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Abstract 

At night or in bad weather, the task of driving is very complex since the amount 
of visual information available is severely reduced. Vision Enhancement 
Systems may compensate for parts of the missing information by supplying the 
driver with a picture of the world where warm objects are made visible. This 
thesis investigates the impact of Vision Enhancement System display types on 
cognitive capture and driving performance. 16 subjects were recruited for a 
simulator study. It was hypothesised that when the contrast of a transparent 
display is high enough for the driver to separate the picture from the background 
and make out enough details to interpret it, the risk of cognitive capture is higher 
than when using an opaque display with the same objects visible. The subjects’ 
driving performance and opinions about the driving experience were also 
investigated. No significant differences in driving performance or level of 
cognitive capture was found. However, questionnaire answers indicate that this 
question needs to be investigated further to find out whether one display type is 
preferable because of better and safer driving performance or if individual 
differences between drivers require the possibility to choose the display type of 
their personal preference. 





 

v 

Preface 

This study was made in cooperation with two other students at the Cognitive 
Science Programme at Linköping University, Anna Druid and Helena 
Grönqvist. They investigated other aspects of Visual Enhancement System and 
their reports are available at Linköping University. 

I would like to thank all of you who have contributed to and made this study 
possible, especially: 

My supervisors, Erik Hollnagel at the Department of Computer and Information 
Science at Linköping University and Jan-Erik Källhammer at Autoliv Research. 
Johan Karlsson for valuable help with experiment design and analysis. Pontus, 
Peter, Jonas, Markus and Johan at Virtual Technology for technical support 
concerning the simulator at any time of the day. My co-workers Anna Druid and 
Helena Grönqvist who worked on parallel projects. Petronella for Thursday 
lunches. My wonderful family for support. Mattias for everything. 

This study was initiated and funded by Autoliv Research in Vårgårda, Sweden. 





 

vii 

Table of Contents 
1 Introduction........................................................................................................ 1 

2 Human Visual Perception And Attention......................................................... 3 

2.1 Limits of Attention ......................................................................................... 3 
2.1.1 Selective Attention................................................................................. 4 
2.1.2 Feature Integration and Illusory Conjunctions ....................................... 5 
2.1.3 Cognitive Capture.................................................................................. 6 

2.2 Signal Detection Theory ............................................................................... 7 
2.3 The Cognitive Task of Driving....................................................................... 7 

2.3.1 Driving As a Joint Cognitive System...................................................... 7 
2.3.2 Driving At Night ................................................................................... 10 

2.4 Summary .................................................................................................... 11 

3 Vision Enhancement System.......................................................................... 13 

3.1 Active and Passive VES ............................................................................. 13 
3.2 Infrared Light .............................................................................................. 13 
3.3 Display Types ............................................................................................. 13 
3.4 Previous Research ..................................................................................... 14 
3.5 Summary .................................................................................................... 15 

4 Problem Definition........................................................................................... 17 

4.1 Hypothesis.................................................................................................. 17 
4.1.1 Driving Performance and Stimuli Detection ......................................... 17 
4.1.2 Subjects’ Opinions............................................................................... 18 

5 Method.............................................................................................................. 19 

5.1 Study design............................................................................................... 19 
5.1.1 Independent and Dependent Variables ............................................... 19 
5.1.2 Scenarios ............................................................................................ 20 
5.1.3 Questionnaire ...................................................................................... 21 

5.2 Subjects...................................................................................................... 21 
5.3 Apparatus ................................................................................................... 22 
5.4 Procedure ................................................................................................... 24 

6 Results.............................................................................................................. 27 

6.1 Driving Performance................................................................................... 27 
6.1.1 Average Speed.................................................................................... 27 
6.1.2 Speed Change .................................................................................... 28 
6.1.3 Lateral Position Change ...................................................................... 29 
6.1.4 Overall Performance............................................................................ 30 

6.2 Stimuli Detection......................................................................................... 30 
6.2.1 Total Stimuli Detection......................................................................... 31 
6.2.2 Averaged Stimuli Detection ................................................................. 31 

6.3 Questionnaire ............................................................................................. 32 
6.3.1 Level of Detail...................................................................................... 32 
6.3.2 Experienced VES-display Type Differences ........................................ 32 
6.3.3 Experienced VES-Display Impact on Driving Performance ................. 33 

7 Discussion........................................................................................................ 35 



viii 

7.1 Driving Performance................................................................................... 35 
7.1.1 Speed Change and Lateral Position Change ...................................... 35 
7.1.2 Driver Dependent Results ................................................................... 35 

7.2 Stimuli Detection......................................................................................... 36 
7.3 Questionnaire ............................................................................................. 36 

7.3.1 Comments In the Questionnaire.......................................................... 36 
7.4 Method Discussion ..................................................................................... 37 

7.4.1 The Simulator ...................................................................................... 37 
7.4.2 Detecting Stimuli.................................................................................. 37 

7.5 Conclusions ................................................................................................ 38 
7.6 Further research ......................................................................................... 39 

8 References ....................................................................................................... 41 

Appendix A: Scenario Plots................................................................................ 43 

Appendix B: Questionnaire................................................................................. 47 

Appendix C: Questionnaire Comments ............................................................. 53 

Appendix D: Stimuli Detection............................................................................ 57 

 



 

1 

1 Introduction 

Driving a car is a complex activity which involves a number of perceptual, 
cognitive and motor tasks. The driver has to keep track of the instruments in the 
car, other traffic, the road ahead and possible directions about where to go, and 
simultaneously keep control of speed and position on the road. New technology 
risks making this task even more complex and when designing user interfaces it 
is important to make sure that the systems really are of help and that they do not 
make the task even more complex. 

Visual enhancement systems have been introduced to aid the driver when 
driving at night or in other conditions of reduced visibility. A thermal camera 
and a display is used to locate and present warm objects to the driver. Earlier 
investigations of such systems have shown a number of advantages. Questions 
that still are unanswered include how the information from the system should be 
presented to the driver. A number of alternatives have been proposed, including 
head up and head down displays and direct and indirect view panels.  

This study is initiated by Autoliv Research to investigate important design 
parameters for visual display alternatives. It is a continuation of an experiment 
conducted by Taube (2001) and Karlsson (2002) and concerns aspects of display 
transparency and brightness contrast and their impact on driving performance 
and cognitive capture. 

The hypothesis of this investigation has been based on a theoretical framework 
of theories of attention and control. Wickens (1992) explains attention in 
perception by the metaphor of a searchlight falling on what is in a person’s 
momentary consciousness. What is in the beam of the light is processed and if 
that is the intention it is a successful focusing. If there was no intention to 
process the information, the focusing failed. Hollnagel (2001) has introduced 
theories of control based on a view of the system and the operator of the system 
as one unit, that is, a joint system. Feedback about what actions have been 
accomplished is sent back to the operator and together with expectations about 
what will happen next they influence his next choice of action. Hollnagel’s 
theory emphasises the importance of time available when it comes to the 
operator’s possibility to develop an adequate understanding for the situation. 
When driving at night this amount of time is severely reduced due to decreased 
visual input. 

To investigate the hypothesis an experiment was conducted in a driving 
simulator at Linköping University. An analysis of the results, focusing on 
drivers’ performances concerning speed and lateral position and results of a 
stimuli detection task, was made. The purpose of the analysis was to investigate 
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if the display types had different impact on driving performance and if the level 
of cognitive capture was affected by the different display types. 
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2 Human Visual Perception And Attention 

When dealing with things intended for human use, it is important to understand 
how a human subject reacts to, and interacts with, his environment. Applied to 
driving a car it is especially interesting to study the limits in human attention, 
since a substantial amount of impressions has to be considered continuously by 
the driver. 

2.1 Limits of Attention 

Attention is a limited resource. It may be devoted to only one or a few 
simultaneous tasks as long as the attentional resources required do not exceed 
the total mental capacity. Sensory input, such as visual information, is stored in 
sensory memory for less than a second before it is forwarded to short term 
memory or forgotten (Aschcraft, 1994).  

Man’s ability to behave consistently and rationally depends on his ability to use 
information from the sensory memory which maintains continuity in meaning 
with previous input. The process of recognising patterns maintains consistency 
in meaning with previous information and is directed to sensory input. The 
decision of selecting certain patterns for recognition is a critical decision and the 
decision to allocate resources for the recognition process is what we call 
attention (Ellis & Hunt, 1993). 

According to Ellis and Hunt (1993), Broadbent proposed a model of early-
selection, which describes attention like an on-off switch. One input message at 
a time is processed and is fully analysed while all other messages are blocked 
out. Which message we choose to process is determined by the sensory or 
physical attributes of the message. According to this model, attention switch 
occurs prior to pattern recognition, which means that the model does not allow 
any preconscious processing. Attention filters information and unattended 
information is never processed, which means that behaviour can only be 
influenced by information of which we are conscious (Ellis & Hunt). 

