can penetrate deeper into the room. The control system is thus 
designed to automatically adjust the position of the blinds at every time step to maintain the required 
work plane illuminance in the room space using skylight and sunlight as long as possible while 
blocking direct solar penetration. In addition, the control system must be able to automatically adjust 
the angle of the blades to block direct sunlight from penetrating into the room between the blind slats. 

Blade angle  
In order for a control system to prevent direct sunlight from penetrating through the window by 
automatically adjusting the angle of the blades, the angle of the blind slats must be determined in terms 
of the current sky condition and the sun’s apparent position. Therefore, a mathematical model was 
developed for use by the control system in order to tilt the blades to a suitable position in order to 
block glare and direct solar penetration, maintain the required work plane illuminance in a building 
                                                           
127 Note that when blinds are completely open (or up), their slats collect at the top and cover a small part of the window. 
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space, and/or maximise the view of the outdoors. Figure 9.31 shows a reference for the motorised 
rotation of the blades in the test-cell.    

 

Figure 9.31. Reference for motorised rotation of blades. 
 

As illustrated in Figure 9.31, the angle of the blades can be set to the horizontal position (i.e., when the 
blades are tilted at 0º) or rotated either in the negative direction (anticlockwise) or in the positive 
direction (clockwise). Due to the fact that the position of the blades can change from 0% to 100% in 
step increments of 6º as their angle varies from –90º to 90º, the motorised blades can be and swivelled 
into three different situations:  

1) Blades are tilted downward (i.e., down to the exterior). The angle of the blades is assigned a 
negative value from –90º to < 0º and this position corresponds to between 0% and < 50%. 

2) Blades are tilted to a horizontal position. The angle of the blades is allocated to 0º and this position 
correspond to 50%.    

3) Blades are tilted upward (i.e., down to the interior). The angle of the blades is assigned a positive 
value varying from > 0º to 90º, and this position corresponds to between > 50% and 100%. 

Figure 9.32 illustrates an example of different positions of opening the motorised blades (minimum, 
neutral, and maximum). The minimum opening position (0% opening) occurs when the blade angle is 
set to –90º. The neutral opening position (50% opening) occurs when the blade angle is set to 0º. The 
maximum opening position (100% opening) occurs when the blade angle is set to 90º. 

 

Figure 9.32. Example of different positions of opening of the blades. 
 
Therefore, a mathematical relation is developed between the position and angle of the motorised blades 
and is expressed as follows: 

90

1.8
b

bladeP
 

 , with 90 90b      (9.118) 

where bladeP  is the position of the motorised blades and varies from 0% to 100%, and b is the angle of 

the motorised blades and varies from –90º to 90º. According to Yifei et al. (2009), the angle of the 
motorised blades should be determined as a function of the sun’s apparent movement, as shown in 
Figure 9.33. 



A Distributed Dynamic Simulation Mechanism                                                9 – Case Study: Application of Advanced 
for Building Automation and Control Systems                                                         Control Systems in a Real Building 
                                  

 269

b b b
b 

αb

αb 

downward 
movement 

upward 
movement 

 

Figure 9.33. Example of the sun’s projection onto two adjacent blind slats:  
(a) when blades tilted upward, and (b) when blades tilted downward  

 
Therefore, when the angle of the motorised blades changes in positive direction (i.e., between >0º and 
90º) as shown in Figure 9.32(a), the mathematical formula describing this changing is determined by 
(Yifei and al. 2009) 
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 (9.119) 

where bh is the hypotenuse of a blind slat ( m ), and bl is the distance between two blind slats ( m ). In 

addition, when the angle of the motorised blades changes in a negative direction (between –90º and < 
0º), as shown in Figure 9.32(b), the mathematical formula describing this change is determined as 
follows (Yifei et al., 2009): 
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After combining Equations 9.119 and 9.120, the angle b can be expressed as follows: 
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Therefore, the complete mathematical model of motorised blinds is formulated as follows: 
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 (9.122) 

When the angle is less than –90º or greater than 90º, this value is considered nonphysical and is 
replaced by the nearest physical value (i.e., –90º or 90º). 



A Distributed Dynamic Simulation Mechanism                                                9 – Case Study: Application of Advanced 
for Building Automation and Control Systems                                                         Control Systems in a Real Building 
                                  

 270

It can be seen from Equation 9.122 that motorised blades are modelled to allow a control system to 
adjust the tilt angle. When the blades are tilted downward to the exterior, they redirect daylight to the 
ceiling and into the depth of the room to provide better indoor illumination. When the blades are tilted 
to a horizontal position, they provide a direct view to the outside world. When the blades are tilted 
upward (or downward to the interior), they prevent the glare caused by reflected sunlight and provide 
protection from direct solar penetration. 

Adjusting the angle of the blades at every small time step may produce harmful effects of sound (or 
noise) and perturb building occupants during working hours. Overcoming such effects may require 
minimising the number of changes in the tilt angle, as only three opening positions (minimum, neutral, 
and maximum) can take place. 

Daylight illuminance calculation 
The indoor illuminance provided from daylight (i.e., sunlight and skylight) through window blinds128 
consists of a component of illuminance received directly from the window (i.e., the part of the window 
not covered by the venetian blinds) and other component of internally reflected illuminance from 
luminous room surfaces (i.e., from the part of a window covered by venetian blinds). Figure 9.34 
illustrates a representation of the indoor illuminance provided from a sky dome through a window. 

 

Figure 9.34. Calculation of illuminance from a sky dome 
 

According to Tregenza and Waters (1983), the illuminance E  at point i  due to an element of the 

sky is given by the following:  

E L D S       (9.123) 

where L  is the luminance of the sky at angles ( ,  ), D is the daylight coefficient for direct light 

at point i  for an element of sky, and S  is the solid angle subtended by the element of the sky at 

point i . Consequently the incremental indoor illuminance idE  contributed by an element of the sky 

(or a given sky patch at a known distance) to the illuminance at point i  through a window can be 
obtained as follows (see Chirarattananon et al., 2003):  

( ) cos sini w wdE L d d      , with w vcL L  (9.124) 

where wL  is the resultant luminance distribution of the current sky129 ( 2cd m ), ( )w  is the light 

transmittance of the window glazing, w  is the incident angle of the light flux on the window surface, 

                                                           
128 The term window blind is used here to refer to a type of facade composed of a window and a venetian blind. The window is 
covered only when the blind is completely rolled down and overlaps the total facade of that window. 
129 This refers to the weighted average between the luminance of exterior (sky or ground) and the one of the total window surface 
using lower and upper surface values as weights. In most cases, this is equal to the luminance distribution of the current sky flux.    
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  is the zenith angle of the considered point in the sky vault, and   is the azimuth angle of the 

considered point in the sky vault.   

Upon integrating Equation 9.124, a solation for iE  can be obtained as follows: 

( ) cos sini cv wE L d d
 

         (9.125) 

where the limits of integration for   (related to the solar zenith angle) are from the left edge to the 

right edge of the window, and the limits of integration for   (related to the solar azimuth angle) are 
from the lower edge to the upper edge of the window. When a window is combined with a venetian 
blind, additional limits of integration should be defined to include the position of the blinds. This is 
because depending on the type of window blind used, these additional limits of integration should be 
defined following the angle   if the venetian blind is rolling horizontally and following the angle   if 

the window blinds are rolling vertically along the total window surface. 

In order to calculate the indoor illuminance provided by daylight through a window blind (or a window 
and a blind combination), the total window blind surface of the test-cell should be divided into two 
parts: covered and uncovered. Figure 6.35 illustrates a typical situation in which the venetian blinds are 
neither completely closed nor completely open, covering just the top part of the total window surface. 

 

Figure 9.35. A window and venetian blind combination:  
(a) total window blind surface, (b) the top part of the window covered by the blinds,  

and (c) the bottom part of the window not covered by the blinds. 
 
As shown in Figure 9.35, a total window blind surface can be configured such that the blinds are raised 
or lowered halfway and cover only the top part of the total window surface. In this situation the total 
window surface can be considered in two parts:  
 a part covered by venetian blinds in which the interior illuminance provided from the covered part 

of the window surface can be regulated according to the occupants’ needs (see Figure 9.35[b])  
 a part not covered by venetian blinds in which the interior illuminance provided from the 

uncovered window surface is uniform and cannot be regulated by control systems (see Figure 
9.35[c]).  

Other essential situations are when the total window surface is entirely covered or uncovered by 
venetian blinds: the former situation corresponds to Figure 9.35(b), and the latter corresponds to Figure 
9.35(c). Consequently the situation in which the venetian blinds cover only part of the window, as 
shown in Figure 9.35, is considered in the development of a mathematical model to determine the 
indoor illuminance for all blind positions and blade angles. Figure 9.36 illustrates a situation in which 

sun filters through a window partly covered by venetian blinds and sunlight from the sky patches 1da  

and 2da  contributes to the indoor illuminance at point i  on a horizontal plane. 
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Figure 9.36. Configuration of a luminous flux from the sun and from sky patches 1da  and 2da  

passing through the covered and uncovered parts of the window and reaching point i . 
 

The luminance of the sky patches 1da  and 2da  contributes to the indoor illuminance at point i  and is 

a function of the position of the sun, the position of the sky patch ( 1da  or 2da ), the angular distance 

between the sun and the sky patch ( 1da  or 2da ), and the position of the blinds. Whereas sky patch 

2da  is allocated to the covered part of the total window surface and positioned following 2h , 2d and, 

2w , sky patch 1da  is allocated to the uncovered part of the total window surface and is positioned 

following 1h , 1d , and 1w . The distance from reference point i  to the window surface is yD , and the 

coordinates of the lower-left and lower-right corners of the window with respect to the reference point 

i  are LW  and RW , respectively. Given that   is the solar altitude angle, then 1 2   and WW  is the 

width of the window surface, WH is the height of the window surface, and bL is the covered part of the 

total window surface. 

The configuration shown in Figure 9.36 is proposed in such a way that 
 when the venetian blinds are up (completely open) and reveal the total window surface, only the 

light flux from sky patch 1da  contributes to the indoor illuminance at point i . 

 when the venetian blinds are down (completely closed) and cover the total window surface, only 

the light flux from sky patch 2da  contributes to the indoor illuminance at point i . 
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Therefore, integrating Equation 9.124 over the sky patches 1da and 2da  seen from point i  determines 

the total average indoor illuminance contributed from skylight and sunlight: 
max

min

1 2 1 2( ) ( ) sin cos ( ) ( ) ( ) sin cos
L LW WbR R

W L W LL L b

i cv w w cv w b wE L d d L d d

  

   

                       (9.126) 

 
 
 
 

         The illuminance received through the uncovered part of window  
 
However, the illuminance received through the covered part of the window surface changes based on 
the angle of the blades in a venetian blind. According to Lambert’s cosine law,130 the total average 
illuminance falling upon a work plane can be calculated as follows: 
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which implies that when minbL L , Equation 9.127 becomes 

max
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When maxbL L , Equation 9.127 becomes 
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      (9.129) 

where 1w  and 2w  are the incident angles of the light flux on the first and second window facades, 

respectively; b  is the incident angle of the light flux on the venetian blind; 1( )w   and 2( )w   are the 

light transmittance of the first and second window skin facades, respectively; and ( )b   is the light 

transmittance of the venetian blind.  

While recognising that the illuminance (or light level)131 in a room cannot be expressed in the form of 
the state-space model – as in principle light is not a function of time – hybrid statecharts are therefore 
used to automatically control the position of the blinds and the angle of the blades.  

Note that one possible way to model such dynamic daylighting systems in the form of state–space 
representation is to use the luminous energy equation as a starting point as  

v v

d
E

dt
 

  (9.129) 

where vE  is the luminous energy ( lm s ) and v is the luminous flux ( lm ). Nevertheless, this 

approach needs to be further analysed in order to determine the relationships between the illuminance, 
luminous energy, and motorised functions of the venetian blinds or other solar-shading devices. 
                                                           
130 This law is also known as the cosine emission law. 
131 In some of the literature, the term of light amount, or light density, is also used to refer to the light level in a room.  

The illuminance received through the 
covered part of window  
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CIE (2001) recommends using an illuminance of 500 lux  for office buildings, although a minimum of 
400 lux  is also acceptable in certain circumstances. This minimum value has less influence on 
occupants’ visual comfort when the sky conditions are totally clear or sunny. Therefore, two desired 
illuminance setpoints (lower and higher) are used by hybrid statecharts to automatically control the 
position of the blinds and the angle of the blades in a effective and reliable manner. For control of 
glare, a desired DGI setpoint is also considered to automatically adjust the angle of the blades when the 
blinds are not entirely up (retracted). Figure 9.37 shows the hybrid statecharts model developed for 
control of the motorised functions of a venetian blind when the sky conditions appear clear or sunny.  

 

Figure 9.37. Hybrid statecharts model developed and implemented for control of both  
 the position of the blinds and the angle of the blades in a venetian blind. 

 
As shown in Figure 9.37, a hybrid statecharts formalism is used to model the motorised functions of a 
venetian blind. Because the motorised functions control the position of the blinds and the angle of the 
blades, the hybrid statecharts model consists of two subhybrid statecharts models. Whereas the first 
model contains four discrete states – up, deployment, retraction, and down – and is used to control the 
position of the blinds in a venetian blind, the second subhybrid statecharts model covers three discrete 
states – downward movement, horizontal position, and upward movement – and is used to control the 
angle of the blades in a venetian blind. Both subhybrid statecharts models explore and conceptualise all 
possible uses for a venetian blind, such as allowing only the required illuminance into the room, 
avoiding glare and direct solar penetration, and providing a direct view to the outside world. In 
addition the hybrid statecharts model is designed in such a way as to take full advantage of daylight 
when the sky conditions appear clear or sunny. Both models contain several states, which can be 
accessed from other states only when a transition links them. All transitions occur depending on the 
current light level and glare index in the room. In addition the states of the second subhybrid 
statecharts model used for control of the angle of the blades are only active when the blinds is not 
entirely up (retracted), as there is no control action for the blades at this position. 

Finally, most building performance applications of the test-cell, including heating, cooling, 
humidifying, dehumidifying, natural ventilation, and mechanical ventilation, are mathematically 
described and modelled in the form of state-space representation (i.e., ( , )x f x u ). Except for 

building lighting and daylighting applications, hybrid statecharts are used to directly model dynamic 
processes by mixing between discrete-event states and continuous-time equations. At the top level, all 
building applications are represented by hybrid statecharts formalisms in order to control the 
applications objectively and efficiently. With this modelling method, however, it is possible to 
simultaneously control several (or all) building performance applications using modern or advanced 
control systems to meet all occupants’ needs while minimising energy consumption and taking full 
advantage of the natural resources.  



A Distributed Dynamic Simulation Mechanism                                                9 – Case Study: Application of Advanced 
for Building Automation and Control Systems                                                         Control Systems in a Real Building 
                                  

 275

Test-cell Unoccupied  
When the test-cell is scheduled to be vacant (i.e., during working days from 17:00 to 8:00 and during 
weekends and holidays), a control system must set all of the test-cell’s actuators, including HVAC and 
lighting components, to default position. Several control strategies such as night cooling and 
precooling may be performed to anticipate occupants’ comfort using less energy. The objective of 
these strategies is to anticipate maintaining the indoor comfort around the desired setpoints before an 
occupant occupies a building room or office. Such control strategies can be designed to automatically 
achieve certain control actions during the unoccupied period. However, in the current experimental 
study, no control actions were employed during the unoccupied period while experiments were run 
during the occupied period. Therefore, all of the test-cell’s actuators are automatically set to the default 
position when the test-cell is scheduled to be vacant. 

