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Abstract

*

Based on design experience forreal-time systems, we introduce modelling patterns
to enable easy composition of models for design space exploration. Our proposed
approach does not require deep knowledge of the modelling language used for the
actual specification of the model and its related analysis techniques. The patterns
proposed in this paper cover different types of real-time tasks, resources and
mappings, and include also aspects that are usually ignored in classical analysis
approaches, like task activation latency or execution context switches. In this
paper, we present a library of such modelling patterns expressed in the POOSL
language. By identifying the patterns that are needed for the specification of a
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system, the POOSL model can be automatically generated and analysed using its
related tools and techniques as illustrated in two case studies.
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Introduction

Complex real-time embedded systems are usually comprised of a combina
tion of hardware and software components that are supposed to synchronise and
coordinate different processes and activities. From early stages of the design,
many decisions must be made to guarantee that the realisation of such a complex
machine meets all the functional and non-functional (timing) requirements.
One of the main problems to address concerns the choice of the most suitable
architecture of the system such that all the requirements are met. To properly
deal with this question, the common approaches are design space exploration
and system-level performance analysis. An extensive overview of such method
ologies is given in [2] and [14]. They range from analytical computation
to simulation-based estimation. These are oft-specialised techniques which
claim that general purpose languages are ill-suited for system-level analysis.
However, due to the heterogeneity and complexity of systems, for the analy
sis of different aspects different models need to be built and their coupling is
often difficult. Therefore, a unified model, covering all the interesting aspects,
is actually needed to speed-up the design process. This is how the Unified
Modelling Language (UML) [201 came to be conceived. The language was
designed mainly for object-oriented software specification, but recently it was
extended (UML 2.0) to include (real-time) systems as well.
During the development of new systems, common problems are encountered
again and again, and experienced designers apply the solutions that worked
for them in the past [11]. These pairs of problem-solution are called design
patterns and their application helps in getting a design “right” faster. With the
increase in the development of real-time systems, design patterns were needed
for dealing with issues like concurrency, resource sharing, distribution [6]. As
UML has become the industry standard language for modelling, these patterns
are described in UML. However, the semantics of the language is not strong
enough to properly deal with the analysis of real-time system behaviour. There
fore, an expressive and formal modelling language is required instead in order
to capture in a compact model timing, concurrency, probabilities and complex
behaviour.

Design patterns refer to problems encountered in the design process it
self, but problems appear also in the specification of components that are
commonly encountered in complex systems [131. Although components of
the analysed systems exhibit some common aspects for all real-time systems
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(e.g. characteristics of tasks like periodicity or apemiodicity, processors, sched
ulers, and their overheads), they are built everytime from scratch and similar
issues are encountered over and over.
Contributions of the paper.
To reduce the amount of time needed to con
struct models for design space exploration, we propose modelling patterns to
easily compose models for the design space exploration of real-time embedded
systems. These modelling patterns, provided as a library, act like templates that
can be applied in many different situations by setting the appropriate parameters.
They are based on the concepts of a mathematically defined general-purpose
modelling language, POOSL [25], and they are presented as UML diagrams.
These boilerplate solutions are a critical success factor for the practical applica
tion in an industrial setting and are a step towards the (semi-) automated design
space exploration in the early phases of the system life cycle.
This paper is organised as follows. Section 2 discusses related research work.
Section 3 briefly presents the POOSL language, whereas Section 4 provides the
modelling patterns. The composition of these patterns into a model is discussed
in Section 5 and their analysis approach in Section 6. The results of applying
this approach on two case studies are presented in Section 7. Conclusions are
drawn in Section 8.

2.