The late-selection theory on the other hand, proposes that attention serves to 
filter information into consciousness, making it possible to respond to the most 
important part of information. This theory states that unattended information is 
processed, but that attention limits its entry to consciousness (Ellis & Hunt, 
1993). 

The capacity models of attention assume that we have a limited amount of 
cognitive capacity. The number of activities we are able to attend to 
simultaneously are determined by the capacity each require (Kahneman, 1973). 
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Treisman and Kahneman use elements from all three of these categories in their 
description of attention, implicating that they all capture important aspects of 
attention, but that none of them alone can explain behaviour in any situation 
(Ellis & Hunt, 1993). 

Wickens (1992) uses the metaphor of a searchlight to explain how attention in 
perception works. This searchlight falls on what is in momentary consciousness 
and what is in the beam of light is processed, whether intended to be processed 
or not. If the intention is to process it, it is a successful focusing, and if there is 
no such intention there has been a failure to focus. 

Neisser (1967) defines attention as an allotment of analysing mechanisms to a 
limited part of what has been perceived. He calls the preliminary operations of 
segregating figural units preattentive processing. Each unit must be separated 
from the others before attention can be directed to it. 

Apparently, the direction of attention is at least partially affected by the amount 
of information we need to attend to at the same time. If something captures a  lot 
of attention, less attention will be directed to other parts of the world. 

2.1.1 Selective Attention 

We can only perceive detail in a small area of the visual field. This area 
corresponds to what is perceived by the fovea part of the retina, and occupies 
only about 2 degrees of visual angle. This means that “looking at” objects is the 
same thing as keeping them in foveal vision. When keeping something in foveal 
vision, the eye moves by pursuit movements with constant velocity to follow a 
target moving at a constant speed. When an object is moving too fast, the eye 
moves by saccadic movements. The saccadic movements “catches up” and bring 
the target back into foveal vision (Wickens, 1992).  

In what Wickens (1992) refers to as supervisory/control context, an operator 
scans a display of a complex system, for example an aircraft cockpit, and 
distributes his attention through visual fixations to the instruments which serve 
as information resources. In target search context, on the other hand, the 
operator scans the visual world looking for a known target at an unknown 
location. 

In the aircraft cockpit, there are many sources of information that have to be 
attended to and sampled periodically. It is therefore of interest to find a way to 
attend to relevant stimuli at appropriate times, that is, maximizing the value and 
minimizing the cost. Wickens (1992) mentions the example of an aircraft pilot 
who keeps sampling the airspeed indicator but ignores the altimeter as an 
example of non optimal behaviour. If the pilot checks both of these but never 
looks out the window, he is doing better, but is still not optimal since he risks 
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missing important information that can only be seen by looking outside the 
aircraft. 

The probability of not noticing a stimulus is related to the frequency of that 
stimulus. In most real-world tasks, the risk of missing stimuli in a specific 
location increases with the amount of time since that location was last sampled. 
People are said to form a mental model of the statistical properties of events in 
the environment and use this to guide their visual sampling. They also learn to 
sample channels with higher event rates more frequently. It is also a fact, that 
when people get a preview of what will happen, it makes sampling and 
switching of attention more optimal (Wickens, 1992). 

2.1.2 Feature Integration and Illusory Conjunctions 

Even though recognising even the simplest pattern requires extraction of visual 
features, organisation of smaller components into whole objects and interaction 
among parts or aspects of a single object, it occurs quickly and without much 
effort (Spoehr & Lehmkuhle, 1982).  

Treisman and Gelade (1980) refer to recognisable objects as something we form 
an immediate impression of when opening our eyes on a familiar scene. When 
several objects are presented in conjunction on a display, one uses the objects’ 
separable features to distinguish each object from the others (Treisman & 
Gelade). Such features may be wrongly combined into illusory objects, or 
components, if improperly presented. Further, if the features vary in the same 
dimension, colour for example, one has to focus harder to distinguish separate 
objects from the collection of features. Hence it is harder to mentally separate 
objects from each other when their features are alike (Treisman & Schmidt 
1982). 

Wickens (1992) describes the judgement of which part of the visual field that 
are objects and which are background, figure-ground perception, as a 
preattentive process. Since all items of an organised display must be processed 
together to reveal the organisation, the parallel processing used is also referred 
to as global or holistic processing.  Being  preattentive, this global processing 
can reduce the attention demands of an operator processing a multielement 
display. This requires that display organisation is used to produce grouping and 
that the groupings are compatible with the cognitive organisation of the task. 

Spatial organisation is obviously important for effectiveness in preattentive 
processing when it comes to multielement displays. Experimental data also 
suggests that even if spatial proximity allows parallel processing, it does not 
guarantee it. According to Wickens (1992), Neisser and Becklen carried through 
an experiment where subjects watched a display where two video games were 
presented with one superimposed over the other and found that while monitoring 
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one game, subjects failed to see events in the other game. The results suggest 
that  separation may not only be defined in terms of differences in visual or 
retinal location, but also in terms of the nature of the perceived activity 
(Wickens). 

Neisser and Becklen’s findings has a direct counterpart in car or aviation, where 
driver or pilot are presented with a head-up display (HUD). The projection of a 
picture on the glass windscreen is meant to ensure that information can be 
processed simultaneously without scanning, but the results of the Neisser and 
Becklen study indicate that this might not always work (Wickens, 1992). 

Wickens (1992) emphasises the possibility of using colour coding to separate 
features. According to Treisman and Schmidt (1982), differences in  colour are 
processed more or less automatically, and can be processed in parallel with 
shape and motion. Colour coding can be used like a preattentive organising 
structure to tie together objects that are separated spatially. 

2.1.3 Cognitive Capture 

Cognitive capture is one of the problems associated with display design. 
Cognitive capture means that the focusing on a particular instrument might 
attract so much attention from the observer that chances of detecting other 
objects are considerably reduced (Rumar, 2002).  

This phenomenon is also referred to as cognitive tunnelling. Thomas & Wickens 
(2001) define cognitive tunnelling as the effect where observers tend to focus 
attention on information from specific areas of a display to the exclusion of 
information presented outside these highly attended areas.  

Wickens (1992) states that attention certainly will be drawn to a bright, 
colourful display. This is particularly useful for visual warnings and  is also an 
example of cognitive capture. In this case cognitive capture is desired. However, 
cognitive capture is not always a good thing, since it might cause failure to 
detect other important information. 

Cognitive capture is frequently studied in areas such as aviation psychology. In 
that area, Head Up Displays are used to allow the pilot to view the outside world 
while simultaneously viewing aircraft state information (Foyle, Dowell, & 
Hooey 2001). In this study, different types of HUD:s, possibly inflicting 
different levels of cognitive capture, were used to present information about 
objects in the environment to the driver of a car. Hence the term cognitive 
capture plays a central role in this thesis. 
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2.2 Signal Detection Theory 

The signal detection theory applies to situations where a subject is confronted 
with a stream of signals (Martens, 2000). These signals are in this paper referred 
to as stimuli. The theory states that an observer is an active decision-maker who 
makes difficult perceptual judgements under conditions of uncertainty. For each 
signal, the observer has to decide whether it is target signal or not. This leads to 
two possible correct responses; hits (stimulus is target and the observer responds 
yes) and correct rejections (stimulus is not a target and the observer responds 
no) and two possible incorrect responses; false alarm (stimulus is not a target 
but the observer responds yes), and miss (stimulus is a target but the observer 
responds no). When no misses or false alarms occur the performance is perfect 
(Martens). 

2.3 The Cognitive Task of Driving 

Driving a car involves acquiring information from the outside world, making 
decisions about how to act based on the acquired information and then perform 
that action (Rumar, 2002). It is a complex cognitive task, and to understand how 
the driver’s cognitive capacity is used to perform it, modelling of human 
cognition is a useful tool. 

2.3.1 Driving As a Joint Cognitive System 

Traditionally, modelling an operator operating a system involves treating the 
operator and the system as separate units. Another approach is to use a 
functional model in which the operator and the system is seen as one unit. Then 
the operator and the system together form what we call the Joint Cognitive 
System (JCS). 

Based on the approach of seeing systems as one unit, Hollnagel has developed 
models of control (Hollnagel, 2001). Hollnagel’s  basic cyclical model of 
control is based on the principles of Neisser´s basic perceptual cycle, which 
represents the continuous features of perception (Neisser 1976). Anticipatory 
schemas prepare the perceiver to receive some information rather than other; 
one can only see things that one can look for (Neisser). Hollnagel extends this 
theory by adding action and control (Figure 1). 
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Construct / 
Current understanding 

Events / 
Feedback 

Actions/ 
Responses 

Modifies Produces 

External 
Events 

Directs/ 
Controls 

 

Figure 1. Basic Cyclical Model of Control (Hollnagel, 2001) 

Feedback is when information about what action has been accomplished is used 
by the operator. Feedforward is created by the operator’s own expectations of 
what will happen in the near future. The driver can act both on feedback and 
feedforward in the model.  