9.5.2. Design of Control Systems Based on a Hierarchical Concept 
Design and implementation of automated control systems132 for building performance applications are 
extremely complicated, especially designing control systems for more than one building performance 
application. A principal reason involves the multidimensional aspects (or multivariables) such as the 
occupants’ preferences and the overall performance operations. In addition, the control systems must 
satisfy occupants’ needs (or preferences) while achieving building energy efficiency, performance 
optimization, and time and cost reductions. The characteristics for automated control systems, such as 
integration, flexibility, and optimization, are also demanded to easily adapt building indoor 
environments to changing climate and occupant behaviours. For this reason a consolidation of 
modelling methodologies for achieving the overall control objectives is needed. Consequently model-
driven hierarchical hybrid statecharts behaving in a multi-agents mode are used to provide an efficient 
and coherent model of automated control systems for all building performance applications. 

The use of hierarchical concepts for the synthesis of automated control systems for complex and large-
scale building performance applications aid in successful strategy implementation from a rough system 
design in terms of control objectives and specification analysis. As mentioned in previous chapters, 
such an implementation should be based on a hierarchical concept in which control systems are 
assumed to be decomposable into a set of coupled subcontrol systems that is arranged in a hierarchical 
tree (see Eckman and Lefkowitz, 1960; Mesarovic et al., 1970; Godbole et al., 1995). Decomposition 
can be accomplished based on the hierarchical arrangement of physical and/or logical applications. 
Each subbuilding performance application is connected to a local (or low-level) control system, which 
solves a particular local control problem. In order to achieve the overall control goal and to ensure 
consistent functioning of all subbuilding performance applications, a global (high-level) control system 
coordinates between the various separate (or local) control systems and control objectives. Because the 
hierarchy may involve different control methods at each level, the state information must be processed 
and presented to the corresponding control system at the appropriate level of abstraction. Based on 
these considerations, the use of hybrid statecharts to model, analyse, and synthesise automated control 
systems for all building performance applications in the form of a hierarchy appears to be the most 
feasible alternative.     

One way to manage the complexity of designing a hierarchical organization of control systems is to 
consider an SoS approach. It is convenient to think of this approach as a recognition that all subcontrol 
systems of a control system (or the control actions of the subcontrol system) must interoperate 
harmoniously, which in turn requires a systematic and repeatable process for designing and developing 
such a control system. Figure 9.38 illustrates an overview of the SoS approach. 

                                                           
132  In some of the literature, the term integrated dynamic control systems is also used to refer to automated control systems. 
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Figure 9.38. An SoS approach to designing complex and large-scale building control systems. 
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Following the SoS approach shown in Figure 9.37, the design of automated control systems must 
satisfy all requirements for a building performance application at least in terms of occupants’ needs/ 
preferences, determined control objectives, and control constraints. The key features and results of this 
SoS approach are as follows: (a) systematic and repeatable processes, (b) cost-effective solutions to 
design problems, (c) consideration of alternatives, and (d) fulfilment of all requirements. Because these 
were described in detail in chapter 2, the elements of the framework (or flowchart) representing a 
systematic and repeatable process for design of large-scale building control systems are briefly cited as 
follows: 

 Requirements that must be specified in terms of occupants’ needs/preferences, determined 
control objectives, and control constraints. 

 A design concept that should be developed from the statement of requirements in order to 
implement an entirely new concept in the architecture of the control system. 

 Functional design of alternatives, which refers to the architectural design of a control system 
representing a feasible alternative.  

 Analysis of alternatives, in which each of the alternatives is analysed in terms of specific criteria 
such as performance and satisfaction of requirements at the corresponding level of design. 

 Evaluation criteria, in which analysis of alternatives can result in clear identification of criteria 
that should be derived from the requirements to which the preferred control (or subcontrol) 
system design is not sensitive. 

 Preferred control (or subcontrol) system design, which represents the best choice among 
competing alternatives at the level of design in development of a preferred architectural design. 

 Requirement satisfaction, such that preferred control (or subcontrol) system designs are checked 
to assure that all requirements have been satisfied and met.  

 Subcontrol system design, such that by knowing the preferred architecture at the control system 
level, it is possible to move into detailed subcontrol system design.  

 Trade-off studies that focus on selecting the most suitable and practical solution to a problem 
among the various alternatives in terms of the specified criteria.                    

 Subcontrol system construction whereby the design of subcontrol systems should be in order 
and consonance with the control system design. 

 Subcontrol systems integration such that after given subsystem controls have been designed, 
they must be integrated with the interoperating control system design. 

 Subcontrol systems testing, which must be based on the original and derivative requirements to 
assure that all integrated subcontrol systems work together and perform as expected. 

 Control system testing and evaluation to confirm that the control system meets both 
development and operations requirements, and represents a final verification that all 
requirements are met at the level of control system design. 

 Control system validation, whereby the result of the previous steps and all implicit substeps is 
effective validation of the designed control system. 

Although these steps represent most of the elements of the SoS approach, there are several implicit 
elements not addressed above. Nevertheless, this overview explains key aspects of the SoS approach to 
the design of large-scale building control systems and is intended to lead to the design of a control 
system that meets all requirements and is cost effective and robust.  

9.5.3. Synthesis of Automated Control Systems for Building Performance 
Applications  

As outlined in chapter 3 and shown in chapter 8, an approach to hierarchical control synthesis wherein 
hybrid statecharts are introduced as a consistent method to model, analyse, and synthesise complex and 
large-scale automated control systems was used for the case study in this research: the test-cell. Hybrid 
statecharts are models based on an object-oriented approach to finite-state automata for complex 
physical and dynamical systems. Hence, these models are modelled by hierarchically nesting finite-
state automata such that each state is equipped with continuous-time dynamics. The reasons for using 
hybrid statecharts (or hybrid automata) for modelling automated control systems for building 
performance applications are numerous. Among the most important are (a) the ability to provide a 
basic framework and methodology for analysis and synthesis of intelligent control systems (see 
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Lennartson et al., 1996), (b) the possibility of modelling dynamic processes at different levels of 
abstraction (see Gokbayrak and Cassandras, 2000), (c) the ability to provide a framework for analysis 
and modelling of MAS (see Lygeros, 1996), (d) the ability to provide a supervisory control for 
coordinating or switching between subcontrol systems (see Lemmon et al., 1999), and the possibility 
of enabling adaptation and learning in (automated) control systems (see Lygeros 1996). 

Matlab/Simulink and Stateflow 
This section gives a brief overview of the reasons for using Matlab/Simulink and Stateflow in this 
research on the design of automated control systems for building performance applications. Next it 
describes the data models of Simulink and Stateflow. As mentioned in previous chapters, 
Matlab/Simulink and Stateflow (or Matlab/Simulink/Stateflow) were chosen to be run-time coupled 
with ESP-r because this offers a number of advantages over other available tools from the point of 
view of modelling and design of all types of control systems. In addition Matlab is used for real-time 
control systems133 in test-cell applications. Of course there are a variety of other available simulation 
tools, which are mainly used in academia for the design of complex control systems such as hybrid 
systems. Among the most used tools are (a) Modelica134 – together with Dymola – which offers a solid 
tool set to conveniently model and simulate complex physical systems combining several engineering 
domains such as mechanical, electrical, hydraulic, thermal, and so on; (b) HyVisual,135 which is a 
typical modelling and simulation tool for hierarchical hybrid systems; (c) Scicos, 136  which is a 
simulation tool for hybrid dynamical systems; (d) Shift,137 which is a programming language for 
describing dynamic networks of hybrid automata; and (e) CHARON,138 which is a tool for modular 
specification of interacting hybrid systems based on the notions of agent and mode. Each of the tools is 
characterised by the language used to capture the design. While Modelica and Scicos offer a formalism 
to capture hybrid systems, the proprieties of the systems captured in these languages are sometimes 
difficult to analyse. CHARON is more restrictive but offers an easier path to formal verification of the 
same environment. Compared to these tools, Matlab software remains the most popular and widely 
used tool set because it offers a general formalism for design capture and analysis of complex control 
systems. In addition Matlab, together with Simulink and Stateflow, has become the de facto design-
capture standard in academia and industry for control and dataflow applications that mix continuous-
time and discrete-state domains. Hence, the graphical input language, together with the simulation and 
symbolic manipulation tools, create a powerful tool set for control systems design. 

Simulink and Stateflow are two interactive tools that are integrated within the popular Matlab software 
package for technical computing, distributed by MathWorks.139 Although they are integrated into a 
single package, Matlab, Simulink, and Stateflow are three different software features with completely 
different approaches to modelling and simulation of systems. Matlab is an imperative programming 
language, whereas Simulink is an interactive graphical environment and Stateflow is an interactive 
design and development tool. Matlab integrates computation, visualization, and programming in an 
easy-to-use environment where problems and solutions are expressed in familiar mathematical 
notation. Simulink provides a block diagram tool for modelling and simulating linear, nonlinear, 
continuous-time, discrete-time, multivariable, and multirate systems. Stateflow supports visual 
modelling and simulation of complex control and supervisory logic systems by simultaneously using 
finite state machine (FSM) – or FSA – concepts (derived from a statecharts formalism developed by 
Harel [1987]) and flow diagram notations. A Simulink model can be instantiated from a Matlab 
program (or script) by a callback function, and a Stateflow model can be included within that Simulink 
model as a block. Hence, the interactions between Matlab and Simulink and between Simulink and 
Stateflow occur at the event and data boundaries. The simulation of a project file containing a Matlab 
program, together with Simulink and Stateflow models, is carried out by alternatively releasing the 
                                                           
133 The term real-time control application is used in this study to refer to a control system in real-time. 
134 For more details on Modelica (and Dymola), see https://modelica.org/tools. 
135 For more details on HyVisual, see http://ptolemy.eecs.berkeley.edu/hyvisual/. 
136 For more details on Scicos, see http://www.scicos.org/. 
137 For more details on Shift, see http://gateway.path.berkeley.edu/SHIFT/. 
138 For more details on CHARON, see http://rtg.cis.upenn.edu/mobies/charon/. 
139 The link to MathWorks is  http://www.mathworks.com/. 
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control of the execution of two or three simulation engines embedded in the three tools. In some of the 
literature (e.g., Neema 2001; Carloni et al., 2006), these mutual interactions between different engines 
can be referred to as combined simulations, or cosimulations. Because control changes from one 
engine to the other, the overhead may be quite significant when data and events are frequently 
exchanged. One way to reduce overhead is to use the same underlying semantics between Matlab and 
the Simulink and Stateflow models. However, the semantics of the language tools in Matlab, Simulink, 
and Stateflow are not formally defined because each is based on a particular mathematical formalism 
necessary to analyse and simulate the design. For this reason, the design of automated control systems 
for building performance applications consisting of Matlab programs and Simulink and Stateflow 
models should depend on the execution of the associated simulation engines (i.e., the aspects of the 
Simulink/Stateflow semantics as data models). 

Design Method and Control for Large-Scale Building Performance Applications 
The easiest way to design complex control systems, especially hybrid systems using Matlab/Simulink, 
is to utilise Simulink for modelling continuous-time equations and Stateflow for modelling discrete-
state events. As both Simulink and Stateflow can read and write data to and from a Matlab program (or 
workspace), it is best to first determine all necessary variables that should interact between the Matlab 
program and the Simulink model and then derive from the Simulink model all required inputs and 
outputs to the Stateflow model. Implementing mathematical operations involving approximation, 
double precision, and symbolic computing expressions in a Matlab problem facilitates results and 
outputs directly through the Simulink and Stateflow models. Moreover, a Matlab program must be 
written to exchange data inputs and outputs with TestPoint when conducting experiments. Simulation 
requires completing a Matlab program that should be initially generated by the matespexge toolbox to 
cooperatively exchange data with ESP-r through run-time coupling. Therefore, the use of Simulink and 
Stateflow with Matlab helps to design increased levels of automation and automated control systems 
for complex and large-scale building performance applications.  

A systematic process that is based on SE practice should be used in the design of automated control 
systems for large-scale building performance applications in order to overcome complexity by 
breaking down the control system into smaller and easier-to-solve subcontrol systems. The overall goal 
of this approach is to create a control scheme that produces a certain desired behaviour, a given design 
process, and a description of the desired behaviour. Generally two phases can be distinguished in the 
design process: a top-down phase and a bottom-up phase. In the top-down phase, the desired emergent 
behaviour is parsed to the design of the discrete-state events and then to performance requirements on 
the continuous dynamics. This technique can be used to synthesise low-level control systems. The 
design process can indicate further requirements that the discrete-state events need to satisfy. In the 
bottom-up phase, the design of the discrete-state events is modified to address these requirements. 
Then an analysis is carried out to determine the emergent behaviour of the hybrid system and compare 
it to the original specifications. Within the V life-cycle model, the top-down phase aims at squeezing 
out the design concept of the hybrid system, whereas the bottom-up phase acts on the testing and 
integration phases to meet the specified requirements. Hence, the use of Simulink for modelling 
continuous dynamics and Stateflow for modelling discrete-state events can provide the facility to 
design and synthesise automated control systems following the V life-cycle model.   

One of the ways to address the problems associated with the last part of the top–down phase and the 
first part of the bottom–up phase is to modify the design of discrete-state events to ensure that the 
closed-loop hybrid system satisfies the performance specifications. Obtaining the preliminary design of 
discrete-state events from the desired emergent behaviour, refining it so that the emerging proprieties 
from the design of continuous dynamics are met, and evaluating the closed-loop control system 
performance can be accomplished by using any of the standard discrete tools (see Deshpande, 1994; 
Ramadge and Wonham, 1989). Moreover, when the design of discrete-state events is given, it is easy 
to automatically check that it satisfies the requirements met by the continuous dynamics. 
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Modelling and Synthesis 
This section deals with the modelling and synthesis of automated control systems for the test-cell 
performance applications, including the HVAC equipment and lighting components. These automated 
control systems should be modelled on Matlab/Simulink such that a Matlab program is written to read 
data inputs from the test-cell sensors and write data outputs to the test-cell actuators in real time 
through TestPoint data acquisition. This Matlab program should also exchange all necessary data with 
a Simulink model, as illustrated in Figure 9.39.  

 

Figure 9.39. A Simulink model. 
 

The development of the Simulink model, as shown in Figure 9.39, appears simple because it contains 
only inputs that must be read from a Matlab program, outputs that must be written back to the same 
Matlab program, and a single block of the designed control system. Whereas there are 33 inputs, there 
are only 9 outputs. The inputs consist of data read from the test-cell sensors and other required 
variables (i.e., results obtained from analyses and numerical calculations) to be used by the control 
system. The outputs consist of data outputs that a Matlab program must send to the test-cell actuators. 
The control system at the high level of design, as illustrated in Figure 9.39, appears simple and 
straightforward, although there is much complexity at the lower level of the design. As a result this 
control system is modelled in the form of a hybrid statechart (or hybrid system). Figure 9.40 illustrates 
the modelling of the hybrid statechart. 
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Figure 9.40. Hybrid statechart. 
 

The lower level of design of the Simulink model (i.e., the sub-Simulink model) appears to be more 
complex because it provides modelling for the hybrid statechart by mixing continuous-time equations 
with discrete outputs delivered by the statechart model. Both continuous-time equations and discrete-



A Distributed Dynamic Simulation Mechanism                                                9 – Case Study: Application of Advanced 
for Building Automation and Control Systems                                                         Control Systems in a Real Building 
                                  

 282

state events are modelled on Simulink. However, discrete-state events are modelled as a single 
Simulink block using the Stateflow tool book. This single Simulink block is called the Stateflow 
model, in which it is a composed model at the lower level of design. In this case it describes the 
structure of the statechart model, as shown in Figure 9.41.     

