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Abstract 
In Sweden close to 500 people are killed and several thousands severely injured in 
traffic each year. This is one of the largest health problems for society in both Sweden 
and the whole world. In the cars of tomorrow will the main instrument panel and the 
centre console be screen-based instead of the current solution with “iron instruments” 
and other physical devices. This future driver environment opens for a flexible and 
situation-dependent usage of presentation resources. The purpose of this thesis is to 
explore these possibilities from a warning system perspective. 
 
The project had its main focus on designing warning system concepts using the HUD 
and vibrotactile information in a coordinated way based on established HMI 
principles. Another goal for this thesis work was to generate a functional concept for 
demonstration and evaluation in the virtual reality lab at the University of Linköping. 
 
The method of realization was divided into three phases – information gathering, 
concept generation and implementation. These phases are commonly used in design 
projects. This way of work supplies structure to the project and makes it possible to 
achieve an iterative design process. 
 
The information gathering involved a thorough theoretical study of HMI, interface 
design and warning design. A state of the art investigation was then conducted to find 
out how the warning systems, relevant to this thesis, are presented today. 
 
The concept generation was divided into two parts – warning system design and 
visual design. The Warning system design concepts were based on different 
combinations from a morphologic matrix and relevant theory. Consideration was also 
taken to when the systems are likely to be activated and which modality, or 
modalities, that then was suitable to use. The visual design concepts were developed 
by using creative product development methods and the iterative Simulator-Based 
Design (SBD) theory.  
 
After concluding the concept generation was the visual design results given 
functionality by programming software. The visual warning system were then 
integrated in the simulator software and fully implemented in the simulator cockpit at 
the university. 
 
The implemented warning systems were then evaluated by a pilot study conducted in 
the simulator. Test persons were invited to the VR-lab and given an introduction to 
the warning systems. They were then asked to drive a predetermined route with a 
number of different warning system conditions. These test results were later 
statistically analyzed and evaluated. 
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1 Introduction 
This chapter aims to create background knowledge and understanding which helps 
the reader to understand the different aspects of this project. The chapter starts with a 
general background and proceeds with basic descriptions of terms and theories that is 
important to this report.  

1.1 Background 
In Sweden are close to 500 people killed and several thousands severely injured in 
traffic each year (Vägverket, 2007). This is one of the largest health problems for 
society in both Sweden and the whole world. Consequently, many activities are 
ongoing to decrease the accident frequency. Important examples are infrastructural 
investments, improved driver education, and more intensive traffic surveillance. 
Moreover, the automobile industry has started to develop advanced warning systems, 
which will alert the driver in dangerous situations. 
 
The warning information is often presented visually on the main instrument panel and 
sometimes also auditory. This is two of the human’s most important senses, but 
tactile information and how it can support the driver in a dangerous situation should 
also be taken into consideration. For example, may vibrations in the seat or in the 
steering wheel be used to alert the driver in a dangerous situation? 
 
In the cars of tomorrow the main instrument panel and the centre console will be 
screen-based instead of the current solution with “iron instruments” and other 
physical devices. The cars will probably also have an integrated Head-Up Display 
(HUD) for important information. The HUD is already available on the market as 
optional equipment in high-end cars but with longer series and further development 
one can assume that HUD’s will appear in all price classes. The basic reason behind 
the HUD introduction is to enhance safety by presenting important information close 
to the normal sight-line for driving.  
This future driver environment opens for a flexible and situation-dependent usage of 
presentation resources. The purpose of this thesis is to explore these possibilities from 
a warning system perspective.  

1.1.1 The glass cockpit environment 
The glass cockpit concept was introduced to the aviation industry in the 1970’s. 
Before the introduction there were over 100 static controls and instruments in a 
regular traffic plane. The concept was developed due to a combination of heavier 
flight traffic and more complex flight control systems that competed for the pilot’s 
attention in the cockpit. Because of this NASA started a study of how displays could 
be used for presenting the planes system information in a graphical way (Wikipedia, 
2007). They replaced the physical instruments with a few electronic displays that 
presented the information the pilot needed for the moment. This simplified the 
cockpit instrumentation significantly, and the pilot could focus on the most essential 
information. The pilot has, for example, different modes for landing and take-off, for 
which the screen-based interface could be optimized. 
 
The automotive industry is far behind the aviation industry when it comes to mode 
based design and glass cockpits, according to Alm (Alm, 2007). There are still many 
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static controls and instruments in a modern car today. This forces the driver to look 
away from the road to get important information or search the steering wheel or the 
centre console to find the correct button for input activities.  
 
Replacing the main instrument panel and the centre console with screens opens new 
opportunities. The idea of the glass cockpit concept is to create an updateable and 
mode based driving environment that adjusts the display information after the driving 
situation. This provides completely new conditions for how warning information may 
be presented to support the driver in a stressful situation.      

1.1.2 Head-Up Display (HUD) 
In the 1960s Head-Up Displays (HUD) was developed to support the pilots in fighter 
aircraft. The purpose was to allow the pilots to both see the changing environment 
and status of the plane, while flying in high speed at low altitudes. The solution was 
to project information onto the windshield using a collimated display, which means 
that the displayed information was experiences as in infinity. This technique made it 
possible to view the information without refocusing the eyes.  
 
The first car with a HUD was the Oldsmobile Cutlass Supreme and was made by 
General Motors (GM) in the late 1980s. GM’s interface only projected alphanumeric 
information and could only display one color. The design of a HUD interface did not 
change much until recent years. A technological breakthrough with LCD (Liquid 
Crystal Display) displays then made it possible for HUD makers to use additional 
colors to separate information. Today several car manufactures has some kind of 
HUD to offer its customers. 
 
Head-up displays in cars makes driving and warning information accessible in an 
easy way. The information is projected onto the windshield just below the driver’s 
line of sight. Without taking the eyes of the road, drivers then can retrieve important 
information concerning speed, engine, GPS and warnings. Adding a HUD may be 
regarded as completing the glass cockpit environment. 

1.1.3 Simulator resources  
In 1996 the Industrial Ergonomics Division started to develop an advanced Virtual 
Reality (VR) and simulation laboratory at the University of Linköping (see fig 1). The 
purpose was to support research and educational activities in Human-Machine 
Interaction (HMI). Since 2001 the work has been focused on developing a driving 
simulator, were in-vehicle systems are implemented and evaluated. The in-vehicle 
systems are designed using virtual prototyping techniques including the use of 
commercial development tools. This way of working with the simulator includes the 
use of a glass cockpit where the main instrument panel and centre console are 
displays. In the spring period of 2007 a HUD also was installed and implemented in 
the simulator cockpit (Division of Industrial Ergonomics, 2007). 
 
The software used in the simulator is ASim, developed by ACE Simulation, and it is 
designed to support this usage. This means that prototypes developed by students and 
researchers easily can be implemented and work together with already existing 
simulator functions (Division of Industrial Ergonomics, 2007).   
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Figure 1: The simulator cockpit and control room at the University of Linköping 

1.1.4 Simulator-Based Design 
According to Alm, Alfredsson and Ohlsson (2007), Simulator-Based Design (SBD) is 
a strong alternative to traditional design methodology for systems that include the 
driver in the operation. This area is generally labeled Human Machine Interaction 
(HMI). The traditional way is to develop a sub-system prototype consisting of 
hardware and software components and implement the system in a test car for further 
evaluation. In the SBD theory the general approach is to develop a virtual prototype 
and implement this prototype in the simulator environment. This prototype could at 
early design steps be very conceptual and grow through a number of iterative steps to 
its final design. In this process it is important to make as many shortcuts as possible 
in order to make the procedure effective in the evaluation or demonstration of a 
solution or looking at different concepts for the system design. This way of working 
is crucial for the SBD approach and producing alternative solutions in a limited 
period of time. The more iterations you make, the better the solution gets. The main 
steps in the SBD process is presented in fig 2. 
 

 
Figure 2: The SBD process. The dotted arrows indicate iterations (Alm, 2007) [1] 

The SBD process starts with a concept realized as a virtual prototype. The prototype 
is then implemented in the simulator resource. When implemented, an 
experiment/demo design is developed and tested before the human-in-the-loop 
simulation is conducted. The data retrieved from the simulation is then analyzed and 
evaluated. Finally a design synthesis is made for the product. Iterations are a central 
part of the SBD process, the dotted arrows in fig 2 show how the iterations are made 
throughout the different steps of the process. Another cornerstone in SBD is the reuse 
of already existing simulator applications and resources.  One obvious object for 
reuse is environment models (city structures, highways etc.), which could be reused 
directly or after some changes.  

 
 

3



1.1.5 Iterative design and virtual prototyping 
Simulator-based design (SBD) is, as mentioned above, an iterative process. In 
software design this iterative approach is considered to be the best. This has not been 
the mainstream approach in mechanical engineering (and thus not in the automotive 
industry), where physical prototypes and mock-ups usually have been produced and 
evaluated. However, this is an expensive way to follow and the SBD approach offers 
a faster and easier way toward the final solution. A virtual prototype is software-
based and therefore it seems reasonable to adopt the iterative design approach from 
the software area, according to Alm (2007). The traditional way to describe the 
software design process is through a number of design steps (see fig 3).   
 

Analysis & 
concept 
generation 

 
       Design 

 
Implementation 

Verification, 
acceptance 
test 

Customer needs, requirements etc.

Possible iterative steps 
 

Figure 3: Iterative design in software development.(Alm, 2007) [2] 

In this basic design model prototyping is not mentioned. However, the iterations 
imply the presence of prototypes. From this basic model of the software design 
process, a number of more advanced models have been developed. The SBD model 
could be seen as one such application. 

1.1.6 In-vehicle systems 
A modern car contains a vast amount of complex in-vehicle systems. Some systems 
are vital to the cars basic functions, while other supports the driver and increases the 
safety on the road. Systems where human-machine interaction (HMI) has relevance 
could, according to Alm, Ohlsson, and Kovordányi (2005) be classified in the 
following four groups:  
 

• Primary control systems (PCS, primarily steering, throttle control, brakes and 
related automation) 

• Advanced driving assistance systems (ADAS, e.g., visual enhancement 
systems, obstacle warning, other alarm systems and related automation) 

• In-vehicle information systems (IVIS, incl. communication functions and other 
information related functions that require driver-vehicle interaction not 
directly related to the driving task) 

• Non-integrated systems (any system that the driver might bring in to the 
vehicle e.g., GPS or cell phone) 

 
The most interesting systems to the SBD concept are the ADAS and IVIS systems. 
Most ADAS and IVIS are implemented in vehicles as “isolated” systems. This means 

 
 

4



that they have their own sensors, separate software-based functionality, and separate 
devices for driver interaction (ibid). The SBD approach and the glass cockpit concept 
generate new possibilities to develop the integration of the software-based 
components of these systems. This thesis is focused on the integration of the 
presentation of safety systems concerning ADAS. In the text below follows short 
descriptions of the systems included in this project.   
 

Lane Departure Warning (LDW) 
A lane departure warning system detects situations when the vehicle is drifting out 

a comes from video cameras and the data is then 

ollision Warning  
A collision warning system detects situations where the own car would collide with a 

 changes were made to speed or direction of the own car. Most 

lind Spot Detection (BSD) 
A blind spot detection system uses radar or cameras to detect vehicles in the blind 

area outside the viewing areas of the rear-view mirrors 

ight Vision 
A night vision system uses an infrared (IR) camera, which detects the temperature 

tween objects in the environment. The night vision information is 

from the lane. Usually the input dat
analyzed by some algorithms. If lane departure is the case the driver will be warned 
by the system. The warning message is usually delivered by auditory or tactile 
signals. LDW systems have been available at the market since some years, both for 
commercial and private vehicles.  
 

C

vehicle in front, if no
existing systems use radar sensors for data collection and calculations are made for 
time to collision, which includes calculation of speed differences.  In hazardous 
situations the driver gets warning information. This information is usually mediated 
by sound, sometimes supplemented by visual information. Automatic braking is 
coming up in order to minimize the effects of an inescapable situation.  
 

B

spot area. The blind spot is the 
and behind the viewing limits of the driver. When a vehicle is detected in this defined 
area the driver is warned by a warning lamp located near the side rear-view mirror. 
Some systems also have an auditory warning when the driver is changing lane despite 
the warning. 
 

N

differences be
displayed continuously on a display, such as a head-up display or some control 
display. Objects like humans and animals produces heat which makes them legible on 
the night vision display. This makes it possible for the driver to detect these objects 
much earlier in dark conditions. 
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1.2 Problem statement 
Modern cars contain several complex warning systems. These systems are often 
developed with little consideration to already existing in-vehicle systems of the car. 
The consequence of working like this is that the presentation of the warning signals 
becomes less integrated. This increases the degree of abstraction and put higher 
demands on the driver’s mental resources.  
 
The glass cockpit is, as above mentioned, relatively new to the automotive industry. 
However introducing this concept into cars provides completely new possibilities for 
how a warning signal may be presented to the driver.    
 
For the reasons above studies ought to be conducted on how the presentation of the 
warning signals can be integrated and optimized to support the driver in stressful 
situations.  
 
Parallel to this project is another master thesis concerning tactile information in the 
driver’s seat conducted in VR lab. Their work was used as input for the use of tactile 
information in the warning system concepts.     
 

1.3 Scope 
This project had its focus on designing warning system concepts using the HUD and 
tactile information in a coordinated way going out from established HMI principles. 
In order to achieve this some delimitations had to be made: 
 
No consideration has been taken to the prospect of interaction between the main 
instrument panel, HUD and centre console. 
 
The design work and implementation of different concepts is time consuming and 
limits the number of implemented warning systems. The warning systems taken under 
consideration are: 

• Lane Departure Warning (LDW) 
• Blind Spot Detection (BSD) 
• Multi Directional Collision Warning 
• Night Vision 

 
Only a minor human-in-the-loop evaluation was conducted. A full scale human-in-
the-loop evaluation would take too much time from designing the actual warning 
information within the limitations of this project. 
 
No consideration was taken to how the system sensors provide information to the 
warning system, i.e. the implemented warning systems provide no false alarms.  
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2 Purpose and research questions 
The purpose of this master thesis is to approve the interaction between the driver and 
the cars warning signals. This will be conducted by integrating the cars warning 
information and optimize the presentation of warning signals to support the driver in 
stressful situations.   
 