Related Research

An extensive overview of performance modelling and analysis methodologies
is given in [2] and [14]. They range from analytical computation, like Modular
Performance Analysis [26] and UPPAAL [3], to simulation-based estimation,
such as Spade [18] or Artemis [21]. The techniques for analytically computing
the performance of a system are exhaustive in the sense that all possible behav
iours of the system are taken into account. For this reason, the models are built
at a high level of abstraction and they abstract away from the non-deterministic
aspects, otherwise the state space explosion problem is faced.
On the other hand, simulation of models allows the investigation of a limited
number of all the possible behaviours of the system. Thus, the obtained analysis
results are estimates of the real performance of the system. To obtain credible
results, these techniques require the models created to be amenable to mathemat
ical analysis (see [23]), using mathematical structures like Real-Time Calculus
[5], timed automata [1] or Kahn process networks [16]. As in general, ana
lytical approaches do not scale with the complexity of the industrial systems,
simulation-based estimation of performance properties is used more often. In
this context, the estimation of performance is based on statistical analysis of
simulation results.
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The analysis technique described in this paper is based on simulation of
models expressed in the formally defined modelling language POOSL. Due to
the semantics of the language, analytical computation of the properties of a
real-time system is possible. However, the type of models that we shall present
throughout the paper, though compact, they incorporate non-determinism. Due
to the state space explosion problem, estimation of the system performance is
used instead of analytical computation.
With respect to the idea of using patterns for building a model based on
previous experience with modelling systems from a particular application area,
this is not new. As an example, in [13], the authors propose patterns to deal
with the complexity of system models by reusing structures expressing expert
modelling experience at a higher level of design and abstraction than the basic
elements. In a similar manner, we propose modelling patterns for real-time
systems that capture their typical components and characteristics, like tasks,
computation and communication resources, schedulers, and input and output
devices. The use of them prevents the building of system models from scratch
over and over and enable the possibility of automatic generation of such models
based on a textual representation.

3.

POOSL Modelling Language

The Parallel Object-Oriented Specification Language [25] lies at the core
of the Software/Hardware Engineering (SHE) system-level design method.
POOSL contains a set of powerful primitives to formally describe concurrency,
distribution, synchronous communication, timing, and functional features of a
system into a single executable model. Its formal semantics is based on timed
probabilistic labelled transition systems [22]. This mathematical structure guar
antees a unique and an unambiguous interpretation of POOSL models. Hence,
POOSL is suitable for specification and subsequently, verification of correct
ness and evaluation of performance for real-time systems.
POOSL consists of a process part and a data part. The process part is used
to specify the behaviour of active components in the system, the processes, and
it is based on a real-time extension of the Calculus of Communicating Systems
[19]. The data part is based on traditional concepts of sequential object-oriented
programming. It is used to specify the information that is generated, exchanged,
interpreted, or modified by the active components. As mostly POOSL processes
are presented in this paper, Fig. 20.1 presents the relation between the UML class
diagram and the POOSL process class specification. The name compartment of
the class symbol for process classes is stereotyped with <<process>>. The
attributes are named <<parameters>> and allow parameterising the behav
iour of a process at instantiation. The behaviour of a process is described by
its <<methods>> which may include the specification of sending (!) and/or
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<<process>>
<<class>>
ClassName

ProcessName
<<parameters>>

<<attributes>>
Attribute: Type

Parameter: Type
<<methods>>

<<methods>>

Method()

MethodQ()

<<messages>>
port?message

(a) UML class

(b) POOSL process class

Figure 20.].

UML vs. POOSL process class.

receiving (?) of <<messages>>. More details about the UML profile for
POOSL can be found in [23].
The SHE method is accompanied by two tools, SHESim and Rotalumis.
SHESim is a graphical environment intended for incremental specification,
modification and validation of POOSL models. Rotalumis is a high-speed
execution engine, enabling fast evaluation of system properties. Compared
with SHESim, Rotalumis improves the execution speed by a factor of 100.
Both tools have been proved to correctly simulate a model with respect to the
formal semantics of the language in [12].

4.

Modelling Patterns

One of the approaches for performing systematic design space exploration
is the Y-chart scheme, introduced in [17]. This scheme makes a distinction
between applications (the required functional behaviour) and platforms (the
infrastructure used to perform this functional behaviour). Although we are
concerned only with the realisation of the software part of a real-time system,
the hardware part must also be taken into account in the analysis in order to
predict the behaviour of the system as a whole and the impact each part may have
on the others. Moreover, as real-time systems are typically reactive systems,
meaning that there is a continuous interaction with the outside world, in [10]
we added the model of the environment to the Y-chart scheme, as depicted in
Fig. 20.2. The design space can be explored by evaluating different mappings
of applications onto platforms.
To reduce the amount of time needed to construct models for design space
exploration, we propose modelling patterns to easily compose models of real
time embedded systems. They are provided as a library and act like templates
that can be applied in many different situations by setting the appropriate
parameters. These modelling patterns emerged from previous experience with
real-time systems modelling (see [9], [7], and [24]). Moreover, they reflect
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Figure 20.4.
Figure 20.2.