 

Figure 9.41. Statechart model. 
 
This statechart model is composed of two discrete states: unoccupied and occupied. By default the 
unoccupied state is set to active, but once the current date and time coincide with those indicating that 
the test-cell is occupied, a transition occurs to the occupied state. When the test-cell is unoccupied, all 
of the actuators are set to the default position, but when the test-cell is occupied, the positions of the 
actuators are automatically adjusted according to the occupants’ references and the current situation in 
and around the test-cell. At this level of design, the occupied state appears to be single, but at the lower 
level of design, it is complex and contains several substates and sub-substates, as shown in Figure 9.42. 

 

Figure 9.42. Occupied state. 
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Inside the occupied state, there are three main states: thermal comfort, visual comfort, and indoor air 
quality. In each main state, there are a number of substates that characterise the functioning of different 
modes in the test-cell. In this case the mode can be single and refer to a specific actuator such as a 
heater, cooler, or humidifier, or it can be composed and refer to natural ventilation, mechanical 
ventilation, or lighting control strategies. In the latter case, there are several sub-substates 
characterising the functioning of actuators such as motorised windows, motorised dampers, air supply 
fan, artificial lighting, and motorised venetian blinds. All the actuators are modelled at different levels 
of abstraction, in which their models are a composition of several modules that operate concurrently. 
Consequently this way of modelling the functioning of different actuators in the test-cell is based on a 
hierarchical concept in order to deliver and assure scalable, modular, and flexible automation. The 
following gives a brief description of the most frequent variables (inputs, outputs, and additional 
variables) used by the hybrid statechart model:140  

 The inputs are data read from TestPoint data acquisition, where Time is the current time, date is 
the current date, tsph is the heating air temperature setpoint, tspc is the cooling air temperature 
setpoint, rhsp is the relative humidity setpoint, Ispl is the low lighting level setpoint, Isph is the 
high lighting level setpoint, tin is the current indoor air temperature, tcav is the current air 
temperature of the cavity, tout is the current outdoor air temperature, rhin is the current indoor 
relative humidity, rhout is the current outdoor relative humidity, isin is the current indoor light 
intensity, and isout is the current outdoor light intensity. 

 The outputs are data written to the TestPoint data acquisition, where QH is the adjusted heating 
flux capacity, QC is the adjusted cooling flux capacity, WH is the adjusted evaporation rate of 
water, Nw is the position of the motorised windows that is adjusted using natural ventilation, 
Nw1 is the position of the motorised windows that is adjusted using mechanical ventilation, Nd 
is the adjusted position of the motorised dampers at the cavity, Nf is the adjusted position of the 
air supply fan, Pal is the position of artificial lighting, LB is the adjusted position of the 
motorised blinds, and AB is the adjusted angle of the motorised blind slats. 

 Additional variables are data read from a Matlab problem, where Tstart is the staring time of the 
occupied period, Tstop is the ending time of the occupied period, date1 is the date indicating a 
holiday or weekend, date2 is the date indicating the winter or summer period (e.g., daylight 
savings time), qsp is the airflow rate setpoint, qin is the estimated141 airflow rate entering the 
room, qout is the estimated airflow rate leaving the room, DGIst is the daylight glare index 
setpoint, DGIin is the actual estimated indoor daylight glare index, SR is the actual estimated 
sky ratio, e is the actual estimated clearness, i is the signal that introduces a delay into the time 
steps (e.g., to avoid actions at every time step), s is the signal that switches between unoccupied 
and occupied periods, z is the signal that switches between natural and mechanical ventilation, 
Lmin is the minimum specified position of the motorised blinds, Lb is the actual position of the 
motorised blinds, Lmax is the maximum specified position of the motorised blinds, Qh is the 
maximum specified heating flux capacity, Qc is the maximum specified cooling flux capacity, 
Wh is the maximum specified evaporation rate of water, and Ab is the actual angle of the 
motorised blades. Most of these additional variables are used as internal inputs, except for s and 
z, which are considered internal outputs. 

Based on Figure 9.40, all actuators were modelled by taking into account their mathematical models, 
as described in section 9.5.1. All actuators have at least two discrete states and are subjected to certain 
dynamics (or variations) in each state. Therefore, the continuous dynamics were modelled in Simulink 
as shown in Figure 9.40, and the discrete-state events were modelled in Stateflow as shown in Figure 
9.42. The occupied period was of greater interest than the unoccupied period because all control 
systems were operational during the occupied period. Moreover, no control actions were taken during 
the unoccupied state. By default all actuators in the occupied state were set to the default position (off, 
closed, up, and downward). When a transition occurs, an actuator is automatically switched from one 

                                                           
140 Note that there is a difference between the terms statechart model and hybrid statechart model as used in this study. The 
hybrid statechart model is composed of continuous and discrete models, whereas the statechart model is made of a discrete 
model only.  
141 Note that the term estimated means that the value is a result of a calculation based on the computing of formulas.  
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state to another, and its output is adjusted as appropriate to meet the setpoint. For example, when the 
air temperature in the test-cell is below the heating air temperature setpoint, a control system 
automatically switches the heater from the off position to the on position and adjusts its output as 
appropriate in order to meet the setpoint. On the contrary, when the indoor air-temperature is above the 
heating air temperature setpoint, the control system automatically switches the heater to the off 
position. The same functioning applies to the actuators such as the cooler or humidifier.  

For dehumidification the process is complex as there is not a dehumidifier in the test-cell. In this case, 
when the indoor humidity is above the humidity setpoint, a control system automatically combines the 
use of the heater, cooler, and humidifier depending on whether it is winter or summer in order to bring 
the indoor relative humidity around the setpoint, as shown in Figure 9.10. Hybrid ventilation depends 
on the difference in outdoor and indoor air temperatures. When the indoor air temperature is above the 
outdoor temperature, the control system automatically selects the natural ventilation and regulates the 
position of both the motorised windows and motorised dampers in order to provide the room with the 
required amount of outdoor fresh air. In contrast, when the indoor air temperature is below the outdoor 
temperature, a control system automatically chooses the mechanical ventilation and regulates the 
position of both the motorised windows and the air supply fan in order to provide the room with the 
required amount of outdoor fresh air. For visual comfort a control system automatically first switches 
between the three lighting control strategies based on the estimated sky ratio and clearness, as shown 
in Figure 9.25, and then regulates the artificial lighting and the position of both the motorised blinds 
and blades in order to meet the desired DGI and illuminance in the room, as shown in Figure 9.36. 

In summary Matlab/Simulink (i.e., Matlab together with Simulink and Stateflow) provides excellent 
modelling capabilities for large-scale building control applications, particularly applications mixing 
continuous-time and discrete-state domains. A Simulink model interfaces very well with the Matlab 
program (or environment) while allowing the use of a high-level interpreted language primarily 
intended for numerical computations. The Stateflow toolbox, which can be involved in a Simulink 
model as a subsystem, is very useful for developing event-driven systems based on FSMs. As a result 
Matlab/Simulink is a powerful tool for analysing and designing automated control systems, especially 
for complex and large-scale building performance applications. 

9.6. Experimental Results 
A series of experiments was carried out in the test-cell for different seasons of the year, especially in 
winter and summer periods, to assess the application of automated control strategies and algorithms to 
its environment, and to evaluate control responses in real-time throughout the occupied period of its 
space. The experiments were performed using a different number of time steps for the winter and 
summer periods, which were 30s and 60s, respectively. The same automated control strategies and 
algorithms were used for various time steps and for two seasons of the year. These control strategies 
and algorithms were modelled on Matlab/Simulink, as illustrated in Figures 9.39, 9.40, 9.41, and 9.42.  

Winter period 
This section describes the experimental results obtained during the winter period with 30-second time 
steps. Figure 9.43 shows the sun’s course during the day on which the experiments were performed. 

 

Figure 9.43. Calculation of the results of the sun positions and heights for 5 January. 
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Figure 9.44 shows the experimental results of the dry bulb temperature, cavity air temperature, and 
indoor air temperature, as well as the specified heating flux capacity obtained by automatically 
regulating the electric radiator in order to maintain the indoor air temperature at the desired heating 
setpoint, which was 21oC during the occupied period. 
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Figure 9.44. Experimental results obtained for control of the heating process. 
 
Once the indoor air temperature is brought to the desired heating setpoint, it is perfectly maintained 
during the entire occupied period despite constantly changing conditions, such as the dry bulb 
temperature and cavity air temperature. Figure 9.45 shows the experimental results of the outside and 
inside relative humidity levels, and the specified moisture supply content obtained by automatically 
regulating the humidifier in order to maintain the indoor relative humidity at the desired setpoint, 
which was set to 40% during the occupied period. However, setting up two desired setpoints to control 
the humidity would be much easier. 
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Figure 9.45. Experimental results obtained for control of the humidifying process. 
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Once the indoor relative humidity reaches the desired setpoint, the humidity level is smoothly 
maintained during the entire occupied period. Figure 9.46 additional results related to the estimated 
IAQ and the obtained control responses of the motorised windows and dampers while they are 

automatically adjusted to maintain the IAQ at the desired setpoint of 10 -1.l s  during the occupied 
period. 
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Figure 9.46. Experimental results obtained for control of the ventilation process. 
 
Only natural ventilation was used as the indoor air temperature was always higher than the cavity 
temperature, and the IAQ was smoothly maintained at the desired setpoint during the entire occupied 
period. Figure 9.47 shows the experimental results of the natural light, as well as the indoor 
illuminance obtained by automatically switching on the artificial lighting when necessary and adjusting 
the position of the blinds and the angle of the blades. 
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Figure 9.47. Experimental results obtained for control of the lighting process. 
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When the artificial light was on, the indoor illuminance was below the lower setpoint as the sensor was 
located near the windows. But when the artificial light was off, the indoor illuminance was perfectly 
maintained between the lower and upper lighting setpoints (i.e., 5.2 Klx  and 6.1 Klx , respectively, as 
described above). In addition, during this particular period (i.e., when the artificial light is turned off), 
the indoor illuminance was maintained between the two desired setpoints by automatically adjusting 
the position of the blinds according to the ambient daylighting present in the front of the facade and 
following the sun’s apparent movement during the occupied period. In addition the angle of the blades 
was set to the horizontal position (i.e., 0o) during the entire occupied period to provide a direct view to 
the outside world because the DGI never reached the required setpoint of 22. In this situation, the level 
of perception (or discomfort glare) was acceptable during the occupied period and satisfied (i.e. below 
the desired DGI setpoint).  

Summer period 
This sections presents the experimental results obtained during the summer period using 60-second 
time steps. Figure 9.48 shows the sun’s course during the day on which the experiments were done. 

 

Figure 9.48. Calculation results of the sun’s position and height for 3 July. 
 
Figure 9.49 illustrates the experimental results related to the dry bulb temperature, cavity air 
temperature, indoor air temperature, and cooling flux capacity, which were obtained by automatically 
regulating the air conditioning unit first to decrease the relative humidity to the required level and then 
to maintain the indoor air temperature at the desired cooling setpoint of 22oC during the occupied 
period. 
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Figure 9.49. Experimental results obtained for control of the cooling process. 
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The indoor air temperature was brought down to the desired heating setpoint of 18 oC in order to 
decrease the indoor relative humidity. Then the temperature was raised to the desired cooling setpoint 
and maintained at this point during the occupied period. Figure 9.50 shows the experimental results of 
the outside and inside relative humidity levels and the specified moisture supply content that was 
obtained by automatically regulating the humidifier to maintain the indoor relative humidity at the 
desired setpoint of 40% during the occupied period. 
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Figure 9.50. Experimental results obtained for control of the dehumidifying process. 
 
Once the indoor relative humidity dropped to the desired setpoint of 40%, this level was smoothly 
maintained during the entire occupied period. Figure 9.51 shows the estimated IAQ and the control 
responses of the air supply fan and the motorised windows and dampers while they were automatically 

adjusted to maintain the IAQ at the desired setpoint of 10 -1.l s  during the occupied period. 
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Figure 9.51. Experimental results obtained for control of the ventilation process. 
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Hybrid ventilation (i.e., a combination of natural and mechanical ventilation) was used during the 
occupied period such that when the indoor air temperature was higher than the cavity temperature, 
natural ventilation was used, and when the indoor air temperature was lower than the cavity 
temperature mechanical ventilation was used. The IAQ was smoothly maintained at the desired 
setpoint during the entire occupied period by automatically adjusting the positions of the motorised 
windows and dampers when using natural ventilation and by automatically regulating the air supply 
fan and the position of the motorised windows when using mechanical ventilation. Figure 9.52 shows 
the experimental results of the natural light and the indoor illuminance provided from daylight by 
automatically adjusting the position of the blinds and the angle of the blades. 
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Figure 9.52. Experimental results obtained for control of the lighting process. 
 

The indoor illuminance was perfectly maintained between the lower and upper lighting setpoints (i.e., 
5.2 Klx  and 6.1 Klx , respectively) by automatically regulating the position of the blinds and the angle 
of the blades during the occupied period. In addition, this indoor illuminance was provided only by 
daylight and maintained between the desired lighting setpoints by automatically adjusting the position 
of the blinds and the angle of the blades according to the ambient daylighting of the facade and the 
sun’s apparent movement during the occupied period. Finally, by automatically adjusting the angle of 
the blades of the venetian blinds, the DGI was maintained below the required control setpoint of 22 
during the entire occupied period. 

Discussions 
The control system used for the test-cell case study was developed and designed to fulfil occupants’ 
comfort needs (i.e., IAQ and indoor thermal and visual comfort) by smoothly maintaining the 
controlled indoor processes at or between the desired setpoint(s) during the occupied period while 
simultaneously minimising energy consumption. In this experimental study, the control actions became 
active only during the occupied period. Indeed the results show that the energy was used only when 
necessary during the occupied period, which helped reduce energy consumption and greenhouse gas 
emissions. As shown in Figures 9.44, 9.45, 9.46. 9.47, 9.49, 9.50, 9.51, and 9.52, this automated 
control system behaved properly and used all available natural resources to maintain the comfort 
aspects at the desired control setpoints in the building space. In addition all building performance 
applications – including heating, cooling, humidifying, dehumidifying, natural ventilation, mechanical 
ventilation, artificial lighting, and daylighting components (i.e., motorised venetian blinds) – were 
properly controlled during the occupied period. The control responses of the motorised windows, 
dampers, venetian blinds, and air supply fan were more or less stable as they were subjected to few 



A Distributed Dynamic Simulation Mechanism                                                9 – Case Study: Application of Advanced 
for Building Automation and Control Systems                                                         Control Systems in a Real Building 
                                  

 290

changes during the occupied period. One of the reasons for this was the use of a timer (or time delay) 
in the subcontrol systems in order to avoid control actions at every time step but to maintain activity at 
a specific time steps. As a result the control systems were successfully implemented and tested for the  
case study of the test-cell. The comfort aspects, comprising indoor thermal comfort, indoor visual 
comfort, and IAQ, were fulfilled consistent with standard norms by meeting the required control 
setpoints during the occupied period. In addition the number of control actions for critical devices such 
as the motorised windows and venetian blinds was minimised during the occupied period in order to 
avoid discomfort to occupants due to noises.  