Another goal for this thesis work is to generate a functional concept for 
demonstration and evaluation in the virtual reality lab at the University of Linköping. 
The concept demands a highly dynamic interface, which adapts after the relevancy of 
the warning signals. This means that the interface with its information-, interaction 
design and choice of media will change appearance/character in an intelligent way. 
The idea of the demonstration concept is to use up to three of the human sensory 
modalities (vision, hearing and touch) for the presentation of warning signals in a 
situation-dependent way. 
 
The advantage of implementing this in a vehicle simulator is that a concept can be 
evaluated in an economical way compared to direct implementation in hardware. 
Another major advantage is that time consuming test driving can be avoided since the 
traffic situations easily can be repeated in a simulator environment. This also makes it 
possible to test dangerous situations, which is the main purpose when designing the 
warning information relevant to this thesis. 
 
Relevant research questions are: 
 

• How is the warning information presented to the driver today? 
 

• How/ where/ when should the warning signals be presented?  
 

• Which warning information is appropriate to present on the HUD? 
 
• How should the visual warning information be designed on the HUD? 

 
• Could a combination of tactile and visual warning information decrease the 

driver’s reaction time? 
 

• Could auditory signals enhance the warning perception? 
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3 Theoretical frame of reference   
In a modern car cab of today is the information flow, or overflow, very high. The cab 
is equipped with several buttons and static (i.e., always available) analogue 
instruments that constantly draws the attention from the most vital thing – looking on 
to the road. In order to make the roads safer, it’s important that the driver understands 
and reacts to the warning signals in a correct way. To achieve this it’s central to 
consider the drivers abilities and disabilities when designing warning signals. 
This chapter is divided into two sections, where the first one includes the theory 
concerning design issues. The second section includes the theory’s that has been 
considered during the information gathering, concept generation and evaluation of the 
project. 

3.1 The driver 
Accidents can generally be attributed to human behavior, the environment and the 
vehicle, usually with some interaction among these. Statistic research of accidents 
shows that the human behavior clearly is the dominant cause of collision. The 
combination of driver and environment is also a major contributor to accidents 
(Sanders & McCormick, 1993). For example, when a driver goes too fast, considering 
a slippery road surface. The driver’s performance and behavior is for that reason an 
important subject to regard when designing warning signals.   

3.1.1 Performance and behavior 
All human capabilities including perception, cognition and decision-making, is 
required when driving a car. These capabilities must also be coordinated and function 
in stressful situations. There has been an extensive amount of research dealing with 
these topics. A few dimensions of driver performance and behavior are discussed in 
Human factors in engineering and design, (Sanders & McCormick, 1993) and are 
presented below.    
 
Perceptual judgment of speed and spacing: To determine speed, the driver usually 
uses the speedometer. In many situations the driver must judge speed without looking 
at the speedometer. An example of this is when driving onto a freeway exit which 
demands visual attention. The human ability to estimate normal speeds without the 
aid of a speedometer is however quite good. 
Adaptation is an important factor that influences the driver’s perceptual judgment of 
speed. When a person previously has adapted to a higher speed, the actual speed can 
be perceived to be less. The same phenomena occur when a person is adapted to a 
lower speed and then perceives the given speed to be higher than it actually is. This 
effect increases the likelihood of accidents, especially when drivers’ changes from a 
high speed to a lower speed and then tend to think that they are going slower than 
they really are. Adaptation is also dependent of time – the longer the exposure to the 
high speed is the greater the underestimation of the lower speed becomes. 
 
Judgment of spacing mostly depends on the amount of road surface visible beyond 
the hood of one’s car to the car ahead. Tests has shown that drivers of small cars tend 
to have a smaller spacing to the car ahead, compared to larger cars. The reason is that 
the driver sees more road surface because it is simpler to look over the bonnet on a 
small car. Human behavior is, of course, also a crucial factor. Aggressive or risk 
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taking drivers often drive closer to the car ahead than more careful ones. The visual 
angle or size of the car ahead does not appear to be the most important factor. 
 
Risk taking: Most drivers are not thrill seekers or daredevils, but it is however 
people’s subjective perception of the risk of injury and death that influences their 
behavior. The typical driver engages in behavior that she or he perceives will not 
cause an accident. There are nevertheless a few factors that influence the normal 
driver’s behavior. 
 

• Risky behavior that has not resulted in an accident before, perceives as less 
risky in the future. 

• More risks are accepted if there is a payoff, for example when people are in a 
hurry. 

• The “it can’t happen to me” bias and overestimation of driving skills also 
plays a major role in risk taking. 

 
Reaction time: In emergency conditions is reaction time a crucial factor of death or 
life. The reaction time is affected by a couple of factors. Surprisal reaction time is 
often twice as long as when one is prepared to make a response. Reaction time also 
increases when the complexity of the required response increases. 

3.1.2 Human information processing 
When designing a product in a human factors oriented approach it is important to 
understand how humans process information. Human performance can be described 
in many ways and a lot of research has been done on this topic. Wickens & Hollands 
present a model of human information processing stages (see fig 4) in Engineering 
psychology and human performance (Wickens & Hollands, 2000) that provides a 
useful framework for analyzing human performance. The following text shortly 
explains the different stages in the model and draws examples from a car driver’s 
perspective.  

 
Figure 4: Model of human information processing (Wickens and Hollands, 2000) [3] 
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Sensory processing: This stage explains how information through our five senses 
reaches the brain. The driver must, for example, see an obstacle or hear a horn before 
any response can be made to these events. According to the authors, the properties of 
the senses have a remarkable impact on the quality of the information that reaches the 
brain. The visual and auditory senses are “fine-meshed” which makes it possible to 
retrieve detailed information. The tactile sense is on the other hand quite rough and 
should therefore be used for presenting less detailed information. 
There is a mechanism in the brain called short term sensory store (STSS). This is a 
temporary mechanism that prolongs the representation of raw stimulus evidence. For 
example a distracted driver may still recover the content of auditory information a 
few seconds after the message delivery. 
 
Perception: The information received by the sensory system is interpreted or given a 
meaning in the perception stage. The perception process can be divided into two 
important features. First, it generally proceeds automatically and rapidly which 
requires little attention. Second, it proceeds both by sensory input and by inputs from 
the long-term memory. For example, the driver visually (sensory) detects a warning 
sign and then uses his long-term memory to interpret the sign. 
 
Cognition and memory: The important distinction between perception and cognition 
is that cognitive operations often require more time, mental effort or attention. The 
reason is that cognitive operations are carried out using the working memory. This 
working memory is a quite vulnerable temporary store when the attention resources 
are diverted to other mental activities. Learning effects can be achieved if information 
processed in the working memory is rehearsed or in another way processed. For 
example, if the driver diagnoses the cause of an error in the car, he will probably be 
better able to remember the cause of error the next time it occurs. 
 
Response Selection and Execution: The selection of response, or action, is triggered 
by the understanding of a situation achieved through perception and cognitive 
transformations. The execution of the selected response requires physical human 
abilities such as, coordination of muscles to make a controlled motion and obtain the 
chosen goal. For example, if the driver sees a moose in his lane he or she must first 
select to brake and then execute it by pressing the brake pedal. 
 
Feedback: The feedback loop, at the bottom of the model, has two implications. First, 
its presence highlights that the flow of information can be initiated at any point. For 
example, the driver’s decision to clean the windshield is not driven by a perceived 
environmental event, but rather by a cognitive motivation to obtain better viewing- 
circumstances. The second implication means that when performing a task such as 
driving or walking the information flow is continuous. The authors also mention that 
“it is just as appropriate to say that “actions causes perception” as it is to say that 
perception causes action” (Wickens & Hollands, 2000 p13).  
 
Attention: This final stage represents the supply of mental resources. Many of the 
mental operations mentioned above don’t happen automatically. They need a 
selective application of these limited resources. For example when the driver has 
many tasks, such as keeping the car in lane, search for an exit sign and plan the next 
route, to perform he/she must divide his/hers attention in a strategic way. When the 
total attention demand of these tasks is excessive, one task or the other must suffer. 
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The driver then becomes more likely to react slowly and perhaps be involved in an 
accident. It may be emphasized that attention is necessary for more conscious 
response selection and execution, while some skill-based responses like, for instance 
steering on a highway, are more directly linked to perception. 
 

3.2 Human-Machine Interaction 
Human-Machine Interaction (HMI) refers to the interaction between humans and 
machines. The design of a successful product is dependent on the products 
performance at a functional level. However, when considering ergonomics in the 
design process, it is important that products are made to be used and function 
properly, reliably and safely. It is also important to design with the user’s needs, 
abilities and skills or preferences in mind (Green, Jordan, 1999). Usability describes 
some important factors in the interaction between a product and its user. Usability is 
associated with these five attributes: 
 

• Learnability: How to use the product should be easy to learn, so the user 
rapidly can get some work done. 

• Efficiency: The product should be efficient to use once the user has learned 
how it works. 

• Memorability: How to use the product should be easy to remember. The user 
should be able to return to the product after some period of not using it, 
without having to learn it all over again. 

• Errors: The product should have a low error rate. The user should make as 
few errors as possible during the use of the product. It is also important that 
the user easily can recover if an error is made. Catastrophic errors must not 
occur. 

• Satisfaction: The product should be pleasant to use. The users should be 
subjectively satisfied when using it. 

 
(Nielsen, 1993) 
 
HMI is a widely used term when studying human factors and ergonomics. Along with 
new technologies and the computerization HMI has become more and more 
influenced by Human-Computer Interaction (HCI). Today HMI involves everything 
from anthropometric data to the human interaction with displays.  
 
This thesis is concentrated on interface design and of course to some extent the 
functionality of the software. Thus HCI is discussed a bit further in the text below. 

3.2.1 HCI 
Human-Computer Interaction (HCI) describes, as mentioned above, all the human 
involvement with computers. HCI can roughly be divided into topics related to 
hardware design, functionality of the software and design of the software interface. 
The hardware in computer workstations should be designed to maximize the task 
performance and minimize ergonomic problems, such as neck troubles. As a result of 
ergonomic research, there are now well known design methods to use when designing 
hardware like keyboards. Functionality refers to what the user can do with the 
software and how it supports human activities. The design of software interfaces 
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refers to the information provided by the computer that we can see, hear or feel. It 
also includes the users information input made by for example the keyboard or mouse 
(Wickens, Lee, Liu, Becker, 2004). 
 
When designing an interface the cognitive and perceptual abilities of humans must be 
taken into account. The designer should be attentive to the environment the software 
is supposed to be used in. Factors such as stress, mental workload and anxiety also 
affect the HCI process. 
 
There are however, according to “An introduction to human factors engineering” 
(Wickens et al, 2004), a method to use when designing systems from a HCI point of 
view. In the design process the critical components include 
 

• involvement of typical users throughout the design lifecycle to ensure that 
their needs are understood 

• use of guidelines and principles in design 
• iterative usability testing beginning early in the design process 

 
While there are many different models of software interface design, most of them 
include the steps described above. Principles of design are discussed below in 3.4 
Multimodal interface design. 
 

3.3 Warning system design 
Warnings come in a huge range of types. In our daily lives we are continually flooded 
by warnings, such as verbal warnings, sirens and warning signs. All these warnings 
have one thing in common, they are all artifacts produced by a designer in relation to 
a situation or product which has some associated risk provided by the situation or 
product (Edworthy & Adams, 1996).    
 
Human factors in engineering and design (Sanders & McCormick, 1993) lists four 
principal purposes of warnings: 
 

• Inform the user or potential users of hazards or danger, of which they may not 
be aware, that is inherent in the use or reasonably foreseeable misuse of the 
product 

• Provide users or potential users with information regarding the likelihood 
and/or severity of injury from the use or foreseeable misuse of the product 

• Inform users or potential users how to reduce the likelihood and/or severity of 
injury 

• Remind users of a danger at the time and place where the danger is most 
likely to be encountered 

 
Designing appropriate warnings is a complex task. It’s useful to think of the situation 
or hazard which a warning is referring to as the referent of the warning. The warning 
may be thought of as a representation of the risk associated with the referent. Most 
warnings serve two functions - the alerting function and the informing function.  
The alerting aspect of the warning may, for example be provided by a signal word, 
like “warning”, which represents some level of risk or hazard to the observer. 
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Different signal words produce different levels of arousal when read. Other signal 
words that may produce a slightly different level of arousal are “caution” and 
“danger”. Layout and color coding (see 3.4.1) of the warning signal also assists the 
observer to understand the represented risk. 
The other part of the warnings is informational. A warning that is both alerting and 
informational also imparts information about how to handle a dangerous product or 
how to avoid injury. Examples of informative warnings are “keep out of the reach for 
children” or “handle with care”. It’s however hard to separate the alerting functions 
from the informational ones when the warning is seen as a whole. To suggest that the 
color alone, or the signal word alone does the alerting and that the words which 
follow do the informing is certainly misleading (Edworthy & Adams, 1996). 
 
Warnings in vehicles could be divided into static- and dynamic warning information. 
Most warnings that we encounter in our everyday driving is static warnings, such as 
road signs and warning information on the main instrument panel. The dynamic 
warning information is presented with new more intelligent in-vehicle systems and 
the glass cockpit concept, which provides new possibilities on how warnings may be 
presented. The warning information becomes dynamic when the screen-based 
interface adapts to the situation. This means that all irrelevant information, like 
velocity or temperature, is swapped to relevant warning information that relates to the 
situation or danger. This mode-based design decreases the information flow and 
makes the warning signal more legible. The change of mode alone is also an alerting 
function that attracts the driver’s attention. 
 
A crucial aspect of warning compliance is the fact that people don’t always comply 
with warnings. The most likely reasons why they don’t comply is that the perceived 
benefits are not outweighed by the perceived costs of compliance. 
Warnings are usually assessed by using previous knowledge, natural cues from the 
situation or product and information from the warning. The assessment of the 
warning could also be influenced by the personality or mood of the recipient. Some of 
these features will encourage the recipient to comply and others will do the opposite 
(Edworthy & Adams, 1996). 
 
It’s vitally important to test the comprehension of any proposed warning symbol. 
Particularly when there’s a risk for personal injury or death, warnings should be 
tested for effectiveness by using prospective users. A common risky assumption is 
that if the designers of a warning symbol understand its meaning, then everyone else 
will either understand it or at least quickly learn what it means. 

