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1 Introduction 
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1.1 Intelligent Transportation Systems 
 
There has been a rapid development of technology and displays that provide drivers with 
assistance and information: for instance, navigation systems, digital maps, adaptive cruise 
control and communication systems. Such systems are collectively known as Intelligent 
Transportation Systems. These ITS have the potential to reduce traffic congestion and 
increase driver comfort and safety (Barfield & Dingus,1998). However, how this new 
information and thus increased task complexity influences the driver and his driving 
behaviour is still under debate (Horberry et al., 2006). There is a concern that ITS systems 
could potentially overload and distract the driver, jeopardizing safety (Verwey, 2000; Pauzie, 
2002; Blanco et al., 2006). The current dissertation aims to address this concern, with 
particular attention to elderly drivers. 
 
When classifying ITS a distinction can be made between intelligent infrastructure systems and 
intelligent in-vehicle systems. Intelligent infrastructure systems are advanced traffic 
management systems which monitor and control the traffic on the streets and highways to 
reduce congestion and travel time. To manage the traffic they use video cameras, in-vehicle 
messaging, changeable message signs and priority control systems. Intelligent in-vehicle 
systems are ITS systems that support, inform or warn the driver in-car and they can be 
subdivided in two subclasses. First there are the Advanced Driver Assistance Systems (ADAS) 
which will be defined here as systems that are integrated in the vehicle and designed to 
directly assist the driver in controlling their vehicle particularly in potentially dangerous 
situations. These systems take over part of or all of the driving task. Examples of ADAS are 
intelligent speed adaptation, collision avoidance system and adaptive cruise control. Second, 
In-Vehicle Information Systems (IVIS, also called Advanced Traveler Information Systems 
(ATIS)) are systems that provide information to the driver and do not directly take over (part 
of) the driving task. They can be described as systems that provide relevant real-time in-
vehicle information about components of the driving, the environment, the vehicle or the 
driver. Examples are navigation and route guidance systems, hazard warning and sign 
information systems. Nomadic devices can be seen as a special class of IVIS. These are 
portable systems, some of which are not especially designed for use while driving, for 
instance, portable navigation systems, mobile phones or Personal Digital Assistants (PDAs). 
These nomadic systems can be used as navigation systems, but some can at the same time be 
used for non-driving related activities as e-mail, web-browsing and entertainment while 
driving. IVIS can be grouped into several types (Barfield & Dingus, 1998). The first type are 
In-Vehicle Routing and Navigation Systems that provide drivers information about the route 
from one destination to another and can have several functional components (Figure 1.1.1):  
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a) Trip planning. This involves route planning for long or multiple destination journeys, and 
may involve identifying scenic routes, tank stations or hotels. 
 b) Dynamic route selection. This feature determines the route while driving taking into 
account updated traffic information. In addition, the driver will be alerted when making a 
wrong turn and a new route can be generated.  
c) Route guidance, which includes turn-by-turn information either by voice command or icons 
indicating turn directions on a Head-up Display (HUD).  
d) Route navigation. This function provides information to help the driver reach his selected 
destination, but does not include route guidance. It supplies information similar to a paper 
map of the nearby streets, direction orientation and the current location of a vehicle within the 
city. 
 
 The second type of IVIS consists of In-Vehicle Motorist Service Information Systems, which 
provide either broadcast information on services and attractions as the vehicle drives by or a 
directory which can be searched for the needed information about commercial services and 
attractions on the route. These systems can also enable the driver to communicate and make 
arrangements with the various destinations, for instance a hotel or restaurant reservation.  
 
The third type of IVIS are In-Vehicle Signing Information Systems that provide non-
commercial routing, warning, regulatory and advisory information. For instance they are able 
to give notification alerts to the driver of forthcoming sharp curves, (advisory) speed limits, 
stop signs and the like. These systems thus augment the information presented on existing 
road signs. 
 
At the present time the In-Vehicle Routing and Navigation Systems are the most commonly 
implemented IVIS systems. The expected benefits of ITS are that they will reduce congestion 
in dense traffic areas by providing drivers with real-time traffic information and alternative 
routes, allowing them to avoid areas of high congestion. Less time spent in traffic jams seems 
likely to increase driver comfort and productivity, and avoiding congestion is expected to 
result in a net decrease in travel time. It has been argued that ITS has a beneficial influence on 
the environment because, for instance, better routing information decreases the time spent on 
the road, reducing pollution and fuel need. Safety benefits could include reduced accidents, 
injuries and property damage. Further, reducing the number of accidents would keep lanes 
open which would otherwise lead to congestion and situations which may contribute to further 
accidents. In sum, ITS potentially provide a way to help use the available road capacity more 
efficiently and safely. Besides these positive effects of ITS there are some negative effects 
which could compromise safety. What if people have an unclear idea of what the system can 
do in emergency situations? Since such situations are not very common it is important for the 
driver to know exactly what he can and cannot expect from the system. As an example, an 
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Adaptive Cruise Control (ACC) system is capable of maintaining a preferred constant speed 
just like a simple cruise control, but has the extra ability to adjust the speed of the vehicle to 
be able to maintain the required safety distance to the vehicle in front. However this reduction 
in speed is maximally 20% of the total brake force, so in case of sudden hazards the driver has 
to brake himself and should not rely on the systems braking. Drivers may develop an over-
reliance on the system or oppositely a lack of acceptance and trust in the system. Another 
known problem of increased automation is that the operator is taken out of the stimulus - 
response loop, which could lead to a loss of skill to deal with emergencies (Wickens & 
Hollands, 2000). Another negative effect of ITS is behavioural adaptation. In a study of 
Hoedemaeker & Brookhuis(1998), results showed that when drivers used the ACC 
behavioural adaptation occurred: they showed more lane weaving, left lane driving and 
needed to brake harder in case of an emergency stop. 

 

Figure 1.1.1: Examples of different In-Vehicle Routing and Navigation Systems and the 
percentage of unsafe manoeuvres compared to the baseline condition of listening to a car 
radio (from Janssen et al., 1999). 

 

Another factor that has to be considered when discussing the effects of ITS is the 
heterogeneity of the driver population ranging from novice drivers without experience to 
professional drivers and from young people to drivers around the age of 80 years. Different 
age and experience groups can have different needs or acceptance of a system. For instance 
De Waard et al. (1999) studied an ITS system that enforced law abiding behaviour that was 
rated as useful by both young and old drivers. Whereas after using the system the older people 
reported the system to be satisfactory, the young people found the system frustrating, 
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especially the verbal information concerning the maximum speed. This shows the different 
needs and acceptance of ITS by different driving groups.  
 
It is necessary when evaluating the exact impact of the use of ITS on traffic safety to consider 
many different kinds of benefits and risks. For example, a navigation system reduces the time 
spent on the road and increases the comfort of the driver while reducing time spent looking 
for the right direction. Moreover it interferes less with the driving than looking on a paper 
map (Pauzie & Alauzet, 1991; Mollenhauer et al., 1997). However, a navigation system still 
imposes a secondary task upon the driver. This may cause IVIS to compete with the primary 
driving task for drivers attention and induce increased levels of distraction and workload.  
 