Note that experiments using a different number of time steps, including 30s and 60s, were conducted 
for different periods of the year (winter and summer), but no significant differences in the operational 
period were effective mainly because of the small mass of the test-cell, which makes the required 
heating/cooling capacity low. New ideas regarding the practical approach to integration of the 
automated control systems based on the anticipation of control actions, such as for night cooling and 
precooling, were tested and perceived to be effective in reducing the energy consumption of buildings.   

9.7. Conclusion   
This chapter started by introducing the test-cell case study and describing the experimental setups used 
for the application of real-time automated control systems to HVAC equipment and lighting 
components in the test-cell case study. Next the chapter addressed the mathematical analysis and 
modelling of building indoor processes, including heating, cooling, humidifying, dehumidifying, 
natural ventilation, mechanical ventilation, artificial lighting, and daylighting modes, for control 
purposes. Despite the unavailability of sensors measuring the airflow rate in the test-cell, it was 
possible to control and monitor the natural and mechanical ventilation through the use of temperature 
differences (i.e., using thermocouples). As a consequence the building indoor processes were modelled 
in harmony with the test-cell environment. After analysis and modelling of the building indoor 
processes, the chapter explored the design of control systems based on a hierarchical concept and the 
synthesis of advanced control systems for building performance applications particularly by means of 
hybrid statecharts. Finally, the chapter presented the experimental results and commented on the 
outcomes regarding the real-time control responses (operational behaviours) of different HVAC 
equipment and lighting components used in the test-cell with the objective of reducing the total cost of 
ownership and minimising the energy consumption.       

A control strategy for HVAC equipment and lighting components was therefore developed with a 
focus on fulfilling the comfort aspects (i.e., thermal comfort, IAQ comfort, and visual comfort) at the 
lowest energy consumption level possible. The aim of the control strategy was to smoothly maintain 
the indoor air temperature, indoor illuminance, and IAQ levels at or between the desired setpoints 
during the occupied period. Control algorithms for this strategy were designed for each piece of HVAC 
equipment and lighting components based on an original object-oriented modelling formalism (the 
hybrid statechart). The dynamic characteristics of these algorithms were as follows: 

 Fulfilling occupants’ comfort needs by using passive HVAC equipment and lighting 
components as often and as long as possible during the occupied period 

 Reducing the actions of the HVAC equipment and lighting components that produce harmful 
noises that disturb the occupants. 

 Taking maximum advantage of the external environment. 

With these characteristics, the control systems designed for building performance applications offered 
a healthy indoor climate for occupants by avoiding unnecessary use of HVAC equipment and lighting 
components that principally consume electric energy or cause harmful noises during the occupied 
period. In such situations, the use of hybrid statecharts remains necessary to better model and represent 
the dynamic behaviours of building HVAC equipment and lighting components.   

The automated control system was implemented on Matlab/Simulink, and all of its input (sensed) and 
output (actuated) data were handled via the data acquisition system using the TestPoint program. The 
implemented model was successfully tested in the test-cell using different numbers of time steps and 
under different weather conditions (particular to the Netherlands). The HVAC equipment and lighting 
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components (i.e., actuators) of the test-cell behaved as expected during the occupied period, and all 
their controlled parameters were smoothly maintained at or between the desired control setpoints. 
Movements of some of the actuators were minimised in order to avoid discomfort caused by noise 
problems associated with their functioning. Therefore, the following conclusions can be drawn from 
the obtained measurements:   

1. All test-cell actuators, such as the indoor air temperature and illuminance, were properly 
controlled and maintained between the desired setpoints. The indoor relative humidity was kept 
at the desired setpoint, and the provision of fresh air into the room was assured during the 
occupied period, 

2. Most of the test-cell actuators operated over a smaller time step, although the sensitive 
actuators, such as the motorised windows and venetian blinds, were active over a larger time 
step by means of introducing a time delay in their functioning in order to reduce noise during 
the occupied period. 

3. Priorities in controlling the passive and active actuators of the test-cell were significant because 
they played an important role in reducing energy consumption by taking maximum advantage of 
the outdoor climate (e.g., passive heating and cooling and natural light) during the occupied 
period. 

The feasibility of using hybrid statecharts for modelling HVAC equipment and lighting components in 
the test-cell has been shown as the preferred means of reducing the complexity of representation. In 
effect, hybrid statecharts enable the modelling of autonomous functions such as the coordination of 
certain control actions and activities to provide a better indoor environment and energy savings. 
Consequently, the use of hybrid statecharts helps to model building HVAC equipment and lighting 
components in the form of a hierarchical structure to dynamically adapt the control system to 
environmental changes and to highlight priorities among subsystems of the global control system. 

Finally this chapter showed the successful application of advanced control systems to the test-cell case 
study and provided a detailed explanation of the design procedures of an automated control system for 
building indoor processes including heating, cooling, humidifying, dehumidifying, natural ventilation, 
mechanical ventilation, artificial lighting, and daylighting. The experimental results were obtained 
using the automated control system modelled on Matlab/Simulink for different seasons of the year and 
different intervals (or a different number of time steps). However, there is still room for improvement 
in the proposed control strategy as during the unoccupied period passive processes such as night 
cooling could be integrated in order to achieve a more significant reduction in energy consumption.  
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Chapter  
 

10. Applicability of Advanced Control  
Systems in Building Performance Simulation 

 
 
 

 “Now this is not the end. It is not even the beginning of the end.  
But it is, perhaps, the end of the beginning.” 

Winston Churchill 
 
 
 

10.1. Introduction  
Distributed simulation between control systems and building performance applications has 
increasingly become an invaluable tool in the analysis of ABs for better design and operation. Because 
one of the main roles of BACS is to balance the requirements of increased occupant comfort and 
reduced energy consumption, experiments or similar analyses must be conducted to improve the 
automation and operational integrity of HVAC&R equipment and lighting components. However, 
experiments are time consuming and cost prohibitive as they require waiting for at least 24 hours 
before obtaining the results. Therefore, the use of distributed control and building performance 
simulations appears to be the best solution for improving the automation of HVAC&R equipment and 
lighting components in ABs. Although there is no software for the representation of BACS in 
simulation, the use of run-time coupling between Matlab/Simulink and one or more ESP-r(s) remains 
necessary and relevant.  

This chapter is concerned with the integrity and applicability of advanced control systems in building 
performance simulation through run-time coupling between Matlab/Simulink and ESP-r. The 
modelling of the test-cell case study on ESP-r and the design of control systems in Matlab/Simulink 
using run-time coupling are presented in the next sections. The chapter ends with simulation results 
and conclusions. 

10.2. Test-cell Case Study 
The case study under investigation involves the test-cell facility shown in Figure 9.1, which has been 
used as a model for the study of the integration of advanced control systems in building performance 
simulation through run-time coupling between Matlab/Simulink and ESP-r. Figure 10.1 shows the test-
cell facility, in which the test room is equipped with HVAC equipment and lighting components and 
combined with a controlled DSF with motorised venetian blinds in the window cavity.  

            

Figure 10.1 Test-cell facility concept (left) and test-cell facility model (right). 
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Figure 10.1 (left) shows the concept of the test-cell facility, in which the test room is combined with a 
ventilated DSF equipped with motorised venetian blinds within the window cavity. Figure 10.1 (right) 
illustrates its equivalent simulation model, which is made using especially ESP-r. Although software 
tools such as ESP-r, EnergyPlus, TRNSYS-TUD, BSim, and IDA-ICE are principal candidates for the 
assessment of building energy and environmental performance, ESP-r was chosen mainly because it 
offers opportunities to progress toward further developing and enhancing modelling capabilities using 
its open-source code. ESP-r will be inevitably taken to its limit to best model the test-cell zone with its 
ventilated DSF, HVAC equipment, and lighting components in order to identify areas of weakness in 
terms of modelling HVAC equipment and lighting components for control purposes.  

In this case study a ventilated DSF was included, requiring a simulation program capable of an 
appropriate level of resolution to model major thermofluid processes (e.g., flow paths) for double 
facades, which are highly dynamic in nature and closely coupled with heat and mass transfer balances. 
For example, Dickson (2004) used ESP-r for modelling DSF buildings. In principle ESP-r is capable of 
modelling network fluid (i.e., air or liquid) flows within combined building zones and plant models 
when constrained by control actions and subject to dynamically varying boundary conditions. In 
addition to ESP-r, other software tools such as EnergyPlus, TRNSYS-TUD, BSim, and IDA-ICE were 
used for energy performance assessment of buildings with DSFs (see Park, 2003; Wong et al., 2005; 
Hamza, 2008; and Kalyanova and Heiselberg, 2008).   

As mentioned in section 9.1, the test-cell facility is a real experimental test room built with light 
construction materials to investigate the phenomena that influence the indoor climate of passive solar 
buildings. This test-cell is composed of a test room with a controlled, ventilated DSF that is equipped 
with motorised venetian blinds within the window cavity. Figure 10.2 shows the details of its 
configuration and the dimensions of the DSF of the test-cell facility. 

 

Figure 10.2 Configuration and dimensions of the test-cell DSF. 

10.3. Modelling Approach   
There is a wide variety of BPS software tools, such as ESP-r, TRNSYS, IDA-ICE, EnergyPlus, BSim, 
and so on. For more details about these tools, see Crawley et al. (2008). However, for the purposes of 
this study (i.e., with respect to open-source code and modelling capabilities), ESP-r was chosen to be 
run-time coupled with Matlab/Simulink in order to enhance flexibility in dealing with various new and 
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existing control systems (i.e., methods and algorithms). As outlined in chapter 9, Matlab/Simulink 
offers great flexibility for control systems. In contrast ESP-r is relatively basic in terms of control 
systems modelling and analysis. 

ESP-r has undergone sustained evolution since 1974, when the various techniques for modelling 
energy flow in buildings were investigated and compared (Clarke, 1977). ESP-r is a transient energy 
simulation system based on a finite volume method capable of modelling the energy and fluid flows 
within combined building and plant models. The package comprises a number of interacting program 
modules that address project management, simulation, results recovery and display, databases, and 
report writing (see ESRU Manual, 2002). In principle ESP-r can be used for all kinds of building 
modelling and analyses including DSFs, daylight utilisation when coupled with Radiance, combined 
heat and mass balances, photovoltaic facades, natural ventilation, CFD calculations, and so on (see 
Hand, 2010). 

The principal objective of this study was to model the test-cell facility as closely as possible on reality 
in order to exploit the same control systems designed for experiments, as described in chapter 9. 
Therefore, modelling of the test-cell in terms of its components and plant systems was built up for 
control purposes (i.e., to dynamically control its energy and indoor environmental performance). In the 
case of this study, control systems were considered to be external because they were modelled on 
Matlab/Simulink and run-time coupled with the total model of the test-cell facility, with its ventilated 
DSF, HVAC equipment, and lighting components, built on ESP-r. 

10.3.1. Modelling of the Test-cell and Its Double Skin Facade  
This section describes the modelling of the test-cell and its ventilated DSF. Figure 10.3 depicts the 
diagram model of the test-cell facility, as built on ESP-r.  

 

Figure 10.3. Model of the test-cell facility built on ESP-r. 
 
On ESP-r the test-cell and its ventilated DSF are modelled as two adjacent zones, one representing the 
building zone (i.e., the test-cell) and the other representing the volume of air between the two skin 
facades. These zones were coupled by airflow networks, which also included the controlled inlet 
opening modelled using a connection between the bottom DSF zone and outside, the gaps modelled 
using connections between the DSF zone and the outside, and the outlet opening modelled by a 
connection between the upper DSF zone and outside. Airflow networks were defined between the two 
zones and to the outside by defining a number of zone nodes and ambient nodes according to either 
natural ventilation or mechanical ventilation. 
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10.3.2. Modelling the Test-cell’s Active Modes 
This section describes the modelling of active HVAC equipment and lighting components used for 
control purposes in the test-cell facility, including the radiator, cooler, humidifier, artificial light mode, 
and mechanical ventilation (i.e., the air supply fan and motorised windows). 

Modelling the Heating Mode  
An abstract way to model the heating plant of the test-cell on ESP-r for control purposes is to choose to 
work with zone/flow controls by setting up a zone control law after creating and validating the model 
of the test-cell. Selecting “Calling Matlab/Simulink” as a control law on the Controls for Zones user 
interface/menu requires entering the necessary data for control and simulation, such as heating 
setpoints, specified heating flux capacities, and auxiliary sensors. Figure 10.4 illustrates a schematic 
representation of the heating mode in the test-cell, wherein auxiliary sensors (such as for dry bulb 
temperature) were considered in the control system design.  

 

Figure 10.4. A schematic representation of the heating plant of the test-cell. Whereas the test-cell and 
its radiator are built in ESP-r, the control law is in Matlab/Simulink. 

 
Explicitly modelling the heating plant of the test-cell in ESP-r is also an option, which requires using 
the plant network scheme. However, choosing this option requires describing a detailed model of the 
heating plant by defining plant components and their connections topology. Once this is completely 
modelled, it requires choosing and setting up the plant control law using “Calling Matlab/Simulink” 
through the Controls for Plant and Systems user interface/menu. 

Modelling the Cooling Mode 
There are two ways in ESP-r to model the cooling plant of the test-cell: implicit and explicit. The 
implicit model involves working with simple representation (i.e., zone controls), whereas the explicit 
scheme involves working with detailed or complex representation (i.e., plant and system facilities). 
Zone controls necessitate entering required data, such as cooling setpoints and specified cooling flux 
capacities, during setup and choosing a zone/flow control law (i.e., along with the heating mode). 
Choosing “Calling Matlab/Simulink” as a control law through the Controls for Zones user 
interface/menu offers an option for modelling the cooling plant through a simple representation. In 
contrast with the plant and system facility,142 it necessitates modelling the cooling plant with a detailed 
representation. Once this is entirely modelled, it requires simply choosing and setting up the plant 
control law using “Calling Matlab/Simulink” through the Controls for Plant user interface/menu. 
Figure 10.5 illustrates a complete representation of a unitary split air-conditioning system consisting of 
an air-cooled condensing unit and indoor evaporator coil (Neymark and Judkoff, 2002).  
                                                           
142 The plant and system facility on ESP-r is principally based on representing a detailed performance of the plant model. 
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Figure 10.5. A complete representation of the split air-conditioning system, including the common 
representation of a split air-conditioning unit (left) and a detailed schematic diagram of a split-system  

comprising an air-cooled condensing unit and an indoor evaporator coil (right). 
 
This split air-conditioning unit is generally used to provide heating and cooling to a building space. 
However, in this case study, the unit was used only for cooling purposes, especially for dehumidifying 
and extract heat from the test-cell. In addition an electrical heater was used to provide heating to the 
test-cell. Therefore, the split air-conditioning unit was modelled in ESP-r only with the components 
concerned with the cooling mode (i.e., without including the heating coil). Figure 10.6 illustrates a 
diagrammatic representation of the split air conditioner modelled on ESP-r using the plant network 
scheme. For more details on modelling air-conditioning plant equipment, see Chow (1995). 

 

Figure 10.6. A diagrammatic representation of the cooling mode. Whereas the test-cell and its cooler 
are built in ESP-r, the control law is in Matlab/Simulink. 

 



A Distributed Dynamic Simulation Mechanism                                     10 – Applicability of Advanced Control Systems 
for Building Automation and Control Systems                                                        in Building Performance Simulation 
                                  

 297

After the cooling plant is modelled on ESP-r, the plant control law must be set to regulate the air-
cooled volume rate supplied into the building zone, as shown in Figure 10.6. Selecting “Calling 
Matlab/ Simulink” from the Controls for Plant and Systems user interface/menu will directly invoke 
data exchange with the external control system modelled on Matlab/Simulink. 