3.3.1 Signal detection theory 
Another aspect in the design of warning system is signal detection. Signal detection 
theory, reviewed in Engineering Psychology and human performance (Wickens & 
Hollands 2000), is applicable in any situation in which there are difficulties in 
discriminating the two states, signal and noise. Signals must be detected by the 
operator, and in the process two response categories are produced: Yes (I detect a 
signal) and No (I don’t).  The combination of the two states and two response 
categories produces a 2x2 matrix (see fig 5). The matrix generates four classes of 
joint events, labeled hits, misses, false alarms and correct rejections. 
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Figure 5: The four outcomes of signal detection theory [4] 

With perfect human behavior and warning system performance there would only be 
hits and correct rejections. However, since the performance of neither humans nor 
warning systems are perfect false alarms and misses do occur.  
Normally there are data in all four cells when signal detection is investigated. The 
values of each cell are expressed as probabilities, by dividing the number of 
occurrences in a cell by the total number of occurrences in a column. Thus if 25 
signals were presented and there were 10 hits and 15 misses, the probability would be 
P(hit) = 10/25 = 0,40.  
 
There are also psychological factors that influence the operator’s behavior when 
detecting a signal. For example, if the sensors of a warning system would supply false 
alarms it affects the drivers trust in the warning system. If the operator doesn’t trust 
the system, the warning compliance will decrease. The operator’s behavior is also 
affected when the operator puts too much trust to the system. An example is when a 
driver uses a continuous night vision system and increases his or hers speed to the 
limit were the safety effect of the warning system disappears due to the higher speed. 
 
Signal probability is another factor that influences signal detection. If a signal is more 
likely to occur, the operator is more likely to respond in a correct way. For example, 
if traffic is busy on the freeway, increasing the likelihood of collision with another 
vehicle, the driver is more likely to apply the brakes than if the road ahead were 
empty. 
 
In this thesis work the new application will be implemented with no false alarms. The 
warning system will function perfectly and only warn when there is danger. The 
simulation will also be performed in a scenario where the signal probability is high, 
which makes the test subject more likely to respond in a correct way. When a warning 
system is implemented in hardware the designers must ask themselves the question: 
“How does the driver react to a warning signal that only is presented on very rare 
occasions?” A critical situation like colliding with another car is very rare to the 
normal driver. This question makes the warning signal design even more important. 
The solution is that critical warning information must be very legible and intuitive to 
interpret in a very short period of time. 
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3.4 Multimodal interface design 
The glass cockpit concept including the vibrotactile driver seat supplies a multimodal 
interface. It consists of three elements; visual, auditory and tactile presentation. The 
decisions on how to present warning information must be considered with the whole 
system in mind. It’s important to know the advantages and disadvantages of these 
three modalities to be able to answer the questions on where, when and how to 
present the warning information.  

3.4.1 Visual information 
Vision is the primary source of information for the average person. Visual perception 
includes how we perceive size, depth and color. There are lots of perceptual things to 
consider when designing visual warning information. In the following text are the 
topics relevant to this thesis presented.    

Symbols and Alphanumeric information 
Symbols are an effective way of supplying information. Humans’ association ability 
often makes it easier to understand a symbol than reading a text. Still should not too 
much or too advanced information be connected to a symbol since it may not be able 
to supply a sufficient understanding. When designing critical information, symbols 
should be used with caution due to the risk of misinterpretations. To make a symbol 
easy to understand and learn it is important to be consistent with the meaning of the 
symbol.  
 
Since symbols acts as coding of information they demand that the user of the system 
understands the symbols and their meaning. For that reason it’s important for the 
designer to know which the users of the system are. Consideration must be taken to if 
the symbol is intended to be used by public groups or for example, a special 
profession. A symbol designed for a special profession can contain more complex 
information hence to the users understanding of the total system (Cooper, 1995). 
 
There are two types of symbols; representational and abstract (see fig 6). 
Representational symbols are illustrations of a thing or a task that represents the 
information of the symbol. Abstract symbols have a weak visual metaphoric 
connection to its information and it takes learning to understand it (Arbetsmiljöverket, 
2003). 
 
 

 
 

Figure 6: Examples of representational and abstract symbols [5] 
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There are some pros and cons to consider when choosing which type of symbol to 
use. 
 

• Representational symbols may be easier to interpret and the learning time is 
short if their well designed. 

• Representational symbols need a display with sufficient resolution to be 
legible. They also tend to consume more space, at a display, then simpler 
symbols. 

 
• An abstract symbol can often provide a more legible and faster connection to 

the coded information. 
• The user must learn the meaning of an abstract symbol 

 
A symbol used in conjunction with a worded warning may be more effective than 
either used alone, according to Edworthy and Adams (1996). There have been several 
studies that prove that a symbol used in conjunction with text affects compliance in 
positive way. The road sign STOP, is an example of how a warning becomes more 
legible when using a combination of texts and symbols (se fig 7).  
 

 
Figure 7: Example of a symbol is used in conjunction with text [6] 

Alphanumeric signs are another way of supplying information. There are some 
essential things to consider when supplying alphanumeric information in a legible 
way. When a text needs to be understood quickly, for example on signs and 
headlines, a linear typeface should be used. On displays is also linear typefaces 
proven to be the most legible and easy read. 
 
The dimensions of the characters are of great importance for its readability. For 
example, when the reading is critical or when the characters are subject to change, the 
character heights should be increased. Due to these factors recommendations have 
been made for visual displays, such as an instrument panel, see fig 8 (Sanders & 
McCormick, 1993).  
 
    Height of the character 
        Low luminance High luminance 
Critical use, position variable  5,1-7,6 mm 3,0-5,1 mm 
            
Critical use, position fixed  3,8-7,5 mm 2,5-5,1 mm 
            
Non-critical use   1,27-5,1 mm 1,27-5,1 mm 
                

Figure 8: Recommended heights of alphanumeric information at 0, 7 m viewing distance 
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Designing new symbols 
When designing new symbols it’s important to have an understanding for the 
communication process between the user and the information supplied by the symbol.  
There are however certain principles that can serve as guidelines in the design of 
symbols. For example are figure boundaries, closure and simplicity important aspects 
to consider. These principles are further discussed below. 
 
If there are any questions about the symbols suitability it’s essential to perform some 
sort of test to evaluate how well the symbol is designed. In Human Factors in 
Engineering and Design (Sanders & McCormick, 1993) three criteria’s are discussed: 
 

• Recognition: Subjects are usually presented with experimental symbols and 
then asked to describe what each symbol represents. 

• Matching: Several symbols are presented to subjects along with a list of all 
referents represented, and the subjects are then asked to match each symbol 
with its referent. 

• Preferences and Opinions: Subjects are asked to express their preferences and 
opinions on new symbols.       

 
In his dissertation Simulator-Based Design – methodology and vehicle display 
applications Alm (2007) discusses the issue of 3D visual displays and symbols. He 
argues that design principle questions like; should the symbols be two- or three-
dimensional and if 3D, should they be abstract or realistic?, must be considered for 
each application when designing new symbols on situational displays. It should be 
mentioned that the HUD may be considered as a 3D display for all spatial 
information, for example, the road-scene in the night vision mode. 
 

Grouping and structuring of information 
The human brain is very competent in handling patterns. Due to this, large amounts of 
visual information can be processed by the brain retrieving pattern information stored 
in the long-term memory (see 3.1.2). This is made possible as the brain divides 
information into patterns and then sets priority of the patterns on the basis of what’s 
interesting at the moment. 
The information should thus be presented in a structured way so that visual patterns 
are created. These visual patterns decrease the learning time and the search time for 
information. With well structured information large quantities of information can be 
presented without making it hard to understand (Cooper, 1995). 
 
Information that belongs together should be grouped in an apparent way. The gestalt 
laws provide theories of how this should be carried out. There are many gestalt laws 
but the ones most relevant to this project are: 
 
The law of Proximity (1) means that the brain tends to create perceptual units of 
objects close together. The closeness of objects can also form patterns that help the 
brain to interpret information. 
 
The law of Similarity (2) describes the human tendency to create groups of similar 
objects. This grouping can be created by using the same colour or shape. 
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The law of Symmetry (3) is a gestalt law which describes that the brain wants to 
detect symmetry and geometric patterns when looking at a picture or object. 
Symmetry makes it easier for the brain to process and understand information. 
 
The law of Closure (4) explains how the brain wants to fill gaps of incomplete 
elements or objects. Lines that close a surface are easily understood and create groups 
or units (ISO 9241-12, 1998; Johannesson et al 2004). 
 

 
Figure 9: Gestalt laws

A logic order of the displayed information is also central when designing an interface 
structure. The information can for example be graded after its importance, where the 
most important information should be presented first. Other logical orders are the 
chronological-, numeric- and alphabetical order (Cooper, 1995). 

The Proximity Compatibility Principle 
The proximity compatibility principle (PCP), presented by Wickens & Holland in 
“Engineering psychology and human performance” (2000), is a generally accepted 
theory of grouping. The PCP is a guideline to use when determining where displays 
and entities in a display should be located in relation to each other. 
To explain the principle further we must distinguish between display and processing 
proximity. Display proximity defines how close together two display components are. 
The distance between the objects can be defined in terms of object-based properties 
or in spatial terms. Processing proximity defines the extent to which two sources of 
information are used within the same task. For example, may a task with high 
processing proximity be to estimate whether there is a increasing or decreasing trend 
in a scatterplot, where many information sources (data points) must be considered. 
The proximity compatible principle can be summarized as follows: 
 

If a task requires high processing proximity, there should be high display proximity. 
 
If a task requires low processing proximity, there should be low display proximity.  

 
The identical color of two objects on a display also creates display proximity that 
serves processing proximity. This means that two items on a cluttered display will be 
more easily integrated or compared if they share the same color, but the shared color 
may disrupt the ability to focus attention on one item while ignoring the other. The 
focusing process may be helped by a unique color code, just as it disrupts the 
integration process. 
 
The PCP also applies to spatial distance in a cluttered display. Two items of 
information that need to be integrated on a cluttered display should be placed close 
together, as long as this proximity does not move them too close to irrelevant clutter.  
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Colors 
The human eye is attracted to strong colors and great contrasts. By coding the 
information with colors a significant improvement of search time can be made in 
certain tasks. Therefore is color-coding of critical elements in a display quite effective 
for rapid localization in a cluttered field. For example are colors effective in means of 
highlighting an important item on the main instrument area. Colors also have well 
established symbolic meaning, for example, is red the signal for danger in the western 
world (Wickens & Hollands, 2000). However because of cultural differences in 
symbolic meanings, consideration must be taken to the population the product is 
designed for.   
 
Colors alone can not provide sufficient understanding and should thus be used 
together with symbols or texts (Kantowitz & Sorkin, 1986). Some people also have a 
reduced ability to recognize colors and therefore can not the most critical information 
be presented with a color alone. 
 
To guarantee that the value of a color not will be misinterpreted, the system designer 
should not use more than five or six colors in a display, according to Wickens and 
Hollands (2000). The general rule is to use as few colors as possible. 
 
Furthermore the use of certain colors and color combinations ought to be considered 
when designing an interface. For example, can blue in a dark environment be 
disturbing and make it harder for the eye to adapt to darkness. Some color 
combinations can also be disturbing and hard to read off. Red text on a green 
background and red text on a blue background is two illustrating examples (see 
fig10). 

Red text on a green background 

Red text on a blue background 

 
Figure 10: Examples of inappropriate color combinations 

3.4.2 Auditory information 
Sound is created by vibrations in the air. The two primary attributes of sound are 
frequency and intensity. The human ear can detect frequencies from about 20 Hz to 
15 kHz but is not equally sensitive to all frequencies. In general, we are less sensitive 
to low frequencies (below 1000 Hz) and more sensitive to higher frequencies. Thus a 
low-frequency tone will not sound as loud as a high-frequency tone of equal intensity.  
Sound intensity is associated with the human sensation of loudness. Sound intensity is 
defined as power per unit area, for example, watts per square meter (Sanders, 
McCormick, 1993). 
 
We use auditory feedback, naturally, almost all of the time. For example, we listen to 
the changing sound of a car engine when we change gear. The auditory system also 
has a large capacity of taking in information about our surrounding environment. The 
ears tell you what direction the sound is coming from and estimates how far away the 
detected object is. These characteristics make the auditory system a valuable source 
when designing warnings (Edworthy & Adams, 1996). 
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Since the auditory sense can take input from any direction and determine the location 

ecent research (Ulfvengren, 2003) implies that spoken or natural warning sounds in 

uditory warnings are often used to attract attention to a display or instrument when 

• Avoid extremes of auditory dimensions: High-intensity signals, for example, 

• ity level should 

• id steady state and, 

• ditory channel: Only a few signals should be used in 

 
hen designing auditory warning information it is, as always, important to be 

3.4.3 Tactile information 
ay of interacting with the operator. The tactile 

actile stimulation can be accomplished via a number of different methods that 

of the sound source, several studies of how to use this ability in warning design has 
been conducted. For example, by surrounding the operator with speakers is a 3D 
auditory environment created. A directional auditory alert can then be created by 
using the surrounding speakers to attract attention to the direction of a particular 
speaker (Fitch et al. 2007). 
 
R
human-machine systems in some circumstances can be used as a substitute for 
auditory tones. It may, for example, be more effective to use a “slurping” sound for 
low fuel level, instead of a tone which indicates that the driver should direct attention 
to the main instrument area.     
 
A
the operator is busily occupied with other important ongoing tasks. A central 
difficulty when designing auditory warnings is detectability. The detectability is 
influenced by the surrounding environment and how the warning tone is constructed. 
Sanders and McCormick (1993) presents some useful guidelines of auditory 
presentation: 
 

can cause a startle response and actually disrupt performance. 
Establish intensity relative to ambient noise level: The intens
be set so that it is not masked by the ambient noise level. 
Use interrupted or variable signals: Where feasible, avo
rather, use interrupted or variable signals. This will tend to minimize 
perceptual adaptation. 
Do not overload the au
any given situation. Too many signals can be confusing and will overload the 
operator. 

W
consistent with the meaning. The same signal should always designate the same 
information at all times.        

The tactile modality is another w
channel is an important part of the total sensory input to the human component of a 
system. An example is in the use of different control knobs in the cockpit of an 
aircraft. Coding of knob shape is a critical factor when reducing the chance of 
operator error under high-information load. Other advantages with the tactile channel 
are that it is always ready to receive information, that it draws attention and that it can 
be used in a natural and intuitive way. 
 
T
present mechanical, thermal, chemical or electrical energy to the skin. These methods 
create tactile sensations, such as pressure, warmth and vibration. There are a number 
of different receptor structures in the skin that mediates these tactile sensations. One 
important type of receptor is the Pacinian corpuscle, sensitive to mechanical 
indentation to the skin. There is a large variation of sensitivity of our skin depending 
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on where on the body the energy is applied. For example are our tongue and lips very 
sensitive to mechanical pressure while our feet and back is not.  
 