1.2 Multiple task performance 
 
It is known from accident rates that when drivers choose to perform a range of other tasks 
while driving there is an associated safety risk (Stevens & Minton, 2001). This could be seen 
as an effect of too high a workload or a failure in dividing attention between the tasks (Liu, 
2001; Jamson & Merat, 2005). Guidelines and methods to assist designers to develop systems 
with a minimum of negative side effects have been developed e.g.: the ISO standard, the EU 
statement of principles (EsoP, 2000) the HMI checklist and the 15 second rule (Green, 1999). 
These assessment methods provide tools to identify possible design problems but are 
relatively unhelpful for detecting the effects on workload or attention of the driver and 
primary task intrusion. Multiple task performance issues exemplify the interplay of 
fundamental and applied research. Multiple task performance is a very common daily activity 
and most of the time activities overlap each other; for instance we talk while we walk or read 
the newspaper while listening to music. Although people are usually able to perform multiple 
tasks at the same time, sometimes concurrently executed tasks can interfere with each other. 
For some activities distraction of one of the tasks is not critical. For instance, someone 
distracted by the radio while concurrently reading a book can simply pause or reread some 
sentences if necessary. For other tasks however such a failure to engage in the two tasks 
concurrently can have safety-critical consequences, such as car driving. Each second that a 
driver fails to monitor the ongoing traffic when driving with a velocity of 120 km/hour means 
driving 33 meters without paying attention. If an unexpected event takes place within this 
time window it could take longer for the driver to detect the event and the brake reaction time 
will be longer (Green, 2000). The critical question is if drivers, or particular subgroups of 
drivers, can deal with the multiple task situation introduced by IVIS-displays. And when will 
multiple task performance affect driving performance or the performance on the subsidiary 
task? Such questions could easily be answered optimistically, if only the capacities of human 
perceptual processing, attentional resources and working memory were unlimited. Driving 
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can be described as a task that is highly complex, requiring perception, motor actions and 
cognition (Aasman, 1995; Cnossen et al., 2000; Anstey et al., 2005) defined several subtasks 
within driving including speed control, lane keeping, curve negotiating, collision avoidance, 
motor control in handling the car (e.g. shifting gear) and visual orientation, which involves 
looking in the right direction at the right time. The visual orientation subtask is vital because it 
actualizes the overview of the traffic situation (see also situational awareness by (Endsley & 
Rodgers, 1998). Aasman (1995) argues that coordinating these subtasks (multi-tasking) can be 
seen as a task itself: doing the right thing at the right time. For example, when a driver 
approaches an intersection, there are many different subtasks that need to be carried out in a 
very short time. This involves integration and co-ordination of many discrete visual and motor 
actions, but also sampling and interpretation of the environment and other traffic participants' 
behaviour, while actions should be adapted to the environment (Cnossen, Rothengatter, & 
Meijman, 2000). With the introduction of driver assistance systems as a secondary task, an 
extra subtask is added and the already high complexity of the in-vehicle task environment is 
increased (Verwey, 2000; Pauzie, 2002; Blanco, Biever, Gallagher, & Dingus, 2006) Theories 
about this coordination and integration of multiple sub-tasks will be described here from the 
perspective of theories on working memory and the central executive, attention and the 
Supervisory Attentional System and resource theories. 
 

1.2.1 Working Memory 

 
Working Memory is considered one of these limiting factors for information processing. 
Research of information processing starting with the first measurements of mental processing 
speed by Wundt (around 1860) and Donders (1969), since then several lines of research 
have been developed that have focussed on the limitations of information processing. Humans 
perform much worse when they have to solve a problem that requires them to remember 
intermediate results, keep in mind subgoals and combine information. The limiting factor of 
this information processing is working memory, which is often used synonymously with the 
term short-term memory to refer to a memory system that holds information relevant to 
current goals and activities. Working memory has been defined by Baddeley (1986) as the 
temporary storage of information that is being processed in a broad range of cognitive tasks. 
Working memory has also been defined as a system comprising a "central executive", 
"visuospatial sketch pad" and phonological loop", each of which assigned functions involved 
with, respectively, attentional control, the temporary storage and manipulation of visual and 
spatial information and the maintenance of items in subvocal speech. (Baddeley & Della Sala, 
1996; Figure  1.2.1). Thus working memory has been defined in terms of a certain 
way information is stored, theoretical systems in which information is temporarily stored, and 
systems operating on such information (cf.Gladwin, 2006). 
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Figure 1.2.1: The working memory model (Baddeley & Della Sala, 1996). 

 
Yet another interpretation of working memory can be given in terms of task demands, in 
contrast with the inferred structures and processes involved in performing those tasks. 
Working memory tasks typically involve a certain type of task demand: performing goal-
directed mental operations on temporarily stored information (Baddeley, 1986). The 
storage of events makes it possible to link them together to for instance compare two tones or 
read multiple words. The decay of temporarily stored information may be adaptive, because in 
that way working memory implicitly encodes a specific kind of information, namely timing: if 
the information is still active, it is probably due to a recent or recently relevant event. The 
prefrontal cortex has been shown to play an important role in temporary storage and in goal-
directed changes in how information is processed. Anderson, Reder & Lebière (1996) showed 
that when, in a dual task, task complexity increases (e.g. the number of digits to remember is 
higher), decay in working memory can account for decrements in both tasks' performance. 
This result shows that limitations of working memory can lead to errors and therefore is also a 
factor of concern in the use of IVIS while driving. 
 

1.2.2 Attention 

 
Another theory of a limiting information processing factor for multiple task performance is 
attention. While it is perhaps true that, subjectively, “everyone knows what attention is” 
(James, 1890), attention is not so easy to define objectively. Roughly, “attention” appears to 
refer to the goal-directed distribution of how much information is processed of several 
possible streams. Various aspects of attention have been studied (e.g. Styles, 1997; Johnson & 
Proctor, 2004) and can be defined in following: selective attention (when one stream is 
processed to the exclusion of others), divided attention (when multiple streams are being 
processed) and sustained attention (when a subject attempts to reduce the normal decay in 
effective processing over time). For driving, all these aspects of attention are relevant 
(Groeger, 2000). The main forms of attention that would seem to be of interest to the current 
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thesis are selective and divided attention. Selective attention involves focussing attention on 
and shifting attention between stimulus locations, features or categories. It is generally 
evaluated by such experiments as dichotic listening, stroop task and visual search. Selective 
attention is needed while driving for scanning the area in front of the car to look for relevant 
information and cues or in case the driver needs to look at the dashboard to check the petrol. 
Mostly, the spot where the eyes are fixating is the focus of visual attention (but see also covert 
attention Posner, 1980). Visual attention serves to select some relevant sources of information 
in the visual field, while repressing others. Perhaps the most fundamental question about 
attention is the nature of this attentive selection process. In general, theories of perceptual 
processing propose that limitations can be classified in two classes. In the first class, it is 
stated that because perceptual processing is limited, it is necessary to have attention operating 
at an early stage to direct the perceptual processing resources toward relevant stimuli, making 
the processing quicker and more accurate (Treisman, 1982). The other class of theories says 
that the limitations lie at the post perceptual processing, and argue that attention operates at a 
later stage (Duncan, 1980). This is known as the early vs. late selection debate.  
 
The issue of the locus of attentional selection has also been studied with a visual search 
paradigm. Two classes of Visual Search models are defined (Chelazzi, 1999): the serial model 
of conjunction search, based on the idea that RTs increase because individual parts or aspects 
must be processed in a serial manner. This serial search has been described using the 
metaphor of the spotlight of attention (Treisman & Gelade, 1980). The parallel model 
proposes parallel processing even for conjunction search: all comparison processes are 
simultaneously initiated. According to this model increasing RT reflects increasing 
competition 1) for finite computing resources in the brain as the number of distractors 
increase (Biased Competition Model; Duncan & Humphreys, 1989) or 2) changes in the 
internal-external signal-to-noise ratio (Guided Search Model; Wolfe et al., 1989). This refers 
to a two stage model; the first stage is usually assumed to be composed of a set of modules 
that process features in some sort of spatiotopic array, the general activations maps which are 
generated by a pre-attentive bottom-up process. The second stage is a top-down process and is 
the endogenous focus of attention on specific aspects of the stimuli leading to higher 
activation of relevant features. In the HASTE-project a visual search task was used to develop 
a surrogate-IVIS to manipulate the task demand of the subsidiary task. Results showed a clear 
influence of the difficulty of the visual search on the behavioural measures on the surrogate-
IVIS. More disturbingly was an negative effect of visual search complexity on driving 
performance (Jamson & Merat, 2005). 
 