Modelling the Humidifying Mode 
The simple way of modelling the heating plant in ESP-r facilitates the modelling of the humidifying 
plant of the test-cell when setting up the zone control law for the heating plant. Choosing “Calling 
Matlab/Simulink” as control law through the Controls for Zones user interface/menu prompts the 
question of whether to consider the humidifying mode for control when setting up a zone control law 
for the heating plant. Answering yes and choosing “via moisture injection” will directly require 
entering the necessary data to be sent to Matlab/Simulink, such as relative humidity setpoint and 
humidification rate. Figure 10.7 illustrates a schematic representation of the humidifying mode of the 
test-cell. 

 

Figure 10.7. A schematic representation of the humidifying plant of the test-cell. Whereas the test-cell 
and its humidifier are built in ESP-r, the control law is in Matlab/Simulink. 

 
Note that choosing “via temperature control” is an alternate option. For the current case study, this 
option is not applicable as the test-cell is equipped with an adiabatic humidifier. However, choosing 
“via temperature control” for modelling the humidifying mode would require simply entering data for 
the relative humidity setpoints that will be transferred to Matlab/Simulink. In particular, this option 
necessitates implementing a sophisticated control system in Matlab/Simulink using a Mollier diagram 
to establish the logical relationships and/or empirical bases that the control system can use to maintain 
both the indoor air temperature and indoor relative humidity at their desired setpoints or maintain them 
between their peer-desired setpoints. Hence, this option is actually used for control of the 
dehumidifying mode of the test-cell. 

Modelling Artificial Light Mode 
The simple way to model artificial lighting in ESP-r is using casual gain. However, the use of external 
control systems by calling Matlab/Simulink for control of artificial lighting casual gains is at the 
moment not available as it is still under development. 

Modelling Mechanical Ventilation 
As shown in Figure 9.19, mechanical ventilation is initiated when switching on the air supply fan and 
opening the motorised windows to the needed position. The proper way of modelling the mechanical 
ventilation in ESP-r is to use fluid flow network facilities. As the test-cell facility is composed of a 
room and a DSF, it is built in ESP-r as two adjacent zones, one representing the test room and one 
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representing the ventilated DSF, as illustrated in Figure 10.1 (right). Figure 10.8 is a diagrammatic 
representation of a fluid flow network for the mechanical ventilation mode of the test-cell as it should 
be built up in ESP-r, with the position of the motorised dampers located at the bottom of the DSF set to 
open. 

 

Figure 10.8. A diagrammatic representation of a fluid flow network for the mechanical ventilation 
mode of the test-cell with the position of the motorised dampers at the bottom of DSF set to open. 

Whereas the test-cell and its ventilation model are built in ESP-r, the control law is in Matlab/Simulink. 
 
As mentioned in chapter 9, the control system of the mechanical ventilation in the test-cell facility 
requires adjusting principally the position of the air supply fan and motorised windows in order to 

provide the room with outside fresh air at a rate of 10 3dm s  per person. Regulation of the position of 

the motorised dampers at the bottom of the DSF is an option that has no effects on the room airflow 
rate – according to the experimental results shown in Figure 9.17. Figure 10.9 illustrates a 
diagrammatic representation of a fluid flow network for the mechanical ventilation mode of the test-
cell as it should be built in ESP-r, with the position of the motorised dampers located at the bottom of 
DSF set to closed. 

 

Figure 10.9. A diagrammatic representation of a fluid flow network for the mechanical ventilation 
mode of the test-cell with the position of the motorised dampers at the bottom of the DSF set to closed. 
Whereas the test-cell and its ventilation model are built in ESP-r, the control law is in Matlab/Simulink. 
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Use of the control systems by calling Matlab/Simulink for the mechanical ventilation mode of the test-
cell necessitates first creating and constructing a fluid flow network, as shown in Figures 10.8 and 10.9, 
and then setting up and choosing “Calling Matlab/Simulink” as the flow control law for operating 
components through the Controls for Vent/Hydronic user interface/menu. These operating components 
must include air-supply fan, win1 and win2 (or win), and dampers, if controlled. 

Note that the utilisation of components win1 and win2 for control of the motorised windows used in 
the test-cell is an option, but this option is complex and inaccurate, as components win1 and win2 are 
modelled based on the estimation of two divided opening areas of the total opened area of the 
motorised windows: bottom and top, respectively. The use of one component (win), as shown in Figure 
10.9 with a dash-dotted line, is also possible for mechanical ventilation, but it is still inaccurate as 
limitations result in dynamic changes in the amount of the air going through the window opening, 
which must be adjusted by a control system to meet the required setpoint. 

Therefore, for control purposes in ESP-r, modelling the motorised windows on “tilt and turn windows 
that open inwards from the top”, as shown in Figure 9.5, has limitations as it is not possible to 
implement in advance the opening of a window that is not fixed (e.g., completely opened or closed, or 
opened at a fixed position). In ESP-r the modelling of a motorised window that can change in any 
position (e.g., from closed to open, or from opened to closed) to regulate the amount of air going 
through it, as in the case of a real building, requires using a component that can change position when 
necessary during the simulation.  
 

10.3.3. Modelling the Test-cell’s Passive Modes 
This section describes the modelling of passive HVAC equipment and lighting components used in the 
test-cell facility, including natural ventilation (e.g., motorised windows and motorised dampers) and 
natural light mode (e.g., motorised venetian blinds) for control purposes. 

Modelling Natural Ventilation 
As shown in Figure 9.18, natural ventilation is initiated when opening both motorised dampers and 
motorised windows to the needed position. The proper way of modelling natural ventilation in ESP-r is 
to use fluid flow network facilities. The test-cell facility is composed of a room and a DSF and 
therefore is built up in ESP-r as two adjacent zones, one representing the test room and one 
representing its ventilated DSF, as illustrated in Figure 10.1. Figure 10.10 illustrates a diagrammatic 
representation of a fluid flow network for the natural ventilation mode of the test-cell as it should be 
built in ESP-r. 

 

Figure 10.10. A graphical representation of a fluid flow network for the test-cell’s natural ventilation. 
Whereas the test-cell and its ventilation model are built in ESP-r, the control law is in Matlab/Simulink. 
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Use of the control systems by calling Matlab/Simulink for the natural ventilation mode of the test-cell 
requires first creating and constructing a fluid flow network, as shown in Figure 10.10, and then setting 
up and choosing “Calling Matlab/Simulink” as the flow control law for operating components through 
the Controls for Vent/Hydronic user interface/menu. These operating components must include 
motorised windows (e.g., win1 and win2, or win) and motorised dampers. 

Use of components win1 and win2 for control of the motorised windows in the test-cell is an option, 
but this option is complex and jnaccurate, as components win1 and win2 are modelled based on the 
estimation of two divided opening areas of the total opened area of the motorised windows. In addition 
this presents limitations that result in dynamic changes in the amount of the air going through the 
window opening, which must be adjusted by a control system to meet the desired control setpoint of 
IAQ. 

Therefore, for control purposes in ESP-r, modelling the motorised windows on “tilt and turn windows 
that open inwards from the top,” as shown in Figure 9.5, has limitations, as it is not possible to 
implement the opening of a window that is not fixed in advance (e.g., completely opened or closed, or 
opened at a fixed position). In ESP-r modelling a motorised window that must change position, or be 
lowered or raised as necessary, to regulate the amount of air going through it requires using an 
equivalent component that can change position at any time during the simulation. 

Modelling Natural Light Mode 
As shown in Figure 10.2, the second (or external) skin facade of the ventilated DSF of the test-cell is 
composed of three panels: right, middle, and left. Whereas the right and middle panels are constructed 
of clear glass, the left panel is a smoked-colour glass. The ventilated DSF contains motorised venetian 
blinds in the cavity such that the position of the blinds and the angle of the blades must be adjusted 
according to the indoor illuminance provided by daylight and the sun’s apparent movement during the 
occupied period, in order to provide the room with the required illuminance and to avoid direct sun 
penetration (glare) onto the working plane. The adjustment of both the position of the blinds and the 
angle of the blades must be assured automatically using control systems, as described in chapter 9. 
Consequently modelling different functions of the motorised venetian blinds in ESP-r is required to 
automatically adjust the illuminance (or light level) in the room according to the indoor light level (or 
illuminance) provided by daylight and following the sun’s apparent movement during the occupied 
period. Figure 10.11 illustrates a schematic representation of the natural light mode of the test-cell, 
which requires a MIMO control law. 

 

Figure 10.11. A schematic representation of the natural light mode of the test-cell. 
Whereas the test-cell and its daylight model are built in ESP-r, the control law is in Matlab/Simulink. 
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Modelling venetian blinds for control purposes in ESP-r, as shown in Figure 10.11, is a complex – and 
even impossible – process because it has several limitations. There is no option to model motorised 
venetian blinds in ESP-r to dynamically change the optical properties for venetian blinds based on the 
solar incidence in terms of all possible combinations of the position of the blinds and angle of the 
blades. Consequently the major limitations in modelling venetian blinds for control purposes in ESP-r 
result in dynamic changes in optical and/or thermophysical proprieties according to the amount of 
daylight entering the space while automatically adjusting the position of the blinds and angle of the 
blades during the occupied period (i.e., during the period when the control is active). In addition, these 
limitations affect control of the glare (DGI), for which changes in optical and/or thermophysical 
proprieties cannot be clearly tracked in response to the amount of direct sunlight penetrating into the 
space through the venetian blinds. 

Currently it is only possible to model the motorised venetian blinds in ESP-r by switching between two 
states: up (nonshaded) and down (fully shaded). Switching between more than two states, modelled in 
the form of occlusion steps as shown in Figure 9.28, is possible but complex and very time consuming. 
This option requires modelling the venetian blinds, which are located in the centre of the cavity, as an 
independent transparent multilayer construction (TMC) with the appropriate optical and 
thermophysical proprieties defined in the database entries (see Dickson, 2004). After defining the 
TMC, it requires specifying a sensor type, an associated setpoint, and then a pointer to a replacement 
set of optical properties in the database entries. For this option the control system must be designed to 
change the optical and thermophysical proprieties according to solar radiation. In addition to TMC, the 
ESP-r’s complex fenestration construction (CFC) provides an alternate method of modelling 
glazing/shading layer combinations but is still insufficient for operable shading and insulation devices 
such as motorised venetian blinds. For more details about CFC, see Lomanowski (2008). The optical 
properties for the database in ESP-r can be deduced from the following:  

 WINDOW,143 an American-based software tool designed to calculate total window thermal 
properties and to model complex glazing systems such as venetian blinds and roller shades  

 WIS,144 an European-based software tool designed to assist in calculating the thermal and solar 
properties of window systems, such as frames, glazing, and shading devices, as well as window 
components (see TNO, 2004).   

Both are popular programs, but there may be other ones. For example, ParaSol,145 a program under 
continuous development, is also used, especially for assessing the performance of various glazings and 
shading devices by taking into account the solar transmittance values and heating/cooling demands of a 
single building zone with a window (see Hellstrom et al., 2007). Hence, the WIS and WINDOW 
programs are frequently used to import optical data to ESP-r’s optical database. In this study, the WIS 
program was used because it was principally built in algorithms based on CEN146 standards including 
EN-673 and EN-410 (EN-673, 1997; EN-410, 1998). However, it should be noted that the use of 
external control systems by calling Matlab/Simulink for control of building optics is at the moment not 
available as it is still under development. 

10.4.  Designing Control Systems on Matlab/Simulink Using Run-Time 
Coupling with ESP-r 

One of the major roles of run-time coupling between ESP-r and Matlab/Simulink concerns facilitating 
the integration of advanced control systems in building performance simulation and enabling and 
improving the integrity and applicability of distributed simulation between control systems and 
building performance applications. As a consequence, complex and/or large-scale building control 
applications such as MASs; multivariable control systems; and control systems based on monitoring, 
supervision, and optimisation techniques, which were previously infeasible, can now be investigated 
and analysed using run-time coupling between Matlab/Simulink and ESP-r. Although run-time 

                                                           
143 For details on WINDOW, see http://windows.lbl.gov/software/window/window.html. 
144 For details on WIS, see http://www.windat.org/index.html. 
145 For details on ParaSol, see http://www.ebd.lth.se/english/software/parasol/. 
146 The term CEN stands for European Committee for Standardization. 
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coupling between ESP-r and Matlab/Simulink is used as a parallel computing tool, its deployment 
requires first modelling building zone, plant, and/or flow network schemes in ESP-r and then designing 
its remote (or external) control systems in Matlab/Simulink. Once the test-cell facility, with its 
ventilated DSF, HVAC equipment, and lighting components, is modelled on ESP-r, its remote control 
system must be designed on Matlab/Simulink in order to run-time couple them together through 
simulation. Figure 10.12 illustrates a conceptual framework for the integration of control systems with 
building performance simulation using run-time coupling between ESP-r and Matlab/Simulink. 

 

Figure 10.12. A conceptual framework for the integration of advanced control systems in building 
performance simulation using run-time coupling between ESP-r and Matlab/Simulink. 

 
The integration of control systems modelled on Matlab/Simulink with building zones, plant models, 
and flow components built in ESP-r, as shown in Figure 10.12, can be accomplished either on a single 
machine on which both ESP-r and Matlab are installed or on different machines connected to a 
network. One of the advantages of run-time coupling between ESP-r and Matlab/Simulink is the ability 
to use two different distant machines with ESP-r and Matlab separately installed. This can result in a 
significant acceleration of computation, especially when the machines belong to the same network 
domain. Therefore, instead of dealing with a real building like the test-cell, ESP-r is used to support it 
through virtual representation. For control systems, it must be the same as developed for experiments 
(i.e., as described in chapter 9) by separately modelling them in Matlab/Simulink. 

The way ESP-r is run-time coupled with Matlab/Simulink is similar to the way it was used for 
experiments in the test-cell case study, especially as described in section 9.5.3. Although ESP-r is used 
for deploying a virtual representation of a building model (e.g., the test-cell), a control system designed 
for that building model in Matlab/Simulink must be the same for simulation. Consequently the 
necessary variables (e.g., inputs, outputs, simulation parameters, etc.) must first be identified for 
exchange with ESP-r during the simulation. Then existing control systems must be used or new 
systems must be designed. The variables must be the same on both sides of the run-time coupling 
between ESP-r and Matlab/Simulink; otherwise the simulation results may not accurately reflect the 
correct control responses. However, a strategy imposing utilisation of the same variables on both sides 
of the run-time coupling is under development, for which a file/script containing the same variables to 
exchange between ESP-r and Matlab/Simulink must be generated in ESP-r and then imported into 
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Matlab/ Simulink. The goal of this strategy is to help users appreciate the use of run-time coupling 
between ESP-r and Matlab/Simulink for complex and/or large-scale building control applications.   

As outlined in section 9.5.3, the early involvement of the Matlab environment facilitates the integration 
of the Simulink and Stateflow models. A Simulink model must first be instantiated (e.g., from a Matlab 
program) and then include a Stateflow model as a block as a subsystem in its model. The interactions 
between Matlab and Simulink, as well as between Simulink and Stateflow, therefore occur at the event 
and data boundaries. The simulation of a project file containing a Matlab program, together with the 
Simulink and Stateflow models, is carried out by alternatively releasing the control of the execution of 
two or three simulation engines embedded in the three tools. In principle, these mutual interactions 
between different engines may be referred to as combined simulations, or cosimulations (see Neema, 
2001; Carloni et al., 2006). Because control changes from one engine to the other, the overhead might 
be quite significant as data and events are frequently exchanged with one another.  