The basic cyclical model of control consists of a closed loop (Figure 1). To be 
able to describe a more complex activity, where actions take place on several 
levels simultaneously, such as driving a car, an extended model of control can 
be used. Hollnagel (2001) describes the Extended Control Model as an extension 
of the Basic Cyclical Model using several interacting levels of control 
(Figure 2). 
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Anticipatory 

Control 

 

Figure 2. Extended Model of Control  

An example of using the Extended Model of Control is to describe the activity 
of driving a car using the levels of control stated in Figure 2. The levels are 
tracking, regulating, monitoring and targeting. Each level interacts with adjacent 
levels. Tracking is the basic level of control, where keeping the car on the road 
and shifting gears are controlled. These actions are performed almost 
automatically by an experienced driver and are all feedback tasks. In the 
regulating level tasks like keeping the right distance to other cars and maintaing 
a certain speed are performed. These tasks are both feedback and feedforward 
tasks. In the next level, monitoring, keeping track of road signs, fuel level, and 
obstacles like animals are performed. These tasks are, like in the regulating 
level, both feedback and feedforward tasks. In the targeting level mainly 
feedforward tasks like taking the correct turns and achieving goals like reaching 
the destination are performed. In this level short- and long-term goals are set up 
and prioritised and will by this affect other levels as well. 

Which task is performed on a certain level is not strictly determined, since for 
example an inexperienced driver would have to think harder when performing 
basic actions like braking and accelerating which would place these actions in 
the regulating level instead. 

The term anticipatory control, mentioned in Figure 2 and Figure 3, refers to the 
ability of an experienced driver to foresee what is going to happen by for 
example observing changes in road characteristics. This implicates an 
experienced driver has a high level of feedforward control. On the other hand, 
compensatory control consists only of feedback control. 
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control 
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Time 

Future Present Past 

 
Figure 3. Anticipatory and compensatory control 

Since time always is an important factor it affects the activity of driving and has 
to be taken into account in a model of the driving process. The speed of the 
vehicle and the visual conditions determines the time available. Consider  

• Te: time for evaluating the situation, 
• Ts: time for selecting the appropriate action, 
• Tp: time for performing the action, and 
• Ta: the total time available. 
 
Usually, the condition  Te+ Ts+ Tp< Ta is satisfied, which means that the driver 
has enough time to evaluate the situation, select and perform an appropriate 
action. 
 
The model described above is useful when analysing a driver’s performance. As 
long as the driver succeeds in responding to any event the joint system controls 
all levels in the model.  If that control is lost, the actions performed will be less 
effective. Time is also an important factor when considering control in the joint 
system since it determines the possibility for the driver to decide how to act in 
an upcoming situation. 

2.3.2 Driving At Night 

According to Åberg (1981), Shinear relates the current thinking of attention to 
the task of driving. The ability to divide attention between different sources of 
information, and to select a certain source, are both important factors. The level 
of attention in driving depends on what is needed in specific situations. This 
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means that the amount of attention allocated to the driving task is less when 
driving on an empty highway than when driving in urban area rush hour traffic. 
Drivers learn to look in the visual field in order to maximise performance while 
minimising effort. Approximately 90% of the information relevant to the driving 
task is visual and according to Shinear, visual search is often a good indication 
of where the mind of driver is, or where his attention is directed (Åberg). 

Driving at night demands more of the driver than daytime driving and is two to 
three times more dangerous, even though there is much less traffic (Rumar, 
1991). The visual information is significantly reduced and changes in the road 
will appear more suddenly which means that the driver has to rely much more 
reactions which will make the driving less smooth (Karlsson, 2002). One third 
of traffic accidents in Sweden occur when it is dark, and serious accidents are 
more frequent than at daytime. Some types of accidents, like hitting pedestrians, 
occur almost only at night (Rumar). 

When light is reduced, the visual ability of the driver decreases, both when it 
comes to visual acuity and contrast sensitivity. Even if some traffic accidents are 
results of reduced visual acuity, accidents at night are usually a result of reduced 
contrast leading to drivers too late noticing objects on the road (Rumar, 1991). 
Since the most common explanation for these types of accident is reduced 
visibility, the number of accidents can be reduced by providing road light, but 
road light is expensive and is usually not available in rural areas. The vehicle 
head lights does not provide enough help for the driver to be able to interpret the 
road ahead so that necessary planning of the driving can be done. At daytime, 
the driver’s focus is much farther ahead of the car, about 100—400 metres for 
experienced drivers, which gives time to notice critical situation and decide what 
to do. This is impossible at night because of the severely reduced sight and 
wrong expectations (Rumar, 1991). 

Hence, driving at night is a more demanding task than daytime driving because 
of reduced visual input causing the driver to pay less attention to the 
environment. 

2.4 Summary 

Since human attention is limited, car driving is a difficult task considering its 
many simultaneous impressions. The risk of cognitive capture increases when 
one of the impressions dominate the visual input. It is probable that the driver 
then focuses his attention on that particular impression leading to missed visual 
input elsewhere in the environment. In the case of night driving, problems 
concerning limited attention are particularly prominent. 
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Car driving can be described as a model of control in which driver attention and 
actions interact. Such a model is useful when analysing driving performance. 
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3 Vision Enhancement System 

Today there are vision enhancement systems available on the market to help 
avoid accidents caused by reduced visibility. A vision enhancement system is a 
system which helps the driver to notice dangerous situations in time to choose a 
course of action to avoid an accident. In short, it consists of a thermal camera 
and a display to visualise the image. 

3.1 Active and Passive VES 

There are two basic types of VES, passive and active. The passive system relies 
on natural infrared radiation from objects in front of the car, e.g. pedestrians and 
animals. The infrared light seen by the camera is visualised on a display in front 
of the driver. The active system radiates its own infrared light using vehicle 
mounted sources. When the infrared light is reflected on, and radiated from, 
objects in the forward scene and cast back, it is observed by a vehicle mounted 
camera and later on visualised for the driver, analogous to the passive system 
(Gish, 2001). 

3.2 Infrared Light 

The infrared light (IR) spectrum extends from wavelengths of 780 nm up to 1 
mm, where 780 nm is being closest to visible light. Three bands of IR frequency 
are of particular interest, namely: near IR (NIR): 780 nm—3000 nm, middle IR 
(MIR): 3000 nm—6000 nm and far IR (FIR): 6000 nm—15000 nm. 

Being closer to visual light, NIR systems  tend to produce more recognisable 
images than FIR, but on the other hand NIR systems are more susceptible to 
interference from oncoming headlights, since headlights operate in the whole 
visible spectrum (Gish, 2001). 

3.3 Display Types 

There are two basic display placements, head-up display (HUD) and head down 
display (HDD). A HDD has to be placed at least 10 degrees below the driver’s 
line of sight, typically on the instrument panel. A HUD is either projected onto 
the windscreen or directly in front of it on a dedicated background plate of some 
kind. 

A HUD can be contact-analogue, which means that the image is superimposed 
on the direct view of the forward road scene. I e an enhanced image of an object 
is placed on the same location on which the driver sees (or should have seen) the 
real object. Non contact-analogue displays present images which do not appear 
to conform to the road scene. Hence, if a display is head down or if the image 
has reduced scale the display is non contact-analogue (Gish, 2001). 
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3.4 Previous Research 

A number of studies performed, show benefits using VES when driving a car 
when visual conditions are reduced (Andreone, Barham & Echler, 2000, Taube 
2001). The fact that visual resources are impaired at night and in bad weather 
means that the driver will have less time available to develop an adequate 
situation understanding and choose and perform a reasonable action. By 
improving the visual ability, a VES can help to increase the time available in 
critical situations, and make it possible for the driver to avoid accidents.  

Nilsson and Alm (1996) used a driving simulator to compare driving 
performance depending on the conditions clear sight, fog and driving with VES 
in fog. Driving performance in this case included speed, distance to the car in 
front and lateral position on the road. They showed a difference in reaction times 
between the subjects driving without a VES and the subjects driving with VES. 
The VES made it possible to react earlier which indicates increased anticipatory 
control. The VES also influenced speed and lateral position. No influence on 
workload due to the VES was found in the study. 

Ward and Parkes (1996), on the other hand, showed an increased workload 
when driving with a contact analogue HUD. Rumar (2002) finds it reasonable 
that a contact analogue display actually would have the least influence on 
workload, but a perfect contact analogue system is hard to implement. 

Rumar (2002) mentions increased visual distraction and increased workload as 
possible reasons for larger variation of lateral position. According to Rumar, 
Hollnagel compared lateral distance in relation to obstacles and found that 
drivers made more evasive manoeuvres without VES. He explains this by the 
time available for the driver to choose action. The driver had time to consider 
what action to take and did not overreact (Rumar). 