Experiments of divided attention involve monitoring two or more stimulus sources for 
information and also include the combination of any two tasks that have to be performed 
simultaneously. In a typical dual task situation participants are instructed to identify two 
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separate stimuli and make a separate response to each of the stimuli. If the two tasks involve 
responding to widely separated visual stimuli, dual task performance suffers because of 
physiological limitations- the stimuli cannot be fixated at the same time. If the two tasks have 
to be responded to with the same index finger, dual task performance will also suffer for 
simple biomechanical reasons. To avoid these effects and purely focus on effects of cognitive 
limitations, the two tasks are often presented in two different modalities and responses have to 
be made with different effectors. A robust finding is in such dual task situation is that reaction 
times to a second stimulus are slowed. Another effect is that the increase in RT is a decreasing 
function of the interval between the two stimuli. That is, when the stimulus onset asynchrony 
(SOA) is short, the reaction time for the second response will be slower than when the SOA 
between the two stimuli is long. This slowing of the second response with short SOAs has 
been called the psychological refractory period (PRP) effect (Telford, 1931). These tasks are 
typical laboratory experiments but Levy et al. (2006) recognized that this PRP-effect is also 
relevant for driving, and showed that a simple two choice task can increase brake time when 
the SOAs are short. 
 
Whereas within the Working Memory theory the central executive is responsible for the 
correct organisation of handling multiple tasks, Norman and Shallice (1986) proposed an 
extended and more detailed variant of the central executive: the Supervisory Attentional 
System (SAS; Figure 1.2.2). In their model of controlled attention they define two 
mechanisms. The first is a basic mechanism called contention scheduling, which is an 
automatic process involved in both routine and non-routine schemata. Schemata are action 
abstractions based on experience that are triggered when the appropriate set of conditions is 
met. The contention scheduling mechanism sorts out conflicting schemata by interactive 
excitation and inhibition of schemata. Normally the most strongly activated schema will gain 
in control of action. In a Stroop task this would be naming the written word. However the 
routine operations initiated by the contention scheduling might be insufficient and Norman 
and Shallice (1986) propose that deliberate attentional resources are needed when tasks, 

1) require planning or decision making;  
2) involve trouble shooting;  
3) are ill-learned or contain novel sequences of actions;  
4) are judged to be dangerous or technically difficult; or  
5) require overcoming a strong habitual response or resisting temptation.  

Under these circumstances pre-existing schemata are either inadequate or not present and 
have to be suppressed or substituted by novel schemata, and then the SAS becomes active. 
The SAS involves consciously controlled non-routine selection of schemas. The SAS biases 
the selection of schemata by the application of additional excitation or inhibition to schemata, 
changing the probability of selection (for instance when asked to name the colour of a colour 
word in a Stroop task).  
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Figure 1.2.2: A simplified version of Norman & Shallice’s model of attentional control (1986). 

 

The schema selection becomes slower but is flexible as opposite to the fast and rigid selection 
of schemas by the contention scheduling. The SAS thus inhibits old schemas and in this way 
new schemas are generated and integrated in the hierarchical network of the contention 
scheduling schemata. The involvement or not of the SAS can also be described as whether 
processing is controlled or automatic (Neisser, 1976; Schneider & Shiffrin, 1977). The main 
critique of the SAS theory is that no explanation is offered about how the SAS knows what to 
do. However, models such as the SAS provide the context in which such questions are asked 
in the first place – the idea of the biasing of schemas is needed to ask the subsequent question 
of how a causal mechanism can do so in a goal-directed fashion. 
 

1.2.3 Resources theories 

 
The need for research on applied topics arose during the WW II when due to technological 
developments the nature of work had changed. Gradually the physical requirements of work 
were been reduced, but replaced by cognitive demands. Whereas in the Netherlands the 
amount of physical work an employee may be required to do is regulated (e.g. the maximum 
amount of weight that can be lifted without using machines) the cognitive demand placed on 
workers is not (yet) bound to limits. The consequences of high cognitive demand in several 
applied contexts have been studied, for instance the ability of air traffic controllers to divide 
attention between multiple aircrafts or the ability of a security guard to maintain vigilance 
while monitoring multiple surveillance cameras during the night. As an example, Wickens 
(1992) described a controversy between an airline industry and a pilot association. The airline 
industry claimed that a certain class of aircrafts could be flown by two crew members, while 
the pilot organization claimed that demands at peak times would be excessive and would 
require a three person complement. Such issues have raised the question of how operators 
cope with added multiple demands on their attention and workload and how much they can 
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handle. In applied research this demand has been labelled mental workload and refers to the 
information processing required to adequately perform a given cognitive task.  
 
Early theories formulated a single pool of attentional resources that could be allocated to 
different tasks; as long as the total amount of resources was not exceeded, adequate 
concurrent task performance would be possible (Kahneman, 1973). This pool of resources 
could be flexibly allocated by the operator between subtasks. However, in Kahnemans theory 
the total amount of attentional capacity can vary according to motivation and therefore effort. 
So if more effort is put into the task more attentional resources are available. The amount of 
effort is also related to the overall arousal state; as arousal increases or decreases, so does 
attentional capacity. However, there was serious criticism of this unitary-resource theory. For 
instance performance can also poor at low levels of task demand, and this is not explained by 
this theory. Further, allocating more resources to one of two tasks does not always cause 
performance decrement in the other one, a phenomenon known as difficulty insensitivity. This 
is a violation of the idea that there is a single pool of resources. It is also possible to improve 
performance by changing the methods while achieving the same goal (structural alteration), 
for instance by changing the stimulus modality of one of the tasks. Finally, researcher have 
found instances of perfect time sharing: two tasks can interfere separately with a third task but 
can nonetheless be performed together without any decrement.  
 
Thus, this subsequent research, due primarily to Wickens (1980; 1984), revealed dual task 
interference that was inconsistent with these single source models, leading him to develop the 
multiple resource theory in which multiple resource pools were defined (Figure 1.2.3). 
Wickens proposed that there are separate resources available for each of the basic information 
processing stages of perception, central processing and responding. Also he proposed separate 
resources for different modalities like visual and auditory input modalities and manual and 
vocal responses. All these separate resources can be represented in a three-dimensional model. 
This model has some consistency with the proposed slave systems of working memory 
namely the visuospatial and phonological loop (Baddeley, 1986). However the multiple 
resource model does not include any organizing structure and does not offer predictions on 
possible interactions or conflicts between the codes and modalities. The only “organizational” 
aspect in the theory is that it is stated that switching attention brings a mental cost that may 
influence the sampling of different sources in the environment. This model therefore seems 
inadequate to predict possible origins of interference between tasks. Later studies commented 
that the multiple resource theory is untestable because it does not quantify the number of 
resources (Navon, 1984; Neumann, 1987). However, it can serve as a framework to guide 
researchers to develop task descriptions of dual task and time sharing performance: better 
overall performance of two tasks is expected when they use separate rather than common 
resources. Thus the theory predicts that when task demand increases in a secondary task (IVIS) 
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which has different in/output modalities than the primary task it will cause less interference 
on the primary task (driving).  