Y-chart Part

Pattern Name

Application
Model

PeriodicTask

AperiodicTask
Platform
Model
Environment
Model

Resource
Scheduler
InputGenerator
OutputCollector
Figure 20.3.

Y-chart scheme.

o

Parameter Names
period (T)
deadline (D)
load
deadline (D)
load

latency (1)
iterations

initial latency
scheduling policy
event type
event type

throughput

latency (1)

generation stream
desired throughput

Modelling patterns.

the approach assumed in classical scheduling analysis [4] for modelling such
systems. The library of patterns contains templates for different types of tasks,
resources, schedulers, and input and output devices, which are presented in
Fig. 20.3. This figure shows the Y-chart components to which each of these
patterns belongs, the names of the patterns and their parameters. Each of these
patterns are explained in the remainder of this section.

Application Model
The functional behaviour of a real-time embedded system is implemented
through a number of tasks that may communicate with each other. Task activa
tion requests can be periodic (time-driven), being activated at regular intervals
equal to the task period T, or aperiodic (event-driven), waiting for the occunence
of a certain event. There are three types of uncertainties, showed in Fig. 20.4,
that may affect a task:

Deadline

Reference.
Time

Real-time task parameters.

Activation latency: It may be caused, for example, by the inaccuracies
of the processor clock that might drift from the reference time because
of temperature variations. For event-driven tasks, the performance of the
run-time system, which cannot continuously monitor the environment for
events, may also have influence.

• Release jitter: It may be caused by the interference of other tasks that,
depending on the scheduling mechanism, may impede the newly activated
task to start immediately its execution.
• Output jitter: It may be caused by the cumulated interference of other
tasks in the system, the scheduling mechanism that may allow pre
emption of the executing task, the variation of the activation latency,
and even of the execution time of the task itself, which may depend on
the input data.
In classical real-time scheduling theory [4], the release jitter and, to some
extent, the output jitter can be computed, but the activation latency is usually
ignored. As in control-oriented systems the effect of this latency might be of
significant importance, the POOSL specification of the task modelling patterns
overcomes this problem. The two task patterns that we have conceived are
visualised using the POOSL equivalent of UML class diagrams in Fig. 20.5.
The PeriodicTask pattern is to be used whenever a periodic independent
task is required. Its parameters are the period T, the deadline D, the load, which
represents the worst-case value of the number of instructions the task imposes
on a target processor and can be obtained based on previous experience, the
activation latency 1 specified as a distribution, and the number of iterations
for the case the task is not infinitely running. The AperiodicTask pattern
should be applied for the specification of a task triggered by an event from the
environment or by a message from another task in the system. Its parameters are
the deadline D, the load, and the activation latency 1. Each of these two patterns
has two methods. One is called Periodic, and respectively Aperiodic, and
contains the specification of the task according to the type of triggering it has,
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<<process>>

<<process>>

PeriodicTask
<<parameters>>
T:Real

AperiodicTask
<<parameters>>
D:Real

D:Real

1: Distribution

1 :Distribution

<<methods>>

iterations: Integer

C)
Behaviour() C)
Aperiodic()

<<methods>>

C)
Behaviour() C)
Periodic()

<<messages>>
in?event

<<messages>>

out output

Out output

(a) Periodic task pattern

(b) Aperiodic task pattern

Application model patterns.