Andreone, Barham and Echler (2000) state that brightness of the VES display 
should be adjustable within a defined range. The bigger the display and the 
higher the brightness the bigger the risk of cognitive capture (Taube, 2001). 

Karlsson (2002) showed large beneficial effects of a VES when driving close to 
animals and people standing by the road. Karlsson’s study was performed in a 
driving simulator and compared effects of different image sizes and brightness 
contrasts. No significant differences in driving performance using different 
display configurations could be shown, but some of the results indicate that a 
large display with high contrast seems to capture attention and make the driver 
pay less attention to the environment.  

Earlier research about vision enhancement systems have left a number of 
questions to be investigated. One of these concerns the effect of an opaque 
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versus a transparent display. This issue is related to how the visual search of the 
brain and attention mechanisms are affected by a transparent picture 
(Schenkman & Brunnström, 2000). 

3.5 Summary 

Vision enhancement systems are intended to aid drivers during night or in bad 
weather where visual conditions are impaired. Using a thermal camera and a 
display, warm objects are presented to the driver by the system. Previous 
research has shown the many benefits of VES, but there are numerous issues left 
to be investigated, for example display transparency.  
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4 Problem Definition 

As shown in the previous chapter, research has shown several positive effects of 
using a VES in night time driving. But there are more issues to consider when 
designing the display. One of them is the risk of cognitive capture (Schenkman 
& Brunnström, 2000).  

Treisman and Gelade (1980) has shown that when several objects are presented 
in conjunction on a display, attention has to be directed serially to the separable 
features of the objects to distinguish each object from the others. This takes time 
and makes the picture harder to interpret. On a transparent VES-display the 
driver can observe the real world through the panel on which the thermal data 
also is displayed. Hence VES-display data used to represent animals and 
pedestrians is presented in conjunction with objects in the real world. 

Consequently, when using a transparent VES-picture, the brightness has to be 
higher for the driver to be able to see all the details in the picture and separate 
the VES-picture from the background effectively. When is the contrast of the 
display so intense that it leads to cognitive capture, which makes the driver risk 
missing what happens outside the display? Will driver performance be 
negatively affected by the contrast necessary on a transparent display? 

In this study two simulated non contact-analogue VES-display types were 
compared. An opaque VES-display, which is one of the two display types 
simulated, can be realised using a mirror. The mirror is placed in front of the 
driver, hiding a piece of the forward view, and tilted until it shows an embedded 
computer display placed directly underneath it. Schenkman and Brunnström 
(2000) calls this set-up a mix of a direct view panel and an indirect view panel 
since the driver can see the VES display through a mirror. If a mirror is not 
present, the VES display is still visible as a reflection on the normal windshield, 
in that case transparent. This is the other display type simulated. 

The experimenter wanted to find out whether there is a difference in the level of 
cognitive capture due to the higher brightness in the transparent display which 
was necessary to make the same objects visible on both displays. 

4.1 Hypothesis 

On basis of the theories studied, three hypothesis have been derived. 

4.1.1 Driving Performance and Stimuli Detection 

With a theoretical framework based on theories of cognitive capture and on the 
Contextual Control Model, it is assumed that an opaque VES-display will yield 
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better detection of stimuli because reduced cognitive capture, and better driving 
performance, due to more time available to see what is on the road. 

Hypothesis 1 

When the contrast of a transparent display is high enough for the driver to 
separate the picture from the background and make out enough details to 
interpret it, the risk of cognitive capture is high. The contrast of an opaque 
display can be kept lower and will thereby cause less cognitive capture than a 
transparent display with the same objects visible. The driver will notice more 
stimuli presented in the real world. 

Hypothesis 2 

An opaque VES-display will yield significantly better driving performance than 
a transparent display. Better driving performance is defined as smoother changes 
of speed and lateral position on the road. 

4.1.2 Subjects’ Opinions 

To get more subjective opinions about how the subjects experienced the 
different VES-display types, a questionnaire was handed out after completing 
two driving sessions. These questionnaires were used both as a way of 
validating the design of two experiment conditions, i.e. making sure that the 
subjects experienced the same level of detail on the two different display types, 
and to get the subjects opinions about experienced differences between the 
displays. 

Hypothesis 3 

The subjects will find the transparent display more distracting than the opaque 
due to cognitive capture caused by the higher brightness on the transparent 
display according to the theories presented in 2.1.3. 
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5 Method 

To investigate the hypothesis an experiment was conducted in a fixed base car 
simulator in the VR-laboratory at Linköping university. Both data collected by 
the simulator and more qualitative questions were used to evaluate driving with 
the different VES-displays. 

5.1 Study design 

Basically there are two types of designs used in psychological experiments. In a 
between-subject design two or more sets of subjects are treated to different 
conditions and in a within-subject design each of the subjects undergoes more 
than one experimental condition (Solso & Johnson, 1994). In this experiment a 
within-subject design was used. Results obtained from one condition, driving 
with an opaque VES with lower brightness contrast, was compared with results 
from the other condition, driving with a transparent VES with higher brightness 
contrast. A within-subject design requires fewer subjects and in this case it gives 
a possibility to get the subjects’ subjective opinions about the differences 
between the VES-displays. 

5.1.1 Independent and Dependent Variables 

This study had the independent variable display type shown to the subject. The 
subjects drove one section with a transparent VES-display and one with an 
opaque VES-display. The brightness contrast in the opaque VES was already set 
in an adjacent experiment. The goal had been to match pictures of a real VES 
and give objects and textures the same visibility in the virtual display. To decide 
on appropriate brightness contrast for the transparent display, different contrasts 
were tried out until one where the same objects and differences between sky, 
forest and road could be seen in the transparent display as in the opaque display 
was found. Since the background interfered with the picture in the transparent 
display, the brightness had to be higher. Brightness values were measured on 
three parts of the VES displays and are shown in Table 1.  

 
 Transparent VES Opaque VES 

sky 2.0 0.7 

forest 2.3 1.0 

roadway 4.0 1.8 

Table 1. Luminance (cd/m2) 
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The two different sections were comparable considering length and curves, and 
both sessions were driven in night time conditions. The possible effects of 
section order, and order of transparent and opaque VES, were by balanced out 
by assigning the conditions in divergent orders. 

The dependent variables were driving performance and number of detected 
stimuli in a peripheral detection task. Driving performance included several 
behavioural measures stored by the simulator. It  included acceleration, brake 
and speed data as well as lateral position on the road and steering wheel 
position. Detection flags for the peripheral detection task were also stored by the 
simulator, both correct and incorrect ones.  

The detection task consisted of 15 stimuli on each section. The stimuli were 
white objects with roughly the apparent size and shape of an American football. 
They were visible in 25 metre long section and shown on randomly assigned 
sides of the road and on different distance from the road. An appropriate 
frequency of stimuli and stimulus type and location had been tried out in a pilot 
study. The subject was instructed to indicate noticing stimuli by pressing the 
horn on the steering wheel of the car. When pressing the horn a bell tone 
provided auditory feedback so the subject would know that the signal was 
registered. 

5.1.2 Scenarios 

Each of the two sections contained four scenarios. A scenario consisted of an 
animal or a human, placed right next to the road or 17 metres to the side. The 
objects in the scenarios were not moving, because of technical limitations. All 
scenario objects could be seen on the VES-display, and also with the naked eye 
when passing them on the road. The scenarios are presented in Table 2. 
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Section 1 Section 2 

Scenario Description Appearing 
after 

Scenario Description Appearing 
after 

Moose_1_1 Moose 17 
metres to the 
right of the 
road 

9 min Moose_2_1 Moose next to 
the road on 
the right side 

5 min 

Deer_1_2 Deer next to 
the road on 
the right side 

13 min Deer_2_2 Deer 17 
metres to the 
right of the 
road 

15 min 

Deer_1_3 Deer  17 
metres to the 
right of the 
road 

23 min Moose_2_3 Moose 17 
metres to the 
right of the 
road 

23 min 

Man_1_4 Man with child 
on the right 
side of the 
road 

35 min Man_2_4 Man with dog 
on the right 
side of the 
road 

28 min 

Table 2. Scenarios 

All scenarios residing in section 1 have a corresponding scenario in section 2 
and vice versa. They were constructed with similar conditions so that their 
results would be comparable to each other when studying results. 

5.1.3 Questionnaire 

To get the subjects’ subjective opinions about the driving experience a 
questionnaire was handed out after completed driving sessions. The questions 
regarded subjective reactions and opinions about the different types of displays, 
as well as judgments of the reality of the simulation and the experience as a 
whole.  

The questionnaire, instructions for the subject, and experiment procedure was 
tried out in a second pilot study. This study also helped in validating the design 
of the world. 