1.2.4 Summary 

 
Described above are different theories which try to define the way people are able to perform 

multiple tasks. Clearly, at least in experimental settings there are several limitations to 
information processing and these bottlenecks cause dual task performance decrements. 
Systems that are proposed to coordinate this multiple task performance are the central 

executive in the model of Baddeley and the extended version, the SAS. So if we come back to 
Aasman(1995) who stated that coordinating the subtasks of driving can be seen as a task in 

itself we could now appoint working memory or SAS as the coordinating system of the 
subtasks of driving and handling a IVIS. However it is unclear what is controlling the central 
executive or the SAS, resulting in the homunculus problem. Neither of these theories makes 

clear assumptions on where decisions come from. Nevertheless, various expectations 
regarding using an IVIS while driving can be drawn from these well-studied theories. 

Combining driving with any secondary task will be more difficult when the secondary task is 
less automatic, when there are no existing schemas for it and when much attention and many 

resources need to be invested in multiple tasks. The more demanding the IVIS task is, the 
more working memory will be taxed and the more need there may be for dividing visual  

 

 

Figure 1.2.3: Wickens multiple resources theory (1984). The different modalities, processing 
codes and stages, and response modalities are assumed to each have a separate pool of 
attentional resources. 
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resources. Timesharing between both tasks could then become both important for the task 
performance and highly demanding. Due to the large numbers of factors which affect driving 
performance and the limited ways to standardize the tasks without losing validity, it is hard to 
study the limits of attention in dual tasks during driving. For instance, one has to deal with the 
highly uncontrollable environment when doing an on-the-road study, and the large variety of 
IVIS tasks. But if it were possible to make some predictions on the basis of these theories 
which have already proven their value as a framework for fundamental research, this would 
be of great value in guiding applied research. As mentioned by Groeger (2000) it would be 
very valuable to have a cognitive model of driving. With such a model we could predict 
which tasks are more or less safe to perform together with driving. With such predictions, it 
would save the time of trying each and every available IVIS on the market, and perhaps 
testing the wrong issues; and it would be possible to develop some guidelines or 
implementation rules for the car industry. 

1.3 Cognitive driver models 
 
As mentioned in the previous section, driving is a complex task, comprised of multiple 
subtasks. Attempts to model driving and predict possible errors have lead to a wide variety of 
driver models (Michon, 1985). Each of these models focuses on different aspects of driving. 
In a review article Ranney (1994) describes the lack of progress in developing a 
comprehensive unitary model of driving behaviour. Early models in the highway safety field 
have been preoccupied with accidents, ignoring the influence of driver’s cognition and 
motivation on driving behaviour. Later motivational models arose which have the assumption 
that driving is self-paced and that drivers select the amount of risk they are willing to handle 
(Wilde, 1982; Fuller, 2005). A change in approach of driver modelling came with the 
implementation of theories from cognitive psychology during the 1980s. Two dominant 
theories arising from these changes differed from previous theories by taking into account 
higher order processing and decision making and driver goals. Both models are frequently 
referred to in ITS literature; these are the SKR-model (Skill-, Rule- and Knowledge-based) 
from Rasmussen (1983) and the hierarchical control model of Michon (1985). Rasmussen 
differentiates skill-based, rule-based and knowledge-based behaviours. Knowledge-based 
behaviour is invoked whenever behaviour is conscious and not automated, for instance when 
learning a new ability such as learning how to drive a car. Every step to reach a goal is 
performed consciously. Because there is no routine this is attentionally demanding and the 
execution of the task is slow. The rule-based level is reached when the performance of a task 
involves automated activation of rules by which a sequence of subroutines can be activated. 
Rule-based behaviour is generally based on explicit know-how and the rules can be reported 
by the person. Skill-based behaviour is performed without conscious attention or control, and 
tasks are performed smoothly and quickly. The basis for such performance is the possession 
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of highly practised procedures, which are initiated. Behaviour at the skill-based level is 
triggered by sensory input. 
 
A three-level hierarchy in driving-related cognition is also proposed by Michon (1985). The 
three levels include the strategic, tactical and operational level of vehicle control. On the 
strategic level decisions are made about trip planning in general, including planning the route, 
trip goals like minimize time or avoid traffic jams, and the time of departure. The tactical 
level involves manoeuvring to negotiate common driving situations like intersections, 
switching to a different gear in curves, obstacle avoidance, overtaking or entering a traffic 
stream. The operational level consists of decisions which are relevant for basic vehicle control 
activities like braking, steering and changing gear. The three levels are hierarchically 
dependent on each other, which means that the strategical level defines what should be done 
on the manoeuvring level and thus defines the goals for the operational level. The reverse can 
also occur: when the driver is unable to perform actions on a lower level (e.g. change lane to 
the right lane and take the exit) goals on the highest level may have to be revised (e.g. take 
another route). The three levels can be differentiated on a temporal level; the amount of time 
that is needed to define a goal and the time that is available to make a decision. The parts of 
the driving that involve the strategic level take the most time, in the order of minutes. 
Subtasks that have to be performed on a tactical level can have a duration of several seconds 
and even milliseconds at the operational level (Hommels & Hale, 1989). An interesting 
difference is that between the amount of time needed and the time available to come to these 
decisions. A discrepancy between these can cause time pressure which can lead to increased 
task demand and performance loss (Davidse, 2003). Time-pressure exists continuously at the 
operational level, when the driver has only a limited amount of time to react to visual input 
and to avoid safety critical situations (Brouwer et al., 1988). At the highest level time pressure 
is generally not that high, but if it occurs it is likely critical. For instance, due to failing to 
inspect the road signs a driver may need to make a last minute decision whether or not to take 
the upcoming exit. 
 
These two models have been combined (Figure  1.3.1; Hale et al., 1990). For an experienced 
driver most driving tasks are on and under the diagonal from the upper left to the lower right 
of the table. The driver tasks encountered by inexperienced drivers are described by the other 
quadrants in upper right corner. When the driver is more experienced more tasks become 
automated and move to a lower level (skill). Therefore drivers operate more predictably and 
homogeneously at the skill- and rule-based level than at the knowledge-based level and are 
more likely to do so with increasing experience (Hale, Stoop, & Hommels, 1990). However, 
there are some (strategic) tasks that even experienced drivers have to perform at knowledge 
level like navigating in a unfamiliar area. It is in such situation that having a route guiding 
system has clear benefits. 
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 Planning Manoeuvre Control 

Knowledge 
Navigating in 
strange town 

Controlling a skid on 
icy roads 

Learner on first 
lesson 

Rule 
Choice between 
familiar routes 

Passing other cars 
Driving a unfamiliar 
car 

Skill Home/work travel 
Negotiating familiar 
junctions 

Roadholding round 
corners 

Figure 1.3.1: Examples of selected driving tasks Michons control hierarchy and Ramussens 
skill rule knowledge framework (From A.R. Hale et al. 1990, Figure 1 p. 1383) 

 
A recent model, the task – capability – interface (TCI) model (Fuller, 2005), places the driver 
in interaction with demands of the road environment; this model is a reaction to the models 
that try to determine driving behaviour in terms of risk, and is in line with the risk 
homeostasis theory of Wilde (1982). Fuller argues that risk of collision is generally not 
relevant for the decision making loop; instead, feedback regarding the difficulty of driving is 
relevant. This task difficulty is defined as the difference between the capability of the driver, 
and the task demands at a certain moment. When capability exceeds demand the task is easy 
and when demand exceeds capability the task is too difficult and the driver fails to fully 
control the driving, possibly leading to an accident. Thus drivers adopt a certain level of task 
difficulty they wish to experience when driving and try to maintain this level of task difficulty. 
In figure 1.3.2, a schematic overview of the TCI model is given. In this figure the factors 
based on driver characteristics are in the upper left corner, while factors of the environment 
and vehicle are in the lower right corner. The capability of the driver is limited by mental and 
physical characteristics, like vision, coordination and reaction time. These factors are 
relatively stable and can only change as a result of disorders, diseases or with age-related 
functional limitations. On top of these characteristics are knowledge and skills the driver has 
acquired through training and experience. Together these biological factors and the acquired 
factors determine the upper limit of competence of the driver. However this maximum level 
of capability is not permanently delivered due to current influences on the individual, 
including: motivation, effort, fatigue, emotion, drowsiness, time-of-day, drugs e.g. alcohol 
and stress. Each of these factors can cause the driver competence to drop temporarily and 
therefore decrease the level of capability (Fuller, 2005). 
   