<<process>>
Resource

<<parameters>>
schedulingPolicy: String

Init()

initialLatency : Real

C)

throughput : Integer

Schedule C )

C)

<<methods>>

<<messages>>

ResourceRunC)

The modelling patterns we have conceived for describing the platform part
of the Y-chart model of a system provide a unified way of specifying communi
cation and computation resources by exploiting their common characteristics.
This modelling approach is possible as at a high level of abstraction there is no
large conceptual difference between a processor and a bus: they both receive
requests, execute them (either by transferring the bits of a message or executing
the instructions of an algorithm) and send back a notification on completion.
As a resource is typically shared, a scheduler is needed in order to arbitrate the
access to a resource.
Figure 20.6 visualises the Scheduler and the Resource modelling patterns
that are needed for the specification of the platform model. The scheduler has
one parameter which is the name of the scheduling policy desired to be used
on a certain resource. Amongst the scheduling policies that we provide within

C)

<<messages>>

fromTask?schedule
toResource execute

sch! stopped

fromResource?stopped

sch?execute

toResource preemption

sch?preemption

toTask executed

(b) Resource pattern
(a) Scheduler pattern

Figure 20.6.

Platform model patterns.

<<process>>
OutputCollector

InputGenerator

<<parameters>>

<<parameters>>

eventType: String

eventType : String

generation: Distribution

throughput: Integer
<<methods>>

<<methods>>

Generate C)

Collect C)

C)

<<messages>>

Figure 20.7.

C)

<<messages>>
in?event

out event

(a) Input generator pattern

Platform Model

<<parameters>>

<<methods>>

<<process>>

such as waiting for the next period, respectively for the next incoming event, to
be activated, whereas the Behaviour method contains the specification of the
actual computation the task needs to perform. In the templates provided with
our library, the specification of this method is empty for two reasons. The first
one is that it depends on the application what a task is supposed to compute,
hence the designer who is using this library has to supply the right specification.
The second reason is that for the type of analysis we are interested at a high level
of abstraction, which will be discussed in Section 6, the actual computation of
a task is not important and can be left out.
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<<process>>
Scheduler

load: Integer

load: Integer

Figure 20.5.
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(b) Output collector patterns

Environment model patterns.

the POOSL library are: earliest deadline first, rate monotonic, first come first
served, and round-robin. The resource is characterised by a throughput,
which is the number of instructions a processor can execute per time unit or
the transfer bit rate on a bus, and an initial latency, which incorporates the task
context switch time or the communication protocol overhead.

Environment Model
The model of the environment is composed by input generators and output
collectors, as showed in Fig. 20.7. The input generators model the generation
of environmental events of a certain eventType with a certain generation
pattern which can be chosen amongst periodic, periodic with jitter, or sporadic
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with a certain distribution of occurrence, such as uniform or normal. These
events trigger the activation of tasks in the application model and are collected
by output collectors which model the output devices in the environment. The
collector receives the events of a certain eventType exiting the system and
compares the end-to-end delay of the system against the desired one expressed
as the throughput.

5.

Model Composition

To build a model of a real-time system for design space exploration, its
specific components that correspond to the modelling patterns described in the
previous section must be identified together with their parameters. The names
of the necessary patterns and their parameters, together with the specification of
the mapping (which task is scheduled on which processor, etc.) and the layout
of the platform (which processor is connected to which bus) can be provided as
the configuration of the system. From such a configuration, the POOSL model
of the system can be automatically generated based on the library of modelling
patterns and fed to SHESim or Rotalumis tools for analysis.
As an example, a producer-consumer system is showed in Fig. 20.8(a). The
system is made of a periodic task producer, TASK1, and an aperiodic task con
sumer, TASK2, whose activation is triggered by the production of a new item by
TASK1. The specification of the system may look like the one in Fig. 20.8(b)
structured along the Y-chart scheme, expressing the application components,
the platform, and its interconnections, and the mapping. The structure of the
generated model is showed in Fig. 20.8(c). As it can be seen, it differs somewhat

TASK1
TASK2

=
=

PeriodicTask(6, 6, 100, 0.2, 10, EVENT)
AperiodicTask(6, 200, 0.3, EVENT)

i/I

CPU1

(a)

~j

Map(TASK1, CPU1)
Map(TASK2, CPU2)
CPU1

BUF~J

I
I

BUS
(C)

Figure 20.8.