One way to reduce overhead is to use the same underlying semantics for the Matlab programs and 
Simulink and Stateflow models. In addition communication overhead can arise if run-time coupling 
between ESP-r and Matlab/Simulink is significantly slower than intrasimulation (i.e., standalone 
simulation). However, run-time coupling between ESP-r and Matlab/Simulink is designed in such a 
way as to support parallel computing and distributed simulation running either on the same machine or 
on different machines connected to a network and using an appropriate data exchange format – either 
ASCII or binary – and suitable communication modes, such as synchronous, asynchronous, and 
partially asynchronous. Such substantial options are essential for minimising communication overhead 
in parallel and distributed simulations while simultaneously reducing the time of data exchange and 
computation and maintaining data within the original format after exchange. 

In order for Matlab/Simulink and ESP-r to be to run-time coupled, the matespexge toolbox must first 
be executed and started by simply typing “>> matespexge” at the Matlab prompt and invoking the 
simulation by selecting “p integrated simulation” through the Simulation Controller menu in ESP-r. 
Here, Matlab/Simulink is considered a server and ESP-r, a client. The simulation results can be 
obtained on both sides of the run-time coupling between ESP-r and Matlab/Simulink. Whereas in 
Matlab/Simulink the simulation results can only be partially obtained (i.e., only the results that concern 
the occupied period are available), in ESP-r the complete simulation results can be obtained. 

10.5. ESP-r and Matlab User Interfaces for Run-Time Coupling 
The user interfaces were developed and implemented on both sides of the run-time coupling in order to 
facilitate its use (i.e. the setting up of a connection session and exchanging variables. Figure 10.13 
depicts the user interfaces for both sides of the run-time coupling between ESP-r and Matlab/Simulink. 

Figure 10.13. User interfaces for run-time coupling settings: ESP-r side (left) and Matlab side (right). 
 
On the ESP-r side, the user-interface of the Run-Time Coupling Settings menu can be displayed only if 
one of the three control laws (zone, plant and systems, and flow network) chooses “Calling Matlab/ 
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Simulink” as a control system/strategy. Choosing “Calling Matlab/Simulink” requires using external 
(or remote) control systems, either existing or newly designed, modelled on Matlab/Simulink. Figure 
10.14 partially illustrates the user interface of the modified Simulation Controller menu in ESP-r.  

 

Figure 10.14. The upgraded simulation controller menu in ESP-r. 
 
As shown in Figure 10.14, the “Calling Matlab/Simulink” option becomes active only if one of the 
three control laws for zone, plant and systems, and flow network is set to use an external control 
system (e.g., by calling Matlab/Simulink). On the Run-Time Coupling Settings menu in ESP-r, it is 
possible to choose the following options: 

 For the run-time coupling environment (or infrastructure): socket APIs (chosen by default), 
shared memory, or CORBA  

 For the current number of client process (i.e. ESP-r) to connect to Matlab/Simulink: from 1 to 9.  
 For a network protocol: TCP/stream (chosen by default), UDP/datagram, BacNet, or LonWorks. 
 For communication mode: synchronous (chosen by default) or asynchronous. 
 For data exchange format: ASCII (chosen by default), binary, or XML. 

This process of entering all the necessary data required for run-time coupling in Matlab/Simulink is 
practically similar to that in ESP-r. In addition, some options in Matlab/Simulink for reading the OS’s 
IP address and displaying details about communication-induced time delays and/or Mollier diagrams 
are also possible. Figure 10.15 illustrates the upgraded menus of control laws for zone, plant and 
system, and flow network in ESP-r. 
 

 

 
 
 
 
 

 
 
 
 
 
 
 

 
 
 

Figure 10.15. The upgraded menus of control laws for zone, plant system, and flow network in ESP-r. 
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On the Matlab side, the user interface of the Run-Time Coupling Settings menu is displayed by typing 
“>> matespexge” at the Matlab prompt, as shown in Figure 10.13. After providing and choosing the 
necessary entries for run-time coupling with ESP-r, and invoking the creation of one of the three 
control laws (zone, plant and systems, and flow network), a sub user interface is displayed. Figure 
10.16 shows the sub user interface developed and implemented on the Matlab side to set up which 
sensed and actuated variables should be exchanged with ESP-r using run-time coupling. 

 

Figure 10.16. The user interface for zone, plant and systems, and flow network control in 
Matlab/Simulink. 

 
The sub user interface on the Matlab/Simulink side was designed in the same way, more or less, as in 
ESP-r. All possible sensed variables (inputs) and actuated variables (outputs) for control of zones, 
plant and systems, and flow components that ESP-r can exchange with Matlab/Simulink are shown in 
Figure 10.16. Due particularly to Matlab’s facilities for dealing with control systems, the design of 
MIMO control systems for complex and/or large-scale building performance applications becomes 
possible by run-time coupling between Matlab/Simulink and ESP-r. As a result, run-time coupling 
between Matlab/Simulink and ESP-r provides a useful tool for analysis and design of control systems 
in combination with building energy and performance applications. 

10.6. Simulation Results 
This section aims to present all simulation results obtained for the different scenarios described above 
(i.e., all possible applications of control systems in the test-cell case study) using run-time coupling 
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between ESP-r and Matlab/Simulink. Two seasons (winter and summer) were considered in different 
scenarios to analyse the developed and designed control strategies and algorithms on building 
performance applications using simulations and to evaluate the control responses during the entire 
occupied period of the building space. These control strategies and algorithms were practically the 
same as those used for the experiments; the only difference is that in the simulation two separate 
components win1 and win2, were used instead of one to model the motorised windows of the test-cell. 
Therefore, the same control strategies and algorithms performed for experimental work were used for 
simulations by modelling them remotely in Matlab/Simulink as shown in Figures 9.39, 9.40, 9.41, and 
9.42.  

The objective of this section was to improve the integration of advanced control systems such as 
MASs, multivariable control systems, and optimal and adaptive control systems in building 
performance simulation using run-time coupling between ESP-r and Matlab/Simulink. The purpose 
was not exactly to compare between experimental and simulation results because the case study was 
not completely modelled as a simulation where daylight is not controlled as it is in experimental work. 
However, practically the same designed control strategies and algorithms were used for both situations. 

Winter period  
This section presents the simulation results of different distributed control and building performance 
applications obtained using run-time coupling between ESP-r and Matlab/Simulink during the winter. 
Figure 10.17 shows the simulation results of the dry bulb temperature, cavity air temperature, and 
room air temperature, as well as the specified heating flux capacity obtained by automatically 
regulating the electric radiator in order to maintain the indoor air temperature at the desired heating 
setpoint, which was set to 21ºC during the occupied period.  
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Figure 10.17. Simulation results obtained for control of the heating mode. 
  
As shown in Figure 10.17, once the indoor air temperature reached the desired heating setpoint, it was 
maintained throughout the occupied period despite the dynamic changes caused principally by the 
outdoor temperature. In addition the indoor air temperature was maintained at the desired heating 
setpoint. As in the winter period, the indoor air temperature never reached the desired cooling setpoint, 
which was 24ºC. Therefore, one of the main objectives of maintaining the indoor air temperature at the 
desired heating setpoint was to reduce energy consumption. Figure 10.18 illustrates the simulation 
results of the outside and inside relative humidity levels, the cavity relative humidity level, and the 
specified moisture supply content provided by automatically regulating the humidifier in order to keep 
the indoor relative humidity level at the desired setpoint (40%) during the entire occupied period. 
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Creating two desired setpoints for control of the relative humidity in a building space would be much 
easier as it would allow greater flexibility for the control system. 
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Figure 10.18. Simulation results obtained for control of the humidifying process. 
 

Once the indoor relative humidity was brought to the desired setpoint of 40%, it was relatively steady 
during the entire occupied period. Figure 10.19 illustrates additional results such as the volume airflow 
rate through win1, win2, and inlet (i.e., the dampers), as well as the pressure difference between the 
room and the cavity.  
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Figure 10.19. Simulation results obtained for control of the ventilation process. 
 
Figure 10.19 shows that only natural ventilation is active as the indoor air temperature is always higher 
than the cavity temperature and the volume airflow rates entering and leaving the room are more or 
less maintained at the desired setpoint throughout the occupied period. In addition, the volume airflow 
rate circulating through inlet (i.e., the dampers) was regulated in terms of the wind speed and direction 
and the volume airflow rate going through win1. Consequently, the control responses for win1 and 
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win2 could potentially be improved to smoothly maintain them at the desired IAQ setpoint by more 
accurately setting the parameters included in their models; however this requires much more 
simulation work. Figure 10.20 illustrates the simulation results obtained for direct solar radiation and 
for daylight entering into the space when the position of the venetian blinds was set to up or down.  
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Figure 10.20. Simulation results of direct solar radiation and natural illuminance entering the room.  
 
No controls were applied to the lighting and daylighting modes, and the simulation results shown in 
Figure 10.20 were realised in order to compare between the results obtained when the position of 
venetian blinds was up and those obtained when the position of venetian blinds was down.  

Summer period 
This section presents the simulation results of different distributed control and building performance 
applications obtained using run-time coupling between ESP-r and Matlab/Simulink during the summer 
period. Figure 10.21 shows the simulation results obtained for control of the cooling mode. 
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Figure 10.21. Simulation results obtained for control of the cooling mode. 
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The simulation results shown in Figure 10.21 include the dry bulb temperature, the cavity air 
temperature, and the room air temperature, as well as the specified cooling flux capacity obtained by 
automatically regulating the cooler in order to maintain the indoor air temperature at the desired 
cooling setpoint of 22ºC during the occupied period. The first the indoor air temperature was between 
the desired heating and cooling setpoints. Once the desired cooling setpoint was reached, it was 
maintained during the rest of the occupied period. Figure 10.22 shows the simulation results of the 
outside and inside relative humidity levels, the cavity’s relative humidity level, and the specified 
moisture supply content obtained by automatically regulating the humidifier in order to maintain the 
indoor relative humidity level at the desired setpoint of 40% during the occupied period. 
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Figure 10.22. Simulation results obtained for control of dehumidifying and humidifying processes. 
 

Figure 10.23 shows additional results comprising the volume airflow rate through win1, win2, and inlet 
(i.e., the dampers), as well as the pressure difference between the room and the cavity.  
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Figure 10.23. Simulation results obtained for control of the ventilation process. 
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Once the indoor relative humidity dropped to the desired setpoint (40%), the humidity was relatively 
maintained during the rest of the occupied period. Before the desired setpoint was met, no control 
actions were performed for the control of indoor air temperature during the evolution between the 
desired heating and cooling setpoints. As a result the dehumidification process was not controlled as it 
was in experimental work. One way of activating the dehumidification process at the beginning of the 
occupied period (i.e., bringing the indoor relative humidity down to the desired setpoint) is to choose a 
very low desired heating setpoint in order to first cool down and then heat up the air in a building 
space. Nevertheless, using a lower heating setpoint than 18ºC may affect the comfort of occupants for 
a certain period. Further, a comparison between the experimental and simulation results of the room 
and cavity air temperature shows that they are different and both situations are not controlled in the 
same way. Hence, it was hypothesised that setting up two desired setpoints for control of the relative 
humidity in a building space would be much easier than considering one desired setpoint as it allows 
greater flexibility for its control system.  
 
Figure 10.23 shows that only natural ventilation was active, which differs from the conditions of the 
experimental work. One reason was that the indoor air temperature remained superior to the cavity air 
temperature during the occupied period. Therefore, mechanical ventilation was inactive during the 
occupied period. Thus the amount of fresh air provided into the room was not maintained at the desired 

air quality setpoint, which was 10 1.l s , as the volume airflow rates entering through win1 and leaving 
through win2 were not effectively at the desired control setpoint. This was mainly due to the 
temperature difference between the indoor and outdoor air, and even with the cavity temperature, 
which remained too small during the occupied period. In addition, the models of win1 and win2 
approximately represented the function of the motorised windows used in the test-cell. One of the 
solutions to this issue was to include an option in the control strategy to compensate for the gap 
between the control response and the desired setpoint. This option consists of turning on the air supply 
fan when necessary in order to meet the desired IAQ control setpoint. Figure 20.24 illustrates the 
simulation results obtained for direct solar radiation and for daylight entering the space when the 
position of the venetian blinds was either up or down. 
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Figure 10.24. Simulation results of direct solar radiation and natural illuminance entering the room. 
 
No control was applied to the lighting and daylighting modes, and the simulation results shown in 
Figure 10.24 were realised in order to compare the results obtained when the position of venetian 
blinds was up and those obtained when the venetian blinds were down.  
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Discussion 
Some important conclusions can be drawn from the simulation results obtained using run-time 
coupling between ESP-r and Matlab/Simulink, particularly regarding the capabilities of ESP-r in 
modelling a building space equipped with a ventilated DSF and its HVAC equipment and lighting 
components for control purposes. However, most of these conclusions were drawn based on a 
comparison between the experimental and simulation results. In this study ESP-r was used only for 
virtual representation of the test-cell and its HVAC equipment and lighting components, while 
Matlab/Simulink was used for the implementation of control systems in the manner performed in the 
experimental design. Therefore, as Matlab/Simulink is very advanced in the analysis and design of 
control systems, most issues in modelling the test-cell and its HVAC equipment and lighting 
components for control purposes concerned the capabilities of ESP-r. Consequently, it was observed 
that  

 ESP-r is capable of modelling the energy and fluid flows within combined building space and 
plant models subjected to dynamically varying boundary conditions.  

 ESP-r is sufficient for use with modelling the heating and cooling fluxes by injections into the 
zone or explicitly modelling the plant models. 

 ESP-r is still preliminary and partial for modelling the humidifying process in a building space. 
 ESP-r is still very limited in terms of accurately modelling certain types of components used in 

the test-cell, such as motorised windows and venetian blinds placed in the cavity of the DSF. 
However, with run-time coupling between ESP-r and Matlab/Simulink, it becomes possible to 
model such complex components, especially venetian blinds in the Matlab/Simulink side.   

 There was not a significant difference by comparing the simulation results obtained – by ESP-r 
–using shading in the cavity with those obtained without shading in the cavity, even though the 
corresponding plots were different (see Figures 10.20 and 10.24). 

 Some simulation results are not comparable with experimental data in part because climate data 
are processed on an hourly basis, which ESP-r requires for simulations.  

 Although the same developed control strategies and algorithms were used for the simulations 
and the experiments, most of the results were different (more even during the unoccupied 
period).  

Nevertheless, the simulation results, as shown in Figures 10.17, 10.18, 10.19, 10.21, 10.22 and 10.23, 
demonstrate that most of the controlled indoor processes – air temperature, relative humidity, and IAQ 
– were maintained at or between the desired control setpoints during the occupied period while energy 
consumption was minimised. Excluding the results shown in Figure 10.23, the IAQ was not 
maintained at the desired setpoint as the volume airflow rates entering through win1 and leaving 
through win2 never reached the desired setpoint during the occupied period. This was mainly due to a 
very small temperature difference between the outdoor and indoor air. One way to compensate for the 
gap between the control response and the desired IAQ control setpoint is to alternatively turn on the air 
supply fan at the required airflow rate in order to meet the desired setpoint. In general the simulation 
results showed that the control systems designed for the test-cell case study behaved properly during 
different periods of the year (winter and summer), as most of the comfort aspects were fulfilled 
consistent with standard norms by meeting the desired control setpoints. In addition most of the results 
showed that the energy was used only when necessary during the occupied period for both seasons 
(winter and summer). Therefore, it may be concluded that this automated control system designed for 
building performance applications – especially the test-cell case study – contributes to the reduction of 
energy consumption and greenhouse gas emissions. 