  

 20

 

Figure 1.3.2: The task-capability-interface model from Fuller (2005).  

The driving task demands in the task-capability-interface model are a large variety of 
interacting factors which lie outside the driver. There are environmental factors such as 
visibility, road marking, signals and there other road users with various properties. Also there 
are operational features of the vehicle being driven, such as controls, the possibility to provide 
roadway illumination and - importantly for this dissertation- information displays. Added to 
these elements are the elements over which the driver has full control, namely the speed and 
the vehicle's trajectory. Fuller thinks of speed as the most significant factor controllable by the 
driver to vary task demand. Clearly, the faster a driver travels, the less time is available to 
take information in, process it and respond to it. Other road users can make compensatory 
actions as well, such as avoiding collisions. Crashes can also be prevented by adjusting the 
infrastructure or the vehicle to lower task demand. For instance, intersection angles can be 
adjusted, which can increase the time available for the driver to perceive, to interpret, to 
decide, and to initiate the appropriate action. Another way to reduce task demand is 
(re)training the driver. The training can be aimed at removing bad driving habits, improving 
the useful field of view or compensating for functional limitations which increase due to 
ageing (Coeckelbergh, 2002). This training will improve the driver’s capabilities and help 
them to deal with the task demand, thus decreasing the task difficulty. We use these driver 
models to predict the impact of IVIS on driver performance. The SKR-model could also be 
valid for the learning process when dealing with an IVIS. This means that the driver will start 
on the knowledge level when the IVIS is introduced into the car. This beginning period would 
be the most demanding because each step is performed consciously, because there is no 
routine and the execution of the task is slow. This means that the driver will spend more time 



  

 21

with his eyes on the systems display instead of on the road. On the basis of the TCI model, it 
would be expected that this novel situation is less critical for people with high capabilities in 
an environment with a low task demands. People with lower capabilities due to, for instance, 
low driving experience or due to ageing, will experience greater task difficuly. But as long as 
task demand does not exceed the drivers capabilities no incidents or accidents will occur. 
Importantly, people trying to cope with the increased task demand will try to compensate for 
it by, for instance, driving familiar routes to get used to the IVIS system or investing more 
effort. When gaining more experience with the system the drivers will deal with the IVIS 
system on a rule- or skill-based level which lowers the task demand because handling the 
IVIS becomes more automated. If the IVIS system is well designed it could assist the driver 
with the driving task and therefore lower the task demand. For instance, with elderly drivers 
IVIS systems can make the driving easier by compensating for their reduced capabilities 
(Davidse, 2005). However it is also known that elderly drivers have more trouble with 
dividing their attention with increasing age (Verhaeghen & Cerella, 2002).  
 
There are periods that have a particularly high task demand like driving through a large city 
during rush hour. Further more the driver capabilities can fluctuate as well as the task 
demands. If the capabilities of the driver are also low during (e.g. fatigue) then it could take a 
long time to make a decision, and increase reaction times on the operational level (e.g. brake 
rection time). In this case the task demand exceeds the driver capabilities and causes an 
increased task difficulty. Task difficulty is thus the combined effect of the task demand 
(external factors like the vehicle and the environment) and the driver capabilities (human 
factors). The effect that the task demand has on the driver including the driver state has also 
been labeled as “workload” (e.g. de Waard, 1996). 
 

1.4 What causes task difficulty? 
 
In this section factors are described that influence task difficulty i.e. task demand and driver 
capability. Driving task demands are differentiated by elements outside the vehicle, like road 
type, weather condition and factors within the vehicle namely IVIS and telecommunication 
and further the characteristics of the driver to determine driver capability are discussed.  
 

1.4.1 Characteristics of the environment  

 
The road types can have different task demands; urban roads are mostly high on visual 
information caused by the presence of buildings complex and non-standardized road 
trajectories, visual occlusion by buildings. Urban roads have mostly speed limits between 30-
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50 km/h. And in urban road areas all types of road users are present like pedestrians, cyclists 
and mopeds. Rural roads have partially standardised road environment. The presence of 
pedestrians and bicycles are few but meeting traffic is common. Also there is a large 
possibility to encounter slow traffic like farming vehicles. Speed limits can be 60 or 80 km/h. 
Motorways are highly standardised and thus predictable to the driver. Instead of the travel 
time in urban and rural areas which is normally short i.e. less then 1.5 hour, travel time on 
motor highways can be long up to several hours which can reduce vigilance due to monotony 
(De Waard & Brookhuis, 1991). Speed limits are 120 or 130 in Europe except for Germany 
where there is no speed limit but only an advisory speed of 130 km/h. One possible option to 
determine task demand of these different road types is to look at accident data. One could 
expect the distribution of road accidents to be equal between urban and rural roads and 
motorways taking into account the mileage and speed limits on these roads. However 
statistics show this is not the case. For instance, in the UK mileage is highest on the 
motorways which account for only 26% of the accidents while urban roads show an accident 
contribution of 51%. Also maximum speed limits are not linearly related to the amount of 
accidents. For example, in the Netherlands most accidents occur on roads outside the build-up 
area with a speed limit of 80 km/h instead of on the motorways where the speed limit is 120 
km/h (CBS, 1999). Motorways are designed to be driven at a high speed and are therefore 
well standardised, predictable, and secure. On the contrary, rural roads are less standardized 
and sudden unexpected effects can take place like appearance of animals on the road, slow 
traffic or encountering oncoming traffic in the wrong lane. Junctions are usually more 
dangerous than the road sections i.e. links between them. On average accident rates at 
junctions are 2.5 times larger than at links (Kulmala, 1995). This is the case because crossing 
and entering intersections require the driver to perceive a lot information in a short period of 
time. At the same time decision are to be made together with a rather complex car handling 
(Hydén & Draskóczy, 1992).  
 
