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Abstract
Adaptive human-machine interfaces (HMIs) improve driver safety and comfort by tailoring the
presentation of driving assistance system warnings and in-vehicle information system messages.
The COMUNICAR [1], SAVE-IT [2], AIDE [3], and ADAS&ME [4] projects used parameters such
as driving demand and driver distraction to make adaptation decisions. For example, presenting
a warning using a different sensory modality or suppressing an incoming phone call notification.
The parameters used to make adaptation decisions are described in the literature of these projects.
This knowledge is useful as a starting point for new implementations, but it is not readily available
for reuse.
Rule-based reasoning is a common approach to provide real-time decisions in an adaptive HMI.
In a broad sense, a rule is an if-then structure consisting of a condition and a conclusion. However,
rules quickly grow in number as the complexity of the decision logic increases [5]. Moreover, the
rule authoring tools provided by rule engines such as Drools [6] are not easily customised to a
specific user domain.
We developed AHSL [7], a domain-specific language to specify executable decision logic for message adaptation. The parameters used in past implementations of adaptive interfaces are unified
in a decision hierarchy and included in AHSL. A code generator that transforms AHSL decision
logic to rules in Drools Rule Language was implemented. Unit testing showed that the parser and
well-formedness constraints worked as designed. On the other hand, system testing demonstrated
that rules were executed in the Drools rule engine according to the language definition. AHSL
was rated positively in usability testing. The notation was described as resembling natural language, cohesive, and efficient. Moreover, a five-fold reduction in lines of code was achieved when
comparing AHSL to Drools Rule Language.
A direction for improving AHSL is to extend the language to enable the user to declare the variables and decision hierarchy of any domain. The text editor and block-based editor would benefit
from usability improvements such as providing suggestions, auto-complete, or a search mechanism.
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Chapter 1

Introduction
In recent years, there has been an increase in the number of driver assistance and infotainment
applications available to the driver [8]. On the one hand, Advanced Driver Assistance System
(ADAS) promote a safer and more comfortable experience. ADAS warn the driver of hazardous
situations and may intervene directly to avoid an accident. On the other hand, In-Vehicle Information System (IVIS) provide in-time information and services related to car status, navigation,
multimedia and communication.
ADAS and IVIS systems use Human-Machine Interfaces (HMIs) to interact with the driver.
Inputs are provided through explicit commands or analysis of implicit driver gestures. Outputs
are provided through visual, auditory or haptic signals. Interface elements such as the instrument
cluster, center touchscreen, steering wheel controls, control stalks, speakers and microphone are
shared by ADAS and IVIS systems. The multitude of interface devices, automotive systems and
the dynamic driving environment present a challenge when designing the HMI. IVIS are known to
be a source of distraction for drivers. ADAS systems, which are intended to enhance traffic safety,
may also cause driver distraction if poorly designed or used inappropriately [9].
Traditionally, the information sent by onboard systems is predetermined by the kind of warning or message. For example, a lane deviation event may always be communicated to the driver
with a visual warning and warning beep sounds. However, these alerts might cause nuisance to
an attentive driver or not be perceived on time by a hearing impaired driver. On the other hand,
presenting an incoming call notification while approaching a complex roundabout may distract
the driver and lead to an accident.
A direction for improving traffic safety and driver experience is to offer adaptive interaction
[10]. Large research projects have implemented adaptive interfaces. The COMUNICAR [1] project
designed an integrated HMI to harmonize safety warnings and information messages from onboard
systems. The SAVE-IT project [2] aimed to improve the effectiveness of safety warnings and to
mitigate IVIS related distractions. The AIDE project [3] included the use of information related
to the weather, traffic conditions, and driver state to provide adaptive warnings and messages.
The ADAS&ME project [4] went further to support the automatic transition of control between
an automated vehicle and the driver using an interface tailored to the dynamic driving context
and driver state.
The majority of these projects used rule-based reasoning to decide in real-time how the interaction with the driver was adapted. Figure 1.1 shows the relevant elements of decision making in
an adaptive interface.
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Figure 1.1: Illustration of an Adaptive Automotive HMI

1.1

Problem Statement

The aforementioned projects produced knowledge to implement real-time adaptation decisions of
automotive interfaces. This knowledge includes the parameters to describe the driving situation,
driver-vehicle interaction instances, and adaptation decisions. As a whole, this knowledge can
be useful as a blueprint for future implementations of the decision-making of adaptive interfaces.
Despite some parameters being common across projects, others describe overlapping concepts and
are thus not easily unified in a single model. Additionally, this knowledge is scattered across
multiple documents.
Rule-based reasoning was used to implement the rules that describe the behaviour of these
adaptive interfaces. In rule-based reasoning, decision logic is represented as production rules.
A production rule, also called a rule, is a two-part structure which consists of a condition or
premise and an action or conclusion [11]. For example, if it rains (condition) then the road gets
wet (conclusion). However, production rules are essentially atomic if-then statements and don’t
provide secondary paths of execution, i.e., it is not possible to define an else path. Thus, the rules
quickly grow in number as the decision complexity increases, becoming harder to maintain [5]. On
the other hand, the rule languages (e.g., Drools Rule Language, IBM ILOG Rule Language) used
to define these rules are general purpose rule languages not tailored to domain users.

1.2

Research Questions

The goal of this thesis is to provide domain users with a simple way to define the adaptation rules
for system-initiated messages. The main research question to be answered is:
How to simplify the specification of executable rules that describe how onboard messages are
presented to the driver?
Three sub questions are derived to answer the main research question.
1. How can the HMI be adapted to improve driving comfort and traffic safety? What parameters
are needed to make these adaptation decisions?
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2. How can the existing decision-making knowledge related to the adaptation of safety warnings
and messages be unified?
3. How can a tool provide non-technical users with a simple and compact mechanism to specify
executable rules for HMI adaptation?

1.3

Structure of the Report

This report has seven chapters and is organized as follows.
Chapter 1 Introduction. Provides an introduction to the topic by setting the background and
presenting the research questions to be answered.
Chapter 2 Background Information. Presents the information related to the fundamental
concepts used in the thesis.
Chapter 3 Literature Review. Describes previous research related to the subject.
Chapter 4 Analysis of HMI Adaptation Decisions. Contains an analysis of the adaptation
decisions in an automotive HMI.
Chapter 5 DSL Development. Presents the requirements, design and implementation details
of the DSL.
Chapter 6 Validation. Describes the evaluation of the solutions which includes the usability
evaluation, unit testing, and system testing.
Chapter 7 Discussion, Conclusions and Future Work. Describes the findings of the thesis.
It also describes the future work and conclusions.
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Chapter 2

Background Information
In this chapter, the theoretical background of the related subjects is presented.

2.1

Interaction with Onboard Systems

Onboard systems such as In-Vehicle Information Systems (IVISs) and Advanced Driver Assistance
Systems (ADASs) share the Human-Machine Interfaces (HMIs) of the vehicle to interact with the
driver. However, the increasing number of interactions with these systems can distract the driver
from the primary driving task. In this section, we describe IVIS, ADAS, the automotive HMI,
and driver distraction.

2.1.1

In-Vehicle Information Systems

In recent years, the number of vehicles with factory-installed In-Vehicle Information System (IVIS)
has increased dramatically [12]. IVIS can be classified into five categories [13]:
(1) Car Status. These systems provide detailed information on vehicle status such as individual
tire pressure, engine oil level, and service requirements.
(2) Navigation. Navigation systems help drivers to find locations in unfamiliar cities [12].
(3) Multimedia. These systems provide access to a wide range of media content.
(4) Communication. These are related to the communication that is enabled when a smartphone
is connected to the infotainment system. These functions include looking up a number in
the address book and making and receiving calls.
These systems rely heavily on the automotive HMI to achieve their intended functionality.

2.1.2

Advanced Driving Assistance Systems

Advanced Driver Assistance System (ADAS) are electronic systems in a vehicle designed to improve
traffic safety and comfort while driving [14]. ADAS utilize an advanced perception layer which
combines information from different sensors to gain a superior understanding of the vehicle state
and their surroundings [15]. Older driver assistance systems such as Anti-lock Braking System
(ABS) relied on limited vehicle state information only. ADAS are classified by their mode of
operation as proposed by [16]:
1. Informing functions. These functions perform environment perception and inform the
driver of relevant events. It is the driver’s responsibility to adjust vehicle guidance, e.g.,
apply the brake or steer. The information provided by these functions is made available
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to the driver via the HMI. Examples of such driving assistance systems are Traffic Sign
Recognition, Lane Departure Warning (LDW) and Forward Collision Warning (FCW).
2. Continuously automated functions. These functions intervene in vehicle guidance for
parts of the journey. System status and interventions in vehicle control are continuously
provided via the HMI. Examples are Adaptive Cruise Control (ACC), Lane Keeping System
(LKS), and Highway Assist. Highway Assist combines ACC, LKS and Blind Spot Detection
to support longitudinal and lateral control of the vehicle.
3. Intervening emergency functions. These functions intervene directly in emergency situations to try to avoid a collision. Examples are Automatic Emergency Braking (AEB),
Automatic Emergency Steering and Emergency Stop Assist.
ADAS are also classified using the SAE levels of automation standard [17]. ADAS lie between
SAE level 0 and level 2 automation which means that the driver maintains the authority of driving
and must monitor the environment. Informing functions are Level 0 systems because they do not
provide automation. Level 1 systems support the driver with either lateral or longitudinal control.
ACC and LKS are level 1 systems. Level 2 systems, such as Highway Assist and Emergency Stop
Assist, support both types of control at the same time. In automation Level 3 and above, the
system assumes the authority of driving at some point. These systems are called Autonomous
Driving Systems [18].
The relevance of the HMI increases when the traffic safety and comfort benefits depend on a
successful interaction with the driver. The HMI is relevant for all ADAS except for intervening
emergency functions, which don’t require driver involvement.

2.1.3

Automotive Human-Machine Interface

The automotive Human-Machine Interface (HMI) is the specialized version of HMI for the driving
task [19]. It consists of controls and displays through which the driver interacts with onboard
systems. Controls enable the driver to send commands to the vehicle. They have evolved from
simple switches in static user interfaces to touchscreens, touchpads, switches near the steering
wheel, and speech dialog [20]. Displays enable information to be sent from the vehicle to the
driver. They use the visual, auditory, and haptic modalities. Figure 2.1 shows the displays and
controls commonly found in an automotive HMI.
The visual channel is still the predominant display modality [20]. The head unit or infotainment
screen, located in the center console, shows the Graphical User Interface (GUI) of the onboard
information system. The instrument cluster, located behind the steering wheel, prioritizes driving
related information. The current trend is to move from simple instrument clusters with electromechanical elements (e.g., tachometer, speedometer, odometers, oil gauges) towards full-color and
high resolution displays. These displays are driver configurable and show information from navigation, multimedia, and driving assistance systems. An example of a configurable instrument
cluster display is shown in Figure 2.2.
Secondary channels include the auditory and haptic modalities. The auditory channel complements the visual channel [20]. Auditory information can be categorized as verbal or non-verbal.
Verbal interaction is used mainly in IVIS, e.g., to request follow-up information from the user.
Non-verbal signals are used for warnings, to signal changes in vehicle states or to confirm the
activation of a specific system. The haptic modality is related to the sensation of contact and
manipulation of an object and is sometimes used. Examples are vibrating surfaces on the driver’s
seat or force feedback on the steering wheel and pedals. Some vehicles also support interaction
via hand and arm gestures or voice control [22].
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Figure 2.1: HMI displays and controls of the 2019 BMW X5. Adapted from [21].

Figure 2.2: Digital instrument cluster of the Audi TT prioritizing navigation information [20].
It is increasingly challenging to provide a safe interaction via automotive interfaces. Unlike
many domains where the main task of the user is to interact with a system, the main task of the
driver is to drive [20]. Moreover, the increase in the functionalities of onboard systems have led
to more potential sources for driver distraction.

2.1.4

Driver Distraction

Driving is a complex, multitask and dangerous everyday activity [9]. The driver has to perform
several activities in parallel but still allocate attention to the roadway scene and react to unexpected hazardous situations. However, the human brain is limited in its ability to divide attention
between competing tasks. Under certain conditions, the performance of one or all concurrent tasks
will suffer.
Driver distraction occurs when the attention demanded by the road environment is greater
than the attention devoted to it because of a competing activity [9]. Drivers fail to devote suf-
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ficient attention to the roadway when the sum of the demand of the roadway and the demand
of the competing activity exceeds the driver capacity to perceive and respond to roadway events.
The demands of driving and of competing activities are dynamic. Distraction is more likely to
occur when demand peaks from the critical driving task and from competing activities coincide.
This situation is represented by the grey area in Figure 2.3.
Interacting with ADAS and IVIS systems has been identified as a source of driver distraction
[9]. Other sources include things brought into the vehicle, talking to a passenger, internalized
activities such as daydreaming, etc.

Figure 2.3: The combined demands of the roadway and the competing activities may exceed the
driver’s capacity and lead to distraction [9].

2.2

Adaptive Automotive Interfaces

The problem of driving distraction can be tackled using different approaches. For example, by
raising public awareness of the risks associated with distracted driving, or by optimizing the design
of onboard technology to reduce the potential for distraction [9]. In this project, the focus is on
the latter approach which includes real-time distraction countermeasures. There are two main
classes of real-time distraction countermeasures:
• Real-time distraction prevention. These functions have the purpose of preventing mental overload or distraction from occurring. An example is prioritizing and scheduling systeminitiated information according to the current availability of the driver (e.g., driving situation
or driver state). These functions are commonly known as workload managers.
• Real-time distraction mitigation. These functions are aimed towards mitigating distraction once it occurs. An example is a driver monitoring system. This system assesses the
driver alertness and warns the driver to redirect their attention to the relevant aspects of
the driving task when distracted [23].