5.2 Subjects 

Subjects for the experiment were recruited by putting flyers on cars at major 
industries in the Linköping area. This method was chosen since the participants 
should be experienced drivers with a safe and secure way of driving. The 
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participants were required to have had their license for at least five years and to 
have driven at least 50,000 km during that time.  

The recruitment was made in co-operation with the two other experimenters 
who were working at adjacent projects. For this experiment 16 subjects were 
needed. A total of 48 subjects were randomly placed in one of the three 
experiments. Due to the risk of simulator sickness there were also a number of 
extra subjects recruited. Simulator sickness might occur in the fixed-based 
driving simulator due to a conflict between the visual and vestibular system, 
which may cause headache, nausea and dizziness (Ward & Parkes 1996, Taube 
2001). To avoid this, recommendation by Ward and Parkes was considered 
during the design of the experiment. The recommendations included measures 
as to use fit subjects, include rest breaks and not to have trials that are longer 
than two hours. 

15 men and 1 woman participated in this study. The subjects were between 24 
and 44 years old (mean 30, standard deviation 5.22). The experiment had a 
within-subject design, but since the subjects started with different parts of the 
road and different VES-display types, they were randomly assigned to four 
different groups.  There was no significant difference of age, sex, kilometres 
driven per year or years with driving licence between these four groups.  

5.3 Apparatus 

The driving simulator used for the experiment was an amelioration of a driving 
simulator used in earlier experiments of the VES (Taube 2001, Karlsson 2002). 
The subjects were seated in a car seat of a Saab 9-5 which was adjustable so it 
was possible for everyone to reach the steering wheel and the pedals in a 
comfortable way. Modifications included software tuning for improved frame-
rate, meeting traffic, a real Saab steering wheel to improve the sense of reality, 
and improved audio feedback. The experimenter’s station was set up in an 
adjacent room. The car had automatic gear and only dipped headlights, which 
meant that the subjects only had to worry about gas and brake, and the 
indication of noticing stimuli. 

The simulator had a 160° field-of-view using three LCD-data projectors 
projecting the virtual environment on a white screen. The software was 
developed by Virtual Technology in Linköping in co-operation with the 
experimenters. The program was executed on six networked computers which 
were equipped with Nvidia Geforce2 or Geforce3 graphics cards. 
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Figure 4. Schematic drawing of the driving simulator (Grönqvist, 2002) 

The simulated roadway consisted of several comparable straight sections. 
Figure 5 shows the road sections and the locations of the scenarios and stimuli.  
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Figure 5. Road sections and the locations of the scenarios and stimuli 

The different VES-images were generated in real time from the same database 
as the roadway. They were presented by a separate projector onto the main 
projection screen. The opaque display was created by projecting the VES-image 
onto a masked part of the main screen (Figure 6).  
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Figure 6. Transparent VES (left) and opaque VES (right) 

The visual range of the VES was approximately 700 metres and the image was 
projected 2º under the eye ellipse, in accordance with EU regulations which 
states that an object presented directly in front of the driver must be placed at 
least 1º under the eye ellipse.  

Parameters like acceleration, brake and speed data, steering, heading, lateral 
position and stimuli detection flags were recorded and  logged  by the simulator 
software. This gave the experimenters a possibility to choose from a wide range 
of material in the analysing process.  

5.4 Procedure 

When the subjects arrived to the simulator, they were first asked to fill out a 
form with background information, e. g. age, gender, driving experience and 
visual defects. The subject then received printed instructions and information 
about the experiment. The instructions described the experimental task and how 
to handle the car. After reading the instructions the subject was given 
opportunity to ask questions and efforts were made to standardise answers as 
much as possible since all three experimenters worked on this experiment. 

The subject was then shown into the simulator and asked to sit down in the seat. 
The experimenter showed how to adjust the seat to sit comfortably and made 
sure that the subject could se over the dashboard and steering wheel. Further 
instruction about the simulator followed and the subject was  shown how to 
press the horn on the steering wheel when noticing stimuli and how to get in 
contact with the experimenters during the driving session. The functions of the 
VES were briefly explained. Then a training session without VES started, where 
the subject could familiarise themselves with the simulator and see what the 
stimuli for the detection task would look like and how they would show up on 
the screen. The subjects were not informed of the purpose of the stimuli. 



Method 

25 

After completing the training session, a short break followed when the 
experimenter turned on the VES-projector and restarted the simulator for the 
actual experiment sessions. When the first session was completed, after 
approximately 35 minutes, the subject was shown out of the simulator for a 15 
minute break and was offered some refreshments. Then a second session 
followed. When both driving sessions were completed, the subject was asked to 
fill out a questionnaire regarding subjective opinions about driving with the 
different types of VES and about the experiment. 
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6 Results 

Data from the simulator was collected at a sampling rate of 20 Hz. The collected 
data was time, x-coordinate, y-coordinate, z-coordinate, vehicle heading, pitch 
and roll, speed and lateral position, and stimuli detection flag. 

Section 1 and section 2 are considered equal, since all scenarios were 
constructed in equal pairs, see 5.1.2. 

6.1 Driving Performance 

Studying each entity mentioned in chapter 4 “Problem Definition” we come 
down to speed change, average speed and lateral position change. 

6.1.1 Average Speed 

There was no significant difference in average speed between the two groups on 
road sections without scenarios (road sections 4, 8 and 10).  Looking only at 
road sections 8 and 10 there was a difference in average speed between drivers 
with transparent display and drivers with opaque display (Figure 7). 
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Figure 7. Average speeds (km/h) for different VES-display types 
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However, this difference could also be found in road section 4, even though the 
conditions are the opposite. In road section 4, the drivers who drove with opaque 
display on road sections 8 and 10 are driving with a transparent display and are 
still driving at a lower speed. Hence, this difference appears to be driver 
dependent rather than display-type dependent (Figure 8). 
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Figure 8. Average speeds (km/h) on road section 4 for different VES-display types 

When studying individual average speed differences there was no significant 
difference in average speed between drivers with transparent display and drivers 
with opaque display. (The mean difference was 1.2 km/h, and the standard 
deviation was 3.9 km/h.) 

6.1.2 Speed Change 

The speed in different scenarios was studied from 1500 metres before the event 
to 500 metres after the object was passed. Speed samples were collected each 
five metres and example results can be found in Figure 9 and in Figure 10. 
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Figure 9 shows that drivers with transparent display drives past the object with a 
higher speed and less speed change than drivers with opaque display. On the 
other hand, Figure 10 shows quite the opposite, since drivers with opaque 
display drives past the object with less speed reduction than drivers with 
transparent display do. 

This difference seems to be driver dependent, rather than VES-display type 
dependent, similar to the results in 6.1.1, Average Speed, above. Refer to 
Appendix A for a complete set of scenario plots. In general, no significant 
difference could be shown. 
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Figure 9. Speed and lateral position per meter for scenario “Man_1_4” 

6.1.3 Lateral Position Change 

In the lateral position graph of Figure 9,  it is an obvious difference between 
drivers with transparent display and drivers with opaque display. Drivers with 
transparent display drive past the object in a smoother manner than the drivers 
with opaque display. However, when the same drivers drove past a similar 
object in another scenario, shown in Figure 10, they show the same behaviour. 
But in the latter example drivers who used transparent displays in previous use 
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opaque displays, and vice versa. The drivers show the same behaviour 
regardless of VES-display type. This indicates that lateral position changes are 
driver related, rather than VES-display type dependent. 
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Figure 10. Speed and lateral position per meter for scenario “Man_2_4”  

There were no noticeable tendencies of difference between lateral position 
depending on type of VES. Refer to Appendix A for a complete set of scenario 
plots. 

6.1.4 Overall Performance 

According to sections 6.1.1, Average Speed, 6.1.2, Speed Change and 6.1.3, 
Lateral Position Change, above, there were no noticeable dependencies between 
VES-display type and driving performance. Hence, Hypothesis 2 could not be 
verified. 

6.2 Stimuli Detection 

Level of cognitive capture was measured with a stimulus detection task. As 
mentioned in 5.1.1 each subject was exposed to 15 stimuli. Refer to Appendix D 
for a complete set of stimuli detection results. 
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6.2.1 Total Stimuli Detection 

In Table 3, using the terminology described in 2.2, a successful or unsuccessful 
reaction to a stimulus is represented by a hit or a miss, respectively. False alarm 
is used to represent a reaction without a present stimulus. 

 Hits Misses False alarm 

Opaque 181 59 8 

Transparent 183 57 5 

Table 3. Per display type total detected stimuli 

As stated in Table 3, there is a total of 181 hits and 59 misses in the opaque case, 
which is very similar to the results in the transparent case were 183 hits and 57 
misses occurred. The number of false alarms was generally low, but slightly 
more frequent in the opaque case. 