Another environmental factor is weather condition, especially in northern European countries 
road surface condition can cause task demand to increase. For instance, braking performance 
of vehicles is substantially reduced in icy and snowy road surface conditions and deceleration 
capacity may decrease by more than 90% compared to dry conditions (Strandberg, 1998). 
Also visibility can be decreased due to heavy rain fall or fog. Other environmental factors can 
be time of day, road marking, road signs and signals. In general, night time driving is 
associated with a higher probability of crash involvement due to factors such as reduced 
visibility, fatigue, and higher incidence of alcohol use (Massie et al., 1995). The visibility of 
road signs also decreases significantly at night, with the problem being more pronounced for 
older drivers. 
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1.4.2 Characteristics of the IVIS 

 
The information that the IVIS provides to the driver can be either visual, auditory or haptic. 
When looking at the relationship between the modalities in fundamental studies it is known 
that their processing is asymmetric. In most cases visual information gets the upper hand 
giving competing auditory or haptic information. This phenomenon is called visual 
dominance (Mc Gurk & Mac Donald, 1976). In case one has to turn a volume button or look 
at a navigation display the driver has to decide when it is safe to take the eyes of the road and 
for how long. It should be long enough to complete the task but short enough so the vehicle 
and driver will not be at risk. Although the focus of attention can be elsewhere than the eyes 
are directed, most of the time visual attention is linked to the point of eye fixation (Helmholtz, 
1866; Eimer, 1996; Eimer & van Velzen, 2006). For a good driving performance the driver 
needs to attend the visual information outside the car to prevent the vehicle from going of the 
road or colliding with obstacles (Mourant & Rockwell, 1972). Increases in the time spent 
looking at in-vehicle systems will increase the chance of inadequate longitudinal and lateral 
tracking (e.g. Horberry, Anderson, Regan, Triggs, & Brown, 2006). When displaying visual 
information it is important that the time that the driver takes his eyes off the road is minimized. 
So the displayed message should have a low complexity, making it easy to perceive and 
interpret the information. Mollenhauer et al. (1997), indicated that more than four glances at a 
visual information display or glances longer than 2 seconds indicate dangerous allocations of 
visual workload to the display. The American Society of Automotive Engineers in 2000 
however states that any navigation function available by the driver while in motion should 
have a total task time of less than 15 seconds, which is about twice the time Mollenhauer 
mentions. Choosing the appropriate modality to convey the information is important when 
designing an in-vehicle system, the combination of the modality and type of information can 
affect the usability and safety of the system (Noy, 1997). As most of the information needed 
for the driving task itself depends on vision, the auditory and haptic modality are often 
considered less distracting (Michael & Casali, 1995; Wickens & Seppelt, 2002). Auditory 
information is omni-direct making it suitable for alerting and warning messages (Sorkin, 
1987). While in most cases auditory information is less interfering and preferred over visual 
transmission of information this does not hold for all situations. Detailed location information 
about a cross section can be more efficient and easier to understand shown in a picture, 
especially when drivers are unfamiliar with the situation (Molnar & Elby, 1996). Furthermore 
auditory information is discrete and system paced, requiring correct timing, while visual 
information is continuous and access of this information is controlled by the driver. Audio 
messages are discrete whereas visual displays are continuously updated. When audio 
messages are not correctly timed they rely on the drivers’ memory to be able to recall the 
information at the proper time. Hence when these audio messages are too long a great demand 
will be put on working memory. This concern has led to research on both visual and auditory 
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presentation of information. This research has resulted in mixed results, with some studies 
finding that presenting information visually resulted in a less safe condition, while other 
studies have found just the opposite. In one study on the effect of both visual and auditory 
sensory modalities in an IVIS system, Mollenhauer et al. (1997) found that although auditory 
presentation resulted in a greater recall of information, measures of driving performance (lane 
position deviations, rapid steering movements, and road-heading error) were worse under 
auditory presentation, indicating a less safe condition.  
 
According to Drury and Clement (1978) and Treisman (1982), the number of elements to be 
searched has a dominant effect on search time. In other words, the architecture of a display 
influences the complexity of a system. Consequently, a display should be structured in such a 
way that target items are reached in the minimum average time. But as the number of 
alternatives from which an operator must make a selection increases, the time required to 
respond correctly generally increases as well. Searching time is especially long in cases that 
the target items are not present, as is known from no-go trials in visual search tasks (Treisman 
& Gelade, 1980; Wolfe, Cave, & Franzel, 1989). In the letter-search task developed by 
Neisser (1976), participants scanned a vertical column of random three- or five-letter 
sequences until they detected the target letter. Within each search, the time was directly 
proportional to the distance of the item from the top of the menu. So from a human factors 
point of view it would be wise to have critical or frequently needed information in the upper 
left corner when designing a IVIS system in accordance with the reading direction (i.e. of 
western european countries).  
  
Thus, if a display content is very complex, it may require the operator’s eyes off the road for 
an inordinate amount of time to extract relevant data. The same is true for display texts that 
are difficult to read. Text size legibility is governed by both the character height on the 
display and the viewing distance. Readability in general is also governed by the visual angle 
at which a user is looking at the display. Because the quality, format, and content of displays 
vary, the perceptual demands their use imposes on the driver vary as well. However, not only 
the format of the display itself imposes perceptual demands on the driver, the location of the 
displayed information (of whatever quality) contributes as well a great deal to distraction from 
the primary task of driving. To minimize the physical switching distances between two 
objects of visual attention, head-up displays (HUD) have been introduced into the modern 
automobile. A HUD describes a display where the display elements are largely transparent, 
meaning the information is displayed in contrasting superposition over the user's normal 
environment. Furthermore, the information is projected with its focus at infinity. The benefit 
of this technology is that users neither need to move their heads nor refocus their eyes when 
switching attention between the instrument and the outside world, thus decreasing eyes-off-
the-road.  



  

 25

 
As the relevant information of an in-vehicle system is usually not only displayed to the driver 
but also has to be adjusted, switched, stored, etc., drivers have to interact with the system by 
some kind of input device or control. The most important consideration for a control is its 
accessibility: controls should be located within easy reach distance to the driver. Conventional 
in-vehicle controls are located on the centre console and are fairly easily visible, but the reach 
distance can be rather large. For this reason, many car manufacturers have begun to locate 
secondary task controls, e.g. controls of radio volume and tuning, on the steering-wheel or 
even a small remote. As a consequence, poorly designed controls, high-order system 
dynamics, inadequate displays, and incompatible controls and displays may make it difficult 
for an operator to accomplish even relatively easy tasks (Huey & Wickens, 1993). 
 

1.4.3 Characteristics of the driver  

 
Biological factors influence the capability of the driver (processing speed, motor coordination, 
reaction time etc.) and differ between drivers and within drivers. Variation within the driver is 
attributed to psychophysiological state like arousal and fatigue. Experience of the driver has a 
positive effect on task demand; more aspects of the task become automated, thus causing a 
lower demand on working memory. Such knowledge acquired with experience includes 
formal elements such as rules of the road, procedural knowledge defining what to do under 
what circumstances (conditional rules) and a representation of the dynamics of road and 
traffic scenarios which enable prediction of how those scenarios will develop, like an 
internalised mental video which runs on ahead of the immediately observed situation (Kaempf 
& Klein, 1994).  
 
Especially vulnerable to dual task interference could be elderly drivers, who are known to 
have motoric, perceptual and cognitive functions decline, due to normal ageing which affects 
driving (Anstey, Wood, Lord, & Walker, 2005). However, reduction of the maximum level of 
performance with age is accompanied with a larger inter individual variability, thus making 
chronological age a unsuited predictor of actual driving capabilities. Older drivers can be seen 
as a vulnerable road user group, although there are still some common knowledge 
misconceptions regarding their impact on road safety. When looking at accidents rates, the 
number of accidents that elderly are involved in is higher than for young people (age <25 
years) when looking at the total population (Merat et al., 2005). However, per driven mileage 
elderly drivers have an even chance of getting involved in a accident, this is called the 
“mileage bias”. The accidents that elderly people seem to get involve in are seldom due to 
careless or aggressive behaviour. Elderly have a tendency to comply with the law and are less 
inclined to speed, dangerously overtake another vehicle or ignoring police instructions. They 
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are underrepresented in single vehicle accidents, but have more than average multi-vehicle 
accidents and tend to be at fault in their collisions. The inability to handle complex traffic 
situations is seen as a major cause why older drivers have accidents. Accidents typically 
happen at cross-sections, left turns or an incorrect assessing of the gaps in traffic streams. 
Older drivers do have a higher chance of dying in a car accident. However, the main cause for 
higher dead rates among elder drivers is that if they get involved in an accident they are more 
likely to die due to their greater physical vulnerability (“frailty bias”). Furthermore it is 
known that elder people are able to compensate for part or all of their deficiencies by profiting 
from the experience they have gained over the years. They thus adopt a number of coping 
strategies. Eby et al. (2000) gives a list of typical compensation patterns: 

- Reducing or even stop driving in the dark and with poor weather conditions like fog, 
snow and rain.  