CPU2

BUS

CPU1 = Resource(0.01, 50, EDF)
CPU2 = Resource(0.02, 50, RM)
BUS = Resource(0.04, 10, FCFS)
Connection(CPU1, BUS)
Connection(CPU2, BUS)

Model specification based on modelling patterns.

I

I~U2I
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from the original system in the sense that the model generation tool is able to
detect that the communication between the two tasks is done over a bus, hence
a buffer to contain the message and to transport it across the communication
medium is required.
For design space exploration, different configurations must be compared.
To do this, changes in the initial configuration may be done and the POOSL
model regenerated in order to analyse them. To specify a different mapping,
the Map specifications must be changed according to the new task-to-resource
mapping. To change the architecture components, simply change the Resource
specifications and/or their parameters. Similarly, the interconnections of the
platform can be changed in the Connection specification tags. In this way,
the model can be easily tuned to specify different possibilities in the design
space without any knowledge about the underlying formal model that will be
generated in accordance with the description of the new configuration.

6.

Model Analysis

By composing together the necessary modelling patterns, the complete model
of a system can be built and validated. For each configuration specified and
generated, during the execution of the model, the scheduler, which also acts as
a monitor for the system schedulability, can report if there are any tasks that
miss their deadlines. Furthermore, based on the formal semantics of POOSL,
it can be analysed if there is any deadlock in the system. If all the deadlines
are met and there is no deadlock, then the corresponding architecture is a good
candidate that meets the system requirements.
However, for soft real-time systems, it is allowed that some deadlines are
missed (usually there is a given threshold). Therefore, in this case, it is
especially useful that in the specification of the tasks their computations are
decoupled from the activation mechanism, in the sense that the analysis of the
model could handle tasks with multiple active instantiations that are likely to
miss their deadlines. The percentage of deadlines missed can be monitored and
checked against the requirements if, according to this criterion, the underlying
platform is suitable.
To correctly dimension a system (the required CPUs and BUSes perfor
mance) such that it works in any situation, the worst-case behaviour of the
system must be analysed. This usually means to consider the worst-case exe
cution times for all the activities in the system. On the other hand, the analysis
of the average behaviour, based on probabilities, which can be enabled in the
proposed patterns, as showed in [8], gives a measure of the suitability of the
design. If the dimension of the system, needed for the worst-case situation that
appears only once in a while, is far bigger than the one needed in average, that
could give useful hints for a redesign (e.g. split tasks into smaller ones in order
to spread the load onto different CPUs).
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Some other useful results the analysis of the proposed model can provide are
the release and the output jitter of tasks, which is useful for control applications,
the number of active instances of a task type, which influences the missed of
deadlines, the throughput of the system, important in streaming applications.

7.
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Case Studies

In this section, two case studies are presented for which worst-case analysis
and design space exploration have been performed using the modelling patterns
proposed in this work. The characteristics of the systems and the results of their
analysis follow.

0

A Printer Paper-Path
The first case study is inspired by a system architecture exploration for the
control of the paper-path of a printer.
The high-level view of the system model, visualised using SHESim tool, is
given in Fig. 20.9. User’s printing requests arrive at the high-level control (HLC)
of the machine which computes which activities need to take place and when in
order to accomplish the request. The HLC tasks activate the tasks representing
the low-level control (LLC) of the physical components of the paper path, like
motors, sensors, and actuators. As HLC tasks are soft real-time, whereas LLC
tasks (Fig. 20.10) are hard real-time, a rather natural solution was to consider
a distributed architecture. LLC can be assigned to dedicated processor(s) and
connected through a network to the general-purpose processor that runs HLC.
Under these circumstances, the problem was mainly to find an economical
architecture for LLC, whose task parameters are showed in Fig. 20.11. For the
models of the time-driven tasks of type Ti, T3, and T4, we took into account a
latency of up to 10% of their period. Although tasks of type T2 are activated

L, C~ ~on, ~nno~oo ~

[ror~nC~n~v~

At.,

~ir~r9vvqo4~TFFEti

F

Figure 20.9.

~1~[ ~
High-level printer control POOSL model.

(

Figure 20.10.

Task type
Ti
T2
T3
T4
T5

POOSL low-level control model.