Our tactile sense can be categorized in two different ways. The first type of touch 

ensitivity to changing patterns of pressure such as produced by a vibrating surface 

 warning design the tactile channel is relatively new but a valuable source for 

everal studies have investigated the potential use of vibrotactile warning signals 

3.5 Information gathering 
ct contains a study of relevant theory, a state-

3.5.1 Open Interview 
s which suggest long answers and discussions. Hence 

he advantages of this technique are that the answers become more balanced and that 

sensation is cutaneous touch or passive touch. In the passive touch situation is the 
skin stimulated and the observer’s response is recorded. The more complex function 
is called active touch. In the active touch situation the observer actively explores a 
surface or an object with, for example, his or her fingers or hand (Kantowitz & 
Sorkin, 1986). 
 
S
extends over a wide range of vibratory rates. However, studies show that the 
sensitivity of vibrotactile stimulation increases below and above 200 Hz, for 
stimulated areas larger than 0.02 cm2.  The Pacinian corpuscle is probably the major 
subsystem responsible for our sensitivity to vibrotactile stimulation. The sensitivity to 
vibrotactile information also depends on factors such as the temperature of the skin 
and its adaptive state with respect to prior stimulation (ibid). 
 
In
supplying information. The tactile channel cannot alone supply sufficient information 
but used together with vision and hearing, it creates new possibilities to decrease the 
mental workload and the high information flow. 
 
S
(e.g., van Erp & van Veen, 2004). The research has mainly been focused on spatial 
information (directions) and lane departure warnings. Spatial vibrotactile cues were 
found to be particularly effective in directing a driver’s visual spatial attention to 
potentially dangerous events on the road.          
 

The information gathering of this proje
of-the-art investigation and interviews. Only the realization of interviews needs to be 
further described in the theory section. An interview is usually performed using three 
different techniques – open, semi-structured and structured. In this thesis I have 
decided to use the open technique and therefore this technique is described a bit 
further. 

Open interviews ask question
does this technique provide detailed answers that empty out the subject. The subjects 
of the interview and the information that the moderator wants is not completely 
determined in advance. Nor the exact formulation or order of the questions has to be 
determined in advance. These matters are determined from case to case, depending on 
how the conversation develops (Andersson, 1995). 
 
T
the interview becomes more like a conversation than a questioning. This relaxes the 
interviewed person and generates high-quality answers. One disadvantage is that the 
interview data is harder to analyze compared to a structured interview with 

 
 

21



predetermined choices of answers. It’s also difficult to compare interview data when 
there has been more than one moderator (ibid). 
 

3.6 Concept generation 
ed in many ways. The SBD approach is chosen for 

3.6.1 Brainstorming 
nd widely used tool for developing creative solutions to 

rainstorming is a lateral thinking process. It asks people to come up with ideas and 

rainstorming can be performed both individual and in groups. Individual 

 
The design process can be conduct
the final evaluation. However, the first step in the SBD sequence starts with concepts, 
while nothing is said about how to generate these concepts. In the following sections 
this part of the process is in focus. The concept generation process starts with a 
defined problem and ends with a number of concepts that all fulfils the product 
specification.  This way of work is based on the idea of creating as many different 
solutions as feasible. Many different solutions to the problem also guarantee that most 
of the possible solutions are considered during the process. There are several creative 
methods to use in a systematic way to generate concepts. The methods used in this 
thesis are described in this section. 

Brainstorming is a popular a
problems. It is particularly helpful when there’s a need to break out of stale or 
establish new patterns of thinking. 
 
B
thoughts that, at first, seem to be a bit crazy. There should be no criticism of ideas, 
when trying to open up possibilities and break down wrong assumptions about the 
limits of the problem. Judgments and analysis at this stage will stunt the idea 
generation. Ideas should therefore only be evaluated at the end of the brainstorming 
session (Johannesson et al. 2004). 
 
B
brainstorming is best for generating many ideas, but tends to be less effective at 
developing them. Group brainstorming tends to develop fewer ideas, but takes each 
idea further. Group brainstorming needs formal rules for it to work smoothly 
(www.mindtools.com). 
 
A list of guidelines of how to perform an effective group brainstorming session is 

• Define the problem you want solved clearly, and lay out any criteria to be met 

 ideas during the session. Criticism 

• stic, uncritical attitude among members of the group. 

•  to come up with as many 

• f thought is followed for too long 

presented at the Mindtools website (ibid): 
 

• Keep the session focused on the problem 
• Ensure that no one criticizes or evaluates

introduces an element of risk for group members when putting forward an 
idea. This stifles creativity and cripples the free running nature of a good 
brainstorming session 
Encourage an enthusia
Try to get everyone to contribute and develop ideas 
Let people have fun brainstorming. Encourage them
ideas as possible, from solidly practical ones to wildly impractical ones. 
Welcome creativity 
Ensure that no train o
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• Encourage people to develop other people's ideas, or to use other ideas to 

• on to note down ideas that come out of the session. A good 

3.6.2 Black-box 
 used for mapping the transforming functions of a product. A 

or example may the input be dirty hands, the transforming function becomes 

3.6.3 Transformation of systems 
eral part functions. The transformation 

he purpose of dividing the main function to part function is that it is easier to find 

create new ones 
Appoint one pers
way of doing this is to use a flip chart. This should be studied and evaluated 
after the session. 

Black-box is a method
transforming function is a function that transforms an operand (material, energy, 
information) from one state (input state) to another (output state). The function is then 
seen as a black-box which transforms the operand (see fig 11).  
 

 
Figure 11: Transforming function, Black-box [7] 
 
F
washing hands and the output would then be clean hands. 

The total transforming function consists of sev
of systems describes more specific how the transformation of the operand will be 
carried out, and in what order the part functions will be performed. The 
transformation system also shows how the part functions interact. This method is best 
illustrated with an example. Let’s proceed with the “dirty hands” example from the 
black-box, see fig12. 
 

 
Figure 12: An example of transformation of systems [8] 

 
T
solutions to the part functions than immediately find a total solution. The part 
solutions are then used in the morphological matrix described below.  

Loosen dirt  

Separate 
dirt from 
hands 

Remove 
separated 
dirt 

Rinse hands 

Dirty hands 

Dirt 

Clean hands 

Washing hands

Operand Output 
 
       Main function Operand Input 
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3.6.4 Morphological matrix 
The aim of this method is to produce a number of concepts, which complies with 
every demand of the product specification. The part-solutions of the concepts must 
also be reasonable and geometrically as well as physically compatible. 
 
The sequence of work starts with a breakdown of the total function into part 
functions. Creative methods are then used to develop part solutions to the part 
functions. 
 
The design of the part solutions may be presented in short property descriptions or in 
simple sketches. Of these presented part solution descriptions is the matrix created 
(see fig 13). The concepts are then created by combining one part solution for each 
part function (Johannesson et al, 2004). 
 
Part function Part solution alternatives   
Function 1 Solution 1 Solution 2 Solution  3 Solution 4 Solution 5  
             
Function 2 Solution 1 Solution 2 Solution 3    
           
Function 3 Solution 1 Solution 2 Solution 3 Solution 4   
            
        
        

Figure 13: Structure of a morphologic matrix 

3.7 Implementation 
Implementation of the design concepts is one of major phases in this thesis work. The 
implementation phase includes the SBD process where evaluation and analysis is a 
corner stone. 
 
The Human-in the-loop simulation generates lots of logged information registered by 
the simulator software. To be able to evaluate the result, and see if there is a 
significant difference between the present system and the new application, is usually 
a statistic method used. 

3.7.1 ANOVA 
The result of the simulation may be hard to interpret which motivates the use of a 
statistic method to draw conclusions from. Analysis of Variance, ANOVA, is a 
statistic method often used for evaluating experiments. The method may be divided 
into: 
 

• The ONE-WAY-ANOVA test is used for comparison of mean values between 
more than two groups depending on a single factor. The test shows if there are 
significant differences between the tested groups. However, the test doesn’t 
show which specific groups that differ relative to each other.  
For example, may a test show that the sale of coffee may differ between 
regions. 

 

 
 

24



• The MANOVA test is used when you want to compare the mean values 
between different groups of several factors simultaneously. The method 
decides, for each factor, if there are significant differences between the 
groups. The test also shows the interaction effect between the different 
factors. Neither this test shows which specific groups that differ relative to 
each other. 

 
For example, may a test with two factors show that the sale of coffee differs 
between regions and also between different brands. The interaction effect 
shows if the sales between the different brands differ between regions.  

 
A Post Hoc test may be conducted, after the ANOVA/MANOVA, to determine in 
which groups the significant differences is located. For example, may the Post Hoc 
test show which specific region that has the biggest sale of coffee (www.hhs.se). 
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4 Method of realization 
The method of realization was divided into three phases – information gathering, 
concept generation and implementation. These phases are commonly used in design 
projects. This way of work supplies structure to the project and makes it possible to 
achieve an iterative design process. Iterative design is an important element in 
simulator based design and often provides a satisfactory result. A schematic view of 
the method of realization used in this thesis is presented at the end of this chapter (see 
fig 14)         

4.1 Information gathering 
The information gathering phase started with a study of relevant theory, thus to create 
a useful knowledge base to this project. A state of the art investigation was then 
conducted to find out how the ADAS, relevant to this thesis, are presented today. The 
phase ends with interviews concerning both warning systems and creative design. 
  

4.2 Concept generation 
The concept generation begun with the methods black-box and transformation of 
systems. These methods were useful when breaking down the problem/function into 
part functions. Creative methods and sketching were then used to create solutions to 
the part functions. The solutions were then gathered in a morphological matrix which 
provides a number of concepts or virtual prototypes. 
 

4.3 Implementation 
The virtual prototypes were then implemented, tested and evaluated, according to the 
simulator based design theory. This process involves a lot of iterative loops when 
designing a successful product.  
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Method of realization 
 

Study of relevant theory 

State of the art 

Black-box   

Transformation of systems 

Creative methods   

Sketching 

Interviews 

Concept Virtual prototyping

Implementation Demo design 

Human in the 
loop simulation 

Data analysis & 
evaluation 

Final concept 

Morphologic matrix 

Possible iterative steps 

 
Figure 14: Method of realization 
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5 Realization 

5.1 Information gathering 
The project started with a study of relevant theory. The study gave me, among other 
things, knowledge of how the driver functions and what to think of when designing 
warning signals. The information gathering phase proceeded with a state-of-the-art 
investigation, which presented information of what the market provides today.    

5.1.1 State of the art 
A state of the art investigation was conducted to find out how the relevant ADAS are 
presented today. This section explains how the system works and how they present 
the warning to the driver. The research included two manufactures of each system. 
The presentation of the systems starts with a description of how the system works and 
ends with comments concerning the advantages/disadvantages of the system.  

Lane Departure Warning 
Citroen’s system is triggered automatically when the driver mistakenly allows the 
vehicle to stray out of lane at speeds above 80 km/h. The system works as follows. 
When the vehicle moves across road markings (white line lane markers) without the 
direction indicator being used, infrared sensors behind the front bumper detect the 
movement and warns the driver by means of a vibrating signal on the left or right side 
of the driver’s seat, depending on which way the vehicle is drifting. 
 
The sensors can detect white lines as well as the temporary road markings in yellow, 
red and blue, which are used in some European countries. The system identifies lines, 
both continuous and broken, and other road markings such as directional arrows 
(www.citroen.se). 
 
The advantage of the directional vibrotactile warning is that the driver’s attention is 
directed towards the dangerous area. The tactile modality is also always available 
regardless to how much information the brain is processing. Another advantage of 
Citroen’s system is that the infrared sensors also detect the white lines in snowy 
conditions. This is possible since the infrared sensors detect the temperature 
difference between the lane markings and the asphalt.       
 
BMW’s system is based on a forward looking camera, located between the windshield 
and the rear mirror, which warns the driver before he or she drifts inattentively across 
a road marking. The system consists of a high dynamic range digital camera and a 
high performance electronic control unit with advanced algorithm technology for 
video based lane marking recognition. (www.bmw.se) 
The system warns the driver by means of a vibrotactile signal in the steering wheel. 
The warning duration varies depending on the speed that the vehicle crosses the lane 
marking, providing a short warning of less than one second for quick lane changes, 
and in the case of a very slow drift across the lane marking the warning will be 
longer, even up to several seconds. (www.mobileye-vision.com) Lane marking 
availability is shown through a display on the main instrument panel and, if available, 
the head-up display (see fig 15). 
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Figure 15: BMW’s symbol for lane marking availability [9] 

The advantage of this technology, compared to the Citroen system, is that the driver is 
alerted prior to lane change. If the driver is already crossing the line it may be too late 
for warnings. The vibrotactile information in the steering wheel is, for the same 
reasons as mentioned above, a good way of presenting information. 
 
The problem with these systems is the lack of lane marking capability in, for 
example, snowy conditions.  

Collision Warning 
Audi’s collision warning system was for the first time introduced in the Q7 model. 
The sensor (radar) for the system is located out of sight behind the license plate trim. 
If there is the risk of a collision with the car in front, the system alerts the driver in 
two stages: first a warning tone is issued, with a visual signal appearing on the 
instrument panel at the same time. If the driver does not react, the system triggers a 
clearly noticeable warning jolt, produced by a fast build-up of pressure in the brake 
system. The purpose of the jolt is to draw the driver's attention immediately to what is 
happening on the road in front of the vehicle (www.audiworld.com). 
 
The first stage of this warning system is rather questionable, since the system draws 
attention from the road towards the main instrument panel. This may be solved by 
presenting the information on a HUD instead. The second stage is on the other hand 
an inventive way of directing the driver’s attention back to the road. The driver is 
very likely to look ahead of the car if the car brakes and it almost feel like you have 
hit something.  
 

 
Figure 16: Volvo’s CWAB [10]  

Volvo’s Collision Warning with Auto 
Brake (CWAB) system uses both radar 
and a camera to detect vehicles in front 
of the car (see fig 16). The radar 
reaches 150 meters in front of the car 
while the camera range is 55 meters. 
The system combines information 
from both the radar and the camera and 
supplies therefore such a high 
confidence level that automatic 
braking is possible if a collision is 
imminent. 