2.2.1

Workload Management (WM)

Mental workload refers to the amount of resources needed to perform one or more tasks, in relation
with the resources available [9]. Workload peaks in demanding driving situations may coincide
with another resource demanding task. For example, negotiating an intersection while answering
a phone call. WM functions aim to prevent excessive workload by controlling the information
initiated by onboard systems and by limiting the functionality available in demanding or risky
situations. There are three kinds of WM functions [9]:
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• Information scheduling involves the prioritization of concurrent messages as well as the
suppression or rescheduling of system-initiated information in demanding driving situations.
An example is delaying an incoming phone call when entering a roundabout.
• Adaptation of information format involves altering the way the information is presented.
For example, if the driving situation requires full visual attention, the information could
best be presented in an alternative modality, e.g., auditory or haptic. Moreover, the visual
information may be presented closer to the driver, e.g., in a Head-Up Display (HUD), or
using a visual layout with less clutter.
• Function lockout involves disabling an entire function under certain conditions. Examples
are disabling video playback or Bluetooth pairing when the car is in motion.

2.3

Rule Based Reasoning

Delivering an adaptive HMI experience has been facilitated by a rule-based reasoner [1] [3] [4].
Rules are statements that can be used to model the behavior of the HMI under different driving
conditions. Rule Based Systems are computer systems which use rules to mechanize the decisionmaking ability of a human expert.

2.3.1

Rules

In the broadest sense, a rule is any statement which states that a certain conclusion must be valid
whenever certain conditions or premises are satisfied. The term ”rule” is generic and refers to a
knowledge modeling paradigm rather than to a particular formalism or language [24]. Rules are
expressed in a form that resembles natural language. The basic form of a rule is
if < conditions > then < conclusion >
where the Left Hand Side (LHS) of the rule represents the conditions, and the Right Hand Side
(RHS) represents its conclusion. When the conditions of a rule are satisfied, the rule is said to fire
or execute and the conclusion is derived.
A production rule is a statement of programming logic that is executable by an inference engine
[11]. In this context, production rules are an operational interpretation of rules and are not to
be confused by model or grammar transformation rules. Rules applied to business problems are
referred as business rules [25]. A business rule is ”a statement that defines or constraints some
aspect of the business” [26]. There are different types of business rules: integrity rules, derivation
rules, reaction rules, production rules, and transformation rules [27]. Production rules provide an
alternative, convenient representation for business rules that define the behavior (i.e., actions) in
models and systems.

2.3.2

Rule Based Systems

Rule based expert systems are considered as the simplest form of Artificial Intelligence (AI) [28],
A Rule Based System is composed of a knowledge base, a database, and an inference engine: [29].
• Knowledge base. Contains the domain knowledge which is represented as rules. Rules
contain actions that specify how to act on a set of facts.
• Database. The database consists of facts which express assertions about properties, relations, or propositions. An assertion is a statement which one claims to be true. Facts match
with the LHS of the rules in the knowledge base.

DSL for Describing Adaptation Rules for Automotive System Messages

8

CHAPTER 2. BACKGROUND INFORMATION

• Inference Engine. An inference engine implements methods of reasoning to execute rules
[11]. The main methods are forward chaining and backward chaining. Forward chaining,
also known as data-driven reasoning, test whether the condition of production rules is true
during execution. Forward chaining starts with facts and uses rules to assert new facts. A
simple usage of forward chaining is to assign attribute values based on other attribute values.
Backward chaining starts with goals and works backwards to determine which facts must be
asserted to achieve those goals. There are many other types of reasoning techniques such as:
imperfect reasoning (e.g., fuzzy logic), defeasible logic, belief systems, temporal reasoning,
and correlation [6].

2.4

Language-Oriented Programming

Language-Oriented Programming (LOP) is a term coined by Martin Fowler to refer to the general
style of development which revolves around the idea of building software through a set of DomainSpecific Languages (DSLs) [30]. A DSL is a limited form of computer language designed for a
specific type of problems. Although DSLs have several strengths, the cost of building the necessary
tools to support a DSL can be high. A new breed of tools called Language Workbenches can reduce
this cost by improving the productivity of the programmers who create the DSL and of domain
users.

2.4.1

Domain-Specific Languages

A DSL is a “programming language or executable specification language that offers, through appropriate notations and abstractions, expressive power focused on, and usually restricted to, a
particular problem domain.” [31]. The key characteristic of the definition is the focused expressive
power, which arises from the dichotomy of DSLs versus general-purpose languages (GPLs). GPLs
such as Java, Pascal, Python, and C, are broadly applicable across domains. On the other hand,
DSLs are useful when there is a further need to work with specialized environments.
DSLs come in two main forms: external and internal [32]. Using an external DSL and an interpreter or compiler, the application logic expressed in a DSL program is independent of the GPL
used in the target platform. Some examples include regular expressions and CSS. Internal DSLs
extend a base language as an alternative to implementing a DSL from scratch. The compiler or
interpreter of the base language is reused as is. Internal DSLs are used in many of the mechanisms
of Ruby on Rails as well as in the Lisp community. With regard to the target user, there are two
types: technical DSLs are to be used by programmers, and application domain DSLs are designed
for nonprogrammers.
The development of an external DSL usually consists of the following steps [31]: (i) Analysis,
which involves gathering the relevant knowledge of a domain and clustering in a handful of semantic notions and operations. Domain analysis is a research area which provides guidelines for
understanding the domain. (ii) Implementation, which involves building the tools that translate
DSL programs to the GPL used in the target platform. Translation is accomplished by an interpreter or a compiler. (iii) Use, which includes writing DSL programs in an editor and translating
these programs to be used in the target platform.
Adopting a LOP approach by using DSLs involves risks and opportunities. Some of the benefits
of DSLs include [31]:
• Solutions can be expressed using the terminology and level of abstraction of the problem domain. Therefore, domain experts themselves can understand, validate, modify, and develop
DSL programs.
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• DSL programs are concise and in a way self-documenting, thus they can be reused for
different purposes.
• DSLs can enhance productivity, maintainability, and portability.
Using DSLs also presents challenges. The main one is the cost of designing, implementing and
maintaining a DSL. Another challenge is that building DSLs requires experience and language
engineering skills. These skills involve finding the proper scope for a DSL, getting a proper abstraction of the domain, and balancing between domain-specificity and GPL language constructs.

2.4.2

Language Workbenches

Computer languages such as DSLs are implemented by means of metaprogramming. A metaprogram is a program that takes programs as inputs or produces programs as outputs [33]. Examples
of metaprograms are a compiler and an interpreter. In this context, language workbenches are
tools that support metaprogrammers in an interactive and integrated manner by providing an
Integrated Development Environment (IDE) and a set of metalanguages for language implementation. Language workbenches support syntax, semantics, and an editor for the defined language
and its models [34].
Modern language workbenches offer different notation styles such as textual or graphical. Textual notation, typically used in older language workbenches, involves using text. Graphical notation
involves using box and line diagrams. Moreover, workbenches provide free-form and/or projectional editing modes. In free-form editing, the user freely edits the persisted model, commonly as
text. In projectional editing, the user edits a projection of the persisted model in a fixed layout
[34]. Some examples of language workbenches are Xtext [35], MetaEdit+ [36], Rascal [37], and
JetBrains MPS [38].

2.4.3

Block-Based Environments

Block-based environments are easy to use visual programming environments which make them a
suitable interface for nonprogrammers [39]. In a block-based environment, language constructs are
represented using distinct block shapes that provide visual cues to the user as to how and where
blocks may be connected and used [40]. A block-based editor manipulates the abstract syntax of
a language, which is a form of projectional editing [40].
Google Blockly [41] is a library to develop block-based environments. Figure 2.4 shows a
sample block-based environment built using Blockly. The left part (1) shows the toolbox which
is a group of block categories that contain the language constructs. The middle part (2) shows
the canvas which is where the user creates programs by dragging and connecting blocks from the
toolbox. The right part (3) shows the execution view which is mainly used to interact with the
current script and to display the execution output of the script [40].
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Figure 2.4: A block-based environment built with Blockly [41].

2.5

Summary

In-Vehicle Information Systems (IVISs) and Advanced Driver Assistance Systems (ADASs) are
onboard systems that make driving more enjoyable and safe. IVIS provide functionality related to
car status, navigation, multimedia, and communication. ADAS improve traffic safety and comfort
by informing the driver of relevant events or automating parts of driving. IVIS and ADAS rely
on the vehicle’s HMI to achieve their functionality. The vehicle’s HMI comprises the controls and
displays that the driver uses to send commands to and receive information from onboard systems.
However, the main task of the driver is to drive and not to interact with the HMI, which may lead
to distraction.
Adaptive interfaces implement real-time distraction countermeasures techniques to tackle the
problem of driver distraction. Rule-based reasoning has been used to implement the real-time
decisions required by an adaptive HMI. The decision logic is expressed in production rules, which
are essentially if-then statements that can be executed by a rule engine. Rule based systems use
decision logic expressed as rules, facts about the world, and an inference engine to derive new
conclusions from existing knowledge. Forward chaining, also known as data-driven reasoning, is a
method of reasoning that starts with facts and uses rules to assert new facts.
Language-Oriented Programming refers to a style of development using Domain-Specific Languages (DSLs), which enable domain users to express their solutions using the terminology and
abstraction of the problem domain. Providing domain users with the capability to develop DSL
programs that they themselves can understand enhance productivity, maintainability, and portability. Language workbenches are powerful toolsets that support metaprogrammers in the development of DSLs and computer languages in general. Block-based environments are visual
programming environments which make them a suitable interface for nonprogrammers. Such an
environment can be generated from the grammar of a DSL.
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Chapter 3

Literature Review
In this chapter, we analyze the literature that describes past implementations of adaptive automotive interfaces. The parameters and steps used in adaptation decision-making are identified and
the reasoning system is described. Rule-based reasoning systems rely on rules defined by human
experts. Finally, we review literature and tools related to simplifying the creation of rules.

3.1

Adaptive Automotive Interfaces

In this section, we analyze research projects that developed an adaptive HMI to improve comfort
or safety. An overview of the project is presented and the parameters for HMI adaptation are
summarized. The projects are presented in chronological order, from oldest to most recent.

3.1.1

Project COMUNICAR

The COmmunication Multimedia UNit Inside CAR (COMUNICAR) project lasted between 2000
and 2003. This project developed and tested an integrated multimedia HMI able to harmonize
messages from ADAS and IVIS systems, such as adaptive cruise control, collision warning, navigation, and multimedia [1]. The objectives were to improve safety, comfort, and driver alertness
by choosing if, when and how system messages are provided to the driver according to driving
conditions and driver workload.
The reasoning system was implemented in the Information Management System (IMS), a rulebased expert system that decides in real time how messages are adapted. The IMS decides if
messages are postponed and by which channel they are delivered. The rules used by the IMS
were defined in two studies conducted as part of the COMUNICAR project. The first study used
state-of-the-art research in human factors to define a method to specify the most suitable format
for the driver’s input and the system’s output for each implemented function. The second study
defined the management of simultaneous messages that could compete for the driver’s attention,
the auditory space, and the visual display space. To the best of our knowledge, the rules created
by these two studies were not released to the public.
Figure 3.1 shows the decision-making process. The priority and the most appropriate display
modality of the message(s), as well as the Total Level of Risk (TLoR), were used to make adaptation
decisions. The TLoR is a parameter which unifies the risks that arise from the external scenario,
i.e., environment status and traffic conditions, and the driver’s primary task workload. The
external scenario is evaluated using sensor data such as speed, frontal radar, and lane departure.
It isn’t clear from the documentation reviewed ([42], [1]) what kind of reasoning was used to
estimate the risk related to the environment and traffic conditions. A neural network is used to
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estimate the driver’s workload on the basis of signals from the accelerator, brake, clutch, steering
wheel angle, and blinkers.

Figure 3.1: Decision-making process used in the COMUNICAR system [1].

3.1.2

Project SAVE-IT

The SAfety VEhicle(s) using adaptive Interface Technology (SAVE-IT) program was led by Delphi
Electronics & Safety under the sponsorship of the NHTSA [2] and lasted between 2003 and 2008.
The SAVE-IT program had two objectives related to HMI adaptation: (1) To improve the effectiveness of Advanced Driver Assistance System (ADAS) safety warnings by shortening the reaction
time and by reducing annoyance without degrading the crash reduction potential. The driver’s
state of visual distraction was used as an input. (2) To mitigate In-Vehicle Information System
(IVIS) related distraction by disabling IVIS features and blocking incoming phone calls. The
estimated driving demand was used as an input.

Figure 3.2: Decision-making process used in the SAVE-IT system [2].
Figure 3.2 shows the HMI adaptation decisions and parameters used. We could not find
information on the reasoning system used for the adaptation of the Human-Machine Interface
(HMI).
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3.1.3

Project AIDE

The main objective of the Adaptive Integrated Driver-vehicle interfacE (AIDE) project, which
lasted from 2004 to 2008, was to generate knowledge and HMI technologies needed for safe integration of ADAS, IVIS and nomad devices in the driving environment [3]. There was a particular
focus on the integration and adaptation of HMI [8]. The three objectives of HMI adaptation
were: (1) To maximize the safety benefits of ADAS systems. (2) To minimize the workload and
distraction cause by IVIS. (3) To minimize information overload in the context of a current rapid
growth of onboard systems.
Two main types of parameters were used to specify the design scenarios. These parameters,
which are used in the decision-making process shown in Figure 3.3, are explained below:
1. Application Actions. Eight parameters are used to provide a generalized description
of system-initiated events (e.g., ADAS warnings) as well as driver-initiated events (e.g.,
entering an address in the navigation system). Using these parameters, application actions
are assigned to one of three Action Classes: (1) Warnings, which have a high time and safety
criticality and has the highest priority to the driver. (2) Dialogs, which should be followed by
the system immediately because they are initiated by the driver. (3) Other output messages,
which are mainly issued by IVIS, are classified in three priorities: OP1, OP2, and OP3 [43].
2. DVE Parameters. They provide a generalized description of the interaction of the driving
scenario with the driver. The five main DVE Parameters used are described in Table 3.1.

Figure 3.3: Decision-making process used in the AIDE system [3].
The reasoning system is the Interaction and Communication Assistant (ICA). The ICA, which
implements a rule-based logic, coordinates the information flow to/from the driver. Moreover, the
ICA manages the visual, auditory, and haptic channels shared between services. Each request is
processed by the ICA in four stages: (1) Priority Management, (2) Filtering, (3) Modality Selection, and (4) Channel Selection.
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DVE Parameter

Description

Driving Demand
Traffic and
Environment Risk
Driver Intent
Distraction
Driver
Impairment

Demand of the driving task which can lead to reduced driver availability.
Total level of risk concerning environmental and traffic conditions.
Prediction of the driver’s intention to perform a maneuver.
Cognitive load or shift of visual attention away from the road.
The physical inability to drive. Estimated using driver alertness, lane
positioning errors, trip duration and time of day.
Table 3.1: DVE Parameters (AIDE Project) [43].