No. of instantiations
3
8
1
3
4
Figure 20.11.

Load [instr.]
3200
1200
2000
800
160

T [ms]
2
2
2
0.66
—

D [msJ
2
2
2
0.1
0.064

Low-level control task parameters.

based on notifications from HLC, they behave completely periodic until the next
notification arrives. Therefore, their dynamical behaviour was captured using an
aperiodic task which triggers a periodic task with a finite number of activations.
Tasks of type T5 are event-driven; therefore, a model of the environment was
needed (PhysicalComponents), for which we considered event streams with a
uniform distribution in [1, 20] ms.
Given the frequency of events and the task execution times, we have analysed
three commercially available low-end processors, a 40 MIPS, a 20 MIPS, and
a 10 MIPS, and compared their utilisations under different schedulers.
Figure 20.12 presents the results obtained using the earliest deadline first
scheduling algorithm [4]. Although the 10 MIPS processor seems to be used
the most efficiently (close to its maximum capacity), the analysis of the model
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(a) The high-level view of the system

Figure 20.14.
20 MIPS
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Figure 20.12.

Task type
Ti
T2
T3
T4
T5

Figure 20.13.
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(b) Platforms proposed for analysis
In-car radio navigation system.

10 MIPS

CPU workload comparison.

Release jitter [ms]
0.466
0.466
0.414
0.042
0.472

III MIPS

~j~2kbpS~

(C)

DB

0

I

Output jitter [ms]
1.852
1.852
1.884
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Tasks jitter for the 20 MIPS.

Scenario
I

Task
Ti
T2
T3

Load [instr.]
iE5
iE5
5E5

T [s]
1/32
1/32
1/32

D [s}
1/32
1/32
1/32

II

T4
T5
T6
T7
T8
T9

iE5
5E6
5E5
1E6
5E6
5E5

1
1
1
3
3
30

1
1
1
3
3
30

III

Figure 20.15.

showed that some of the deadlines are missed; thus this processor is not a good
candidate. For the other two, all the deadlines are met. Due to the fast execu
tion engine Rotalumis, tens of hours of system behaviour could be covered in
less than one minute simulation. Moreover, the analysis of the model gave the
values of the maximum release jitter, respectively output jitter of the tasks (for
the 20 MIPS they are showed in Fig. 20.13) which could be checked against
the expected margins of errors of the control design.

An In-Car Navigation System
The second case study is inspired by a distributed in-car navigation system
described in detail in [26]. The high-level view of the system is presented in
Fig. 20.14(a). There are three clusters of functionality, as the picture suggests:
the man—machine interface (MMI) that handles the interaction with the user; the
navigation functionality (NAV) that deals with route-planning and navigation

In-car navigation systems tasks.