- Reducing highway driving, take more time and drive slower 
- Try to avoid unfamiliar areas and routes.  
- Planning routes with right turns or protected left turns.  
- Driving with a co-pilot.  
- And finally giving up driving voluntarily. 

When using driving simulator tests to define the driving capabilities one has to be aware that 
this environment is artificial and can give an false impression of driving performance and can 
not be transferred one to one to driving on the road. For instance Schlag (1993) found when 
comparing driver performance of middle age (40-50) and older drivers (60-82) both in 
laboratory and in the field, that the performance of the elderly was worse in all laboratory 
experiments. However, with the road tests there was no performance difference in most of the 
situations. This improvement of the elderly driver performance in the field could be 
interpreted as an effect of experience and compensatory strategies that are used in on-the-road 
driving, but can not be transferred to a laboratory setting. In the study of Herriotts (2005) one 
in five older subjects (60-79 years; n=1013) reported that using the radio was difficult and 
some stated that they never used them due in part to the perceived complexity and possible 
distraction. Two questions arise from this result: when using a radio while driving is 
considered complex and interfering with the driving, how will other self reports of ITS 
systems be for this group of drivers? Apparently some drivers perceive the difficulties they 
have operating the radio resulting in giving up using the radio. Can all drivers make such 
estimations of how much task complexity they can handle and are they correct or do they 
over/underestimate themselves? 
 
IVIS could assist drivers with part of their coping strategies, like planning a route without 
highway driving. Also some authors suggested that driver assistance and information systems 
might be able to help overcome limitations associated with ageing (Mitchell & Suen, 1997; 
Caird et al., 1998). This would enable older drivers to keep their drivers license longer, 
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decreasing their accident involvement and enhancing traffic safety (Davidse, 2005). At the 
same time however these IVIS systems could add to task complexity and demand which could 
cause especially elderly drivers to driver worse. It is known that in older age deterioration of 
the brain begins primarily at frontal regions (Raz, 2000). These frontal brain regions play a 
major role in planning, decision making, conflict resolution and executive functions (Craik & 
Bialystok, 2006). These deteriorations could influence the capability to perform in complex 
multitask situation such as driving with an IVIS. 
 

1.5 How to deal with increased task demand? 
 
As described in the previous section, high task demand can threaten driving performance due 
to information processing limitations. Humans have several ways to adapt their strategies to 
deal with changing task demand. It is expected that drivers will adjust their strategies to reach 
what can be described as homeostasis or an optimum balance between effort or expected 
fatigue on one hand and performance or risk on the other (Wilde, 1982; Fuller, 2005; 
Fastenmeier & Gstalter, 2006). There are at least three ways in which a driver can adapt his 
behaviour to cope with higher task demand (Bainbridge, 1974; Hockey, 1993). These are 
investment of more effort, change of working strategy and neglecting information of 
secondary importance (first description by Cnossen, 2000). 
 

1.5.1 Investment of more effort 

 
An increase in task demands is to invest more effort into the task. Mulder (1986) 
distinguished between compensatory and computational effort. Computational effort applies 
to controlled information processing, as opposed to automatic information processing (section 
1.2). Compensatory effort refers to compensation for suboptimal psychophysiological states 
due for example to fatigue or alcohol use. This is of course not to say that these types of task 
and state-related effort do not co-occur. For example, performing a complex task while being 
fatigued or in noisy conditions involves both types of effort. It is possible to invest both state-
related effort and task-related effort at the same time. Either type of effort investment is 
associated with costs: fatigue, anxiety and stress. It is with this strategy that 
psychophysiological measurements can make a contribution by measuring extra 
compensatory effort - which by definition should not be directly visible in behavioural results. 
For instance psychophysiological measurement such as components of the electro-
encephalogram (EEG) or heart rate can pick up signs of mental strain during driving even 
when drivers' reaction time and driving performance do not appear to be affected. 
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1.5.2 Change working strategy 

 
Another way to deal with increased task demand is to change how the task is performed. 
There are usually multiple ways to perform a complex dynamic task (Bainbridge, 1974) and 
not all working methods involve equal amounts of effort. Driving speed is an important factor 
by which a driver can control task demand (Fuller, 2005). This is also in line with Hancock 
and Cairds model which predicts that task demand increases as the available time for actions 
decreases. Speed can be seen as an indication of the drivers tolerance for visual information 
rate and reaction time. By reducing the speed the driver allows himself more time to assess 
the situation and to react. In a study by Dingus et al. (1997), a relation was found between 
level of demand and driving speed. Participants were required to drive with different route 
guiding information systems: visual displays, traditional paper maps, or messages by voice. 
The authors noted the long duration of glances at the displays of the visual route guiding 
systems, indicating high visual demands; in general, long glances are taken as evidence that 
the information presented is difficult to process (Fairclough et al., 1993). The results showed 
that the systems with the highest visual demands were associated with lowest driving speeds. 
 
Changing speed allows performers to use the same working strategy to achieve their goals but 
under less time pressure. Subjects may also change their strategies. A well known example of 
this comes from Air Traffic Controllers (ATCos) changing their working method to reduce 
the demands on their working memory. ATCos have sectors of air space in which they are 
responsible for all air traffic. The ATCo has multiple goals, which sometimes conflict, for 
example, the goal is to maximize the in and outflow of aircraft from the sector, while adhering 
to various strict safety criteria such as for instance a minimal separation. Task demand is 
relatively high because of the verbal communication, in terms of instruction and clearances 
given to the pilots. This vulnerable voice communication contributes to the inherent 
sluggishness of the system. The delay between a control issued to the aircraft to speed up, 
change altitude or heading, the execution of the command (including the response by the 
aircraft) may take several minutes to occur on the radar display. This sluggishness of the 
system makes prediction, anticipation and planning important aspects of the work. ATCos 
started using less demanding strategies by assigning standard flight routes to pilots as the 
number of aircraft increased (Sperandio, 1971 1978).  
 

1.5.3 Neglecting subsidiary tasks or information 

 
Another way to deal with high task demands is to pay less attention to secondary activities or 
to non-essential information. Not all subtasks are equally important in achieving the main task 
goal and some can therefore be skipped or be decreased in frequency (Brookhuis et al., 1991) 
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without jeopardizing the fulfilment of the main task goal. One form of decreases in secondary 
task performance during high task demands is attentional narrowing, or increased selectivity. 
Under an increase in task demands, it has been found that peripheral information is processed 
less by operators, as they concentrate on information presented centrally, which they 
considered to be more important. And operators have even been shown to skip a subtask if 
that subtask is not essential for the main task (Hockey et al., 1998). They restrict their 
attention to a subset of information sources, ignoring other displays not directly relevant for 
good performance. Even people who have been told that they will be experiencing a difficult 
situation have been shown to restrict their attention to central cues, ignoring peripheral stimuli 
in a detection task (Weltman et al., 1971). Attentional narrowing can been seen in 
environments like aircraft cockpits where all attention is focused on one display indicating a 
possible problem and operators ignore other displays necessary for flight (Wickens & 
Hollands, 2000). This attentional narrowing by an increase of workload has also been studied 
with the Peripheral Detection Task (Martens & van Winsum, 2000) by measuring the 
detection of a stimulus in the peripheral of the functional visual field. The functional visual 
field decreases with increasing workload making the detection of the stimulus more difficult. 
  