3.1.4

Project ADAS&ME

The Adaptive ADAS to support incapacitated drivers & Mitigate Effectively risks through tailor
made HMI under automation (ADAS&ME) project lasted from 2016 to 2020. This project aimed
to develop adaptive ADAS that automatically transfer control between the vehicle and driver/rider
to ensure safer road usage. A holistic approach was applied which considers automated driving
with information on driver/rider state in the environment [4]. All vehicles types, i.e., cars, truck,
buses, and motorcycles, were considered.
The Adaptive ADAS developed as part of this project included an Adaptive HMI. The decisionmaking flow and parameters used for HMI adaptation decisions are shown in Figure 3.4. Similar
to the COMUNICAR and AIDE projects, the level of danger of the environment situation is an
important input for decision-making. HMI adaptation includes the selection of modalities, HMI
elements, and timing for the presentation of system messages. The properties of the Graphical
User Interface (GUI) are also adapted in real time. In this case, GUI adaptation is not specifically
triggered by an ADAS or IVIS message but by a change in the dynamic driving situation. A
change in inferred driver emotions can also trigger GUI adaptations. The emotions identified are
neutral, frustrated, positive, and anxious [4]. The reasoning system is a rule engine that uses a
set of personalization and adaptation rules [44]. Windows Workflow Foundation (WF) was used
as a rule engine and a Domain-Specific Language (DSL) called ACTA was used for rule editing [10].

Figure 3.4: Decision-making process used in the ADAS&ME system [4].
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3.2

HMI Adaptation Decisions

Table 3.2 summarizes the adaptation features implemented in the aforementioned projects. The
features are classified into a a broader decision category.

HMI Adaptation Feature

Decision Category

COMUNICAR Project
Postpone message to avoid distracting the driver
Select message modality to avoid information overload

Change Timing
Select Modalities

AIDE Project
Postpone message to avoid distracting the driver
Increase intensity of an auditory warning/message to be noticeable
Increase intensity/repetition of warning/message to be noticeable
Non-Visual Presentation of a message to avoid distraction
Present the warning earlier to elicit a timely response
Use an enhanced modality to elicit a timely response
Suppress a warning to avoid annoying the driver

Change Timing
Set Auditory Salience
Set Auditory Salience
Select Modalities
Change Timing
Select Modalities
Suppress

SAVE-IT Project
Suppress a warning to avoid annoying the driver
Present the warning later to reduce annoyance to the driver
Present the warning earlier to elicit a timely response
Present warning only visually to avoid annoying the driver
Present visual-auditory warning to elicit timely response
Present warning also in the center console to improve reaction time
Limit the functionality in the GUI to prevent driver distraction
Suppress incoming calls to prevent distraction

Suppress
Change Timing
Change Timing
Select Modalities
Select Modalities
Select Visual Device(s)
GUI Functionality
Suppress

ADAS&ME Project
Use louder sound notifications to be noticeable
Present visual-haptic feedback to be noticeable
Change GUI colors and sounds to improve user experience
Change GUI content and format to reduce information overload

Change Salience
Select Modalities
GUI Display
GUI Functionality

Table 3.2: HMI Adaptations in COMUNICAR [1], AIDE [3], SAVE-IT [2], ADAS&ME [4].

3.3

Simplifying the Creation of Rules

Rule-based reasoning is a common approach to implement an adaptive HMI. In this section, we
analyze the rule creation mechanisms provided out-of-the-box by Drools [6], a Java-based rule
engine. We also analyze ACTA, a DSL used in the ADAS&ME project for rule definition.

3.3.1

Drools

Drools [6] is a popular open source Business Rule Management System (BRMS) sponsored by
Red Hat. This software has a native rule language called Drools Rule Language (DRL). This
language, although powerful, is inappropriate for users without a technical background. Even for
programmers, DRL requires time to become familiar with (See Figure 3.5).
Drools also provides user-friendly means to write rules by supporting different abstractions
over DRL such as the Drools DSL and Decision Tables [46].

DSL for Describing Adaptation Rules for Automotive System Messages

16

CHAPTER 3. LITERATURE REVIEW

Figure 3.5: A rule written in Drools Rule Language (DRL) [45]
The Drools DSL allows business users to employ domain-oriented concepts to write easy rules
without worrying about the technical aspects of DRL. Figure 3.6 shows the same DRL rule expressed using an user-friendlier notation. A Drools DSL is defined by means of a Dictionary file
that contains the translations between business concepts and DRL. Figure 3.7 shows an excerpt
of the Dictionary used in the examples. This file is intended to be created by a technical user
familiar with the application domain and DRL.

Figure 3.6: An easy rule written using a Drools DSL [45].

Figure 3.7: Excerpt of a Dictionary file used to define a Drools DSL [45].
The rule written using the Drools DSL (Figure 3.6) is clearly more suitable for nonprogrammers than the rule defined in DRL (Figure 3.5). The development process of the Dictionary and
the easy rules, however, is still difficult. The Dictionary file, which is created by programmers,
has to be typed word by word without support or guidance. Moreover, Drools does not provide a
mechanism to edit the easy rules after they are created [45].
A Decision Table is a document stored in a spreadsheet which contains two sections: (1) The
RuleSet contains information that affects all rules such as the package name and rule execution
attributes. (2) The RuleTable contains rule templates, where at least each column represents a
condition or an action. Each row in the RuleTable becomes a DRL rule. An example of a Decision
Table is shown in Figure 3.8.
The abstractions provided by Drools have a common limitation. Each easy rule written using
the Drools DSL maps to one rule in DRL. The same happens with each row in the RuleTable
section of a Decision Table. Rules are essentially atomic if-then statements and don’t provide
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Figure 3.8: Drools Decision Table [46].
secondary paths of execution, i.e., it is not possible to define an else path. Consequently, these
abstractions do not solve the rapid growth of rules when the complexity of the decision logic
increases [5].

3.3.2

ACTA

In the ADAS&ME project, the behavior of the the adaptive HMI was defined using ACTA [44].
ACTA is a finite state machine description language that supports event-driven sequential logic and rule-driven workflows. The ACTA IDE provides an environment to create scripts and to
generate a set of rules that execute in the rule engine of Windows Workflow Foundation (WF) [47].
ACTA provides technical users with a rapid development tool for games. However, the language
is not suitable for users with no programming skills. Figure 3.9 shows an excerpt of a script written
in ACTA. The code does not resemble natural language and uses syntax and operators found in
general-purpose languages (GPLs). Some examples are described below. The syntax of the if
statement requires enclosing the condition in brackets () and the consequence in curly brackets
{} . The negation operation is expressed with an exclamation mark ! . Each action in the
consequence part of an if statement is followed by a semicolon ; .

Figure 3.9: Excerpt of HMI adaptation rules written in ACTA [44].
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3.4

Summary

This chapter answers Research Question 1 (Section 1.2) by identifying how an automotive HMI
was adapted to improve comfort and traffic safety in past projects. The parameters and the hierarchy of decisions used in each project were presented. These parameters described, in varying
level of detail depending on the project, the Driver-Vehicle-Environment (DVE) state, the static
and dynamic characteristics of the driver, and the driver-vehicle interactions.
In the majority of the projects reviewed, rule-based reasoning was used to implement the realtime reasoning system. The decision logic used by rule-based reasoning is expressed using rules.
In the context of interaction design, rules are developed by domain experts who might lack programming experience. We described two kinds of tools that simplify the creation of rules. First,
we analyzed the tools provided by Drools, a popular rule engine. Although they offer an interface
that is easier to use by the nonprogrammer, these tools have maintainability issues and do not
address the rapid growth of rules when the complexity of decision logic increases. Then we analyzed ACTA, a DSL used for rule definition in one of the projects. This language, however, is a
technical DSL intended for game developers.
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Chapter 4

Analysis of HMI Adaptation
Decisions
In this chapter, we tackle Research Question 2 (Section 1.2) by analyzing and unifying the decisionmaking knowledge from the projects reviewed in Chapter 2. This knowledge involves parameters
to describe the driving situation, driver-vehicle interactions, and HMI adaptations. We decompose
the adaptation decisions using a top-down approach called Decision Requirements Analysis (DRA)
and merge the parameters into a unified decision hierarchy.

4.1

Method

To guide our work we use the DRA approach, which comprises the Decision Requirements Diagram (DRD) and guidelines to perform a top-down analysis of a decision [48]. The parameters
and decision flows identified in Section 3.1 are used as the information source for the analysis.
The DRD shows the information required for one or more decisions. This diagram is also part
of the OMG Decision Model and Notation (DMN) standard [49]. A DRD decomposes decisionmaking into a set of interrelated and supporting information. It contains nodes connected by
unidirectional arrows and contains no loops. A DRD contains three types of nodes: (1) Decision
nodes are shown as rectangles and represent the decisions to be made. (2) Knowledge nodes are
shown as a shape with a wavy bottom and represent the areas of knowledge required for the
decisions. (3) Data nodes are shown as ovals and represent areas of data required to make the
decisions. Each decision node uses a set of inputs to generate a set of results. Decision node inputs
are either data nodes or outputs from other decision nodes.
The DRA approach uses a top-down analysis of decisions into the structure recorded in the
DRD. The higher level decisions are those involving Human-Machine Interface (HMI) adaptation,
which are the final output of the rule-based system. HMI adaptation decisions are derived using
higher level parameters which in turn depend on other lower level parameters, and so on. This
analysis is performed using the parameters from the projects reviewed in Section 3.1 and literature.
The steps involved in the top-down analysis are described:
1. Identify the adaptation decisions. The goal of HMI adaptation is to improve driver
safety and comfort. The HMI adaptations are grouped into categories. The categories that
contribute to the goal are selected and represented as decision nodes.
2. Identify parameters influencing adaptation decisions. The parameters that are relevant to derive the adaptation decisions selected are identified. Redundant or overlapping
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parameters are merged. A decision node is used to represent parameters whose decisionmaking is decomposed in step three. Otherwise, a data node is used.
3. Decomposing parameter decisions. In some cases it is feasible to use rule-based reasoning to estimate the value of the parameters identified in step two. Such parameters are
identified and their decision-making decomposed. The resulting parameters are represented
as data nodes in the DRD and are connected to the decision node of the relevant parameter.

4.2

Unified Decision Hierarchy

The DRD showing the unified decision hierarchy is presented in Figure 4.1. It consists of 48
parameters arranged in a dependency network that describe the decisions involved in adapting an
HMI. Hereafter we explain how the parameters in the unified decision hierarchy are derived. We
start with the HMI adaptation decisions and decompose the decision-making.

Figure 4.1: Unified decision hierarchy for an Adaptive HMI.

4.3

HMI Adaptation Decisions

The adaptivity features implemented in the projects reviewed were grouped into decision categories
and presented in Table 3.2. In this section, we propose parameters to describe these adaptation
decisions. Some decisions involve smaller decisions and thus need to be represented by more
than one parameter. An overview of each decision and the parameters used to represent them is
presented below. Table 4.1 shows the resulting list of parameters.
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Suppress. Suppression, or not displaying the output at all, has been used as an adaptation for
messages and warnings. For example, lane departure warning suppression was tested in
SAVE-IT with attentive drivers to avoid annoyance. The decision to suppress is binary and
thus represented by one Boolean parameter.
Change Timing. Changing the presentation timing of a system output was done with both
warnings and messages. In COMUNICAR and AIDE, messages such as incoming phone calls
were postponed until the demanding or risky driving situation (e.g., crossing a roundabout)
had ended. On the other hand, in AIDE and SAVE-IT warnings were displayed early to
compensate for an expected slower driver reaction time or with a delay in the opposite case.
The default for messages and warnings is that the timing remains unchanged. Therefore, the
decision to change the timing is represented by one parameter with four values.
Select Modalities. The output modalities used in the automotive HMI are visual, auditory,
and haptic. A system output can be displayed using one or more modalities. Thus, this
adaptation decision is represented by one Boolean parameter per modality: visual, haptic,
and auditory. For example, if visual is true, it means that the visual modality is selected.
An assumption is made that all modalities are supported for each system output.
Change Salience. The salience of an auditory signal depends on properties such as loudness and
repetition rate. Salient auditory stimuli are more likely to attract the attention of drivers
who are distracted or hearing impaired. A parameter on a three-level ordinal scale is used
to describe the decision to change the salience.
Auditory Type. A parameter to indicate whether the auditory output is vocal or acoustic is
added. Vocal refers to the human voice and acoustic to a sound signal, e.g., a ”beep”. In
the AIDE and ADAS&ME projects both types of outputs were evaluated.
Visual Device. Choosing the display where a warning/message is presented is relevant because
its distance from the driver’s forward scene is an indicator of its distraction potential. One
warning/message could be presented in redundant displays. Therefore, the visual device
decision is represented by one Boolean parameter for each of the visual displays used in past
projects.
Finally, the adaptation decisions related to GUI selection are reviewed. These involve adapting
the GUI’s colors, sound, and information presented to the state of the driver’s detected emotions
and stress. However, it is not possible to use a small set of parameters to describe these adaptations in a meaningful way. Therefore, decisions related to GUI adaptation are not be included.
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Parameter

Description

Suppression Decision
suppress-message

Describes whether the warning/message is suppressed. Boolean

Timing Decision
change-timing

Describes whether the warning is presented early or delayed or
whether the message is postponed:
early, delay, postpone, no

Modality Decisions
use-visual
use-auditory
use-haptic
Auditory Signal Decision
auditory-salience
Auditory Type Decision
auditory-type
Visual Device Decisions
display-cluster
display-hud
display-center

Describes whether the visual modality is enabled. Boolean
Describes whether the auditory modality is enabled. Boolean
Describes whether the haptic modality is enabled. Boolean
Describes the salience of the auditory signal:
low, moderate, high
Describes the type of auditory signal:
vocal, acoustic
Describes whether the instrument cluster is used. Boolean
Describes whether the head-up display is used. Boolean
Describes whether the center stack is used. Boolean

Table 4.1: Parameters to describe HMI adaptation decisions.