guidance; the radio (RAD) which is responsible for basic tuner and volume con
trol, as well as receiving traffic information from the network. Three application
scenarios are possible. Users are allowed to change the volume (scenario I) and
to look addresses up in the maps in order to plan their routes (scenario II);
moreover, the system needs to handle the navigation messages received from
the network (scenario III). Each of these scenarios has its own individual time
liness requirements that need to be satisfied. They all share the same platform,
however, not all three of them can run in parallel due to the characteristics
of the system (only I with III, or II with III). The characteristics of tasks for
each scenario are given in Fig. 20.15. They are all periodic tasks with infinite
behaviour. Notice that, in comparison with the previous case study, the timing
requirements of this system are in the seconds domain and the loads imposed
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on the resources are much larger, as this case study combines control with data
streaming.
The problem related to this system was to find suitable plazform candidates
that meet all the timing requirements of the application. For exploration of
the design space, a few already available platforms (see Fig. 20.14(b)) were
proposed for analysis. Two approaches have been applied for the analysis
of this system, Modular Performance Analysis (MPA) in [26] and UPPAAL
in [15].
MPA is an analytical technique in which the functionality of a system is
characterised at a high level of abstraction by quantifying the incoming and
outgoing event rates, message sizes, and execution times. Based on Real-Time
Calculus, hard upper and lower bounds of the system performance are com
puted. Although these bounds are always hard, they are in general not tight,
meaning that the technique derives conservative estimates of worst and best
case.
The UPPAAL model checker is a tool for modelling and verifying networks
of timed automata. The analysis results obtained by applying this technique are
exact computations of the performance properties. Nevertheless, the method
suffers severely from the state space explosion problem. Limitations, stating
for example that tasks can be preempted only up to a certain number of times,
are necessary, otherwise model checking is not possible anymore. Moreover,
combination of scenarios with large difference in the time scale of the require
ments (milliseconds versus seconds) proved to be another problem for the model
checker.
In the rest of this section, we show that the model of the in-car navigation
system, which can be easily built using the modelling patterns (see Fig. 20.16),
can also be accurately analysed. All the tasks in the system are event-driven,
hence we could easily use just the AperiodicTask pattern with the parameter
values showed in Fig. 20.15 for the construction of the application model,
whereas for the environment we assumed streams of events with periodic arrival
patterns. The end-to-end delay for each scenario on each of the
proposed platforms, in the presence or absence of other scenarios, was mon
itored. The analysis shows that all the timing requirements are met for all
scenarios in all configurations. As an example, the results obtained for the
worst case end-to-end delay for different combinations of scenarios on archi
tecture A are presented in Fig. 20.17 next to the results obtained using MPA and
UPPAAL techniques. As MPA is an analysis technique which finds hard upper
bounds, this explains why its results are larger than the other techniques. On
the other hand, the results computed by UPPAAL are exact values of the worst
case end-to-end delay. It is interesting to observe that our results are very close
to UPPAAL (‘~.4% difference which also represents the accuracy of the results),
except for scenario III for which the difference is 7%. For this situation, there
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Figure 20.16.

Measured
scenario
I
III
II
III

POOSL model of the in-car navigation system.

Other active
scenario
III
I
III
II

Figure 20.17.

355

POOSL

MPA

UPPAAL

[ms]

[ms]

[ms]

41.771
357.81
78.89
171.77

42.2424
390.086
84.066
265.849

41.796
381.632
79.075
172.106

Architecture A worst case end-to-end delays.

was a mismatch in the conceiving of the models with respect to the modelling
of jitter in the incoming events.
Furthermore, the processor(s) and bus(es) utilisations were monitored and,
as an example, Fig. 20.18 shows the results obtained for architecture A. All
together, such results help the designer in detecting if there is any scenario
likely to miss its deadline, or which processor or bus might be a bottleneck, and
in choosing an appropriate platform.
Due to the easiness of using the patterns and going to different configurations
in the design space by just changing their parameters, the construction of models
for each of the proposed combinations took several minutes. Moreover, as
mentioned for the previous case study as well, due to Rotalumis, the engine for
the model execution, the analysis results could be obtained also fast.
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Scen. I
YES
NO
NO
YES
NO

Scen. II
NO
YES
NO
NO
YES
Figure 20.18.

8.

Scen. III
NO
NO
YES
YES
YES

I MMI %
87
3
1
88
4

NAV %
0
5
2
2
6

RAD %
30
0
4
33
2

Bus %
3
1
1
4
2

Processors and bus utilisations in architecture A.

Conclusions

In this paper, we have presented a library of modelling patterns, specified
using the Parallel Object-Oriented Specification Language, that enables the
automatic construction of models for the design space exploration of real
time embedded systems. To build such models, knowledge about the POOSL
language itself is not needed as system models consisting of real-time tasks,
computation and communication resources and their associated schedulers are
specified in terms of the necessary patterns and the values of their parameters.
Due to the expressiveness of POOSL, important aspects like task activation
latencies and context switches can be taken into account, enabling the build
ing of realistic models without sacrificing their conciseness. Moreover, due
to this reason, the analysis can provide more realistic results than the classical
scheduling techniques can.
The use of the patterns presented in this paper reduces both the modelling and
the analysis effort. Although completeness cannot be claimed, the efficiency of
the model simulation allows exploration of a substantial part of the design space.
As future work, we aim at extending the modelling patterns to cover for complex
platforms like networks-on-chip, by taking into account memory components,
routing algorithms and even batteries for the analysis of energy consumption.
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