 
If the car approaches another vehicle from behind and the driver doesn’t react, a red 
warning light flashes in the head-up display on the windscreen (see fig 16). At the 
same time, an audible signal can be heard. The red light on the head-up display is 
meant to be associated with the braking lights on a car in front of you. If the risk of 
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collision increases despite the warning, the system prepares the brakes to shorten the 
reaction time (www.volvocars.se). 
 
The red visual warning presented on the HUD is well designed since it probably 
would be intuitive to apply the brakes when the car ahead brakes (which would ignite 
the red rear lights of the car). 

Blind spot detection 
Volvo’s Blind Spot Information System (BLIS) uses small cameras on the side rear 
view mirrors to detect when a car or a motorcycle has driven into the driver’s blind 
spot area. The system alerts the driver with a warning signal next to the side rear view 
mirror (see fig 17). (www.volvocars.se) 
 

 
Figure 17: Volvo’s BLIS [10] and Mercedes-Benz’s blind spot detection system [11] 

One disadvantage with the camera-based system is that it functions badly in foggy 
and snowy conditions. The system takes 25 pictures per second and then calculates 
changes between frames, which creates problems when traveling much faster or 
slower than surrounding vehicles. The warning light located on the A-pillar also 
creates a new place to look at after scanning mirrors, thus requiring extra attention. 
 
Mercedes-Benz has a radar-based system on some new models that uses radar to help 
drivers detect vehicles in their blind spots while changing lanes. The radar sensors are 
located in the front and rear bumpers to check for vehicles that may be located in the 
blind spot area. 
If the sensors detect a vehicle within the designated area, the system turns on a red 
indicator light on the side rear view mirror (see fig 17). If the driver turns on the 
indicator while the warning light is on, the system will flash the warning light and 
emit an auditory alarm. (www.motortrend.com) 
 
The advantage of this system is that the radar will detect vehicles in the designated 
area in all weather conditions. Another positive thing is the second stage of the 
warning where the system more actively alerts the driver, if the driver is about change 
lane despite the prior warning. This may on the other hand become an irritating 
feature if the system provides false alarms, such as warn for parked cars.  
 

Night vision 
BMW’s night vision system is one of their latest safety innovations. The system is 
based on a heat seeking infrared camera, Far Infrared Technology, which is located 
on the front bumper. The camera scans the road up to 300 meters in front of the car 
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and makes objects that produce heat legible. Thus may obstacles, such as humans and 
animals that are out of reach of the head lights, be earlier detected. The system 
produces continuous information that is presented on the control display (see fig 18)  
(www.bmw.se). 
 

 
Figure 18: BMW’s night vision on the control display [12] 

The major disadvantages with this system are the location of the night vision screen 
and the fact that the information is continuous. If the driver wants to see what is on 
the night vision screen, located above the centre console, he or she must take their 
eyes of the road. The system would become much better if the continuous information 
would be replaced with situation-dependent information (Alm, Kovordányi, and 
Ohlsson 2006). The emergent of the night vision mode would then alone provide a 
warning. 
 
Cadillac presents a similar system but with one significant difference – the 
continuous night vision information is presented on the head-up display (see fig 19).  
 

 
 

Figure 19: Cadillac’s night vision on a HUD [13] 

The advantage of this system compared to BMW’s system is the location of the night 
vision information. The driver does not need to take his or her eyes off the road to 
retrieve information. The disadvantage is still that the information is presented in a 
continuous way (www.raytheon.com). 

5.1.2 Interviews 
In the start of the project I was determined to conduct open interviews during the 
information gathering phase. This was however disregarded due to time limitations 
and very inspiring discussions with staff members at the University of Linköping and 
VTI. The discussions provided sufficient information and interesting aspects and 
made it unnecessary and ineffective to place time on preparing, conducting and 
evaluating interviews.   
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5.2 Concept generation 
The warning information presented to the driver by different in-vehicle systems could 
be divided into three levels. The first level presents system related information or 
messages to the driver, such as low fuel level. The second level presents more critical 
warning information and is central to this project. The third and last level informs the 
driver when there is automation involved. Automation is used when the driver doesn’t 
react to the warning information presented in level two. For example, may the car 
brake automatically when a collision is imminent. The driver would become confused 
if no further information concerning why the car brakes was presented. Automation 
may although also be used for other safety systems such as anti-spin and traction 
control. The information presented by these systems are not presented due to lack of 
response to a warning, instead these systems are activated by other conditions related 
to the cars road characteristics and surroundings.  
 
The concept generation in this project is, however, focused on the critical warnings in 
information level two. The concept generation was divided into two parts – Warning 
system design and Visual design concepts. 
 
The Warning system design concepts were based on different combinations from a 
morphologic matrix and relevant theory. Consideration was also taken to when the 
systems are likely to be activated and which modality, or modalities, that then was 
suitable to use. The structure of the warning system concepts follows the scheme 
below: 

- Visual 
- Auditory 
- Tactile 

Output / 
Input 
selection 

Media 
choice 

Representation 
design 

 
Figure 20: Scheme of warning signal design (Alm, 2007) 

In the first step one has to choose which modality, or modalities, that is most effective 
to use. There is no interaction within the warning systems since warning information 
were seen as output. The crucial interaction takes instead place between the driver 
and the car and the warning system helps the driver to interact with the car. The third 
step involves the choice of media, e.g. the choice of which display in the glass cockpit 
environment to use. The last step is the representation design. In this step is the 
design of the visual, auditory or tactile warning signal decided. The tactile warning 
signal is designed by the master thesis conducted parallel to this project. An abstract 
of the functionality of the vibrotactile seat (implemented in the simulator cockpit at 
LiTH) will be presented in the result and final design section. 
 
The visual design concepts contain the visual design of the warnings presented on the 
HUD. Since the choice of media here is defined, the design issues mostly were 
focused on how to direct the driver’s attention towards the danger and limit the 
information flow. The visual design concept generation also involved other ideas of 
what warning information that may be appropriate to present on the HUD. 
In the text below follows a description of the method used in the concept generation.  
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5.2.1 Black-box 
When designing a warning system the main transforming function is to alert the 
driver. The operand of the system is then defined as the driver. The function defines 
how the driver goes from unaware to aware of a danger/situation. 

    Aware driver 
 
   Black-box Unaware driver 

Operand: The driver 
Main function: Alert the driver 

 
Figure 21: Black-box of alerting the driver 

5.2.2 Transformations of systems 
The transformation of systems method describes more specific how the driver 
becomes aware.  The method also specifies the part-functions of which the main 
function consists of. Every part-function is represented by a box and the arrows 
shows how the part-functions are connected and interact. As mentioned in the scope, 
no consideration was taken to how the system sensors provide signals to the warning 
systems. 
 
Since safety systems require situational displays for the most legible design. I have 
decided to present one transformation structure for each warning system. I have also 
expanded the method to also answer the questions where and when the driver should 
be alerted for every separate system. The method then provides an overview of 
available sensory channels and a suggestion of what order the channels could be used 
in. 

Unaware driver 

Lane departure warning

Driver 
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warning 

 
  Vision 

 
  Tactile 

Directional 
warning or 
warning 
symbol

Vibrotactile 
information 
in the seat 
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Warn when 
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out of lane 

 
Auditory 

Warning 
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Warn when 
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despite 
prior 
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Warn when 
the vehicle 
is drifting 
out of lane 

 
Figure 22: Transformation structure of the Lane departure system 
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The glass-cockpit environment provides screens that may be adapted to the situation. 
This makes continuous night vision, presented in the state-of-the-art investigation, 
inappropriate to use. Night vision can instead be used as an application to the Multi-
directional collision warning system. Then used as a situation-adapted display, night 
vision may be a useful tool for the driver and provide more time to react on. 
 

 
Figure 23: Transformation structure of the Multi-directional collision system 
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The Blind spot detection system may also be seen as an application to the multi-
directional collision warning system. The complexity of this system and the fact that 
the system already exists in cars today motivates its own transformation structure. 
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Figure 24: Transformation structure of the Blind spot detection system 
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5.2.3 Brainstorming 
An individual brainstorming session was carried out for finding design solutions to 
the warning systems. The aim of the session was to create a lot of ideas and solutions. 
The method was very useful in the graphic warning design presented on the HUD. 
The results of the session are presented in the morphologic matrix of visual design 
(appendix 1).  

5.2.4 Morphologic matrix 
The concept generation was divided into two parts, warning system design and visual 
design, which gave two matrixes. The first, presented below (see fig 25), presents the 
part solutions of each modality in the warning system. If the warning system contains 
more than one sensory channel the matrix must be looped to produce a multimodal 
warning system design concept. 
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Vibration  
 
 

Tactile 
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Night 
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Media HUD Main instrument panel Speaker system Vibrotactile seat 

 
Figure 25: Morphologic matrix of warning system design 

The second matrix was focused on visual design and can be found in appendix 1. This 
matrix contained a number of part solutions that generated the visual design concepts 
presented on the HUD. 

5.2.5 Sketching 
Sketching was a useful tool throughout the whole design process. The brainstorming 
session and theory study provided a lot of ideas and solutions that was entered in the 
morphological matrix. Sketches were of course also used when designing and 
rarefying the different graphic concepts, see appendix 2. 
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5.2.6 Warning system design concepts 
When designing warning systems the risk for mentally blocking the driver is a central 
issue to consider. This risk occurs when using all available modalities simultaneously. 
The decisions of when to use the different modalities are therefore carefully 
considered for each system design. The choice of which modalities to use must also 
be supported by the likely driver behavior, e.g. what the driver does just before the 
warning system is activated. 
 
The Lane departure warning system is most likely to be activated when the driver: 

• directs his or hers attention away from the road, for example when changing 
CD on the centre console 

• becomes drowsy 
This behavior motivates the use of the tactile and auditory modalities since the 
driver’s visual attention is low. The Lane departure warning system is therefore not 
appropriate to be primarily presented on the HUD. 
 
The Multi-directional collision warning system is most likely to be activated: 

• in busy traffic where the driver may be distracted by the surrounding traffic 
• when wild animals is on or close to the road and the driver is slightly 

distracted or relaxed 
• when the warning system detects a crash threat before the driver does 

The driver behavior is difficult to predict in these situations which motivate the use of 
all available modalities but not simultaneously. For example, may the tactile channel 
be used to attract attention to the HUD. 
 
The Blind spot detection system may, as above mentioned, be seen as an application 
to the Multi-directional collision warning system. All modalities could therefore also 
be used in this system based on the same reasons. 
 
Warnings can also be divided into private and official warnings. The private category 
contains warnings that are private to the driver, i.e. no one else in the car detects the 
signal. The official warnings may on the other hand be detected by everyone in the 
car. Thus the choice of modality highly affects the privacy of the warning. For 
example, if the warning system uses the auditory channel everyone in the car hears it. 
If the warning instead is displayed on the HUD it is more likely that only the driver 
sees the signal. This aspect could also affect the acceptance of the warning system. 
The driver might be embarrassed if the passenger detects every warning and for that 
reason turn off the system.  
 
Another important factor is how long time there is before a situation becomes critical. 
The systems must be designed for both long and short time for reaction, which is 
possible when using situational displays in a glass-cockpit environment. The warning 
systems are therefore divided into two warning alert levels. The first alert level is 
presented when the driver has relatively long time to react. The second alert level is 
presented when the situation becomes critical and provides both direct attention and 
reaction. 
 
The warning system design concepts generated with the method above is presented in 
appendix 3. 
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5.2.7 Visual design concepts 
The visual design concepts have influences from the circular design of previous 
projects conducted in the simulator. The graphic design of both the centre console and 
the main instrument panel has shapes and similarities to a flight cockpit. I therefore 
decided to adapt a ground shape in form of a circle and put most design work on how 
to present the most legible warning. All the concept sketches and ideas was 
implemented and further developed in Adobe Illustrator CS2.  
 
In the early stage of the design process I was determined to use some form of arrow 
to point out the dangerous direction. The part solutions in the morphologic matrix 
therefore contained a number of different arrows and ways to present arrows in 
combination with the circular ground shape. The arrows were eventually disregarded 
and replaced with a marked sector in the circle, thus to simplify the information. (see 
fig 26) 
 

 
Figure 26: Warning signal with and without a directional arrow 

To avoid unnecessary learning time and make the warning signal as intuitive as 
possible, were the warning symbols remade from already existing road signs. The 
next question was - Where should the warning symbol be located? The alternatives 
were inside or outside of the circle and with or without the warning triangle (see      
fig 27). After some consultation with my supervisor and a few test persons, I decided 
to place the warning symbol outside the circle and without the warning triangle. The 
warning symbol itself was considered to be alarming enough. The red color is also a 
code for warning in the western world. Another advantage with placing the warning 
symbol outside the circle was that the symbol also pointed out the dangerous 
direction. 
 

 
Figure 27: Directional warning system concepts 
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Earlier projects in the simulator at LiTH have shown that the most legible colors in 
our simulator cockpit are white/grey, green, red and yellow (Månsson, M., Tat, J., 
Wennerholm, K.F., Yu, K. (2007)). Some very simplified solutions with focus on 
legibility in the simulator were also tested (see fig 28). These concepts were 
disregarded because I wanted to make a design that was not only legible but also well 
integrated with the graphic design of the main instrument area and centre console.  
 

 
Figure 28: Warning signals with simple design and strong colors 

The possibility of using a 3D design was also investigated (see fig 29). This solution 
was disregarded, mostly because of the physical limitations of the HUD implemented 
in the simulator cockpit. The major problems are the windscreens convexity and the 
double reflection that distorts the projected information. A 3D design requires a sharp 
screen to be legible otherwise will the 3D effects just clutter the information and 
increase the information flow. 
 

 
Figure 29: Three dimensional warning signals 

5.3 Implementation 
The implementation phase of the thesis work involved the realization of the SBD 
theory. The projects time limitation only allowed me to implement and refine one 
visual design concept. I decided to further develop a 2D concept with the warning 
symbol outside the circle. This choice was motivated by the fact that this concept had 
the best balance between legibility and design. The further design work was focused 
on making the warnings as intuitive as possible and limit the information flow, i.e. 
only showing the most important information in dangerous situations. 
 
When the visual design was satisfactory the work continued with developing a demo 
design with belonging scenarios. The demo design was made in the program 
Macromedia Flash 8. The visual design concepts, made in Adobe Illustrator CS2, 
were imported to Flash 8 and programmed to function as planned. The scenario was 
built up by roads and a surrounding environment in the vehicle simulation software 
ASim. Test driving routes with situations that activated the new application were also 
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produced. These test driving routes were then used in the following human-in-the-
loop simulation. The test plans and measured parameters from the simulation are 
presented in the evaluation chapter.   