4.4

Factors Influencing Adaptation Decisions

Hundreds of attributes could be used to describe a driving scenario. Such attributes range from
specific information such as road curvature to concepts such as driver workload. However, a smaller set of parameters was found to be relevant to make HMI adaptation decisions [1] [2] [3] [4].
These parameters are identified, and the redundant parameters are merged.

4.4.1

Describing Onboard Messages

Onboard messages are warnings and messages sent by Advanced Driver Assistance System (ADAS)
and In-Vehicle Information System (IVIS) systems. The projects reviewed in Section 3.1 use the
priority of system-initiated outputs to decide how the warnings and messages are delivered. At
least two priorities are used: one for ADAS warnings and another for IVIS messages.
The AIDE project uses eight parameters to provide a generalized description for driver-vehicle
interactions [8]. Three of these parameters are not relevant in this project. The initiator is not
necessary because only system-initiated actions are considered. User-defined preferences for the
delivery of specific ADAS/IVIS messages is beyond the scope. Action duration is not relevant
because only transient or temporary outputs are considered. The priority of each message or
warning is calculated using these parameters. In AIDE, for example, an output with high safety
criticality and high time criticality is assigned the highest priority. The priority is then used as
an input for adaptation decisions. Table 4.2 shows the parameters that describe system warnings
and messages.
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Parameter

Description

priority

Describes the priority of the system output. Warnings have a high priority,
messages have a moderate or low priority:
low, moderate, high

safety-criticality

Describes the likelihood of injury/damage if event occurs:
low, moderate, high
Describes the urgency, i.e., whether a quick response is required:
low, moderate, high
Indicates whether the interaction involves real time communication with
another person, e.g., an incoming phone call.
Boolean
Indicates whether the system output is relevant for the driving task.
Boolean
Indicates whether the information has to be presented due to legal reasons.
Boolean

time-criticality
real-time

driving-relevance
mandatory

Table 4.2: Parameters to describe system outputs.

4.4.2

Describing the DVE State

The Driver-Vehicle-Environment (DVE) State represents the momentary status of the driving situation and is estimated using information on the driver, vehicle and the environment. Although
similar parameters have been used across projects, there is no inherently correct set of parameters to describe the DVE state. The parameters depend on the HMI adaptation objectives, HMI
adaptivity features and sensor technology [50]. Nevertheless, an effort is made to select a generalized set of parameters to support the selected adaptation decisions. The parameters are briefly
described and a rationale for their selection is provided:

Driving Demand. The driving-demand is the demand imposed by the driving task. A highly
demanding driving situation will make the driver less available to process and receive information. Thus, the demand of the driving task is a key parameter to decide whether to
reschedule non-critical information [43] or apply other adaptation strategies. This parameter
has been central to all projects reviewed.
Traffic Risk. The traffic-risk reflects the total level of risk related to traffic conditions. This
parameter is relevant in addition to driving-demand because driver’s ratings of driving task
demand and collision risk are unrelated [51]. Traffic risk estimation was used in all projects
reviewed.
Environment Risk. In the AIDE project, parameters low-visibility and low-audibility were used
to describe the risk related to environmental conditions [50]. These parameters are useful to
decide the most suitable modalities for presenting a message. In the case of low visibility, a
visual message could distract the visual attention of the driver and not be desirable. On the
other hand, heavy rain or loud passengers can affect the audibility of a message presented
using the auditory modality.
Distraction. Parameter visual-distraction indicates whether the driver is looking away from the
road. This parameter was used by the SAVE-IT and AIDE projects to present warnings
earlier or with a more salient modality. Parameter cognitive-distraction indicates whether
the driver is distracted by thoughts, e.g., daydreaming. Cognitive distraction is relevant
because a driver who is visually attentive can have a slow reaction time due to cognitive
distraction. This parameter was used in the AIDE project.
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Driver Impairment. Driver alertness is described as the state of being awake, aware, attentive,
and prepared to react [52]. In the AIDE project three states of alertness were used: alert,
drowsy, and sleepy [50]. This parameter is also used in the ADAS&ME project but referred to
as ”sleepiness”. Parameter fatigue is used in ADAS&ME to describe a state of physiological
fatigue. Alertness and fatigue are relevant because they relate causally to driver impairment,
the physical ability of the driver to drive.
Some parameters were not included. Driver impairment, used in the AIDE project, is closely
related to the parameters alertness and fatigue and was omitted to avoid redundancy. The
ADAS&ME project used parameters to describe the emotions, state of rest, and stress of the
driver. These parameters were not included because they were used to trigger Graphical User
Interface (GUI) adaptations and handover suggestions, which are outside of the scope. The adaptation of the GUI was not included as an adaptation decision, and handover suggestions are a
feature related to the adaptation of an autonomous driving system and not of the HMI. Finally,
the parameters related to the explicit personalization of HMI elements were not considered because the focus is on implicit adaptation. Table 4.3 shows the resulting list of parameters.

Parameter

Description

Environment Situation
driving-demand
traffic-risk
low-visibility
low-audibility
Driver State
visual-distraction
cognitive-distraction
alertness
fatigue

Describes the level of demand imposed by the driving task:
low, moderate, high
Describes the level of risk related to the traffic situation:
low, moderate, high
Indicates whether there is low visibility. Boolean
Indicates whether there is low audibility. Boolean
Indicates whether the driver’s gaze is off the road. Boolean
Indicates whether the driver is cognitively distracted. Boolean
Describes the state of alertness of the driver:
alert, drowsy, sleepy
Describes the level of fatigue of the driver:
low, moderate, high

Table 4.3: Parameters to describe the DVE state.

4.4.3

Describing Driver Characteristics

Static driver characteristics are relevant for HMI adaptation. The driver’s reaction time to a
critical event can be used to change the presentation timing of a warning, for example. The years
of driving experience can be used for risk estimation because an inexperienced driver, regardless
of age, has higher crash rate odds [53]. On the other hand, crash rates also increase significantly with elderly drivers over 75 years old [9]. Driver disabilities were considered in the AIDE
and ADAS&ME projects and therefore a parameter to indicate an auditory disability is added.
Sensation seeking is a personality trait which refers to one’s preference for novel experiences and
willingness to take risks. Several studies have found a positive relationship between sensation
seeking and collision involvement [54]. Table 4.4 shows the selected parameters to describe the
driver characteristics.
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Parameter

Description

reaction-time

Describes the reaction time of the driver:
slow, fast
Related to the number of years of driving experience of the driver:
novice, expert
Indicates whether the driver is over 75 years old. Boolean
Indicates whether the driver has an auditory disability. Boolean
Indicates preference for novel experiences and willingness to take
risks. Boolean

driving-experience
elderly-driver
auditory-disability
sensation-seeking

Table 4.4: Parameters to describe long-term driver characteristics.

4.5

Factors Influencing DVE State Parameters

In each project, parameters were operationally defined according to the objectives and technology
used. Therefore, the same parameter is estimated using different data and algorithms. Unlike the
HMI adaptation decisions, most of the parameters were not calculated using rule-based logic. In
the AIDE project, for example, traffic risk was calculated by assessing the driving scenario elements which include road infrastructure, subject vehicle dynamics, moving/stationary obstacles,
and traffic flow. All these elements were treated as stochastic dynamic variables described by a
state vector based on a Kalman control system [55].
However, the levels of driving demand and traffic-risk in a driving situation can be estimated using rule-based logic. These depend on the characteristics of road infrastructure, traffic
participants, and weather which can be captured using Boolean or enumerated parameters.

4.5.1

Driving Demand

Driving task demands depend on the driving environment and the driver scanning strategies [56].
Driving tasks consist of tasks in longitudinal direction, tasks in intersections, and other driving
tasks [51]. Longitudinal traffic depends on the maneuvers and interactions with other cars. Parameter situation describes the eight basic longitudinal situations. Longitudinal driving tasks are
also affected by road type, by road shape (i.e., presence of curve or incline), and by the traffic flow.
Tasks at intersections are influenced by the type of intersection, intersection control, and driving
direction [51]. Other driving tasks are influenced by the traffic density, the presence of weather
phenomenons, and whether it is day or night. Table 4.5 shows the parameters that affect driving
demand.

4.5.2

Traffic Risk

Traffic risk is a combined rating of the probability and severity of a collision. The severity of a
collision is affected by the speed, presence of vulnerable road users, speed difference with potential
collision objects, and potential collision angle [51]. The collision angle is expressed as t-bone in
reference to right-angle collisions, which tend to be the most severe [57]. Table 4.6 shows the
parameters that affect traffic risk.
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Parameter

Description

Longitudinal traffic
situation

Describes the traffic situation:
following, beforehand, following-and-beforehand, overtaking,
being-overtaken, platoon, stop-and-go
Describes the type of road:
motorway, rural, city
Describes if traffic is flowing freely or restricted by lane closures,
bottlenecks, etc. Thus, traffic flow is either:
free, restricted
Indicates whether the road has a bend. Boolean
Indicates whether the road has an incline. Boolean

road-type
traffic-flow

bend
incline
Intersection
intersection
intersection-type
intersection-control
intersection-direction
Other
traffic-density
rain, snow, fog, wind
night

Indicates whether the road segment is an intersection. Boolean
Describes the type of intersection:
four-leg, three-leg, roundabout
Describes the type of traffic control in an intersection:
traffic-light, road-signs, right-hand-rule
Describes if there is a change in direction in an intersection:
no-change, right-turn, left-turn, u-turn
Describes the traffic density, e.g., number of vehicles per km. of road:
low, moderate, high
Indicates the presence of various weather phenomenons. Boolean
Indicates whether it is night-time. Boolean

Table 4.5: Parameters to describe the Driving Demand.

Parameter

Description

Own vehicle
speed

Describes the speed of the vehicle:
low, moderate, high

Potential collision objects
speed-difference
t-bone
vulnerable-road-user

Describes the speed difference with the potential collision object:
low, moderate, high
Indicates whether the potential collision angle with another
vehicle is 90 degrees. Boolean
Indicates whether a vulnerable road user is present, e.g., pedestrian, cyclist. Boolean

Table 4.6: Parameters to describe the Traffic Risk.
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4.6

Summary

This chapter described the development of a unified decision hierarchy that answers Research
Question 2 (Section 1.2). The hierarchy captures the knowledge needed to make real-time adaptation decisions for the presentation of onboard messages. The hierarchy comprises 48 parameters
organized in a dependency network and is used for the development of a DSL in Chapter 5.
A top-down approach was used to identify the parameters relevant for message adaptation.
First, the adaptivity features identified in Chapter 3 were converted to parameters that describe
the adaptation decisions (e.g., suppress-message, change timing). Then, the factors that affect
adaptation decisions were identified. These include DVE State parameters, message priority, and
driver characteristics. Finally, the factors that affect two DVE state parameters (i.e., driving demand and traffic risk ) were identified and added to the hierarchy.
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DSL Development
In this chapter, we describe a DSL to simplify the specification of HMI adaptation rules called
Adaptive HMI Specification Language (AHSL) [7]. We describe the requirements, syntax, code
generator, and editors.

5.1

Requirements

The language’s main requirement, derived from the thesis goal, is:
The DSL shall provide domain users with a means to specify the executable
decision logic of an automotive HMI in a compact way.

High-level requirements related to the syntax, well-formedness, code generator, and editor are
derived from the main requirement. Functional requirements are indicated by Func. Usability by
domain users is a key factor for Domain-Specific Language (DSL) adoption [58]. Thus, usability
requirements are derived and indicated by Usab. Table 5.1 shows the four high-level requirements
and the syntax requirements.

ID

Name

Specification

1.1

Syntax

The DSL shall provide a user-friendly and compact
syntax designed for domain users.

1.1.1 Expressive Power
1.1.3 Consistent
1.1.3 Concise
1.1.4 Understandable

The DSL shall provide the essential functionality to define
the logic of the decision nodes in the u.d.h.
The DSL shall provide a consistent syntax.
The DSL shall provide a compact syntax.
The DSL shall provide an easy to understand syntax.

Type

Func.
Usab.
Usab.
Usab.

1.2

Well-Formedness

The DSL shall check that DSL code is well formed.

Func.

1.3

Code Generator

The DSL shall generate rules that execute in a rule engine.

Func.

1.4

Editor

The DSL shall provide a user-friendly editor.

Usab.

Table 5.1: High-level and syntax DSL requirements.
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5.2

Syntax

An AHSL program consists of assign statements (AssignStmt(s)). This statement provides a
way to describe, in a single block of code, the conditions under which a parameter is assigned all
its possible values.
As an example, we specify the conditions that determine the priority of an onboard message.
We assume that if the “safety criticality” of the message is high, then the message priority is high.
If the “safety criticality” is not high but the “time criticality” is high, then the priority of the
message is moderate. Otherwise, the priority is low. Listing 5.1 shows these conditions described
using one AssignStmt.
Listing 5.1: Specification of the message priority using one AssignStmt.
assign priority
high when
safety-criticality is high
moderate when
time-criticality is high
default low

The AssignStmt is a control structure that provides multiple paths of execution. A production
rule, on the other hand, is essentially an if-then statement and thus provides one execution path
only. Listing 5.2 shows that three if-then statements or production rules are needed to describe
the same example.
Listing 5.2: Specification of the message priority using if-then statements.
if(safetyCriticality == "high"){
priority = "high";}
if(safetyCriticality != "high" && timeCriticality == "high"){
priority = "moderate";}
if(safetyCriticality != "high" && timeCriticality != "high"){
priority = "low";}

In terms of the power to provide multiple execution paths, an AssignStmt is similar to an
if-then-else statement. In an AssignStmt, however, the actions are described before the conditions. We invert the condition-before-action order used in the if-then-else statement. Describing
actions before conditions is unusual in natural and programming languages. However, it enables
us to place the parameter name on the top to make it more noticeable. The parameter is written
only once, making the code more concise.