It is important to note that although the level of task performance may decrease by adopting 
less demanding working strategies, or by paying less attention to non-essential subtasks or 
information, this happens only in what the participant considers the less important parts of the 
task (Cnossen, Rothengatter, & Meijman, 2000). It is therefore important to know what 
drivers see as the main task goal at given times, under different conditions. Furthermore it 
should be acknowledged that drivers will not always strive for perfect task performance but 
will be content with a performance that is adequate. The driver will always try to protect the 
main task goal even when experiencing high task demands. All of the above techniques can 
serve to protect the main task goal. So when information or input becomes overwhelming or 
more motor actions have to be executed than can be performed these strategies can be put into 
play. It is however known that these compensatory strategies are not always sufficient to 
compensate for the extra demand of a IVIS while driving. In the HASTE project (Carsten & 
Brookhuis, 2005) a visual surrogate IVIS task consisted of a visual search task with three 
difficulty levels, based on Treisman's Feature Integration Theory (1988) and designed in such 
a way that it had high visual demand and a minimum of cognitive processing. In the baseline 
measurement the visual search reaction times and error rates increased with difficulty level as 
expected. When the secondary task was performed, while driving a driving simulator, the 
performance further degraded on the secondary task. Even though drivers attempted to adapt 
their strategy by slowing down, a reduction in secondary task performance could still be 
detected. More worryingly, the increase in IVIS demand was also associated with a reduction 
in primary task performance, most noticeable in time-to-collision (Jamson & Merat, 2005). In 
essence, drivers seemed incapable of fully prioritizing the primary driving task over the 
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surrogate IVIS. And they were not able to fully compensate for the increased task demand 
induced by the surrogate IVIS. 
 

1.5.4 Measuring effects of task demand using the EEG 

  
Event Related Potentials (ERPs) are well suited for addressing the locus of selection issue and 
have been used to find a solution for the early vs. late selection debate. ERPs are averaged 
segments of the electro-encephalogram (EEG) time-locked to specific stimuli. With a 
sufficient number of trials any brain activity that is not time-locked to the stimulus will 
average out, improving the signal to noise ratio. The sequence of the components following a 
stimulus reflects the sequence of neural processes triggered by the stimulus, beginning with 
early sensory processes and proceeding through subsequent decision- and response-related 
processes. The amplitude and latency of the successive peaks can be used to measure the time 
course of cognitive processing, and the distribution of voltage over the scalp can be used to 
estimate the anatomical location of these processes in the brain. To asses the locus of 
attentional selection, researchers compare the ERP waveforms elicited by attended and 
unattended stimuli. In figure 1.2.2. two ERPs are shown, both elicited by a rectangle 
presented in the left visual field. One waveform was elicited when attention was directed to 
the left visual field, the other when attention was directed to the right visual field. The 
waveforms indicate that attention modulates the processing at 60 ms, where the waves begin 
to differ in latency and amplitude, providing an upper limit on when attention starts to 
modulate brain activity (earlier effects may exist and not be reflected in the ERP) (Luck, 
Woodman, & Vogel, 2000). A possible measure to define task demand or mental resources on  
the driver is the P300, or P3, component of the ERP. Many applied ERP studies have focused 
on the P300 component, because it is one of the largest components and is relatively easy to 
evoke using a secondary task. The P300 amplitude is assumed to reflect resource allocation to  
 

 

Figure 1.5.1: Paradigm for using ERPs to study attention (from Luck et al., 2000). 
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a task-relevant stimulus(e.g. Kok, 2001) For instance in (1985), Janssen and Gaillard studied 
the P300 in a secondary auditory Sternberg task when participants drove on rural, city and 
highway roads. They found that the P300 amplitude was decreased and latency increased as a 
result of task load. A recent study of Raukausas et al. (2005) studied attentional resource 
allocation while driving in a car simulator and performing two secondary tasks. The first task 
was a cell phone conversation and the second an in-vehicle task requiring visual attention and 
a manual output. They used an auditory novelty oddball (80% non target tones, 10% targets 
and 10% novel sounds) to elicit a P300. Analysis of the P300 amplitude evoked by the novel 
sounds showed that using a cell phone reduced the P300 amplitude and thus the resources 
available for attending and evaluating sudden and unexpected events. During the in-vehicle 
task the P3 amplitude seemed less affected than in the cellular phone condition, but was still 
reduced. The EEG can also be used to measure the magnitude, or power, of ongoing 
oscillatory activity. Of particular interest to the current study is alpha-band (8 - 12 Hz) power, 
as this has been shown to be sensitive to task demand (Kramer & Strayer, 1988; Sirevaag, 
Kramer, Coles, & Donchin, 1989; Fournier et al., 1999). Power is less sensitive to variations 
in the precise timing of events than ERPs, making it a useful complementary measurement. 
Alpha-band power has been used as a monitoring tool for drivers’ state studying workload 
vigilance, drowsiness and attention (Schier, 2000; Brouwer et al., 2004) and alpha power 
increases with time-on-task and fatigue and has been used to study drowsiness while driving 
(e.g. Schier, 2000, Wilschut, 2005, Papadelis et al.,2007) Thus, the EEG provides multiple 
methods to obtain insight into cognitive processes in a non-intrusive manner. Further, effects 
on e.g. invested effort or attention can be detected even if behavioural effects are obscured by 
compensation. 
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1.6 Aims 
 
As discussed above the impact of IVIS has a complex pattern of advantages and 
disadvantages. In the present dissertation I will focus on the effects of dual task performance 
while driving on drivers’ attention and workload and the subsequent impact on driving 
performance. Such effects will be evaluated using simulated visual IVISs and simulated 
driving tasks. ERPs and EEG power will be used to provide more insights in effects on the 
cognitive state of the driver. Finally, the influence of healthy ageing on this type of dual task 
interference will be evaluated.  
 
The first three experiments explore the effects of the visual display characteristics. An 
adaptation of the HASTE visual search task was used as a surrogate IVIS (Carsten & 
Brookhuis, 2005). In the first experiment behavioral and ERP data of the visual search task 
was investigated and two dimensions of the visual search task were manipulated: set size and 
complexity. In the second experiment the inteference of the visual search task with driving 
was studied using a simulated driving task. Furthermore, young and elderly participants were 
compared. The third experiment also investigated visual search, simulated driving and 
different age groups, but additionally studied the effects of attention allocation and 
preparation using ERPs. Finally, the advantages of using a Head-Up Display (HUD) instead 
of a Head-Down Display (HDD) were investigated.  
 
The second set of experiments focussed on the time course of interference of an IVIS task 
on critical driving tasks. These experiments were inspired by the PRP effect (Telford, 1931; 
Welford, 1952). When the driver interacts with an IVIS while driving there is effectively a 
short period of dual task performance, so if IVIS information is presented in close temporal 
proximity with an event in traffic that requires a quick action, for instance an emergency 
brake, the reaction time might be affected by the processing of IVIS information. In the first 
experiment the effects of modality and timing on braking was investigated with a tracking 
task. The second experiment was executed in a driving simulator, included EEG 
measurements and compared young and elderly participants.  