6.2.2 Averaged Stimuli Detection 

In average the drivers missed 3.81 stimuli using the opaque display and 3.38 
stimuli when using the transparent display. The standard deviation was 1.60 and 
1.63 for both display types, respectively: 

Report

False negative

3,81 16 1,60
3,38 16 1,63
3,59 32 1,60

VES-display type
Opaque
Transparent
Total

Mean N Std. Deviation

 
Table 4. Means comparison between number of missed stimuli dots 

Hence there was a small difference in average stimuli detection between drivers 
with different VES-display types, but the difference was not at all significant 
(Table 4, above and Table 5, below). 
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ANOVA Table

1,531 1 1,531 ,588 ,449
78,188 30 2,606
79,719 31

(Combined)Between Groups
Within Groups
Total

False negative *
VES-display type

Sum of
Squares df Mean Square F Sig.

 
Table 5. ANOVA table for comparison in previous figure 

Since no significant difference in stimuli detection between VES-display types 
was found, Hypothesis 1 could not be verified. 

6.3 Questionnaire 

To obtain the subjects’ subjective opinions about the driving experience a 
questionnaire was used (Appendix B). The questionnaire entailed 19 questions. 
The subjects were asked to answer the questions after completing both sessions 
in the simulator. 

6.3.1 Level of Detail 

The subjects experienced a good level of detail in both conditions. The 
experienced level of detail was the same in both conditions. If a difference had 
been observed, it could have affected other answers in the questionnaire, and the 
experiment would not have been appropriate for testing the hypothesis. 

6.3.2 Experienced VES-display Type Differences  

The VES-display type did not seem to affect how the subjects’ experienced level 
of distraction or difficulty in finding the stimulus dots in the simulated world. 
Hence hypothesis 3 could not be verified. The subjects also experienced an 
equally positive effect on the driving performance by the VES, regardless of 
display type.  

The subjects experienced the same level of information visibility under both 
conditions, and they also found the scene equally easy to comprehend. The 
information presented on the VES-display was found equally distracting by the 
subjects under both conditions. 

There was a small difference between the subjects’ subjective target of gaze 
between drivers with opaque display and drivers with transparent display. 
Towards the end of the driving sessions the difference was more significant than 
in the beginning, but it was still not significant even at the 0.1 level.  
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The subjects experienced the same level of sense of fatigue during the driving 
sessions  regardless of VES-display type. In general the subjects felt more tired 
towards the end of the sessions. 

6.3.3 Experienced VES-Display Impact on Driving Performance 

The subjects were asked in what way the different displays affected the driving 
performance. The subjects experienced that both types of VES-displays affected 
the driving in a positive manner. The textual comments were also generally 
positive ones, except for a few comments relating to risk of the display stealing 
attention from the driving task. Refer to Appendix C for a complete set of 
comments from the subjects about they experienced driving with the different 
displays. In Appendix C the questions are sorted by display type. Note that they 
in the questionnaire were referred to as “first run” and “second run” to avoid 
giving clues to the subjects about the differences. 
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7 Discussion 

The aim of this study was to find out opinions about, and if there was a 
difference in driving performance with, two different VES-displays, one 
transparent with higher brightness and one opaque with lower brightness, and to 
investigate if there was a difference in the level of cognitive capture depending 
on display used. 

7.1 Driving Performance 

Driving performance was measured with variables such as speed change and 
lateral position when approaching and passing a scenario and average speed on 
different sections of the road. 

7.1.1 Speed Change and Lateral Position Change 

According to Hollnagel’s models of control, better anticipatory control leaves 
more time available to make a decision and to react. The results of the 
experiment show no differences between the different VES-displays when it 
comes to lateral position of road or speed change when approaching a scenario. 

If there had been observed differences, Hollnagel’s models of control could have 
been used to derive a possible cause of the differences. Since no differences 
were observed, no difference of anticipatory control depending on opaque or 
transparent display can be shown through this experiment. 

7.1.2 Driver Dependent Results 

The results regarding both average speed, speed change and lateral position 
change seemed to be driver related rather than VES-display type dependent. 
This might not really implicate that the VES-display type had no impact on the 
results; but if there was a difference, the results were shadowed by the 
unfortunate division of drivers into groups. The same drivers drove faster in 
average than the other group under both VES-display conditions. 

One of the factors which perhaps should have been considered before the 
experiment is if the drivers usually drive fast or not, and all the fast drivers 
should have been equally distributed among the groups. If so were the case, 
other results, not occluded by average speed differences between groups, could 
possibly have been discovered. 

Another possible explanation is that there were too few subjects. Randomly 
picking drivers should result in evenly distributed driving skills among drivers 
in the groups if the number of subjects are sufficient. In this experiment driver 
skills were unevenly distributed throughout the groups. Refer to 6.1.2 for an 
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example where one group of drivers drives faster than another regardless of 
display type. 

7.2 Stimuli Detection 

The experiment showed no difference in stimuli detection capability between 
subjects using different VES-display types. This result can be due to lack of 
expected cognitive capture from the transparent VES-display, and in that case 
hypothesis 3 could not be shown. 

On the other hand, the stimuli dots could have been too easy to spot, even 
though a pilot study was performed to determine an appropriate size, placement 
and frequency. This is further discussed in 7.4, Method Discussion.  

In either case, hypothesis 3 can not be verified. 

7.3 Questionnaire 

No noticeable difference in experienced VES-display type influence on the 
driving could be found in the questionnaire answers. However, many of the 
subjects contributed with subjective comments, some unexpected ones. 

7.3.1 Comments In the Questionnaire 

Generally there were positive comments about the VES-system in the 
questionnaire. Most of the positive comments were about the transparent display 
which was quite unexpected since it was hypothesised that the drivers would 
prefer the opaque display. One subject stated that it was easier to switch 
attention between the real world and the VES-image when the image was 
transparent. Another found the opaque display more distracting because it was 
not transparent. The same subject did not find the transparent display distracting 
at all. Another negative comment about the opaque display was that the subject 
experienced that it was too intrusive and had bad impact on night vision. 

One of the subjects had comments that come very close to what was 
hypothesised in Hypothesis 3. He stated that the opaque display was not 
distracting (7 on a scale from 1-7 where 1 represented “very distracting” and 7 
represented “not distracting”) and the transparent display as distracting (2 on the 
same scale), and also that the transparent display was hard to locate. This was an 
individual comment from one of the subjects, and no conclusions can be drawn 
from it, but it might be an interesting problem to notice for further experiments 
on this issue. Another subject also stated that the transparent display made him 
less concentrated on noticing the “eggs” (referring to stimuli dots). 
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Positive comments about the VES in general included the advantage of being 
able to notice obstacles in time to adjust speed and position on the road. Being 
able to see curves in road ahead, in spite of the poor visibility, made the driving 
easier. 

Negative comments about the VES-display in general included that the subject 
experienced a risk of putting too much focus on the display. The quantity of 
comments like this signals that the risk of cognitive capture is an issue that 
needs further investigation.  

7.4 Method Discussion 

Since the hypotheses were not confirmed, it is of interest to investigate whether 
the method was sufficient or not. Parameters such as brightness difference 
chosen and design of the simulator might have influenced the results, as well as 
instructions given to the subjects and the nature of the task they were to perform.  

7.4.1 The Simulator 

A driving simulator can not create an exact copy of the real world. Due to this, 
the reliability in a simulator study has to be taken into account when discussing 
the results. Reliability has to do with whether the drivers’ behaviour in the 
simulator corresponds to how they would act in reality.  

This might have implications when it comes to generalising from conclusions 
drawn in this type of experiment. In this experiment, the possible effects of 
sense of safety when knowing that a real accident would not occur, might have 
influenced the result of the stimuli detection task. In real traffic the subjects 
would probably not have put as much attention on the task. This could have 
shown differences that now might have been hidden due to everyone scoring 
high because the task was to simple, which is discussed below. 

7.4.2 Detecting Stimuli 

The stimuli detection task were expected to show a difference in cognitive 
capture when using the different displays. However, there was no difference in 
number of detected stimuli depending on display type. This could mean that 
there was no difference in level of cognitive capture depending on display used.  

It could also mean that the method used was inappropriate. The experimenters 
used a pilot study to try out an appropriate amount of stimuli and to make sure 
that the stimuli dots were of proper size and intensity and that they were shown 
at appropriate distances from the road. But a total of 15 easily spotted dots per 
section, where the subjects generally only miss a few ones,  brings about a very 
narrow and rough scale. The subjects missed 3.5 stimuli dots in average and the 
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standard deviation was 1.6. If a larger amount of stimuli dots had been present, 
and if they had been a bit harder to spot, a greater difference on a more detailed 
scale may have been produced. The fact that so many dots were detected in 
average could have been due to massive concentration on the task of searching 
for stimuli. If so were the case, the use of this kind of stimuli dots in order to 
indicate cognitive capture has failed. 