5.2.1

Grammar

Listing 5.3 presents the syntax of AHSL defined using Rascal’s built-in grammar formalism [37].
A program (Program) consists of one or more assign statements (AssignStmt). Each assign statement
begins with the assignment operator assign. It is followed by the target parameter’s name, zero
or more conditional statements (ConditionalStmt) and one default statement (DefaultStmt). Each
conditional statement consists of a value (Value) to be assigned and one or more condition lines
(ConditionLine). A condition line has one or more conditions (Condition) that are combined using
an or operator. The syntax definitions of non-terminals Parameter and Value are not shown.
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Listing 5.3: Snippet of AHSL’s grammar definition using Rascal’s built-in formalism.
start syntax Program
= program: AssignStmt+ assignstmts;
syntax AssignStmt
= assignStmt: "assign" Parameter parameter ConditionalStmt* conditionalstmts DefaultStmt
defaultstmt;
syntax ConditionalStmt
= conditionalStmt: Value value "when" ConditionLine+ conditionlines;
syntax DefaultStmt
= defaultStmt: "default" Value value;
syntax ConditionLine
= conditionline: {Condition "or"}+ conditions;
syntax Condition
= boolean: Negation? negation Parameter parameter
| enumeration: Parameter parameter "is" Negation? Value value;
syntax Negation
= not: "not";

To make AHSL simpler for nonprogrammers, we give it a natural language appearance. Characters commonly found in general-purpose languages (GPLs) such as the curly brackets, parenthesis,
quotation marks, semicolons, equal signs, etc, are not used. The only exception is the hyphen (””), used to separate words in parameter and value names. Using only alphabetic characters poses
constraints for the design of the syntax. For example, it is no longer possible to use brackets to
group multiple conditions. The parameter naming guidelines and conditional operators used in
AHSL are explained next.

5.2.2

Parameter Naming Guidelines

The parameters and values are part of the syntax of AHSL. Naming guidelines for parameters
and values were defined to improve their readability and understandability. Parameter names and
enumeration literals are written in lower case. When names consist of more than one word, these
are separated using hyphens (”-”), using a naming convention known as lisp-case. For brevity,
parameter names do not include the name of the entity they describe. Thus, parameter names are
carefully chosen to be understandable on their own. In most cases, the parameters that describe
adaptation decisions start with a verb to imply that an action is taken.

5.2.3

Conditional Operators

An AssignStmt contains conditional statements. Operators are needed to describe the condition
and action of a conditional statement. Additionally, operators are used to combine conditional
statements. Three types of operators are selected:
1. Assignment Operator. An assignment operator is the operator used to assign a new value to
a variable. Assignment operators are needed for the action part of conditional statements.
Support for the simple assignment operator is implemented using the term assign.
2. Equality Operators. Equality operators are used to individually test for the values of parameters. Support for the equality operator equal to and the inequality operator not equal to
is required. The equality operator is represented using is and the inequality operator using
is not. In the case of Boolean parameters, is is omitted. We believe that the minimalist
usage of these operators is closer to natural language and is understandable.
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3. Conditional Operators. The decision nodes in the unified decision hierarchy depend on the
values of other parameters. Driving demand, for example, depends on the values of up to
15 parameters. Each condition tests for the value of one parameter. Conditional operators
provide the capability to combine conditions. Thus, we include support the or and and
operators. Condition(s) in a ConditionLine are combined using or. ConditionLine(s)
in a ConditionalStmt are combined implicitly using and.
Table 5.2 shows the how the operators are implemented and used in AHSL.

Operator

Syntax Snippet

Example Code

Assignment

”assign” Parameter Value

assign driving-demand
high when (...)

Bool Equality (*)

”when” Parameter

high when
bend

Bool Inequality

”not” Parameter

low when
not intersection

Enum Equality

Parameter ”is” Value

low when
situation is following

Enum Inequality

Parameter ”is not” Value

high when
traffic-density is not low

Conditional AND (*)

ConditionLine ConditionLine

high when
situation is overtaking
fog

Conditional OR

Condition ”or” Condition

high when
rain or night

Table 5.2: Operators used in AHSL
(*): Implicit Operator

5.2.4

Well-Formedness Constraints

The requirements related to the well-formedness constraints are derived. Table 5.3 shows the three
well-formedness requirements. The well-formedness of the syntax is checked by the parser, which
is generated from the Rascal grammar. The correct parameter-value usage pairs is checked using function checkParamType() defined in Rascal module ahsl::Check. The restriction that each
parameter can be assigned by a maximum of one AssignStmt is checked by function checkAssignStmt() found in the same module. This restriction was defined to prevent unexpected behavior
during rule execution.

ID

Name

Specification

1.2.1 Syntax WF
1.2.2 Par-Val
1.2.3 One Assignment

The DSL shall check the syntax of DSL code.
The DSL shall check parameter-value usage pairs.
The DSL shall check the each parameter is assigned no
more than once.

Type
Func.
Func.
Func.

Table 5.3: Derived well-formedness requirements.
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5.3

Code Generator

The requirements related to the code generator are derived. Table 5.4 shows the five code generator
requirements.
ID

Name

Specification

1.3.1 AssignStmt
Integrity
1.3.2 Decision
Sequence
1.3.3 Gate Conditions
1.3.4 Code Tracing
1.3.5 Firing Log

When the rules execute, the DSL shall enforce that rules
from a single AssignStmt fire abiding by its control flow.
When the rules execute, the DSL shall enforce that rules
fire in the decision sequence described in the u.d.h.
When the rules execute, the DSL shall enforce that rules
fire abiding by the gate conditions derived from the u.d.h.
The DSL shall provide information about the mapping
between DSL code and the generated rules.
After the generated rules execute in Drools, the DSL shall
provide information about the rule firing order.

Type
Func.
Func.
Func.
Func.
Func.

Table 5.4: Derived code generator requirements.
Requirement 1.3 states that the DSL shall generate rules that execute in a rule engine. A complete transformation from Adaptive HMI Specification Language (AHSL) to Drools Rule Language
(DRL), an executable rule language, is implemented. The generated text rule file is executable
as is and conforms to the concrete syntax of DRL. We explain the core features and the support
features of the code generator.

5.3.1

Core Features

The core features of the code generator are related to requirements 1.3.1, 1.3.2, and 1.3.3. The
implementation of each requirement is described below.
Req. 1.3 At a high-level, this is achieved by converting each AssignStmt into one or more rules.
Each ConditionalStmt and DefaultStmt becomes a rule. The conditions and actions
specified in the elements of an AssignStmt become the LHS and RHS of each rule.
Req. 1.3.1 The rules generated from the same AssignStmt preserve their atomic behavior.
This means that ConditionalStmt(s) are evaluated in descending order, and that the
DefaultStmt is evaluated last. Additionally, a maximum of one rule per AssignStmt
should fire. This is achieved by using the activation-group and salience rule attributes [6].
The activation-group guarantees that only one rule within a group fires. The rules generated
from one AssignStmt have the same activation-group name. The salience prioritizes the
execution of a rule within an activation-group. The rule generated from the first ConditionalStmt has the higher salience. The rule generated from the DefaultStmt has the
lowest salience.
Req. 1.3.2 Rule engines handle the firing of related rules in what is called rule chaining. Listing 6.1 shows an example of chaining. The first two AssignStmt(s) change the values of
priority and traffic-risk, which are included in the condition part of the third AssignStmt.
The agenda-group rule attribute is used to categorize rules in groups (i.e., SEQ1, SEQ2,
SEQ3, and SEQ4 ) that are evaluated sequentially.
Req. 1.3.3 The rules that modify parameters constrained by the value of other parameters shall
not fire. These gate conditions are specified in Figure 5.1. For example, when suppressmessage is true, use-visual is never true. This is achieved with gate conditions. A gate
condition is added to the LHS of the affected rules.
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Figure 5.1: Decision sequence and gate conditions derived from the unified decision hierarchy.

5.3.2

Support Features

The support features of the code generator are related to requirements 1.3.4 and 1.3.5, which
are shown in Table 5.4. Code tracing (Req. 1.3.4 ) is implemented by adding information to the
”name” of each rule that uniquely identifies the source AssignStmt and ConditionalStmt or
DefaultStmt. The firing log (Req. 1.3.5 ) is implemented by adding an instruction to the generated rules that adds an entry to the console log when it fires. The entry contains the modified
parameter’s name, its new value, and the rule name.
The flow chart in Figure 5.2 provides an overview of the code generation algorithm including
core and support features. This flow repeats until all the AssignStmt(s) in a Program are
processed.
.

DSL for Describing Adaptation Rules for Automotive System Messages

34

CHAPTER 5. DSL DEVELOPMENT

Figure 5.2: Code generation algorithm of one AssignStmt.

5.4

Language Editors

Requirement 1.4 states that the DSL shall provide a user- friendly editing environment. AHSL
offers two different editing environments: a text editor and a block-based editor.
The built-in Rascal text user interface is used to create and edit AHSL programs. It checks
for syntax correctness while the program is being typed. Figure 5.3 shows a syntactically correct
AHSL program in the Rascal text editor.

Figure 5.3: Rascal text editor showing code from Listing 5.1.
Kogi [40] is used to derive a block-based environment from the AHSL context-free grammar.
The block-based editor is based on Google Blockly [59]. The source code of the first release of Kogi
is found in [60]. Figure 5.4 shows blocks defined using the block-based editor generated by [61, 62].
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Figure 5.4: Sample AHSL program containing one AssignStmt in the block-based editor.

5.5

Platforms

Language development was performed in Rascal. This includes the syntax, code generator, wellformedness checker, and text-based editor. The target platform for rule execution is Drools.

5.5.1

Rascal

Rascal [37] is the language workbench used to create AHSL [7]. Project gradproject-ahsl contains
the modules of AHSL. These are shown in Table 5.5.
Module

Description

ahsl::Syntax
ahsl::Abstract
ahsl::Transform
ahsl::Parser
ahsl::Load
ahsl::Plugin
ahsl::Check
ahsl::Helper
bbe::PluginBlocks

Concrete syntax definition.
Abstract syntax definition.
Transformation rules for code generation.
Parser function.
Commands to parse and implode.
Register the AHSL extension and a parser to be used in Eclipse.
Well-formedness checker.
Helper functions for code generation.
Plugin to generate block based environment.
Table 5.5: Modules of Rascal project gradproject-ahsl.

5.5.2

Drools

The rule file is executed in a Drools Project. Eclipse IDE v2021-06 with the Drools plug-in for
Eclipse v7.46.0.Final is used for development. The project contains three packages:
1. Package com.sample contains class ExecuteRules. Upon execution, it defines initial parameter values, initializes the Drools environment, and fires the rules.
2. Package com.sample.rules contains the generated rule file.
3. Package com.sample.ahsl contains the classes that declare the variables used by the rules.
An additional class Constants) declares the enumerations.
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5.6

Summary

This chapter described the development of a tool called AHSL that answers Research Question 3
(Section 1.2). The tool developed is validated in Chapter 6. Below we describe the main takeaway
messages from this chapter.
Initially, the requirements that describe the functionality and usability of the DSL were derived
from the thesis goal. These include the requirements related to the syntax, well-formedness, code
generator, and editors.
The language syntax consists of compact structures called assign statements that define the
conditions to assign values to one parameter. Code generation involves creating one or more rules
from each assign statement. Rule execution attributes provided by the rule engine are used to ensure the internal and external consistency of assign statements. AHSL programs are manipulated
using a text-based and block-based editor.
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Validation
In this chapter, we present an evaluation of Adaptive HMI Specification Language (AHSL). This
includes usability testing and software testing.

6.1

Usability Testing

Usability is the question of how well users can use the functionality [63]. Domain-Specific Language
(DSL) usability by domain users is a key factor for DSL adoption [58]. Usability testing involves
test users performing a specified set of tasks. Two requirements are related to usability.
• Req. 1.1 The DSL shall provide a user-friendly syntax designed for domain users.
• Req. 1.4 The DSL shall provide a user-friendly editor.

6.1.1

Tools

Participants answer a questionnaire that comprises Likert scale questions to assess the editors
using usability heuristics and open-ended questions to identify characteristics of the DSL along
the cognitive dimensions. Thematic analysis is used to analyze the responses to open-ended
questions.
Usability Heuristics
Jakob Nielsen suggested ten general principles or heuristics for user interface design [63].
Usability heuristics are used to measure the usability of user interfaces. The heuristics are:
1. Visibility of System Status. Systems should provide immediate feedback on the interaction.
2. Match between System and Real World. Systems should use terms and concepts that
are familiar to the user.
3. User Control and Freedom. Systems should provide clear ”emergency exit” mechanisms
to leave unwanted states quickly.
4. Consistency and Standards. Users should not have to wonder whether different words,
visuals, or actions mean the same. Follow conventions.
5. Error Prevention. Systems should have a careful design to prevent problems from
occurring.
6. Recognition rather than Recall. The user should not have to remember information.
Instructions should be easily retrievable whenever appropriate.
7. Flexibility and Efficiency of Use. The system can cater to both inexperienced and
experienced users.
8. Aesthetic and Minimalist Design. Dialogues should not contain information which is
irrelevant or rarely needed.
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9. Recognize, Diagnose and Recover from Errors. Error messages should be expressed in
plain language and suggest a solution.
10. Help and Documentation. Such information should be easy to search, focused on the
user’s task, list concrete steps, and not be too large.
Cognitive Dimensions
The Cognitive Dimensions of Notations framework (CDs) are a tool to evaluate the usability of information-based artefacts [64] using a broad-brush treatment rather than a lengthy
analysis. The information artefact is evaluated along 13 different cognitively relevant dimensions, giving a profile. The 13 cognitive dimensions are [64]:
1.
2.
3.
4.
5.
6.
7.
8.
9.
10.
11.
12.
13.

Abstraction. Types and availability of abstraction mechanisms.
Hidden dependencies. Important links between entities are not visible.
Premature commitment. Constraints on the order of doing things.
Viscosity. Resistance to change.
Visibility. Ability to view components easily.
Closeness of mapping. Closeness of representation to domain.
Consistency. Similar semantics are expressed in similar syntactic forms.
Diffuseness. Verbosity of language.
Error-proneness. Notation invites mistakes.
Hard mental operations. High demand on cognitive resources.
Progressive evaluation. Work-to-date can be checked at any time.
Provisionality. Degree of commitment to actions or marks.
Role-expressiveness. The purpose of a component is readily inferred.