5.3.1 Programs used for implementation 
The programs used in the implementation work were Adobe Illustrator CS2, 
Macromedia Flash 8 and ASim. In the following text follows a short description of 
the programs and how they were utilized in this project. 

Adobe Illustrator CS2 
Adobe Illustrator is a vector-based drawing program developed and marketed by 
Adobe Systems (see fig 30). The program has a relatively shallow learning curve and 
fills the gap between pixel-based programs, such as Photoshop, and CAD programs. 
 
Illustrator was used both as a sketching tool during the concept generation and also to 
refine the selected concept in the SBD process. The function live trace was useful 
when designing warning symbols, since the function converts bitmap pictures into 
vector art. 
 

 
Figure 30: Screen dump of Illustrator 
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Macromedia Flash 8 
Macromedia Flash 8 is a commonly used program for creating interactive, multimedia 
content (see fig 31). This software is often used on the web to present videos, audio, 
interactive graphics etc. The programming language in Flash 8 is called Action Script 
2.0 and is very similar to common programming languages like C++ and Java. It is 
Action Script that makes it possible to create interactive graphic design. 
 
Flash 8 was used when developing the demo design that was implemented in the 
simulator cockpit. The concept, made in Illustrator, were imported and programmed 
to function accordingly to the warning system design concept. 
 

 
Figure 31: Screen dump of Macromedia Flash 8 
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ASim 
ASim is a program used for simulator-based development of in-vehicle systems (see 
fig 32). The program was developed by ACE Simulation in close cooperation with 
researchers and industrial contacts. The main purpose with ASim is to provide a 
human-in-the-loop vehicle simulator that fully supports the product development 
process of in-vehicle systems. The ASim-based simulator environment may be used 
for evaluating system design, user acceptance and product requirement feedback. 
 
ASim was used when creating scenarios to the human-in-the-loop simulation. Since 
the reuse of material from earlier projects is one of the corner stones in the SBD 
theory, I reused and modified already existing scenarios. I simply reused already 
existing roads and surrounding environments and modified/added ambient traffic to 
create a situation that triggered my warning systems.  
 

 
Figure 32: Screen dump of ASim 
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6 Results and final design 
Intelligent situation adapted warning systems has the potential to reduce the number 
of motor vehicle crashes and severity of crash-related injuries. The dynamic warning 
system recognizes dangers with sensor technology, such as infrared cameras and 
radars, and presents warnings when danger appears. Combined with the glass cockpit 
concept this warning system provides the possibility to decrease the information flow 
and only present the most critical information. The driver will then be less distracted 
by, to the dangerous situation, irrelevant information and more focused on the 
warning information. 
 
The following text first presents a recommendation of how, when and where the 
sensory channels should be used. The second section presents the final visual design 
of warnings presented on the HUD. 

6.1 Warning system concept 
As discussed earlier in-vehicle systems may be divided into three levels. The first 
level presents system related information or messages to the driver. The second level 
presents more critical warning information described in the Lane departure warning 
system and Multi-directional collision warning system. This warning information is 
usually related to external conditions. The morphologic matrix presented in the 
realization chapter generated many critical warning system concepts. The final 
concept is based upon the glass cockpit concept and relevant theories concerning 
warning design, human-machine-interaction and driver behavior. The third and last 
level informs the driver when there is automation involved but this level is not further 
discussed in this thesis. 
 
The vibrotactile seat referred to in this report is produced by a master thesis 
conducted parallel to this project. A short description of the vibrotactile design can be 
found in appendix 4.  

6.1.1 System related information 
The HUD is an exceptional way of presenting information to the driver. The driver 
can retrieve information without loosing visual contact to the road and the traffic 
situation. In order to make the driver aware of an additional message or system 
related information should the auditory channel also be used. A traditional attention 
calling tone will direct the driver’s attention to the HUD in the same way as a tone 
draws the attention to the main instrument area today. Information suitable for this 
level is, for example, low fuel level, temperature and engine information.  
 
The information at this level has lower priority than warnings presented in level two 
and should therefore be suppressed when a critical situation appears. 

6.1.2 Lane departure Warning 
The Lane departure warning system, in the final concept, only uses the tactile 
modality. The system is triggered when the own car crosses the lane marking without 
using the indicator. This situation is most likely to happen when the driver doesn’t 
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look on the road, which means that the driver can’t receive information from the 
HUD. The tactile modality is always available for receiving information and is 
therefore the most appropriate sensory channel to use in this situation.  
 
The Lane departure warning system concept only uses one warning alert level, since 
the situation is already critical when the driver crosses the lane marking. This means 
that there is no time for a less critical warning information that attracts the driver’s 
attention towards the dangerous direction. The vibrotactile information is supposed to 
make the driver intuitively steer away from the vibrating direction. The vibrations in 
the seat may be seen as an extension of the vibrations created when driving on lane 
markings. This kind of driver behavior is proven to be accurate in earlier studies 
conducted in the simulation laboratory at the University of Linköping. 
 
The system works as follows when the car is drifting out of lane: 

 
• The driver is alerted with a vibrotactile direction in the seat. The direction 

is depending on which way the car is drifting. For example, if the vehicle 
is drifting towards the middle line, the seat vibrates under the left thigh 
(right-hand traffic).  

o The vibrotactile information pulses with constant frequency and strength.  
 

6.1.3 Multi-directional collision warning 
The Multi-directional collision warning system uses the vision and tactile modalities. 
An additional auditory signal would here only increase the information flow further.    
The system is triggered when a system sensor detects an object that the own vehicle 
may collide with. This situation may occur in very varying traffic conditions. For 
example the system could detect a moose located close to the road or a stationary 
vehicle located in the lane. Thus the system may be triggered in both heavy traffic 
conditions and less busy country roads. It is therefore hard to predict the driver’s 
behavior just before the dangerous situation occurs, which motivates the use of more 
than one modality. The driver’s main attention is focused on the road ahead of the 
car, which makes the HUD an exceptional display for warning information. The 
driver may however be visually distracted by, for example, a cell phone which creates 
the need to use another sensory channel. The tactile modality is appropriate since it is 
both always available and makes it possible to point out directions. A well integrated 
warning system containing a directional interface design presented on the HUD and a 
vibrotactile seat should generate a more alert driver and thereby safer traffic. The use 
of two modalities also creates system redundancy, which means that system still can 
alert the driver even if one warning display is lost. For example, if the HUD would 
stop functioning the vibrotactile seat would still alert the driver.    
 
The decision not to use the auditory channel is motivated by the goal to limit the 
informational flow to the driver. There is a risk that the driver becomes mentally 
blocked or distracted if all sensory channels are used simultaneously. 
 
The Blind spot detection system warns when there’s a vehicle in the designated area.  
I have decided to see the Blind spot detection system as an application to the Multi-
directional collision warning system, where the system detects an object in the blind 
spot area and points out the direction of the danger. The state-of-the-art investigation 
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showed that there often is a warning lamp located near or on the side rear-view 
mirror. This warning lamp has an appropriate location when the driver uses the side 
rear-view mirror as he or she should. The warning lamp should thereby complement 
the directional warning presented on the HUD, which also amplifies the system 
redundancy.  
 
The purpose of the Night vision system is that the driver may detect objects at a 
further distance from the car compared to what’s visible with ordinary front lights. 
The night vision system is also regarded as an application within the Multi-directional 
collision warning group. The continuous raw night vision presentation of today’s cars 
is replaced with a more intelligent and situation adapted system, which detects the 
danger and presents what kind of object it is and in which direction the object is 
located. 
 
The Multi-directional collision warning system has two warning alert levels, since the 
system could detect a collision threat, like a moose, long before there is a critical 
threat. The blind spot detection system has however only one level, since the vehicle 
in the blind spot area always is a critical threat. The vibrotactile signal is then 
recommended to be constant instead of pulsing since there is so little time to react on.  
 
Alert level 1 warns when the system detects an obstacle at far distance and is less 
critical than alert level 2. Alert level 2 warns when a collision is imminent and the 
driver needs to take action immediately. The system is recommended to work as 
follows when there’s an obstacle near the vehicle: 
 

Alert level 1  
• A directional warning signal is presented on the HUD when there’s an 

obstacle on/beside the road in front of the vehicle or when there is a 
vehicle in the blind spot area. 

o The visual warning has a low frequency and constant strength. 
 
• Simultaneously is a vibrotactile direction presented in the driver’s seat 

depending on where the obstacle is located. For example, if there’s a 
moose to the left of the road the seat vibrates under the left thigh. 

o The vibrotactile information is pulsing with the same, as the HUD, 
constant frequency and strength when warning for collisions. 

o The vibrotactile signal is constant when there is a vehicle in the blind spot 
area. 

 
Alert level 2  

• A directional warning signal is presented on the HUD when there’s an 
obstacle on/beside the road in front of the vehicle or when there is a 
vehicle in the blind spot area. 

o The visual warning gets a higher frequency with constant strength 
 
• Vibrotactile information is simultaneously presented in the driver’s seat.   
o The vibrotactile information also gets a higher more alarming frequency 

with constant strength.  
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6.2 Visual warning design 
The visual content in the Multi-directional collision warning system is, as above 
explained, appropriate to present on the HUD. The driver does not have to look away 
from the road and traffic situation to receive the critical warning information. This 
gives the driver valuable extra time for reaction in critical situations. The goal with 
the visual warning design was to limit the information flow that steals attention from 
the driver and to find a balance between legibility and design. To reach this goal 
relevant theories of interface design was studied and with this in mind several 
concepts were developed in the concept generation phase. The result is a situation 
adapted warning system that changes the baseline interface that, for instance, presents 
velocity and menu (see fig 33) to directional warning information. 
 

 
Figure 33: Default HUD interface 

This change of interface content has 
two major advantages; the change de-
clutters the information and attracts 
attention. The driver will intuitively 
look at the HUD when the interface is 
changed, which makes it unnecessary 
to use the auditory modality as long as 
one can assume that the driver is 
looking ahead. 

6.2.1 Visual design 
The final visual warning design is based on a top view of ones car with a surrounding 
circle (see fig 35). The placement of the own car creates a logic base for pointing out 
directions supported by the circle. The car is also natural a part of the warning symbol 
when warning for vehicles in the blind spot area and forward collision object. 
 
Color coding is important for intuitive understanding of a symbol. The color green 
represents a safe condition and the red color represents alarm/warning. The car in the 
centre is green since your own car is safe and the collision threats are red which 
makes them alarming (see fig 34). 
 

 
Figure 34: Transparent green and solid red car 

The dark green color of the car in the centre makes it a bit transparent compared to 
solid red color of the collision threats. This transparency amplifies the unimportance 
of the green car and the importance of the solid red threat. 
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To decrease the informational flow to the driver the digital speedometer and other 
redundant info on the HUD is replaced with warning information in critical situations 
(The information flow would have increased if the warning information just would 
have been added to the already presented information on the HUD). To further 
decrease the information flow was half of the circle shaded and less detailed when 
pointing out threat directions. For example, if the threat is in front of the car is the 
half that points in the opposite direction (behind the car) shaded, see fig 35. 
 

 
Figure 35: Full and shaded circle 

Another important advantage with shading half of the circle is that the shading also 
makes it easier to determine if the threat is in front of or behind the car. 
 
In order to make the warning symbols as intuitive as possible were already existing 
road signs used as far as possible. The warning symbol for pedestrians and wild 
animals were found at Vägverkets homepage. The design of the cars used in the 
centre of the circle, forward collision warning and blind spot warning were inspired 
from a top view of a Saab 9-3. 
 
The black and white gradient in the circle integrates the graphic interface design of 
the other screens in the glass cockpit (in the simulator lab at the University of 
Linköping). This graphic design integration is important for creating a consistent 
driving experience. 

6.2.2 Final design 
The visual design of the Multi-directional collision warning system contains four 
different warnings. The warning is designed to point out the dangerous direction and 
present a symbol which explains what kind of object the collision threat is. All the 
different warnings are always activated in both dark and bright driving conditions. 
Each warning is presented in detail in the following pages. 
 
I have presupposed that the sensor systems contain algorithms for picture analysis, 
which enables recognition of different objects, like for example animals, vehicles and 
pedestrians. 
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Forward Collision warning 
The forward collision warning warns when a collision with another vehicle is about to 
happen. The warning directions are diagonally from the left (see fig 36), straight 
ahead and diagonally from the right. In the implemented concept the forward 
collision warning has two alert levels. The first alert level makes the red car blink in a 
rather slow attention calling way and is triggered when the system detects a vehicle at 
a far distance. The second more critical alert level makes the red car blink faster in a 
more alarming way. The second alert level is triggered when a collision is imminent 
and there is little time before collision if nothing is done to vehicle speed or direction. 
 
 
 
 
 
 
 

 
Figure 36: Forward Collision warning 
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Animal collision warning 
The animal collision warning warns when an animal is close to or on the road ahead 
of the car. The warning directions are diagonally from the left, straight ahead (see   
fig 37) and diagonally from the right. In the implemented concept the animal collision 
warning has two alert levels. The first alert level makes the red moose blink in a 
rather slow attention calling way and is triggered when the system detects an animal 
at far distance. The second more critical alert level makes the red moose blink faster 
in a more alarming way. The second alert level is triggered when a collision is 
imminent and there is a real threat of collision if nothing is changed to vehicle speed 
or direction. 
 
 
 
 
 
 

 
Figure 37: Animal collision warning 
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Pedestrian collision warning 
The pedestrian collision warning warns when there are pedestrians (or bikers) on the 
road or on the verge ahead of the car. The warning directions are diagonally from the 
left, straight ahead and diagonally from the right (see fig 38). In the implemented 
concept the pedestrian collision warning has two alert levels. The first alert level 
makes the red symbol blink in a rather slow attention calling way and is triggered 
when the system detects pedestrians at far distance. The second more critical alert 
level makes the red pedestrian symbol blink faster in a more alarming way. The 
second alert level is triggered when a collision is imminent and there is a real threat of 
collision if nothing is changed to vehicle speed or direction. 
 
 
 
 
 
 

 
Figure 38: Pedestrian collision warning 
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Blind spot detection warning 
The blind spot detection warning warns when there is a vehicle in the blind spot area 
and the ownship driver changes lane. The warning directions are diagonally from rear 
left (see fig 39) and diagonally from the rear right. In the implemented concept the 
blind spot detection warning has only one alert level. The alert level is a critical and 
makes the red car blink fast in an alarming way. The reason for only using one alert 
level is that the situation always is critical when changing lane if there is a vehicle in 
the designated area. 
 