Results indicate that more pilot tests might have been necessary to come to a 
functional design. Now, partly due to limited time and delays in development of 
the simulator, the experimenters were satisfied with the second design of the 
stimuli task, which implied an increased number of stimuli dots compared to the 
first design. It is possible that this should have been investigated further before 
deciding on a design to use. 

Another factor which probably influenced the result of the stimuli detection task 
was the choice of difference in display brightness between the two conditions. 
The brightness difference between the two display types was tried out with the 
premise of making the differences between the different textures used visible in 
both conditions, that is making it possible to see differences between sky, forest, 
grass, and road at the same locations in both conditions. This was tried out by 
the experimenters and perhaps not enough tested. Refer to the Method section of 
this paper for the brightness levels used in this experiment. A more thorough 
pilot study may have made it possible to eliminate this possible reason for not 
reaching the expected result. 

Probably partly due to the instructions given by the experimenters, the subjects 
put a lot of focus on detecting stimuli during the driving task. The stimuli 
detection task was, except for the request from the experimenters to “drive as 
usual”, the only task the subject had to concentrate on. This could very well 
have affected where the subjects chose to put there attention and have lead to 
less concentration on the driving task. This might have been avoided using 
another task as well, for example giving the subjects instructions to follow road 
signs to a specific location.  

7.5 Conclusions 

Revisiting the hypothesis set out in chapter 4, Problem Definition, it is clear that 
what was hypothesised could not be shown through this experiment. 

Hypothesis 1 

When the contrast of a transparent display is high enough for the driver to 
separate the picture from the background and make out enough details to 
interpret it, the risk of cognitive capture is high. The contrast of an opaque 
display can be kept lower and will thereby cause less cognitive capture than a 
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transparent display with the same objects visible. The driver will notice more 
stimuli presented in the real world. 

The difference in image brightness on transparent and opaque VES-display used 
in this experiment had no effect on the drivers’ ability to detect stimuli presented 
in the world. 

Hypothesis 2 

An opaque VES-display will yield significantly better driving performance than 
a transparent display. Better driving performance is defined as smoother 
changes of speed and lateral position on the road. 

No difference in driving performance due to display used could be shown in this 
experiment. Individual differences in speed might have shadowed other 
tendencies, but showing that would require a new experiment.  

Hypothesis 3 

The subjects will find the transparent display more distracting than the opaque 
due to cognitive capture caused by the higher brightness on the transparent 
display according to the theories presented in 2.1.3. 

No significant difference between the subjects opinions about the driving 
experience due to display type could be noticed in the subjective gradings in the 
questionnaire. However, the free text comments give some clues about the 
subjective opinions. The positive comments were more numerous concerning 
the transparent display, but this could not be shown significant by using the 
graded answers. The answers also differed very much between different 
subjects. While a couple of subjects clearly found the opaque display less 
distracting, others pointed out that they preferred a transparent image because it 
made it easier to switch attention between the display and the real world.  

This obviously needs to be investigated further to find out whether one display 
is preferable because of better and safer driving performance or if individual 
differences between drivers requires the possibility to choose the display type of 
their personal preference. 

7.6 Further research 

New technology provides many tools intended to help and improve safety and 
driving performance. Further research concerning Vision Enhancement System 
and other systems intended to be of help in the driving task is necessary to make 
sure that they really are of help and that they do not complicate the driving task 
by demanding too much attention. 
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This study could not show any reliable differences in performance or level of 
cognitive capture depending on type of VES-display used. This could indicate 
that there is no difference and that type of display does not matter, or just that 
this experiment was not appropriate for showing possible differences and it is 
therefore suggested that this issue is studied further.  

There are a number of more parameters that would be interesting to look at as 
well. This study was limited to some variables of driving performance and 
cognitive capture. It would be of interest to investigate the systems impact on 
other factors of driving performance by using a more precise method of 
determining smoothness in change of speed and lateral position and  to compare 
levels of cognitive capture using other methods than the stimuli detection task 
used in this experiment. 
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Appendix A:  Scenario Plots 
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Figure 11. Speed/distance plot for scenario “Deer_1_2” 
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Figure 12. Speed/distance plot for scenario “Deer_2_2” 
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Figure 13. Speed/distance plot for scenario “Man_1_4” 
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Figure 14. Speed/distance plot for scenario “Man_2_4” 
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Figure 15. Speed/distance plot for scenario “Moose_1_1” 
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Figure 16. Speed/distance plot for scenario “Moose_2_1” 
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Figure 17. Speed/distance plot for scenario “Moose_2_3” 
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Appendix B:  Questionnaire 
Frågor efter simulatorkörning 
 
1. Vilken är din inställning till att placera en display på det sätt som den var placerad under 
körningarna? 
 
Mycket negativ     Mycket 
       positiv 
 
 [ 1 ] [ 2 ] [ 3 ] [ 4 ] [ 5 ] [ 6 ] [ 7 ] 
 
 
 
 
2. Hur var det att se informationen som presenterades i displayen under första körningen? 
 
Mycket svårt      Mycket lätt 
 
 [ 1 ] [ 2 ] [ 3 ] [ 4 ] [ 5 ] [ 6 ] [ 7 ] 
 
 
 
 
3. Hur var det att förstå informationen som presenterades i displayen under första körningen? 
 
Mycket svårt      Mycket lätt 
 
 [ 1 ] [ 2 ] [ 3 ] [ 4 ] [ 5 ] [ 6 ] [ 7 ] 
 
 
 
 
4. Hur påverkades din körprestation av VES-bilden under första körningen? 
 
Mycket negativt                 inte alls   Mycket 
       positivt 
 
 [ 1 ] [ 2 ] [ 3 ] [ 4 ] [ 5 ] [ 6 ] [ 7 ] 
 
 
Om du tycker att din körprestation påverkades av VES-bilden, på vilket sätt tycker du att det 
påverkades? 
___________________________________________________________________________ 
___________________________________________________________________________ 
___________________________________________________________________________ 
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5. Hur upplevde du informationen i VES-bilden under första körningen? 
 
Ej distraherande                Mycket 
                   distraherande 
 
 [ 1 ] [ 2 ] [ 3 ] [ 4 ] [ 5 ] [ 6 ] [ 7 ] 
 
 
Om du tycker att informationen i VES-bilden var distraherande (2-7), på vilket sätt tycker du 
att den var distraherande? 
___________________________________________________________________________ 
___________________________________________________________________________ 
___________________________________________________________________________ 
 
 
 
 
6.  Hur upplevde du detaljnivån i VES-bilden under första körningen? 
 
För hög   Bra   För låg 
 
 [ 1 ] [ 2 ] [ 3 ] [ 4 ] [ 5 ] [ 6 ] [ 7 ] 
 
 
 
 
7. Var vilade du din blick under första körningen med VES-bilden? 
 
 
I början av körning 1: I slutet av körning 1: 
 
[  ]  Endast på omgivningen [  ] Endast på omgivningen 
 
[  ] Mest på omgivningen, [  ] Mest på omgivningen, 
  men ibland på VES-bilden  men ibland på VES-bilden 
 
[  ] Lika mycket på VES-bilden [  ] Lika mycket på VES bilden 
  och omgivningen  och omgivningen 
 
[  ] Mest på VES-bilden, men [  ] Mest på VES-bilden, men 
  ibland på omgivningen  ibland på omgivningen 
 
[  ] Endast på VES-bilden [  ] Endast på VES-bilden 
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8. Hur kände du dig under första körningen? 
  
Inte alls trött      Mycket trött 
 
 [ 1 ] [ 2 ] [ 3 ] [ 4 ] [ 5 ] [ 6 ] [ 7 ] 
 
Om du var trött (2-7), när var du trött? 
___________________________________________________________________________ 
___________________________________________________________________________ 
___________________________________________________________________________ 
 
 
 
 
 
9. Hur var det att se informationen som presenterades i displayen under andra körningen? 
 
Mycket lätt      Mycket 
svårt 
 
 [ 1 ] [ 2 ] [ 3 ] [ 4 ] [ 5 ] [ 6 ] [ 7 ] 
 
 
 
 
 
10. Hur var det att förstå informationen som presenterades i displayen under andra körningen? 
 
Mycket svårt      Mycket lätt 
 
 [ 1 ] [ 2 ] [ 3 ] [ 4 ] [ 5 ] [ 6 ] [ 7 ] 
 
 
 



A Comparison Between Opaque and Transparent Displays for Vision Enhancement Systems 

50 

 
11. Hur påverkades din körprestation av VES-bilden under andra körningen? 
 
 
Mycket negativt                 inte alls   Mycket 
       positivt 
 
 [ 1 ] [ 2 ] [ 3 ] [ 4 ] [ 5 ] [ 6 ] [ 7 ] 
 
 
Om du tycker att din körprestation påverkades av VES-bilden, på vilket sätt tycker du att det 
påverkades? 
___________________________________________________________________________ 
___________________________________________________________________________ 
___________________________________________________________________________ 
 
 
 
 
12. Hur upplevde du informationen i VES-bilden under andra körningen? 
 
Mycket distraherande                Ej 
                    distraherande 
 
 [ 1 ] [ 2 ] [ 3 ] [ 4 ] [ 5 ] [ 6 ] [ 7 ] 
 
 
Om du tycker att informationen i VES-bilden var distraherande (1-6), på vilket sätt tycker du 
att den var distraherande? 
___________________________________________________________________________
___________________________________________________________________________
___________________________________________________________________________ 
 
 
 
 
13.  Hur upplevde du detaljnivån i VES-bilden under andra körningen? 
 
För låg   Bra   För hög 
 
 [ 1 ] [ 2 ] [ 3 ] [ 4 ] [ 5 ] [ 6 ] [ 7 ] 
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14.  Var vilade du din blick under andra körningen med VES-bilden? 
 