The CDs can be used with noninteractive artefacts such as computer languages. The CDs assess the manipulation of computer programs by distinguishing four types of activity. (1) Incrementation refers to adding a new element to a program. (2) Transcription refers to
converting statements to program elements. (3) Modification refers to changing existing
program elements. (4) Exploratory design refers to programming on the fly or ”hacking”.
Thematic Analysis
The thematic analysis process described in [65] is adapted to analyze the open-ended question
responses of the questionnaire. The objective is to find the features of the AHSL syntax and
editors that affect usability. The adapted steps of the thematic analysis are explained below.
1. The questionnaire responses are printed to familiarize with the data. Paper is a convenient medium to detect reoccurring topics in the answers of the participants.
2. Relevant phrases in user responses are marked. Relevance is determined by a feature
which affects usability in a positive or negative way. These phrases are condensed
without altering their meaning and written in a column. These phrases become Codes.
The cognitive dimension that each question is assessing is written down.
3. Patterns in the codes are identified to come up with initial themes. Themes are broader
than codes. Usually several codes are combined into a single theme.
4. In an iterative process, themes are redefined to accommodate for more codes or split
into more themes if the codes contained are not cohesive enough.
5. Additional information is identified for each code. The valence, which indicates whether
the user is stating something ”good” or ”bad” about AHSL, is written down. The editor
the participant referred to in the response is identified.
6. A report which includes the AHSL characteristics (i.e., themes) that affect usability
and the number of times a characteristic is mentioned is produced.
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6.1.2

Planning and Materials

Usability testing involves test users. This type of testing is important because it lets us understand
how other users besides the developer interact with our DSL. The testing materials can be found
in Appendix C.
Participants
Participants are healthy adults who are able to come in-person to TU Eindhoven to perform
the study. They are expected to spend around 60 minutes testing a software prototype
and completing a questionnaire and no compensation of any kind is available. Initially, the
intention was to test with users without a programming background. After doing a trial
run with a non-technical user (i.e., a designer), however, we realized that this type of user
expects a high quality interface with assistance features (e.g., auto-complete) that our editors
did not have. Therefore it was decided that participants should be familiar with coding in
a text interface. Four participants are needed to achieve the maximum benefit/cost ratio
between thoroughness (e.g., number of issues detected) and time resources spent in testing
[66]. Thus, we aim to recruit between three and five participants.
Testing Procedure
Each participant is scheduled at a separate time. Participants sign a consent form and
receive a ten-minute presentation of AHSL. They are provided with a computer containing
the Rascal text editor and a block-based editor rendered as an html file on a web browser.
Participants are requested to perform four user tasks and to ask questions to the facilitator
at any time. When they complete the tasks, participants answer the questionnaire. Finally,
the user testing session ends. The user tasks and questionnaire are described below.
User Tasks
A summary of the four user tasks is presented below.
1. Understanding a program in the text editor. Participants are provided with a text
editor, file Task01.ahsl, and input parameter values. They are requested to manually
calculate the resulting parameter values according to the code and input values. This
task is presented first to familiarize participants with AHSL.
2. Modifying a program in the text editor. Participants are provided with instructions to
change some statements in file Task01.ahsl using the text editor.
3. Creating a program in the text editor. Participants are provided with instructions to
create statements that assign the values of four parameters using the text editor.
4. Creating a program in the block-based editor. Participants are provided with instructions
to create one AssignStmt using the block-based editor.
Questionnaire
The questionnaire has 27 questions and consists of two parts:
(1) Questions 1-6 request the respondent to assess the text editor and the block-based
editor using six usability heuristics. Heuristics 1, 2, 9, and 10 are not assessed because
they are not relevant for code editors or because the editors do not have features related
to these heuristics. We use one Likert scale question with a scale from 1 (bad) to 5
(excellent) to assess each heuristic [67].
(2) Questions 7-27 encourage the respondent to identify characteristics of AHSL that are
relevant to each cognitive dimension. Ten cognitive dimensions are selected. Cognitive
dimensions 1, 11, and 12 were not assessed because the language lacks these features.
There are two questions per dimension and one question requesting the respondent to
suggest ways to improve the design of AHSL, regardless of the dimension.
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User Study Approval
The usability testing was approved by the thesis supervisor according to the guidelines of
TU Eindhoven for user studies with minimal risk.

6.1.3

Results

Three male participants completed the testing session. Their ages ranged between 23 and 35
years old and had more than two years of programming experience. Questionnaire responses are
presented and analyzed.
Usability Heuristics (Q. 1-6)
The mean of the Likert scale responses assessing the editors’ compliance with the usability heuristics are shown in Figure 6.1. We present the main findings.
• Both editors scored well in heuristics user control and freedom, recognition rather than recall,
and aesthetic and minimalist design.
• The highest rating overall was given to the text editor in terms of Consistency. We believe
this is due to the consistency of the AssignStmt(s) and in the usage of language operators.
• The block-based editor was rated much better in prevent errors than the text editor. This is
probably due to the fact that the block-based editor ensures by design that only syntactically
compatible blocks are connected. The text editor, on the other hand, does not prevent syntax
errors, but warns after they occur.
• Users rated the text editor higher than the block-based editor in flexibility and efficiency of
use. This can be explained by the fact that participants had programming experience and
were therefore used to coding in plain text.

Figure 6.1: User assessment of editor compliance with usability heuristics. Source: mean of
responses to questions 1-6.

Cognitive Dimensions (Q. 7-27)
The responses of the three participants gave a total of 1,520 words of unstructured text. The
responses were analyzed using a thematic analysis. The 71 codes identified are found in Table C.2.
Each code is assigned a theme. Themes, which group codes into clusters, are characteristics of the
text editor or the block-based editor that affect usability. The themes identified and the number
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of times they were mentioned are shown in Table 6.1 for the text editor and in Table 6.2 for the
block-based editor.

Theme
Positive
Easy notation
Natural language
Assign cohesiveness
Minimalistic
Easy to change
Negative
Using parameters
Large conditions
Action before condition
Assign interdependency
Unfamiliar notation
Implicit and

Examples of User Responses

Freq.

notation is clear, easy, simple, consistent
sounds like pure English, reads as natural language, can
become documentation
closely related elements, conditions and results in neat
blocks, dependencies visible
can express briefly, notation minimalistic
easy to change value assigned and condition, target parameter

10
5

can’t see parameter type when typing, typos in names,
forgetting parameter and value names
many ”or”s create wider code, comprehending long conditions
think first about target parameter, difficult to start with
assignment instead of condition
dependencies between related parameters, must think to
assign parameters used in other blocks
different from experience, using ”is” instead of ”=”
remembering that new line is ”and”, strange that ”and”
is not expressed in words

6

4
3
2

5
3
2
2
2

Table 6.1: User assessment of text editor characteristics that affect usability in a positive and
negative way. Includes examples of user responses and the number of times a response related to
the theme was identified. Source: thematic analysis of questions 7-27.

Theme
Positive
Drop-down menu
Copy-paste blocks
Negative
Using parameters

Frequent drag and drop

Examples of User Responses

Freq.

changing parts of the notation is more or less easy because there is a dropdown
the structures can be copied and pasted

3

difficult to navigate the left bar and find the blocks and
variables you are looking for, there is no searching feature in the block-based interface
feels long winded, a lot of dragging and dropping when
first starting a project

11

2

4

Table 6.2: User assessment of block-based editor characteristics that affect usability in a positive
and negative way. Includes examples of user responses and the number of times a response related
to the theme was identified. Source: thematic analysis of questions 7-27.
The themes related to the text editor identified in Table 6.1 are described below. Usability
issues have a negative sign on the left.
1. Easy notation. This theme groups comments related to the notation being clear, easy, simple,
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consistent, etc.
2. Natural language. Groups comments which mention the similarity between the notation and
natural language.
3. Assign cohesiveness. Groups responses that are related to the fact that the elements of the
AssignStmt form a united whole.
4. Minimalistic. Groups responses that mention the briefness or minimalism of the notation.
5. Easy to change. Related to comments that mention the easiness of editing the internal
elements of an AssignStmt.
6. (-) Using parameters. Groups comments related to the difficulty of using the parameters.
7. (-) Large conditions. Related to the fact that writing and comprehending conditions becomes
more difficult as condition complexity or size grows.
8. (-) Action before condition. Related to the inverted order of actions and conditions.
9. (-) Assign interdependency. Groups the phrases pointing to the lack of visibility of dependencies that exist between blocks related by chaining.
10. (-) Unfamiliar notation. Groups comments related to the lack of familiarity with the operators used in AHSL.
11. (-) Implicit and. Related to the difficulties caused by the and operator not being explicitly
expressed in the code.
The themes related to the block-based editor identified in Table 6.2 are described below.
1. Drop-down menu. Groups comments related to the benefit of using the drop-down menus
in blocks to select a parameter or value without having to type it down.
2. Copy-paste blocks. Related to the feature that enables reusing blocks by copying and pasting
them in the canvas.
3. (-) Using parameters. Related to the difficulty in navigating the left pane (i.e., toolbar) to
find the parameters and values needed to build statements.
4. (-) Frequent drag and drop. Related to the repeated need to drag and drop blocks from the
toolbar to the canvas in order to write a program.
We present the main findings of the thematic analysis of the responses to open-ended questions that assess cognitive dimensions.
• In most cases, themes include codes or phrases that were extracted from responses to questions that assess more than one cognitive dimension. For example, theme easy notation
includes codes that were extracted from responses to questions related to the dimensions
viscosity, diffuseness, closeness of mapping, role expressiveness, and consistency.
• In the text editor, most of the reported characteristics that improve usability are related
to the syntax. Having a clear and concise syntax, which resembles natural language, was
appreciated. The cohesiveness of the internal elements of the assign block was mentioned
as an advantage as well.
• However, in the text editor some aspects of the syntax such as the use of the implicit and was
found to be confusing and inconsistent. Additionally, participants pointed out that not being
able to see the interdependency between AssignStmt(s) was an issue. AssignStmt(s) are
interdependent when one modifies a parameter that is used in the conditions of another.
Some users reported lack of familiarity with the notation and difficulty with writing the
action before the condition.
• The text editor and the block-based editor lack features such as suggestions, auto-complete,
or search bar for parameters. Moreover, neither suggests the parameter type or permitted
parameter values. Therefore, it was not a surprise that using parameters was the most
reported usability issue for both editors.
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• The themes identified in the block-based editor are exclusively related to the editor functionality. Besides the difficulty with using parameters, having to frequently drag and drop blocks
on the canvas was annoying for participants. On the other hand, the drop-down menus for
parameter selection and the ability to copy and paste blocks helped improve the usability of
this editing environment.

6.2

Software Testing

The tests of AHSL are performed using manual testing. The black-box testing technique is used.
The tests involve using manually generated AHSL code. Unit testing was performed at language
module level. The system test involves writing an ahsl script, generating the rule file, and executing
the generated rules in the Drools rule engine.

6.2.1

Unit Testing

Unit testing is performed to prove the absence of faults in the AHSL parser and well-formedness
checker. The code generator is tested as part of system testing. Four test cases are created to
check the parser, the correct usage of parameter-value pairs, and the one-assignment restriction.
Test case descriptions and test results are shown in Table 6.3.
The Program Description column describes the error introduced in the program. Expected
Result describes the type of error message that should be generated. The Status column describes
whether the test case passed or failed. All unit tests are executed by calling function generate()
in the ahsl::Transform module. Folder ”test/” of the Rascal project contains the .ahsl file used
for each test case. Each file is named after the test case ID. For example, the AHSL code used for
test case ”ut01” is called ut01.ahsl.
ID

Module
Tested

Test Case Description

Program Description

Expected Status
Result

ut01

Parser

ut02

Parser

ut03

WFC

ut04

WFC

A mandatory DefaultStmt
per AssignStmt
Parameter and value names
exist
Parameter-value pairs are
checked
A parameter can only be assigned once

Write a statement without
a default
Misspell parameter and
value
Combine incorrect parameters and values
Write two AssignStmt(s)
with same target parameter

Parsing
error
Parsing
error
Error
message
Error
message

Pass
Pass
Pass
Pass

Table 6.3: Unit test cases (WFC: Well-formedness checker).

6.2.2

System Testing

System tests aim to prove the absence of faults in code generation and the correct execution of
the generated rules in the target environment. Unlike unit testing, happy path testing is used to
focus on test cases that are not expected to generate errors.
The features that address the code generator requirements are tested. Testing data consists of
an AHSL program (Listing 6.1), two input data scenarios (Table 6.5), and the expected output
for each scenario. Expected outputs are calculated manually for each scenario. A test case passes
when the results of rule execution in the target environment match the expected output. Two
test cases, each using a different scenario and expected outputs, are defined. Table 6.4 shows the
name, description, and expected result of each system test.
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ID

Name

Description

Expected Result

st01

Message
suppressed

Rules and scenario 1
(st1.data) lead to message suppression

Rule firing log is generated. It shows that order of
rule firing followed decision sequence, and that adaptation decisions beyond suppress-message=true are not
executed due to gate conditions. Generated code is
traceable.

st02

Message
Displayed

Rules and scenario 2
(st2.data) lead to message displayed

Rule firing log is generated. It shows that order of rule
firing followed decision sequence, and that adaptation
decisions beyond suppress-message=false are executed
due to gate conditions. Generated code is traceable.

Table 6.4: System test cases.
The testing steps and results are described below.
1.
2.
3.
4.

Create the st.ahsl file (Listing 6.1) using the text editor.
In Rascal, execute the code generator to generate rule file st.drl (Listing A.1).
Manually copy the st.drl file to the Drools Project.
In class ExecuteRules, assign the initial parameter values and fire the rules. This step is
repeated again for the second scenario.
Listing 6.1: Source st.ahsl with six AssignStmt(s).