More importantly, using run-time coupling between ESP-r and Matlab/Simulink allows modelling and 
simulating complex multivariable building control and performance applications. Accordingly the 
simulation results were obtained based on the fact that the test-cell case study was built in ESP-r with 
zone, plant, and flow network models, whereas the automated control system was modelled and 
designed in Matlab/Simulink. Both the building model and its remote control system are separated 
from each other but work together by exchanging data to each other at every time step during the 
simulation. This indicates that run-time coupling between ESP-r and Matlab/Simulink operates in 
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practically the same manner as in the experiments. Therefore, instead of costly and time-consuming 
experiments, distributed simulations involving two or more software tools such as ESP-r and 
Matlab/Simulink using run-time coupling can be used to investigate the impact of new or existing 
control systems on building performance applications, as well as the influence of time delays induced 
by communication networks on controlled building performance applications. Finally, the comparison 
between the experimental and simulation results cannot be used for validation due principally to not 
have controlled daylight and direct solar radiation entering the room during the occupied period in 
simulations, which was not the case in the experiments, but to derive the directions for improvement. 

10.7. Conclusion  
This chapter focused on exploring distributed simulations between control systems and building 
performance applications using run-time coupling between ESP-r and Matlab/Simulink. The chapter 
began with a brief introduction to the test-cell case study and modelling a ventilated DSF, which is 
complex because of the high degree of interaction between the many heat transfer and airflow 
processes. Next the chapter explored the modelling approach, wherein ESP-r was chosen to model the 
test-cell case study, by describing in detail how to use ESP-r to model the test room with its ventilated 
DSF, HVAC equipment, and lighting components for control purposes. Afterwards, the chapter 
described how to design control systems on Matlab/Simulink using run-time coupling with ESP-r. 
Next different ESP-r and Matlab user interfaces for run-time coupling were presented. The chapter 
ended by showing the simulation results obtained using run-time coupling between ESP-r and 
Matlab/Simulink, commenting on and interpreting the results on the basis of the control responses, and 
then highlighting some important issues to consider when using ESP-r for modelling the thermal, air-
quality, and visual performance of buildings for control purposes.  

The work presented in this chapter mainly concerned the integrity and applicability of advanced 
control systems in building performance simulation. Although integrity was ensured through the use of 
run-time coupling between ESP-r and Matlab/Simulink, applicability was demonstrated through 
distributed simulations between a building model (i.e., the test-cell case study) built in ESP-r and its 
advanced control system modelled in Matlab/Simulink. Moreover, the simulation results were obtained 
by applying MIMO control systems to a complex building model composed of zones, plant systems, 
and flow networks for different periods of the year (winter and summer). Except the building optics 
(i.e., lighting and daylighting) were not considered and are still under development to be run-time 
coupled between ESP-r and Matlab/Simulink. Consequently, the use of run-time coupling between 
ESP-r and Matlab/Simulink facilitates the integration of advanced control systems in building 
performance simulation. In addition, it is now possible to analyse and simulate building control 
applications that were unfeasible or impossible before. 

Finally, the approach adopted in this research study by developing and implementing a distributed 
simulation mechanism involving two or more software tools connected over a network can be used by 
specialists and nonspecialists to effectively analyse and simulate distributed control and building 
performance applications in a fully integrated manner. Using this approach, a distributed dynamic 
simulation system spanning several engineering domains, including building performance, 
communication networks, and control systems, makes it possible to conduct cross-disciplinary and 
technologically advanced research in the domain of ABs. Therefore, the ability to represent the main 
functions of BACS architecture or technology (e.g., the automation of HVAC equipment, lighting 
components, and other tasks such as access control, energy management, and fault diagnoses in a large 
building or a group of buildings via a network) in simulation can result in significant improvements 
and contribute to achieving increased efficiencies particularly in third-generation ABs. 
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Chapter  
  

11. General Conclusion 
 
 
 
 
   “Science without religion is lame, religion without science is blind.” 

Albert Einstein 
 
 
 
 
Specific conclusions are given at the end of each chapter of the thesis. In this chapter, only the major 
points are reiterated and extended. Consequently, this chapter begins with concluding remarks treated 
chapter by chapter, outlines research results and contributions, and finally ends by giving possible 
recommendations for future work. 

11.1. Conclusions 
This research has attempted to show how a methodology based on SE best practices can help in 
developing and implementing a distributed dynamic simulation mechanism for BACS using run-time 
coupling between one or more instances of ESP-r and Matlab/Simulink that operate cooperatively over 
a network. This distributed simulation environment is intended for improving functionalities of BACS 
architecture and providing practical solutions to enhance the automation and operational integrity of 
HVAC&R equipment and lighting components in buildings, especially in ABs, as well as to improve 
distributed automation and control applications in buildings for better environmental performance and 
sustainability. It has shown that with run-time coupling between one or more ESP-r(s) and Matlab/ 
Simulink, it is now possible to investigate and simulate building control applications that have not 
previously been possible. It also appeared that run-time coupling of non-interactive simulation tools 
such as ESP-r and Matlab/Simulink is a relevant application for the purpose of enabling integrated 
performance assessment of new building control strategies. The investigation of different simple and 
complex distributed control and building performance applications has identified the efficiency of this 
– distributed dynamic simulation mechanism – as a significant means for improving the development 
of BACS architecture or similar technologies used in buildings, as well as enabling a better design of 
control systems for indoor building environments.  

In Chapter 2, several statements were formulated and research questions were identified to guide the 
direction of the research described in this thesis. In addition, a methodology based on SE practice was 
developed. This methodology served to provide a structured and systematic framework that was used 
for the development and implementation of a distributed dynamic simulation mechanism for BACS, as 
well as for the integration of complex and large-scale automated control systems in building 
environments in the quest to satisfy adequate requirements for their achievement. It must be stressed, 
that this methodology was applied throughout the SDLC, especially the V model, to all activities (or 
phases) – ranging from the feasibility study to system operation and deployment – that were reviewed 
and described in detail with the aim of allowing any researcher to apply them in the development of a 
structured and systematic framework that would enable realization of a successful project. Several 
examples concerned with phases were provided to explain the means of resolving complex and 
technical problems in a development and design process and selecting a suitable solution for a 
particular problem out of two or more possible options.  

Chapter 3 described the alternatives identified to meet the purpose and needs described at the 
beginning of Chapter 2. It did so by discussing state-of-the-art coupling strategies and distributed 
systems, the literature on shared development, candidate SE standards for distributed systems 
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simulation, and other possibilities for parallel simulation in distributed environments. Moreover, it 
reviewed the application of modern BACS technology, building HAVC and lighting control systems, 
and SE practices to the building domain. It first described several technologies used for distributed 
systems that specify possible ways of integrating CME and BPS by run-time coupling, and then more 
closely examined SE standards–through a review of literature on shared development–for 
interoperability among different types of applications. Even though several standards for distributed 
systems simulation exist, the EIA-632 standard was selected as it is an open standard for engineering 
and reengineering systems. The majority of Chapter 3 focused on enhancing BACS architecture and 
improving the integration of control systems in building environments, followed by a description of the 
practical implementation of hierarchical layers in control systems in such a way that every control 
method and algorithm is classified to the specific layer accordingly.   

Chapter 4 described the development of a design approach to the design and synthesis of a functionally 
distributed dynamic simulation of BACS technology. To explain the means of developing and using 
this approach, it described a proposed approach to the application of the ANSI/EIA-632 standard, the 
development and implementation of a distributed dynamic simulation mechanism between CME and 
BPS, the representation of data communication protocols for ABs in simulation, the representation of 
BACS technology in simulation, and strategy for integrating advanced control systems in a building 
environment, especially in BPS for better building performance and operation. Moreover, the proposed 
strategy for integrating advanced control systems in building environments, in either real time or in 
simulations, was developed based on a hierarchical concept in order to facilitate the integration of any 
automated system including complex control systems such as HICA. Along with this strategy, a formal 
methodology for V&V of hybrid statecharts based on SE practice was also developed for large-scale 
control systems such as MASs and presented by placing emphasis on planning and strategy in 
performing V&V activities at multilevels of abstraction. 

Chapter 5 was concerned with evaluating and comparing the performance of different IPC mechanisms 
– such as named pipes, shared memories, intermediate files, network sockets, and CORBA – in order 
to choose the most appropriate one for the development and implementation of run-time coupling 
between one or more instances of ESP-r and Matlab/Simulink. The results of trade-off analysis of pre-
selected IPC mechanisms for performance comparison showed that the use of network sockets best 
meets all requirements imposed for the development and implementation of run-time coupling between 
ESP-r and Matlab/Simulink, especially a distributed dynamic simulation mechanism for BACS. After 
this selection, an analysis of both building control systems QoP and run-time coupling QoS were 
performed to determine the measures that negatively affect the communication medium and degrade 
the performance of control systems respectively. From this perspective, it was revealed that run-time 
coupling between ESP-r and Matlab/Simulink must be developed with an approach based on an 
architecture that consists of reducing the communication overhead by minimizing the time for the data 
exchange during simulation, including latency and bandwidth. 

On basis of the output of Chapter 5, development and implementation issues on the use of network 
sockets for run-time coupling were described in Chapter 6. This was done by describing the application 
of SE practice to the integration of CME and BPS into a detailed conceptual design of run-time 
coupling between ESP-r and Matlab/Simulink, with a clearer focus on its application to the 
representation of BACS architecture in a simulation, and  the translation of functional requirements 
into functions and operation in run-time coupling. These functional requirements represent different 
formats of data exchange including ASCII, binary, and XML, as well as different communication 
modes based on synchronous, asynchronous, and partially synchronous. Chapter 6 also reported on a 
number of experimental results regarding the elapsed times for distributed simulations between one or 
more ESP-r(s) and Matlab/Simulink running on a homogeneous and on a heterogeneous network. This 
also included verification of experimental results obtained with diverse types of simulation by means 
of practical applications of continuous, digital, and discrete-event control systems. Lastly, performance 
enhancements were added to promote run-time coupling between ESP-r and Matlab/Simulink for 
general and wide applicability 
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Chapter 7 developed a methodology based on a framework for performing V&V activities throughout 
the SDLC model to determine the degree of reliability to provide users with a sufficient degree of 
confidence in the simulation results obtained when using run-time coupling between ESP-r and 
Matlab/Simulink. It first described a variety of practical methods for the V&V of DCSs, especially of 
run-time coupling between ESP-r and Matlab/Simulink, pertaining to formal specifications, testing, 
analysis, and simulation, as well as the set of international SE standards for the V&V of DCSs. It then 
provided a mapping between V&V methods/standards and the application area of V&V in dependable 
DCSs to aid in the selection of an appropriate method for performing V&V activities according to an 
SE standard. Moreover, the framework for generating formal specification models was provided by the 
use of Petri nets, especially that of CPNs and HTPCNs, in such a way to perform dependability 
modelling and analysis – a method based on backward reach ability of CPN models – on inverse CPN 
models. This concluded that it is impossible to demonstrate that a DCS, especially run-time coupling 
between ESP-r and Matlab/Simulink, is absolutely infallible, but is, in contrast, sufficiently reliable. 

The purpose of Chapter 8 was to create a performance comparison of the simulation results obtained 
by different configurations of continuous, discrete, and network-based control systems in order to 
determine whether NCSs designed using run-time coupling between ESP-r and Matlab/Simulink are 
sufficiently reliable and stable, and are not disturbed by important communication delays, especially 
when exchanging data in exactly the same way as in the real world. The results showed that run-time 
coupling between ESP-r and Matlab/Simulink is implemented in a proper way as not to degrade the 
performance and stability of distributed control and building performance applications. It also focused 
on the analysis and design of different control systems including basic, conventional, and intelligent 
hybrid for building indoor processes and/or plant models using run-time coupling between ESP-r and 
Matlab/Simulink. The chapter also described the application and development of MASs in buildings 
with a focus on the design of reactive, deliberative, and hybrid agents using the extended hybrid 
statecharts with run-time coupling between ESP-r and Matlab/Simulink. Therefore, it was concluded 
that run-time coupling between ESP-r and Matlab/Simulink allows for integration of advanced control 
systems, particularly MASs, into building simulation.  

Chapter 9 was concerned with the test-cell case study: the application of advanced control systems in a 
real building. This was started by introducing the test-cell case study and describing the experimental 
setups used for the application of real-time automated control systems to HVAC equipment and 
lighting components in the test-cell. Chapter 9 then addressed the mathematical analysis and modelling 
of building indoor processes including heating, cooling, humidifying, dehumidifying, natural 
ventilation, mechanical ventilation, artificial lighting, and daylighting modes for control purposes. 
Despite the unavailability of air-flow sensors in the test-cell, it was possible to control and monitor the 
natural and mechanical ventilation modes through the use of air-temperature sensors. It then explored 
the design of automated control systems based on a hierarchical concept and the synthesis of advanced 
control systems for building performance applications, particularly by means of hybrid statecharts—an 
original object-oriented modelling formalism. In this regard, a control strategy for HVAC equipment 
and lighting components was developed with a focus on fulfilling the comfort aspects (i.e., thermal 
comfort, IAQ comfort, and visual comfort) at the lowest energy consumption level possible. The aim 
of the control strategy was to smoothly maintain the indoor air temperature, relative humidity, 
illuminance, and air-quality levels at or between the desired set points during the occupied period. To 
this aim, the control systems designed for building performance applications offered a comfortable and 
pleasant indoor climate for occupants by omitting unnecessary use of HVAC equipment and lighting 
components that principally consume electric energy or cause harmful noises during the occupied 
period. Accordingly, the results showed that the automated control system that was implemented on 
Matlab/Simulink – and communication with sensors and actuators of the test-cell via the data 
acquisition system using the TestPoint program – was successfully tested in the test-cell using different 
numbers of time steps and under different weather conditions (particular to the Netherlands). Lastly, it 
presented the experimental results and commented on the outcomes regarding the real-time control 
responses of HVAC equipment and lighting components used in the test-cell with the objective of 
reducing the total cost of ownership and minimizing the energy consumption. These results showed 
that the HVAC equipment and lighting components (i.e., actuators) of the test-cell behaved as expected 
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during the occupied period, and all their controlled parameters were smoothly maintained at or 
between the desired control set points, as defined in the design. 

Finally, Chapter 10 focused on exploring distributed simulations between control systems and building 
performance applications using run-time coupling between ESP-r and Matlab/Simulink. This began 
with the modelling approach, wherein ESP-r was chosen to model the test-cell case study, by 
describing in detail how to use ESP-r to model the test-cell (i.e., test room together with its ventilated 
DSF), HVAC equipment, and lighting components for control purposes. The chapter then continued 
with the design approach, wherein Matlab/Simulink was chosen to use the same control systems 
implemented for experiments in distributed simulation with ESP-r, by describing how to design control 
systems on Matlab/Simulink by run-time coupling with ESP-r. In this regard, the integrity and 
applicability of advanced control systems in building performance simulation were concerned. 
Although integrity was ensured through the use of run-time coupling between ESP-r and 
Matlab/Simulink, applicability was demonstrated through distributed simulations between a building 
model (i.e., the test-cell case study) built in ESP-r and its advanced control system modelled in 
Matlab/Simulink. Lastly, it ended by showing the simulation results obtained using run-time coupling 
between ESP-r and Matlab/Simulink, commenting on and interpreting the results on the basis of the 
control responses, and then highlighting some important issues to consider when using ESP-r for 
modelling the thermal, air-quality, and visual performance of buildings for control purposes. 
Moreover, the simulation results were obtained by applying MIMO control systems to a complex 
building model composed of zones, plant systems, and flow networks for different periods of the year 
(winter and summer). The building optics (i.e., lighting and daylighting) were not considered and are 
still under development to be run-time coupled between ESP-r and Matlab/Simulink. Therefore, it 
could conclude that the use of run-time coupling between ESP-r and Matlab/Simulink facilitates the 
integration of advanced control systems in building performance simulation. In addition to this, it is 
now possible to analyze and simulate building control applications that were unfeasible or have not 
previously been possible. 