I början av körning 2:  I slutet av körning 2: 
 
[  ]  Endast på omgivningen [  ] Endast på omgivningen 
 
[  ] Mest på omgivningen, [  ] Mest på omgivningen, 
  men ibland på VES-bilden  men ibland på VES-bilden 
 
[  ] Lika mycket på VES-bilden [  ] Lika mycket på VES-bilden 
  och omgivningen  och omgivningen 
 
[  ] Mest på VES-bilden, men [  ] Mest på VES-bilden, men 
  ibland på omgivningen  ibland på omgivningen 
 
[  ] Endast på VES-bilden [  ] Endast på VES-bilden 
 
 
 
 
15.  Hur kände du dig under andra körningen? 
  
Inte alls trött      Mycket trött 
 
 [ 1 ] [ 2 ] [ 3 ] [ 4 ] [ 5 ] [ 6 ] [ 7 ] 
 
Om du var trött (2-7), när var du trött? 
___________________________________________________________________________ 
___________________________________________________________________________ 
___________________________________________________________________________ 
 
 
 
 
16.  Tycker du att uppgiften att trycka på en knapp när de vita punkterna visades påverkade 
köruppgiften? 
 
I hög grad störande     Inte alls 
       störande 
 
 [ 1 ] [ 2 ] [ 3 ] [ 4 ] [ 5 ] [ 6 ] [ 7 ] 
 
 
 
17. Hur det var att upptäcka de vita punkterna under första körningen? 
 
Mycket lätt                  Mycket svårt 
 
 [ 1 ] [ 2 ] [ 3 ] [ 4 ] [ 5 ] [ 6 ] [ 7 ] 
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18. Hur det var att upptäcka de vita punkterna under andra körningen? 
 
Mycket lätt                  Mycket svårt 
 
 [ 1 ] [ 2 ] [ 3 ] [ 4 ] [ 5 ] [ 6 ] [ 7 ] 
 
 
 
 
 
19. Fick simulatorn dig att må illa? 
 
Inte alls                   Mycket illa 
 
 [ 1 ] [ 2 ] [ 3 ] [ 4 ] [ 5 ] [ 6 ] [ 7 ] 
 
Om du mådde illa (2-7), när mådde du illa? 
______________________________________________________________________ 
______________________________________________________________________ 
______________________________________________________________________ 
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Appendix C:  Questionnaire Comments 

På vilket sätt påverkades din körprestation av den opaka displayen? 

Jag hann se hinder i god tid och anpassa hastighet och placering. 

Det var lätt att se vägen längre fram, kurvor och eventuella faror. På så sätt var 
det lättare att planera körningen. 

Det positiva är att man hinner se faror mycket snabbare. 

Mycket längre förvarning inför hinder eller ”farligheter”. Jag kunde anpassa 
körningen genom att dra ner på hastigheten istället för att behöva bromsa. 

Längre tid att förbereda sig för inbromsning och väjning. 

Det var  mycket positivt att kunna se faror på det sättet. 

Lättare att se faror tidigt. 

Mer försiktig körning. 

Såg djur tidigare. 

Jag såg vilt så tydligt och mycket tidigare. Kunde se hur vägen svängde tidigare. 

Upptäckte hinder mycket tidigare. 

 

Om informationen i VES-bilden i den opaka displayen var distraherande, 
på vilket sätt var den distraherande? 

Den drar uppmärksamheten till sig. 

VES-bilden gjorde att man blev mindre koncentrerad på övriga delar av 
synfältet. Dessutom gjorde kontrasten (skillnad i ljusstyrka) att den var jobbig 
att se på. 

Att bilden inte var genomskinlig. 

Den var för påträngande, samt så påverkade den mörkerseendet negativt. 

Svårt att veta var man ska koncentrera blicken. 

Mycket uppmärksamhet läggs på skärmen. 
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Fler saker att hålla koll på. 

Ytterligare en informationskälla (blickpunkt). 

Man tittar mer på den än på vägen då något presenteras i displayen. 

 

På vilket sätt påverkades din körprestation av den transparenta 
displayen? 

Lättare att upptäcka potentiella faror. 

Det var nu lättare att planera körningen, men det var fortfarande lite svårt att 
planera körningen via den. 

Längre förvarningstider ger lugnare reaktion. 

Ännu lättare att förbereda sig för inbromsning och väjning. 

Det var mycket positivt att kunna se faror på det sättet. 

Lättare att se faror tidigt. Det var lättare att fördela blicken mellan VES och 
omgivning denna gång. 

Mer försiktig körning… Dock kan man lätt ”stirra” i skärmen och missa annan 
information. 

Att jag såg vilt så tydligt och så mycket tidigare. (Svårt att skilja på vilt och 
människor.) 

Reagerade tidigare på saker vid vägen. 

Jag visste inte riktigt var jag skulle ha blicken. Eftersom bilden är bättre vill 
man gärna använda den hela tiden. 

Jag upptäckte t ex djur mycket tidigare. Tyvärr så tappar man lite koncentration 
på ”äggen”. 

 

Om informationen i VES-bilden i den transparenta displayen var 
distraherande, på vilket sätt var den distraherande? 

Koncentrationen läggs för mycket på skärmen. 

Att det blev en till sak att då och då checka av. (Hastigheten och omgivningen är 
andra saker.) 
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Jag visste inte riktigt var jag skulle ha blicken. Eftersom bilden är bättre vill 
man gärna använda den hela tiden. 

Blicken vandrar från vägen till displayen under körningen. 
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Appendix D:  Stimuli Detection 

The two tables below contain all detected stimuli. An ‘x’ denotes a hit. The 
values in the ‘Display’ column, ’O’ and ‘T’ mean opaque and transparent, 
respectively. Shaded fields indicate that the stimulus is close to a scenario. 

Person/Stimulus A1 A2 A3 A4 A5 A6 A7 A8 A9 A10 A11 A12 A13 A14 A15 Display Hits False 
1 x x x x x x x x   x x x x   x O 13 0 
3 x x x   x x x x x x x x x   x O 13 0 
5 x x x x x x x x x x x x x   x O 14 4 
7 x   x x x x x x x x x   x     O 11 0 
9 x   x   x x x x   x x   x   x O 10 0 
11 x   x x x x x x x x x x x   x O 13 0 
13 x   x x x x x x   x x x x   x O 12 0 
15     x x x x x x x x x   x   x O 11 0 
2 x x x x x x x x x x x x     x T 13 0 
4 x   x x x x x x x x x x x x x T 14 0 
6 x   x x x x x x   x x x x   x T 12 1 
8 x x x   x x x x   x x x x   x T 12 0 
10 x x x   x x x x     x x x x x T 12 1 
12 x   x x x x x x x x x x x   x T 13 0 
14 x x x     x x x x x x x x     T 11 1 
16 x       x x x   x x x x x   x T 10 0 

Table 6. Stimuli detection on the first road section 

Person/Stimulus B1 B2 B3 B4 B5 B6 B7 B8 B9 B10 B11 B12 B13 B14 B15 Display Hits False 
1     x x x x   x x x x x x x x T 12 0 
3       x x x   x x x x x x x x T 11 0 
5 x   x x x x   x x x x x x x x T 13 0 
7       x x x   x x   x x x x x T 10 0 
9         x     x x   x x x x x T 8 1 
11     x x x x x x x x x x x   x T 12 0 
13       x x x   x x x x x x x x T 11 1 
15       x x     x x   x x x x x T 9 0 
2 x     x x x x x x x x x x x x O 13 0 
4       x x x   x x x x x x x x O 11 0 
6       x x x   x x x x x     x O 9 2 
8 x       x x   x x x x x x x   O 10 1 
10 x   x x x x x x   x x x x x x O 13 1 
12 x     x x x   x x   x x   x x O 10 0 
14       x x   x x x   x x x x x O 10 0 
16       x x     x x   x x x   x O 8 0 

Table 7. Stimuli detection on the second road section 
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