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31

assign priority
high when
safety-criticality is high
moderate when
time-criticality is high
default low
assign traffic-risk
high when
vulnerable-road-user
default low
assign driving-demand
default moderate
assign suppress-message
true when
priority is not high
traffic-risk is high
driving-demand is not low
default false
assign use-visual
false when
traffic-risk is high
default true
assign display-hud
true when
driving-relevance
default false

The input values and rule firing log are shown in Table 6.5. Using this set of rules, the presence
of a vulnerable road user (e.g., a cyclist) caused the evaluation of traffic risk to be high. This
in turn led to the system-initiated message to be suppressed by the adaptive Human-Machine
Interface (HMI) system. The behavior was as expected, therefore both tests passed.
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Scenario

Initial Parameter Values

Rule Firing Log

1 (Empty road)

safety-criticality = low
time-criticality = high
driving-relevance = true
vulnerable-road-user = false
speed = high
low-visibility = true

priority = moderate [AS.1 CS.2]
trafficRisk = low [AS.2 DS]
drivingDemand = moderate [AS.3 DS]
suppressMessage = false [AS.4 DS]
useVisual = true [AS.5 DS]
displayHud = true [AS.6 CS.1]

2 (cyclist on the road)

safety-criticality = low
time-criticality = high
driving-relevance = true
vulnerable-road-user = true
speed = high
low-visibility = true

trafficRisk = high [AS.2 CS.1]
priority = moderate [AS.1 CS.2]
drivingDemand = moderate [AS.3 DS]
suppressMessage = true [AS.4 CS.1]

Table 6.5: Execution of Drools using st.drl in Listing A.1 with two scenarios.

6.2.3

Comparing Code Complexity

We compare the complexity between the source ahsl file in Listing 6.1 and generated rule file in
Listing A.1. We use the source lines of code (SLOC) metric to compare code complexity. It is
one of the most commonly used metrics for this comparison [68]. For the same functionality, the
source .ahsl uses 31 SLOC while the generated .drl uses 161 SLOC. By this metric, AHSL has
5.19 times less complexity than the generated Drools Rule Language (DRL) code.
We also compare the number of statements used in both languages. In AHSL, we count AssignStmt(s) and in DRL we count rules. In the same example, AHSL needed 6 statements while
DRL needed 12 rules. In this case, AHSL requires half the number of statements to specify the
same conditions.

6.3

Summary

In this chapter, we evaluated the DSL developed in Chapter 5 using usability testing and software
testing.
The main findings of usability testing were:
• The simplicity of the syntax, its closeness to natural language, and its minimalist design
were frequently rated positively by the users. These characteristics were noticed when using
the text editor.
• However, some issues related to the internal structure of the assign statement were reported.
The implicit use of the and operator and having to write the action before the condition were
sometimes confusing for participants. On the other hand, the potential growth of condition
complexity concerned participants. Additionally, the lack of visibility of the dependencies
between assign statements was reported as an issue.
• The main advantage of the block-based editor over the text editor was its ability to prevent
syntax errors. Its main disadvantage, however, was its inefficiency. Navigating the toolbar
to find language elements and dragging and dropping them was too repetitive.
• The most reported usability issue for both editors was the use of parameters. In the text editor, participants had to locate the parameter name and values in a separate list of parameters
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and typed character by character without any assistance (e.g., auto complete, suggestions).
In the block-based editor, participants had to find the parameters and values by navigating
through categories in the left pane or toolbox.
Unit testing and system testing showed coherent results according to the design of AHSL.
The parser, well-formedness checker, and the code generator were tested. Emphasis was placed on
testing the behavior of the rules produced by the code generator in the Drools target environment.
Finally, a comparison of code complexity between AHSL and DRL shows the AHSL is more than
five times less complex than DRL, in terms of source lines of code (SLOC).
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Chapter 7

Discussion, Conclusions and
Future Work
In this chapter, we present the discussion, conclusions, and future work. In the discussion, we
interpret the results of the usability testing and software testing shown in Chapter 6. In the
conclusions, we go over the research questions. Finally, we suggest future work directions.

7.1

Discussion

Usability testing with users revealed that the cohesiveness and clarity of the textual notation improved usability. All three users reported that the notation was close to natural language, that
it was minimalist and simple. These results show that the syntax decisions contributed to the
usability of Adaptive HMI Specification Language (AHSL). On the other hand, the use of implicit
Conditional-AND and the hidden dependencies between assign statements were mentioned as issues although less frequently. Overall, user responses appear to indicate that the language syntax
contributed to usability.
The editors users for testing were bare-bone versions of a text editor and a block-based editor.
The text editor provided by Rascal was used as is and not enhanced to provide more functionality.
Although it provided syntax checking, it didn’t have features such as autocomplete or suggestions.
Likewise, the block-based editor had several usability issues as well. The editors, unrelated to the
syntax, negatively affected the usability assessment of the users. The lack of assistance provided
by the editors was compounded by the fact that AHSL only uses the parameters in the unified
decision hierarchy. These parameters, unfamiliar to the users, had to also be typed in the text
editor or located in the block-based editor.
Usability testing was not performed with Drools Rule Language (DRL) or Drools DSL. Thus,
it is not possible to state that AHSL is easier to use than these languages. However, using an
example we found that AHSL required as many as five times less lines of code than DRL to express
equivalent logic. Additionally, AHSL required half the number of statements to express equivalent
logic.
The unit tests showed that the error checking capabilities of the AHSL modules are coherent
with the design. The system tests showed that the generated rules in DRL behave as expected
when executed with data scenarios in the Drools environment. Moreover, the tests showed that
the parameter values are evaluated according to the unified decision hierarchy.
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7.2

Conclusions

The research questions are answered as follows:
1. How can the Human-Machine Interface (HMI) be adapted to improve driving comfort and
traffic safety? What parameters are needed to make these adaptation decisions?
The HMI is adapted to improve traffic safety and comfort. Messages and warnings
initiated by Advanced Driver Assistance System (ADAS) and In-Vehicle Information
System (IVIS) are adapted by being suppressed, selecting modalities, changing the
timing of delivery, and by changing the signal properties. Depending adaptation goals,
the adaptive HMI uses different parameter sets to describe the driver, the vehicle, and
the environment. In Chapter 3, projects that implemented an adaptive HMI were
reviewed to answer this question.
2. How can the existing decision-making knowledge related to the adaptation of safety warnings
and messages be unified?
The knowledge on adaptation decision making was captured in a unified decision hierarchy. The hierarchy comprises 48 parameters organized in a dependency network. The
Decision Requirements Analysis (DRA) method was used to decompose the adaptation
decisions in a top-down approach. First, adaptation decisions were parametrized. Then,
the factors that affect adaptation decisions were identified. These include DVE State
parameters, message priority, and driver characteristics. Finally, the factors that affect
two DVE state parameters (i.e., driving demand and traffic risk ) were identified and
added to the hierarchy. The unified decision hierarchy is described in Chapter 4.
3. How can a tool provide non-technical users with a simple and compact mechanism to specify
executable rules for HMI adaptation?
A Domain-Specific Language (DSL) called AHSL was developed. AHSL provides a
way to define rules using a concise and clear notation which resembles natural language.
AHSL provides a text editor and block-based editor to create programs. These programs
can be converted to executable rules in DRL using a code generator. AHSL code is five
times less complex than DRL code in terms of lines of code. Moreover, it is capable
of expressing decision logic using around half the number of statements. User testing
revealed that the concise and clear syntax improved usability.

7.3

Future Work

Future work alternatives are described below:
• Currently, AHSL uses predefined parameters that are specific the adaptive HMI domain
and that cannot be changed by the user. The language can be extended to support the
declaration of variables and decision hierarchy of any domain.
• During user testing, we found that the usability perception of a language is heavily influenced
by the editors used to manipulate it. Adding functionalities that support the user, such as
auto complete and suggestions, would make the language easier to use.
• The assign statement assigns values to one parameter at a time. There could be cases where
it is easier to use the same conditions for more than one parameter. For example, when
deciding under which circumstances we block one modality but allow another. Thus, AHSL
could be expanded to support more than one parameter per block or to support reusing
conditions between statements.
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• There are several HMI guidelines which describe how to present system warnings and information in an automotive HMI. An interesting addition to AHSL would be to include these
guidelines as constraints and alert the user when there is an adaptation rule which violates
the guidelines.
• Defining assign statements becomes challenging when the number of parameters and conditions increases. It requires mental effort to figure out whether the conditions specified are
complete. AHSL could be extended to simulate rule execution with input values that are
generated automatically based on the specified assign statements.
• Drools has other interfaces to create rules more easily than directly in DRL. Some of these are
Drools DSL, guided rules, using guided rule templates, guided decision tables, guided decision
trees, and spreadsheet decision tables. However, unlike AHSL, all these mechanisms use the
same condition-before-actions ordering. Neither allow to use one block of code to assign all
values to a single parameter. Nevertheless, it would be worthwhile to check whether any of
these mechanisms is suitable to define HMI adaptation rules and compare it with AHSL by
means of a usability testing.
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Appendix A

Code Generation Example
Listing A.1: Target st.drl file.
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45

package com.sample.rules
import com.sample.ahsl.*;
rule "AS.1 CS.1"
activation-group "AS.1"
agenda-group "SEQ1"
salience 99
when
$MessageDecision :MessageDecision()
MessageData(safetyCriticality == Constants.enumLevel.high)
then
$MessageDecision.priority = Constants.enumLevel.high;
update($MessageDecision);
System.out.println("priority=high [" + drools.getRule().getName() + "]");
end
rule "AS.1 CS.2"
activation-group "AS.1"
agenda-group "SEQ1"
salience 98
when
$MessageDecision :MessageDecision()
MessageData(timeCriticality == Constants.enumLevel.high)
then
$MessageDecision.priority = Constants.enumLevel.moderate;
update($MessageDecision);
System.out.println("priority=moderate [" + drools.getRule().getName() + "]")
;
end
rule "AS.1 DS"
activation-group "AS.1"
agenda-group "SEQ1"
salience -1
when
$MessageDecision :MessageDecision()
then
$MessageDecision.priority = Constants.enumLevel.low;
update($MessageDecision);
System.out.println("priority=low [" + drools.getRule().getName() + "]");
end
rule "AS.2 CS.1"
activation-group "AS.2"
agenda-group "SEQ1"

DSL for Describing Adaptation Rules for Automotive System Messages

56

APPENDIX A. CODE GENERATION EXAMPLE

46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104
105
106
107
108
109

salience 99
when
$DVEState :DVEState()
TrafficRiskData(vulnerableRoadUser == true)
then
$DVEState.trafficRisk = Constants.enumLevel.high;
update($DVEState);
System.out.println("trafficRisk=high [" + drools.getRule().getName() + "]");
end
rule "AS.2 DS"
activation-group "AS.2"
agenda-group "SEQ1"
salience -1
when
$DVEState :DVEState()
then
$DVEState.trafficRisk = Constants.enumLevel.low;
update($DVEState);
System.out.println("trafficRisk=low [" + drools.getRule().getName() + "]");
end
rule "AS.3 DS"
activation-group "AS.3"
agenda-group "SEQ1"
salience -1
when
$DVEState :DVEState()
then
$DVEState.drivingDemand = Constants.enumLevel.moderate;
update($DVEState);
System.out.println("drivingDemand=moderate [" + drools.getRule().getName() +
"]");
end
rule "AS.4 CS.1"
activation-group "AS.4"
agenda-group "SEQ2"
salience 99
when
MessageDecision(priority != null)
$HMIDecision :HMIDecision()
MessageDecision(priority != Constants.enumLevel.high)
DVEState(trafficRisk == Constants.enumLevel.high)
DVEState(drivingDemand != Constants.enumLevel.low)
then
$HMIDecision.suppressMessage = true;
update($HMIDecision);
System.out.println("suppressMessage=true [" + drools.getRule().getName() + "
]");
end
rule "AS.4 DS"
activation-group "AS.4"
agenda-group "SEQ2"
salience -1
when
MessageDecision(priority != null)
$HMIDecision :HMIDecision()
then
$HMIDecision.suppressMessage = false;
update($HMIDecision);
System.out.println("suppressMessage=false [" + drools.getRule().getName() +
"]");
end
rule "AS.5 CS.1"
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110
111
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132
133
134
135
136
137
138
139
140
141
142
143
144
145
146
147
148
149
150
151
152
153
154
155
156
157
158
159
160
161

activation-group "AS.5"
agenda-group "SEQ3"
salience 99
when
HMIDecision(suppressMessage == false)
$HMIDecision :HMIDecision()
DVEState(trafficRisk == Constants.enumLevel.high)
then
$HMIDecision.useVisual = false;
update($HMIDecision);
System.out.println("useVisual=false [" + drools.getRule().getName() + "]");
end
rule "AS.5 DS"
activation-group "AS.5"
agenda-group "SEQ3"
salience -1
when
HMIDecision(suppressMessage == false)
$HMIDecision :HMIDecision()
then
$HMIDecision.useVisual = true;
update($HMIDecision);
System.out.println("useVisual=true [" + drools.getRule().getName() + "]");
end
rule "AS.6 CS.1"
activation-group "AS.6"
agenda-group "SEQ4"
salience 99
when
HMIDecision(useVisual == true)
$HMIDecision :HMIDecision()
MessageData(drivingRelevance == true)
then
$HMIDecision.displayHud = true;
update($HMIDecision);
System.out.println("displayHud=true [" + drools.getRule().getName() + "]");
end
rule "AS.6 DS"
activation-group "AS.6"
agenda-group "SEQ4"
salience -1
when
HMIDecision(useVisual == true)
$HMIDecision :HMIDecision()
then
$HMIDecision.displayHud = false;
update($HMIDecision);
System.out.println("displayHud=false [" + drools.getRule().getName() + "]");
end
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Appendix B

Usability Evaluation
User Testing Notes
Trial Run
A trial run of the usability test was performed with a design student without any programming
knowledge. During the presentation, the participant seemed to understand the syntax but expressed confusion with the large number of parameters in the decision hierarchy. Shortly after
starting the tasks, she abandoned the test after expressing dislike for writing code in a plain
text editor without any helper features. The participant had had a recent coding experience
with UiFlow, a web-based block-based editor based on Blockly. She mentioned that she preferred
Graphical User Interfaces (GUIs) with usability features such as hints and auto-complete. Neither
the text editor nor the block-based editor used in user testing had these features. Considering the
editors’ limited capabilities and assuming that users without programming experience would only
complete such tasks with a high quality GUIs, it was decided to only include participants with
programming experience in the study.