 
 
 
 
 

 
Figure 39: Blind spot detection warning 
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7  Evaluation 
Evaluation is an important cornerstone in the SBD theory. The data retrieved from the 
human-in-the-loop simulation was analyzed and evaluated. The implemented final 
design concept was tested in two different scenarios, described below. The simulation 
was performed with 8 test drivers. Each driver drove all system conditions within the 
subject design and both scenarios. This human-in-the-loop simulation may be seen as 
a pilot study for further studies in the future.  

7.1 Scenario 1 – Collision warning 
Scenario 1 was made for evaluating the vehicle-, animal- and pedestrian warnings of 
the Multi-directional collision warning system. 

7.1.1 Experimental design 
The simulation route was built up by alternating surroundings (both forests and open 
landscape) and ambient traffic. The traffic situations that triggered the warning 
system were: 
 

• A moose crossing the road 
• A moose beside the road 
• A static car in the verge of the road 
• A pedestrian walking without reflectors on the road verge  

 
The results were compared by driving the route with and without warning systems. 
The warning system was tested in three different conditions; with a system based on 
the HUD, a system based on vibrotactile information in the driver’s seat and a 
combination of those systems. The combined system followed the recommendations 
of the warning system concept described in chapter 6.1.3. 
 
The test drivers got instructions (see appendix 5) before the test, where the driver was 
instructed to push a button on the steering wheel when he or she saw a threatening 
object. The parameter that then was compared was the distance between the car and 
the dangerous objects at the time of target recognition. This measured distance is not 
the actual detection distance since it takes some time for the driver to react and push 
the button. This is, however, the case in all system conditions; the results are 
therefore valid for comparison relative to each other. The order of which the test 
drivers drove the system conditions was balanced which eliminates any bias of 
learning. 

7.1.2 Results 
The results were analyzed and imported to excel, which provided the chart below (see 
fig 40). The chart shows that the total distance to the threatening objects were lowest 
when no warning system was used. The threatening objects were in all warning 
system conditions discovered earlier compared to using no system. 
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Figure 40: Means of detection distances for all participants and system conditions 

Data were further analyzed in an ANOVA-test and an additional post hoc-test. The 
ANOVA test showed that there was significant difference at the 5 %-level between 
driving with a HUD-based or tactile-based warning system and driving with no 
system. The ANOVA also showed that there was significant difference at 1 %-level 
when comparing no system against the combined warning system. The post hoc test 
was thereafter conducted to see if there was any significant difference between the 
HUD-based or tactile-based and the combined system. The Post hoc-test then showed 
that was no significant difference between the HUD-based, Tactile-based and the 
combined system. The output of the ANOVA-test and the post hoc-test may be found 
in appendix 6. 
 
The general opinion of the test drivers were that the vibrotactile information was 
alerting but did not provide enough information of the danger. Another general 
opinion was that the warnings presented on the HUD was legible but not alarming 
enough. All test drivers thought that the combined warning system with information 
presented both on the HUD and the vibrotactile seat provided the most legible and 
alerting warning. The test persons also thought that directions where easy to 
comprehend by the warning system. 

7.1.3 Conclusions 
The conclusions that may be drawn from this simulation were: 
 

• Situation adapted warning systems provides a positive effect on safety, since 
there is significant differences when compared to driving without a warning 
system. 

 
• The HUD is an extraordinary display for presenting warning information to 

the driver. 
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• Vibrotactile information in the driver’s seat is an effective way of alerting the 
driver. 

 
• A combined warning system with information presented on the HUD and in 

the driver’s seat is preferable. This is motivated by the strong opinion of the 
test persons and by system redundancy. 
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7.2 Scenario 2 – Blind spot detection 
The second scenario was made for evaluating the blind spot detection warning. 

7.2.1 Experimental design 
The same route as in Scenario 1 was used to avoid unnecessary time consuming 
work. To simulate a two-lane highway the ambient traffic was replaced with cars 
traveling in the same direction in both lanes. The main task of the scenario was to 
drive up to and overtake seven cars, where four of them had a hidden car in the blind 
spot area. To get repeatable overtaking traffic situations, the faster going car in the 
blind spot area was triggered to only appear when the test diver crossed the middle 
lane marking.    
 
The system conditions that were tested were a system based on the HUD, a system 
based on vibrotactile information in the driver’s seat and a combination of those 
systems. The combined system followed the recommendations of the warning system 
concept described in chapter 6.1.3. 

7.2.2 Results 
The results were at first meant to be evaluated by the crash ratio, i.e. how many times 
the test driver collided with the overtaking vehicles. This was however disregarded 
since the scenario was quite sensitive and made the test person drive in an unnatural 
way when overtaking other vehicles. The simulation of the blind spot detection 
system was also affected by the fact that there is no side rear-view mirror 
implemented in the simulator cab.  
 
The results were instead evaluated from the opinions of the test drivers. They were 
simply asked to express their opinions on the system after driving trough all three 
system conditions. They were in general positive to vibrotactile information for blind 
spot detection. They also thought that the vibrotactile warning provided intuitive 
behavior to turn back in to lane. Many test persons reported that the vibrations created 
a feeling of driving into something and the normal reaction was to avoid it, i.e. turn 
back into lane. The visual warning presented on the HUD was clearly secondary in 
the blind spot detection system.  

7.2.3 Conclusions 
The general conclusions drawn from this simulation were: 
 

• Vibrotactile information in the driver’s seat is an effective warning method for 
blind spot detection systems. 

 
• The test persons reacted in an intuitive way and turned back into lane. 

 
• The visual warning presented on the HUD is secondary in case of vehicles in 

the blind spot area. 
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8 Discussion 
The discussion section of this report is divided into three parts. The section starts with 
personal opinions and a discussion of the project realization. The following part 
discusses issues concerning the result and the last part involves answers to questions 
that have emerged during the project.   

8.1 Project realization 
The information gathering phase was the biggest one I have ever performed due to 
previous projects during my study time. The study of relevant theory was quite time 
consuming since it took a lot of work to find sufficient references. It was, as always, 
hard to decide when I had enough references to base my design decisions on. The 
state-of-the-art investigation was an effective way to become up to date with what’s 
on the market. It was rather difficult to understand how the systems worked 
technically when looking at the car manufactures homepages. The systems were often 
better explained at the homepages of the sub-contractors. I then decided to present 
two manufactures of each warning system. These manufactures are market leading 
and were carefully selected. I was at first determined to perform interviews 
concerning warning signals and interface design, but instead I had a continuous open 
discussion with my mentor Torbjörn Alm and professor Kjell Ohlsson. This decision 
gave me both a better result and saved valuable project time, since I did not need to 
prepare and evaluate interview material. I am overall pleased with both the 
performance and the result of my information gathering.  
 
The concept generation phase was very interesting and fun to perform. The black-box 
and the transformation of system methods were used to get an overview of the 
problem and part functions. The transformation of system method had to be modified 
since it normally is used for physical products. The individual brainstorming session 
could probably have been performed in a more creative way due to my lack of 
experience. I was however pleased with the ideas and solutions that were found 
during the session. The morphologic matrix was as always a method for coming up 
with new solutions and find new design aspects. 
I think it was hard to decide when to settle for a solution when working alone. There 
is both a risk of accepting a solution too soon and to get hung up on tiny details. This 
problem was minimized since I decided to apply the iterative SBD theory. This 
method made it possible to test the design and refine it if needed. This way of work 
also secured the progress of the design process and gave me a satisfactory result.   
 
The implementation phase was also interesting. The sketched concepts were further 
developed in Adobe Illustrator and although the program has a rather low learning 
threshold the design concepts would probably be better structured a second time 
around. The second implementation step into Macromedia Flash 8 was a bit tricky 
when importing the concepts made in Illustrator. Limited programming skills 
combined with not previously used software were factors that affected the time to 
reach the end result. This step would probably also be done in a more effective way if 
done again. The last step of implementation phase involved the simulator software 
Asim. Again, no previous experience of the software probably had more effect on the 
amount of time it took to create the scenario than affected the quality of the end 
result. 

 
 

55



  

8.2 The result 
The final visual design of this project may not be possible to use in the real world. 
The HUD information must be designed to be visible all the time and in all weather 
conditions. There is no problem in dark environments but a sunny day puts very high 
demands on the intensity of the light source (LCD). It may not be possible to use gray 
and other dark colors today, but the future will probably provide light sources that 
gives the designers possibilities to design more advanced interfaces. 
 
The evaluated warning systems were designed for pointing out the directions of 
threats. The problem with this design is that it puts very high demands on the system 
sensors when trying to point out the exact location of threats and identification of 
targets. This increases the risk of false alarms, which is crucial to limit in a warning 
system. This problem could be solved with the delimitation of only pointing out 
which side of the road the threat is, i.e. to point out if the threat was on the left side, 
on the middle or on the right side if the road. A further delimitation could be to only 
point out the forward direction, since the system sensors may detect threatening 
objects at a distance which makes the direction of an animal standing besides the road 
more or less straight ahead. These suggested solutions should be further investigated 
in a full scale human-in-the-loop simulation with the main purpose to investigate how 
the test persons respond to directions. 
 
The pilot study showed that there were significant difference between using no 
system and using a dynamic warning system. This shows that mode based warning 
systems has the potential to make the driver more alert and thereby more likely to be 
able to avoid accidents. The results from the simulation also showed that although 
there was not significant difference, between a warning based on the HUD or 
vibrotactile info and the combined warning, there was a tendency that implied that the 
combined system was better. This would be an interesting tendency to investigate by 
using further developed scenarios and the iterative SBD theory. 
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8.3 Questions and answers 

How does a driver react to a warning that is very rarely displayed? 
A collision is a rare situation to the average driver. There may be a risk that the driver 
becomes distracted instead of alerted when an unfamiliar warning is presented. To 
avoid this risk learning is important. The responsibility of learning should be divided 
between the car manufacture and the customer for the safest result. A solution to this 
problem is to create a tutorial where the driver could drive through a warning 
sequence with static vehicles. This would make the driver more familiar to the system 
and probably more prepared when a critical situation appears for real. 
 
Another crucial factor to avoid the risk of distraction is the design of the warning 
system. The warning signals must be intuitive and impossible to misinterpret to be 
effective. To achieve this the designer must have an iterative and refining design 
process and perform studies of how people from different user groups understands the 
new design. 
 

What effect has the simulator environment on the driving behavior? 
The test persons may be affected in two different ways; they may become quite 
careless or careful in their driving performance. The effect of the fact that there is no 
real danger when driving in the simulator environment is a contributory factor to 
careless driving. The driving behavior is affected when there is no risk of getting hurt. 
The test person then tends to drive faster than normal and ignore the traffic rules. For 
example, the test person would probably slow down more if it was a real animal stood 
on the verge of the road. The other effect is that the test person is in a new 
environment and becomes nervous and careful for that reason. The test person may 
also become careful, since they in advance know that the test is done to simulate 
dangerous situations. On the other hand, comparative studies are central in the SBD 
approach, which means that all conditions have the same bias etc. The results are 
thereby not affected since the results are compared relative to each other. 
 
It is important to consider the effects above to avoid negative influences of the end 
result. In this project were the test drivers introduced to the system with a test route 
and then handed motivating instructions. The test route made the careful drivers 
comfortable with the system and the instructions made the reckless drivers more 
careful. To further avoid negative effects of the simulator environment were also the 
selection of which data to log from the simulation carefully considered. 
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9 Conclusions 

9.1 General conclusions 
The automotive industry is still far behind the aviation industry when it comes to 
mode based design and the glass cockpit concept. The concept contains a HUD and 
replaces the traditional interior design with a screen based design of the main 
instrument area and the centre console. This creates the opportunity to design an 
updateable and mode based driving environment that adjusts the display information 
to the driving situation.  
 
Warning information becomes dynamic when the screen-based interface adapts to the 
situation. This means that all irrelevant information is swapped to relevant warning 
information that relates to the situation or danger. There are several advantages with 
situation adapted warning information. The mode-based design decreases the 
information flow and makes the warning signal more legible. The change of mode 
alone is also an alerting function that attracts the driver’s attention. This should make 
the driver more alert and in general generate a safer traffic. 
 
The HUD is an exceptional way of presenting visual information to the driver, since 
the driver can retrieve information without loosing visual contact with the road. The 
HUD is appropriate for presenting menu information (both input and output 
activities), system related information and critical warning information. 
 
The auditory sensory channel should be used for attracting attention to the HUD, in 
order to make the driver aware of an additional message or system related 
information. Information suitable for this warning level is, for example, low fuel 
level, temperatures and phone information. 
 
The tactile sensory channel is an important part of the total sensory input to the 
human component of the system. In warning design is the tactile channel relatively 
new but a valuable source for supplying information. The tactile channel can not 
alone supply sufficient information but used together with vision or hearing, it creates 
new possibilities to decrease the mental workload and information over-flow. 
 
Simulator based design is an excellent theory to apply when generating interface 
concepts for evaluation and demonstration. The general approach to develop a virtual 
prototype and implement this prototype in the simulator environment is an effective 
and economic way of product development. The SBD theory also makes it possible to 
test many different solutions in a limited period of time. Finally, the iterative design 
approach provides a refining design process which secures the quality of the final 
design. 
 
The human-in-the-loop simulation showed that there were safety benefits of using 
situation adapted warning systems. The ANOVA-test showed that there were 
significant differences in the detection distance to threats when comparing situation 
adapted warning systems with no system. According to the test persons of the pilot 
study and the conclusions above is a warning system based on a combination of a 
HUD and a vibrotactile seat preferable. 
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9.2 Future development 
The future development should consider… 
 

• A more balanced and intelligent warning system based on the HUD and the 
vibrotactile seat. 

 
• A full scale human-in-the-loop simulation of the multi-directional collision 

warning system. 
 
• An installation of a side rear-view mirror and then a full scale human-in-the-

loop simulation of the blind spot detection system. 
 

• An investigation of how a tutorial of a situation adapted warning system 
should be designed and implemented. 

 
• A real prototype for implementation and evaluation of specific design 

parameters in a real car. Examples of such parameters could be color 
refinement to different weather conditions and evaluation of real sensor 
performance.  