From this outlined research, it should be concluded that the effective use of SE practices (i.e., 
including principles, procedures, techniques and tools) help to better understand the definitions of the 
problems and to develop a structured and systematic framework that yields innovative solutions to the 
defined problems. Designing a dynamic distributed simulation mechanism for BACS and integrating 
advanced control systems in building environments are complex and require a multidisciplinary 
approach, therefore, a methodology based on SE best practices – a generic problem-solving process – 
was developed to help resolve these points of view. This methodology thus served to provide a 
structured and systematic framework that allowed reasonable requirements (such as operational needs) 
to be defined in a verifiable manner and transform them into a description of a system configuration 
that best satisfies those requirements in an effective and efficient way. The V lifecycle model was 
chosen for the framework because of its structure. Consequently, this framework was successfully used 
for the development and implementation of a distributed dynamic simulation mechanism for BACS, 
and for the integration of advanced control systems in building environments. Finally, it should be 
noted that with the help of this framework, a distributed dynamic simulation mechanism was designed 
as a “system of systems” concept to be used by specialists and nonspecialists to effectively analyze and 
simulate distributed control and building performance applications in a fully integrated manner.   

11.2. Research Results and Contributions 
The main indicated and quantified results of this research were that: 

 a methodology based on SE best practices was developed and served to provide a structured and 
systematic framework for development and implementation of a distributed dynamic simulation 
mechanism, as well as for the integration of advanced control systems in building environments;  

 a performance comparison of different IPC mechanisms was presented and evaluated to choose 
the most appropriate one for the development and implementation of run-time coupling between 
ESP-r and Matlab/Simulink; 
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 a distributed dynamic simulation mechanism was designed with the ability to similarly represent 
BACS architecture in a simulation using run-time coupling between Matlab/Simulink and one 
or more instances of ESP-r over a network, and with diverse modes of data exchange (e.g., 
XML, ASCII, and binary) and communication (e.g., synchronous and asynchronous) to allow 
integrated performance assessment of distributed control applications in buildings such as 
MASs in ABs;  

 a methodology based on a framework for performing V&V of a DCS, especially of run-time 
coupling between ESP-r and Matlab/Simulink throughout the V lifecycle model was developed 
for modelling and analysing dependability models based on Petri nets and Markov chains; 

 a distributed dynamic simulation mechanism was demonstrated with diverse types of simulation 
by means of practical applications of continuous, digital and discrete-event control systems; and 
of communication modes based on synchronous, asynchronous and partially synchronous, and 
successfully used for M&S of the test cell case study – a complex multivariable building control 
and performance application; 

 (extended) hybrid statecharts – an original object-oriented formalism – was developed to model 
complex and large-scale automated control systems in buildings such as MASs in ABs; and 

 automated control systems were developed and successfully applied to HVAC equipment and 
lighting components in the test-cell case study, either in real time or in simulations. 

It can therefore be concluded that the main contribution of the research presented in this thesis was its 
demonstration that computer simulations can be used to provide practical solutions for enabling the 
integration of advanced control systems in building environments, and in improving distributed control 
applications in the building or a group of buildings, such as MASs in ABs. In addition, it reinforces the 
belief that this distributed dynamic simulation mechanism can be used to help in the development and 
design of advanced control strategies for building environments, especially when requiring parallel and 
distributed simulations for high performance computing. Therefore, a distributed dynamic simulation 
mechanism for BACS can serve as an invaluable tool in supporting distributed simulations between 
control systems and building performance applications. It can also be used to better model and control 
the dynamic behaviours of HVAC&R equipment and lighting components in buildings, especially 
ABs, and to improve their automation and operational integrity within the building environments. 

This research also contributes knowledge about a building as a complex system with a number of 
physical processes interacting with each other and with the environment in general, and with increased 
complexity in control systems design due to changing requirements in particular, which are described 
and analyzed through a number of studies either with simulations or in real time. In addition, 
knowledge about a DCS, especially run-time coupling between ESP-r and Matlab/Simulink over a 
network, is presented along with the development, implementation, V&V, and operation of a 
distributed dynamic simulation mechanism, as well as with the development and implementation of 
several options for run-time coupling based on system-level software such as web-services (i.e., XML 
and SOAP). Moreover, integrated knowledge about SE practice, especially the EIA-632 standard that 
was explored and used for the purposes of this study is broadened and reviewed by considering most of 
the design phases – ranging from the user requirements phase to the system operation and disposal 
phase – of the V model.       

11.3. Recommendations for Future Research 
This thesis is a multidisciplinary research work combining at least three main fields including control 
engineering, communication networks, and building physics. It may be viewed as a new trial because 
the subject deals with both advanced control theory and communication technology in BACS 
architecture. The thesis is far from complete, however. More work still needs to be done, many aspects 
need to be improved, and new challenges such as wireless communications quality and control systems 
performance need to be considered in the study.  

BACS technology is a very broad subject. Although major progress in application have occurred, it 
still requires attention on how to keep buildings consistently comfortable and healthy for occupants at 
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as low a level of energy consumption possible. Consequently, it would be necessary to simulate MAS 
applications involving use of run-time coupling between multiple instances of ESP-r and 
Matlab/Simulink over a network, as well as to perform detailed analysis of the scalability and 
performance of a distributed simulation mechanism while running in partially synchronous mode. 

Finally, experiments on the application of advanced control systems to the test-cell case study were 
successfully conducted for different seasons of the year, and were the basis for the development of an 
automated control system based on a hierarchical concept. Subsequently, there is room for 
improvement in its strategy, such as integrating passive processes such as night cooling during the 
unoccupied periods to anticipate occupants’ comfort with a minimum level of energy consumption. 
 
 



A Distributed Dynamic Simulation Mechanism                                                                                              Appendices 
for Building Automation and Control Systems                                       
                                  

 319

  Appendix A 
 
 
 
 
 
 

Systems Development Life Cycle 
There is wide range of SDLC models, and many individuals and companies adopt their own to suit 
their particular objectives and circumstances, but most (nearly all) have very similar patterns. The 
following are some other known and frequently used SDLC models (besides the V (or Vee) model): 

Waterfall Model 
 

 

Figure A.1. Waterfall SDLC model  
 

Spiral Model 
 

 

Figure A.2. Spiral SDLC model  
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Incremental Model 
 

 

Figure A.3. Incremental SDLC model  
 
 

Agile/Extreme Model 

 

Figure A.4. Agile (or Extreme) SDLC model  
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   Appendix B  
 

 
 
 
 
 

ANSI / EIA-632 Processes and Activities 
 

Table B.1. ANSI / EIA-632 Processes and Activities 

 

Fundamental Processes Process Categories Activities 

Acquisition  
and Supply 

Supply Process (1) Product Supply 

Acquisition Process 
(2) Product Acquisition 
(3) Supplier Performance 

 
 
 
 
 

Technical Management 

 
 
Planning Process 

(4) Process Implementation Strategy  
(5) Technical Effort Definition  
(6) Schedule and Organization 
(7) Technical Plans  
(8) Work Directives 

 
Assessment Process 

(9) Progress Against Plans and Schedules  
(10) Progress Against Requirements  
(11) Technical Reviews  

Control Process 
(12) Outcomes Management  
(13) Information Dissemination 

 
 
 

System Design 

Requirements 
Definition Process 

(14) Acquirer Requirements  
(15) Other Stakeholder Requirements  
(16) System Technical Requirements 

Solution Definition 
Process 

(17) Logical Solution Representations  
(18) Physical Solution Representations  
(19) Specified Requirements 

 
 

Product Realization 

Implementation 
Process 

(20) Implementation 

Transition to Use 
Process 

(21) Transition to use 

 
 
 
 
 
 
Technical  Evaluation 

Systems Analysis 
Process 

(22) Effectiveness Analysis  
(23) Trade-off Analysis  
(24) Risk Analysis 

 

Requirements 
Validation Process 

(25) Requirement Statements Validation  
(26) Acquirer Requirements  
(27) Other Stakeholder Requirements  
(28) System Technical Requirements  
(29) Logical Solution Representations 

System Verification 
Process 

(30) Design Solution Verification  
(31) End Product Verification  
(32) Enabling Product Readiness 

End Products 
Validation Process 

(33) End products validation 
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  Appendix C 
 

 
 
 
 
 

Distributed Dynamic Simulation Mechanism 
This mechanism has about 10000 lines of code in total. A significant number of these lines are written 
in C/C++ programming languages and a range of modifications have made in ESP-r to support run-
time coupling with Matlab/Simulink. Several libraries and specifications including gSOAP, Boost, 
Google’s protocol buffers (protobuf), Google’s solidframe, and Orbacus have been implemented and 
used by subsequent applications of the study.  What follows are the Matlab (.m) files describing all 
exchanged variables between ESP-r and Matlab/Simulink by run-time coupling. 
 

 

Figure C.1.  (.m) file that reads and displays settings while run-time coupling ESP-r  
with Matlab/Simulink 
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Figure C.2. The .m  file  that exchanges data with ESP-r zones  
 
 



A Distributed Dynamic Simulation Mechanism                                                                                              Appendices 
for Building Automation and Control Systems                                       
                                  

 324

 

Figure C.3. The .m  file that exchanges data with ESP-r plant and systems 
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Figure C.4. The .m  file that exchanges data with ESP-r flow networks
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  Appendix D 
 
 
 
 
 
 

Experiments with Multiple Instances of ESPr in Parallel and Distributed 
Simulations with Matlab/Simulink 
Below are the simulation results obtained using the same building model built on ESP-r (as shown in 
Figure 6.29) with the same PI control system modelled in Matlab/Simulink (as shown in Figure 6.34-
right), and with the same DES control system modelled in Matlab/Simulink (as shown in Figure 6.40). 

 

Figure D.1. Run-time coupling between 3 instances of ESP-rand Matlab/Simulink  
 

 

 

 

Figure D.2. Simulation results obtained for PI control system by run-time coupling between Matab/ 
Simulink and 3 ESP-r(s) in different communication modes for simulation time steps of 2 min. 
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Figure D.3. Simulation results obtained for PI control system by run-time coupling between Matab/ 
Simulink and 3 ESP-r(s) in different communication modes for simulation time steps of 2 min. 

 

 

Figure D.4. Run-time coupling between 5  instances of ESP-rand Matlab/Simulink 
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Figure D.5. Simulation results obtained for PI control system by run-time coupling between Matab/ 
Simulink and 5 ESP-r(s) in different communication modes for simulation time steps of 2 min. 
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Figure D.6. Simulation results obtained for PI control system by run-time coupling between Matab/ 
Simulink and 5 ESP-r(s) in different communication modes for simulation time steps of 1 min. 

 

 

Figure D.7. Run-time coupling between 7 instances of ESP-rand Matlab/Simulink 
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Figure D.8. Simulation results obtained for PI control system by run-time coupling between Matab/ 
Simulink and 7 ESP-r(s) in synchronous mode for simulation time steps of 2 and 1 min. 

 

 

Figure D.9. Simulation results obtained for PI control system by run-time coupling between Matab/ 
Simulink and 7 ESP-r(s) in asynchronous mode for simulation time steps of 2 and 1 min. 
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Figure D.10. Simulation results obtained for PI control system by run-time coupling between Matab/ 
Simulink asynchronized and 7 ESP-r(s) synchronized for simulation time steps of 2 and 1 min. 
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Figure D.11. Simulation results obtained for PI control system by run-time coupling between Matab/ 
Simulink synchronized and 7 ESP-r(s) asynchronized for simulation time steps of 2 and 1 min. 

 

 

Figure D.12. Run-time coupling between 9 instances of ESP-rand Matlab/Simulink 
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Figure D.13. Simulation results obtained for PI control system by run-time coupling between Matab/ 
Simulink and 9 ESP-r(s) in synchronous mode for simulation time steps of 2 and 1 min. 

 

 

 

Figure D.14. Simulation results obtained for PI control system by run-time coupling between Matab/ 
Simulink and 9 ESP-r(s) in asynchronous mode for simulation time steps of 2 and 1 min. 
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Figure D.15. Simulation results obtained for PI control system by run-time coupling between Matab/ 
Simulink asynchronized and 9 ESP-r(s) synchronized for simulation time steps of 2 and 1 min.. 
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Figure D.16. Simulation results obtained for PI control system by run-time coupling between Matab/ 
Simulink synchronized and 9 ESP-r(s) asynchronized for simulation time steps of 2 and 1 min. 

 

 

 

Figure D.17. Simulation results obtained for DES control system by run-time coupling between Matab/ 
Simulink and 9 ESP-r(s) in synchronous mode for simulation time steps of 2 and 1 min. 
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Figure D.18. Simulation results obtained for DES control system by run-time coupling between Matab/ 
Simulink and 9 ESP-r(s) in asynchronous mode for simulation time steps of 2 and 1 min. 
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Figure D.19. Simulation results obtained for DES control system by run-time coupling between Matab/ 
Simulink asynchronized and 9 ESP-r(s) synchronized for simulation time steps of 2 and 1 min. 

 

 

 

Figure D.20. Simulation results obtained for DES control system by run-time coupling between Matab/ 
Simulink synchronized and 9 ESP-r(s) asynchronized for simulation time steps of 2 and 1 min. 
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   Appendix E 
 
 
 
 
 
 

Test-Cell Specifications 
 

Table E.1. TU Delft test-cell specifications 

 

Location and 
orientation of 
the test-cell 

Latitude 52°C (N) 

Longitude 4°6’ (E) 

Window surface azimuth 30° (E) 

 
 
Dimension  
of the  
test-cell 

Internal measures 3.1 x 3.9 x 2.68 [m] 

External measures 3.4 x 4.2 x 3.0 [m] 

Floor area 12.09 [m2] 

Total area 3.4 x 4.2 x 3.0 [m3] 

Volume 32.40 [m3] 

 
Windows: 
double 
glazing 
 

Glass area 3.1 x 1.9 [m] 

Height of window sill 0.8 [m] (above floor level) 

Double glazing thickness 5-12-5 [mm] 

Double glazing U-value 2.7 [W/m2K] 

Venetian 
blinds 

U-value (Up - Down) 2.7 – 1.9 [W/m2K] 

Distance shutter-window 0.05 [m] 

Specification of the materials of the test-cell 

Layer type 
Thickness 

[m] 
Heat conductivity

[W/mK] 
Density 
[kg/m3] 

Heat capacity 
[J/kgK] 

R
oo

f 
 &

 
w

al
ls

 

Steel 0.0006 52 7800 500 

Polystyrene 0.148 0.034 20 1300 

Steel 0.0006 52 7800 500 

F
lo

or
 

Carpet 0.005 0.06 160 2500 

Aluminum 0.0025 200 2800 880 

Plywood 0.018 0.17 700 1880 

Polystyrene 0.15 0.034 20 1300 

D
oo

r 

Polystyrene 0.296 0.034 20 1300 
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