Participant Feedback
We tested Adaptive HMI Specification Language (AHSL) with three participants. The first participant’s questions about the control flow of the assign block and the task instructions led to
improvements in the language and the task instructions. Participants 2 and 3 used improved
versions of AHSL, the initial presentation and task instructions. The third participant had less
time available and we decided to skip Task 2.
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Appendix C

Usability Study Materials
The materials used in the usability study are attached in the following order:
1. Participant Consent Form (1 page)
2. Overview of Adaptive HMI Specification Language (AHSL) slides (4 pages)
3. Task Descriptions (1 page)
4. Questionnaire (1 page)
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CONSENT FORM FOR PARTICIPATION IN RESEARCH
Department of Mathematics and Computer Science
Eindhoven University of Technology

The purpose of this form is to inform you of the nature of the research conducted at the
Computer Science Department and to ask for your informed consent to participate.
Your participation is strictly voluntary. You may choose not to participate, and you may
withdraw at any time during the experiment. If you have any hesitations about participating or
you have any questions about the research, please feel free to ask the researcher.
You will be asked to perform coding tasks using a computer and fill in a survey afterwards.
Audio will NOT be recorded; a screen capture will NOT be made, and other notes will NOT
be taken. All data obtained during this study will be processed and reported anonymously.
More information about this study has been explained to you by the researcher.
All data obtained is always processed anonymously and results are only reported at the group
level.

________________________________
Participant’s Signature

________________________
Date

12/10/2021

Adaptive HMI Specification Language
USER TESTING

Luigi Altamirano Mollo

1

Adaptive HMI Specification Language (AHSL)
•

Use AHSL to define how system-initiated messages are presented to the
driver. For example: collision alerts, navigation messages

•

Decisions are made using the momentary driving situation (Driver,
Vehicle, and Environment) and system message properties

•

Decisions described using conditional statements: assign blocks

•

Parameters to describe inputs and outputs are built into the language

2

1

12/10/2021

Decision-Making Flow
System-initiated messages contain both alerts from
driving assistance systems, e.g., collision warning, as
well as information from infotainment systems, e.g.,
incoming call alert
Parameters to describe
System-initiated
Messages
HMI Output
Adaptation
Decisions

Parameters to describe driver age, state and
disabilities; vehicle information; and environment
elements such as weather, traffic situation and road
characteristics
Parameters to describe
the Driver, Vehicle and
Environment

Decisions such as blocking messages,
changing the presentation timing, modalities,
selecting devices, etc.

DVE
Conditions

DVE Conditions represent the momentary status of
the driving situation. They are estimated using
information on the driver, vehicle and the
environment
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Assign Block
Parameter to be changed: traffic-risk
If [conditions1] value = high
0 or more
conditional
values

Must have one
default value

If conditions1 is true,
then traffic-risk = high

Else if [conditions2] value = moderate
If conditions1 is false and conditions2 is true,
then traffic-risk = moderate

Else value = low

If conditions1 is false and conditions2 is false,
then traffic-risk = low

4
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Assign Block: Writing Conditions

• There are two types of parameters: Boolean (true, false), and Enumerated (list of values)
• Both parameter types support equality (==) and inequality (!=) conditional evaluations
• However, these conditional evaluations are constructed differently for Boolean and
Enumerated parameters
• Conditions in the same line can only be combined using the “or” operator

5

Assign Block: Writing Conditions (multiple lines)

and

• Each value assignment can have more than one condition line
• Multiple condition lines are evaluated implicitly using the “and” operator

6
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Decision-Making Flow

7

Block-Based Interface

8
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Please complete the following tasks:

Task 1
Using file Task1.ahsl, assume the following input values and figure out the resulting
parameter values. Write the assigned values on the right.
Inputs
Parameter
attentive-to-road
fog
freezing
hazard
intersection-type
road-segment
sender
speed
speed-difference
vulnerable-road-user

Output
Scenario 1
true
true
false
true
longitudinal
forward-collision-warning
high
high
false

•
•
•
•
•
•
•
•

driving-demand
traffic-risk
environment-risk
allow-message
allow-visual
allow-auditory
display-instrument-cluster
auditory-type

Task 2
In Task2.ahsl, write four assign statements according to the instructions below. Parameters
can be found in the parameter table. Parameter names are in bold, parameter class is in
italics, and values are underlined.
•

Messages whose sender is intelligent-speed-assistance have moderate priority. When
sender is forward-collision-warning or lane-departure-warning they have a high priority.
Otherwise, message priority is low.

•

When driving in an intersection road-segment, driving-demand is high. Otherwise
driving-demand is low.

•

Traffic-risk is high when there is a vulnerable-road-user (Environment) and speeddifference (Environment) is high. When vulnerable-road-user is present and the speeddifference is not high, then traffic-risk is moderate. Otherwise, traffic risk is low.

•

allow-message is false when message priority is low and when both driving-demand
and traffic-risk are high. Otherwise, allow-message is true.

Task 3
Use file block-based.html. build the following assign statement
•

Traffic-risk is high when there is a vulnerable-road-user (Environment) and speed-difference
(Environment) is high. When vulnerable-road-user is present and the speed-difference is not
high, then traffic-risk is moderate. Otherwise, traffic risk is low.
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Nr
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21

22
23

24
25

26
27

Question
User control and freedom
Consistency
Prevent Errors
Recognition rather than recall
Flexibility and efficiency of use
Aesthetic and minimalist design
How easy is it to see or find the various parts of the notation while
it is being created or changed? Why?
What kind of things are more difficult to see or find?
When you need to make changes to previous work, how easy is it to
make the change? Why?
Are there particular changes that are more difficult or especially difficult to make? Which ones?
Does the notation a) let you say what you want reasonably briefly,
or b) is it long-winded? Why?
What sorts of things take more space to describe?
What kind of things require the most mental effort with this notation?
Do some things seem especially complex or difficult to work out in
your head (e.g. when combining several things)? What are they?
Do some kinds of mistake seem particularly common or easy to make?
Which ones?
Do you often find yourself making small slips that irritate you or
make you feel stupid? What are some examples?
How closely related is the notation to the result that you are describing? Why?
Which parts seem to be a particularly strange way of doing or describing something?
When reading the notation, is it easy to tell what each part is for in
the overall scheme? Why?
Are there some parts that are particularly difficult to interpret?
Which ones?
If the structure of the product means some parts are closely related
to other parts, and changes to one may affect the other, are those
dependencies visible? What kind of dependencies are hidden?
In what ways can it get worse when you are creating a particularly
large description?
When you are working with the notation, can you go about the job
in any order you like, or does the system force you to think ahead
and make certain decisions first?
If so, what decisions do you need to make in advance? What sort of
problems can this cause in your work?
Where there are different parts of the notation that mean similar
things, is the similarity clear from the way they appear? Please give
examples.
Are there places where some things ought to be similar, but the
notation makes them different? What are they?
After completing this questionnaire, can you think of obvious ways
that the design of the system could be improved? What are they?

To Measure
Usability Heuristic 3
Usability Heuristic 4
Usability Heuristic 5
Usability Heuristic 6
Usability Heuristic 7
Usability Heuristic 8
Cognitive Dimension:
Visibility and
Juxtaposability
Cognitive Dimension:
Viscosity

Cognitive Dimension:
Diffuseness
Cognitive Dimension:
Hard Mental Operations
Cognitive Dimension:
Error Proneness

Cognitive Dimension:
Closeness of Mapping

Cognitive Dimension:
Role Expressiveness

Cognitive Dimension:
Hidden Dependencies

Cognitive Dimension:
Premature Commitment

Cognitive Dimension:
Consistency

Other

Table C.1: Questions for user testing
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Thematic Analysis: Codes and
Themes
Table C.2 shows the 71 codes that were extracted from the cognitive dimensions open-ended questionnaire as well as the themes they became part of.

Nr. Dimension
1
Visibility
2
Visibility
3

Visibility

4
5

Visibility
Visibility

6
7

Visibility
Visibility

8

Visibility

9

Visibility

10

Visibility

11

Visibility

12

Visibility

13

Viscosity

14

Viscosity

15

Viscosity

16
17
18

Viscosity
Viscosity
Viscosity

19

Viscosity

Code
sound like pure English
easy to see [value assigned
+ condition]
easy to see [target parameter]
reads as natural language
somewhat easy with dropdown
can be copy pasted
navigate left bar for blocks
difficult
navigate left bar for parameters difficult. Suggests
search bar
Many parameters hard to
find
Can’t see parameter type
when typing
No auto complete for
enum literales. Annoying
Difficult to get used to
notation, different from
experience
More visual to change values (dropdown)
easy to change [value assigned + condition]
easy to change [target
parameter]
simplicity of language
can be copy pasted
Easy to change with dropdown
navigate left bar for blocks
difficult

Theme
Natural Language
Cohesive Assign Statement

Valence
Positive
Positive

Editor
Any
Any

Cohesive Assign Statement

Positive

Any

Natural Language
Easy Drop-down & Paste

Positive
Positive

Any
Blockly

Easy Drop-down & Paste
Left Bar Know Syntax

Positive
Negative

Blockly
Blockly

Type/Find Pars & Vals

Negative

Any

Type/Find Pars & Vals

Negative

Any

Type/Find Pars & Vals

Negative

Any

Type/Find Pars & Vals

Negative

Any

Notation Unfamiliar

Negative

Any

Easy Drop-down & Paste

Positive

Blockly

Cohesive Assign Statement

Positive

Any

Cohesive Assign Statement

Positive

Any

Notation Understandable
Easy Drop-down & Paste
Easy Drop-down & Paste

Positive
Positive
Positive

Any
Blockly
Blockly

Type/Find Pars & Vals

Negative

Any
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20

Viscosity

21
22

Viscosity
Viscosity

23

Viscosity

24

Viscosity

25

Viscosity

26

Viscosity

27

Diffuseness

28

Diffuseness

30
31

Diffuseness
Diffuseness

33

Diffuseness

34

Diffuseness

35

Hard
Mental
Operations
Hard
Mental
Operations
Hard
Mental
Operations
Error
Proneness
Error
Proneness
Error
Proneness
Error
Proneness
Error
Proneness

36

37

39
40
41
42
43

44
45
46

Error
Proneness
Error
Proneness
Error
Proneness

navigate left bar for parameters difficult. Suggests
search bar
Easy, syntax intuitive
Language clear once you
understand it
Recalling enum names difficult
Navigate left bar for parameters difficult
Navigate left bar for parameters difficult
Unclear
difference
of
shadow from active block
Can express briefly with
notation
Notation minimalistic and
unambiguous
Lots of drag&drop at start
Notation clear and consistent
Many ”or” will create
wider code
More space when using
”or”s for two values of
same parameter.
Remembering that implicit ”and” = new line

Type/Find Pars & Vals

Negative

Any

Notation Understandable
Notation Understandable

Positive
Positive

Any
Any

Type/Find Pars & Vals

Negative

Any

Type/Find Pars & Vals

Negative

Any

Type/Find Pars & Vals

Negative

Any

Negative

Blockly

Positive

Rascal

Notation Concise

Positive

Rascal

Drag&Drop Repetitive
Notation Consistent

Negative
Positive

Blockly
Any

Long Condition Line ”or”

Negative

Any

Long Condition Line ”or”

Negative

Any

Implicit ”And” Remembering

Negative

Any

Comprehending long and
complicated conditions

Large Condition Group Understand

Negative

Any

Getting used to consequence before condition

Action Before Condition Difficult

Negative

Any

Typos in variable names

Type/Find Pars & Vals

Negative

Any

Misplacing block

Drag&Drop Repetitive

Negative

Blockly

Using ”is” instead of ”=”

Notation Unfamiliar

Negative

Any

Forgetting
parameter/value names
Relies on user knowing
syntax (Condition, Assignment, Value)
Error when searching variables
Dragging incorrect block

Type/Find Pars & Vals

Negative

Any

Left Bar Know Syntax

Negative

Blockly

Type/Find Pars & Vals

Negative

Any

Drag&Drop Repetitive

Negative

Blockly

Lacking: auto-complete

Type/Find Pars & Vals

Negative

Any

Shadow Confusing.
Block Instead
Notation Concise

Add
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47
48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

65

66

Error
Proneness
Closeness
of
Mapping
Closeness
of
Mapping
Closeness
of
Mapping
Closeness
of
Mapping
Closeness
of
Mapping
Closeness
of
Mapping
Closeness
of
Mapping
Closeness
of
Mapping
Role
Expressiveness
Role
Expressiveness
Role
Expressiveness
Role
Expressiveness
Role
Expressiveness
Role
Expressiveness
Hidden
Dependencies
Hidden
Dependencies
Hidden
Dependencies
Hidden
Dependencies

lacking: search bar for
variables
Clear notation

Type/Find Pars & Vals

Negative

Any

Notation Understandable

Positive

Any

Closely related, conditions
and results in neat blocks

Cohesive Assign Statement

Positive

Any

Close because of natural
language

Natural Language

Positive

Any

Can become easy documentation

Natural Language

Positive

Rascal

Strange that ”and”s are
not expressed with words

Implicit ”And” Inconsistent

Negative

Any

Finding blocks, suggests
search bar

Type/Find Pars & Vals

Negative

Any

Continuously
drop

Drag&Drop Repetitive

Negative

Blockly

Negative

Blockly

drag

and

Some blocks not added
automatically, e.g., condition block
Notation is clear

Shadow Confusing.
Block Instead

Notation Understandable

Positive

Any

Notation is clear

Notation Understandable

Positive

Any

Highlighting
elements
differently
(parameters,
value, keyword) would
help
Blocks minimalistic

Lacks Highlighting

Negative

Rascal

Notation Concise

Positive

Any

Clear, natural language

Natural Language

Positive

Any

Start with assignment
rather than condition,
difficult
Dependencies within block
visible

Action Before Condition Difficult

Negative

Any

Cohesive Assign Statement

Positive

Any

Comprehending long and
complicated conditions

Complicated Conditions Understand

Negative

Any

Many ”or”
wider code

Long Condition Line ”or”

Negative

Any

Assign Statement Coupling
Not Visible

Negative

Any

will

create

Dependencies between assign pars that depend on
each other

Add
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67

68

69
70
71

Must think to define parameters which are used as
conditions in other blocks.
Otherwise errors can occur
Premature Think first about target
parameter. No problems
Commitreported
ment
Consistency Notation consistent
Consistency Notation clear and consistent
Consistency Not confusing
Premature
Commitment

Assign Statement Coupling
Not Visible

Negative

Any

Action Before Condition Difficult

Negative

Any

Notation Consistent
Notation Consistent

Positive
Positive

Any
Any

Notation Consistent

Positive

Any
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