 
• A further integration of the interfaces in the glass cockpit where the HUD is 

considered to be the main display for menus, system related information and 
critical warning information. 
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Appendix 1 
Morphologic matrix of the visual design presented on the HUD 
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Appendix 2 
Sketches based on the morphologic matrix in appendix 1 
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Appendix 3 
 
Concept 1 
 
The Lane departure warning system, in concept 1, primarily uses the auditory and 
tactile modalities.  
The system works as follows when the car is drifting out of lane: 

 
Level 1 

• An auditory warning attracts the driver’s attention back to the road. 
o The auditory warning is an attention calling tone with constant 

strength. 
 

Level 2 
o If the driver doesn’t react is simultaneously a vibrotactile direction 

presented depending on which way the car is drifting. For example, if the 
vehicle is drifting towards the middle line, the seat vibrates under the left 
thigh (right-hand traffic). 

• The vibrotactile information is pulsing with constant frequency and 
strength.  

 
 
The Multi-directional collision warning system, in concept 1, uses all available 
modalities – vision, hearing and touch. The system is designed with a situation 
adapted approach, which implies that all sensory channels are not supposed to be used 
simultaneously. This system is also depending on the luminance level of the 
environment and uses situational night vision when driving in the dark.  
The blind spot detection system warns when there’s a vehicle in the designated area. 
When seen as an application to the Multi-directional collision warning system, the 
system detects an object in the blind spot area and points out the direction to the 
danger.  
The system works as follows when there’s an obstacle near the vehicle: 

 
Level 1 (day-time) 

• An auditory warning attracts the driver’s attention to the HUD 
• A visual signal on the HUD then presents in which direction the obstacle 

is located and what kind of object it is (for example, a vehicle or wild-
life). 

• Simultaneously is a vibrotactile direction presented in the driver’s seat 
depending on where the obstacle is located. For example, if there’s wild-
life to the left of the road the seat vibrates under the left thigh. 

• The auditory warning is an attention calling tone with constant strength. 
• The visual warning has no frequency and constant strength. 
• The vibrotactile information is pulsing with constant frequency and 

strength. 
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Level 1 (night-time) 
• An auditory warning attracts the driver’s attention to the HUD 
• A raw night vision image is presented on the HUD when there’s obstacle 

on or besides the road in front of the vehicle.  
• Simultaneously is a vibrotactile direction presented in the driver’s seat 

depending on where the obstacle is located. For example, if there’s wild-
life to the left of the road the seat vibrates under the left thigh. 

• The auditory warning is an attention calling tone/speech with constant 
strength. 

• The visual warning has no frequency and constant strength. 
• The vibrotactile information is pulsing with constant frequency and 

strength.  
 

Level 2 
• A less cluttered directional warning is presented on the HUD. 

• The frequency of the visual direction warning increases when the collision risk 
becomes critical. 

• Vibrotactile information is simultaneously presented in the driver’s seat.   
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Concept 2 
 
The Lane departure warning system, in concept 2, only uses the tactile modality. 
This concept creates a more private warning where only the driver (not passengers) 
detects the warning. 
The system works as follows when the car is drifting out of lane: 

 
Level 1 

1. A vibration is presented in the driver’s seat to bring back the driver’s attention to 
the road. 
• The vibrotactile information consists of one vibration with constant strength. 
 
Level 2 
• If the driver doesn’t react is a vibrotactile direction presented depending on 

which way the car is drifting. For example, if the vehicle is drifting towards 
the middle line, the seat vibrates under the left thigh (right-hand traffic).  

o The vibrotactile warning is then pulsing with constant strength and frequency.  
 
 
The Multi-directional collision warning system, in concept 2, uses all available 
modalities – vision, hearing and touch. The difference from concept 1 is that this 
concept doesn’t use the night vision presentation. 
The system works as follows when there’s an obstacle near the vehicle: 

 
Level 1 

• An auditory warning attracts the driver’s attention to the HUD 
• A visual signal then presents which direction the obstacle is located in and 

what kind of object it is (for example, a vehicle or wild-life). 
• Simultaneously is a vibrotactile direction presented in the driver’s seat 

depending on where the obstacle is located. For example, if there’s wild-
life to the left of the road the seat vibrates under the left thigh. 

• The auditory warning is an attention calling tone/speech with constant 
strength. 

• The visual warning has a no frequency and constant strength.  
• The vibrotactile information is pulsing with constant frequency and 

strength.  
  

Level 2 
• A directional warning is presented on the HUD. 
• A frequency is added to the visual direction warning when the collision 

risk becomes critical. 
Vibrotactile information is simultaneously presented in the driver’s seat.  
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Appendix 4 
Vibrotactile seat 
The master thesis performed parallel to my project was made by Peter Rosengren and 
Karl Fredrik Wennerholm and has the title Design of a vibrotactile warning system in 
an automotive application. This appendix shortly describes their result and how the 
vibrotactile driver’s seat work. 
 
Constructional design 
The vibrating motors were placed in 
the driver’s seat as shown in the figure 
to the right. The placement was 
decided for enhancing future develop-
ment of more balanced systems and 
also for practical reasons. The logical 
pattern was also easier to install and 
the placement of every single motor 
could easier be referred to and 
documented in the report. 

 
 
 
 
 
 
 
 
 

esign of warnings 
he result was a fully implemented 
ibrotactile seat in the simulator 
ockpit in the VR-lab. The tactile 
stem is able to point out the 

the figure to the 

d spot 

 
 
 
 

 
 
 
 
D
T
v
c
sy
directions shown in 
right. The system can both provide 
pulsing and constant signals. 
The forward collision system uses the 
three directions in the front of the seat.  
The lane departure warning system 
uses the left and right direction in the 
middle. Finally, the blin
detection system uses the rear-side 
directions in the back of the seat.  
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Appendix 5
Instructions to the simulation 

Agenda 
• Introduction to the warning system 
• Introduction to the scenarios, collision warning and blind spot detection 
• Test route 
• Simulation of all system conditions of the collision warning system 
• Simulation of all system conditions of

 

The warning system 
• The warning signals are presented 
• The warnings points out the direct

 

 the blind spot detection system 

with a vibrotactile seat and a HUD 
ion of possible collision threats 

 
 

• The warning system is situation adapted, i.e. the warning is presented when 
the dangerous situation occurs 

• The warning system presents warnings for animals, pedestrians, vehicles and 
vehicles in the blind spot area. These warnings are presented on the HUD and 
the vibrotactile seat assists with directional information.  
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Collision warning 
 

• Short description of the r

 
 
 
 
 

 
 

 
 
 
 
 
 
 

• Drive as usual – behave as you would in a real driving situation 
 
• Press the button (see the picture below) when you detect a threatening object 

 
 
 
 

 
 
 
 
 

• There are four system conditions that you will drive through: 
o No warning system 
o Warning presented with the vibrotactile seat 
o Warning presented on the HUD 
o Warning presented with a combination of the vibrotactile seat and the 

HUD 
 

oute 
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Blind spot detection 

 
• Drive as usual – behave as you would in a real driving situation 
 
• This route simulates highway traffic so there is no oncoming traffic 
 
• There are seven cars that you are going to overtake  

• There are three system conditions that you will drive through: 
o Warning presented with the vibrotactile seat 
o Warning presented on the HUD 
o Warning presented with a combination of the vibrotactile seat and the 

HUD  

 
• Same route as above 
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Appendix 6 
Ou t st
 
ANO :

tpu  from the ANOVA te

VA  HUD – No system 
 
onewaydata={{1,247.7},{1,316.0},{1,364.5}, {1,386.7}, 
{1,330.3},{1,380.9},{1,387.0},{1,330.4},{2,390.7},{2,331.5},{2,464.7}
, { 42, 35.8}, {2,481.8},{2,382.5}, {2,414.7}, {2,382.4}}; 
ANOVA[onewaydata] 
 
 
 
 
 

 
 

ANOVA-test of the difference between a system based on the HUD and no 
system. The result shows that there is significant difference at the 
5% level, i.e. a warning system based on the HUD is significantly 
better than no system. 
 
  
ANOVA: Tactile system – No system 
 
onewaydata={{1,247.7},{1,316.0}, {1,364.5}, {1,386.7}, 
{1,330.3},{1,380.9}, 
{1,387.0},{1,330.4},{2,393.3},{2,337.5},{2,385.7}, {2,505.0}, 
{2,421.4},{2,418.3}, {2,391.0}, {2, 407.8}}; 
ANOVA[onewaydata] 
 
 
 
 
 
ANOVA-test of the difference between a system based on tactile info 
and no system. The result shows that there is significant difference 
at the 5% level, i.e. a warning system based on the tactile info is 
significantly better than no system. 
 
ANOVA: HUD + Tactile system – No system 
 
onewaydata={{1,247.7},{1,316.0}, {1,364.5}, {1,386.7}, 
{1,330.3},{1,380.9}, 
{1,387.0},{1,330.4},{2,445.6},{2,381.3},{2,457.1}, {2,458.6}, 
{2,460.6},{2,423.8}, {2,391.3}, {2, 365.7}}; 
ANOVA[onewaydata] 
 
 
 
 
 
ANOVA-test of the difference between a combined system based on the 
HUD/tactile info and no system. The result shows that there is 
significant difference at the 1% level, i.e. a combined warning 
system is significantly better than no system. 
 

ANOVA

DF SumOfSq MeanSq FRatio PValue All 376.725
ModelModel 1 18265.5 18265.5 7.8055 0.0143535

E
T

 1 342.938
Moderror 14 32761.2 2340.08

otal 15 51026.7 
, CellMeans

l 2 410.513

ANOVA 
DF SumOfSq MeanSq FRatio PValue

Model 1 16673.3 16673.3 ellMeans
All 375.219
Model 1 342.938
Model 2 407.5

7.40076 0.0165794
Error 14 31540.8 2252.91
Total 15 48214. 

, C

ANOVA 
DF SumOfSq MeanSq FRatio PValue

Model 1 25640. 25640. ll 382.969A13.6706 0.00238971
Error 14 26257.9 1875.56
Total 15 51897.9 

odel 1 342.938, CellMeansM
odel 2 423. M
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ANOVA: HUD – Tactile system 
 
onewaydata={{1,390.7},{1,331.5},{1,464.7}, {1,435.8}, 
{1,481.8},{1,382.5}, {1,414.7}, 
{1,382.4},{2,393.3},{2,337.5},{2,385.7}, {2,505.0}, 
{2,421.4},{2,418.3}, {2,391.0}, {2, 407.8}}; 
ANOVA[onewaydata] 
 
 
 

  
ANOVA-test of the difference between a system based on the HUD and a 
system based on tactile info. The result shows that there is no 
significant difference between the systems 
 
 
ANOVA: HUD – Tactile system + HUD 
 
onewaydata={{1,390.7},{1,331.5},{1,464.7}, {1,435.8}, 
{1,481.8},{1,382.5}, {1,414.7}, 
{1,382.4},{2,445.6},{2,381.3},{2,457.1}, {2,458.6}, 
{2,460.6},{2,423.8}, {2,391.3}, {2, 365.7}}; 
ANOVA[onewaydata] 
 

 
ANOVA-test of the difference between a system based on the HUD and a 
combined system based of HUD/tactile info. The result shows that 
there is no significant difference between the systems 
 
 
ANOVA: Tactile system – Tactile system + HUD 
 
onewaydata={{1,393.3},{1,337.5},{1,385.7}, {1,505.0}, 
{1,421.4},{1,418.3}, {1,391.0}, {1, 
407.8},{2,445.6},{2,381.3},{2,457.1}, {2,458.6}, {2,460.6},{2,423.8}, 
{2,391.3}, {2, 365.7}}; 
 ANOVA[onewaydata] 
 

 
ANOVA-test of the difference between a system based on tactile info 
and a combined system based of HUD/tactile info. The result shows 
that there is no significant difference between the systems 
 
 

ANOVA 
 

DF

 
SumOfSq

 
MeanSq

 
FRatio

 
PValue

 Model 
 

1 
 

623.751 
 

623.751 0.320246 0.580418
Error 
 

14 
 

27268.1 
  Total 

 
15 
 

27891.9 
 

,

 
CellMeans

 

A

 M
  Model 
 

2 
 

  

   1947.72

ll 416.756

 odel 1 410.513

 423. 
 

ANOVA 
DF SumOfSq MeanSq FRatio PValue

Model 1 961. 961. 0.516514 0.484156
Error 14 26047.7 1860.55
Total 15 27008.7 

, CellMeans Model 1 
  

ANOVA 
DF SumOfSq MeanSq FRatio PValue

Model 1 36.3006 36.3006 0.0156127 0.902339
Error 14 32551. 2325.07
Total 15 32587.3 

, CellMeans
All 409.006 
Model 1 410.513
Mode    l2 407.5

All 415.25
407.5

Model2 423.
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Post hoc tests (Tukey’s) were then made to further investigate if there were any 
on the HUD or a system based on tactile info and difference between a system based 

the combined system. 
 
Post hoc: HUD - Tactile system + HUD 
 
onewaydata={{1,390.7},{1,331.5},{1,464.7},{1,435.8},{1,481.8},{1,382.
,{1,414.7},{1,382.4},{2,445.6},{2,381.3},{2,457.1},{2,458.6}, 
,460.6},{2,423.8}, {2,391.3}, {2, 365.7}}; 
NOVA[onewaydata,PostTests�Tukey] 

combined system based of HUD/tactile info. The result shows that 
between the systems 

5}
{2
 A
 
 
  
  
 
Po
a 
st hoc-test of the difference between a system based on the HUD and 

there is no significant difference 
 
 
 
Post hoc: Tactile system - Tactile system + HUD 
 
onewaydata={{1,393.3},{1,337.5},{1,385.7},{1,505.0},{1,421.4},{1,418.
,{1,391.0},{1,407.8},{2,445.6},{2,381.3},{2,457.1},{2,458.6}, 

{2,460.6},{2,423.8}, {2,391.3}, {2, 365.7}}; 
ANOVA[onewaydata,PostTests�Tukey] 
  

n tactile 
fo and a combined system based of HUD/tactile info. The result 
ows that there is no significant difference between the systems 

3}

 
 
 
Post hoc-test of the difference between a system based o
in
sh
 

ANOVA 
DF SumOfSq MeanSq FRatio PValue

Model 1 961. 961. 0.516514 0.484156
Error 14 26047.7 1860.55 ,
Total 15 27008.7 

CellMeans
All 415.25 
Model1 407.5 
Model2 423. , PostTests

DF SumOfSq MeanSq FRatio PValue
Model 1 623.751 623.751 0.320246 0.580418
Error 14 27268.1 1947.72 
Total 15 27891.9 

, CellMeans
All 416.756 
Model1 410.513 
Model2 423. , PostTestsANOVA Model Tukey

Model Tukey
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