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Glossary 

BL Baseline. Corresponds to driving without any secondary task. 

Driving 
behaviour All behaviour related to the driving task 

Driving 
performance 

The relationship between driving behaviour and the driver’s travel related 
goals and criteria. 

Driving 
performance 
indicator 

Effect in a driving behaviour measure that can be explained in terms of driving 
performance. E.g. increased lateral position variation is an indicator of reduced 
lateral control. 

Driving task All aspects involved in mastering a vehicle to achieve a certain goal 

ECG 
Electro. Recording of the cardiac electrical activity, which can be used for the 
calculation of heart rate 

HASTE 

Human Machine Interface And the Safety of Traffic in Europe. HASTE (2002–
2005) is a European project that was supported within the specific programme 
Competitive and Sustainable Growth and is in specific response to Growth Task 
2.2.5/6 – Development of methodologies and performance measures to assess long 
term safety implications of new in-vehicle technologies including HMI for road 
transport 

IVIS In Vehicle Information Systems 

Mental 
workload 

The specification of the amount of information processing capacity that is used for 
task performance 

Primary task The task with the highest priority in a multi-tasking situation. 

RLv 
Road complexity level. In simulator rural road: RLv1 = straight road; RLv2 = 
curvy road; RLv3 = curvy road with critical events. In simulator motorway: RLv1 
= normal driving conditions; RLv2 = critical events. 

S-IVIS 
Surrogate In Vehicle Information System. Secondary tasks representing IVIS in 
terms of cognitive and visual load. 

SLv S-IVIS difficulty level. SLv1, SLv2 and SLv3 in increasing difficulty order 

Secondary task A task with lower priority than the primary task in a multi-tasking situation. 

TLC Time to Line Crossing 

TTC Time to Collision 

 

VTI rapport 533A 5 



 

Measures, abbreviations and units  

Measures Comments Abbreviation Unit 
Subjective measures    

Self reported driving performance scale 1 to 10, from very poor to 
very good driving performace subj_r – 

Longitudinal control measures      
mean speed   mn_sp km/h 
speed variation  sd_sp km/h 

speed change from start to end of a defined 
time period, divided by duration d_sp km/h/s 

mean TTC  average of time-to-collision 
local minima mn_ttc s 

mean distance headway   mn_hwd m 
distance headway variation   sd_hwd m 
min distance headway   u_hwd m 
mean time headway   mn_hwt s 
time headway variation   sd_hwt s 
min time headway   u_hwt s 

brake reaction time  from event onset to brake 
onset rt_br s 

Lateral control measures      
mean lateral position   mn_lp m 
lateral position variation   sd_lp m 

mean TLC  average of time-to-line-crossing 
local minima mn_tlc s 

1 deg reversal rate  required angle variation at least 
1 deg rr_st1 1/minute 

3 deg reversal rate  required angle variation at least 
3 deg rr_st3 1/minute 

high frequency steering 
standard deviation of 0.6 Hz 
high pass filtered steering 
angle signal 

hi_st deg 

Workload measures      
heart rate   hr beats/minute
mean skin conductance   scl uS 
skin conductance variation   scv uS 
S-IVIS measures      
correct responses   not used % 
correct responses   not used % 
incorrect responses   not used % 
incorrect responses   not used % 
missed responses   not used % 
missed responses   not used % 
reaction time, driving   not used s 
reaction time, static   not used s 
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Effects of cognitive and visual load in real and simulated driving 
by Joakim Östlund, Lena Nilsson, Jan Törnros and Åsa Forsman 
VTI 
SE-581 95  Linköping  Sweden 

Summary 
A simulator and a field experiment were conducted to study the effects of visual and 
cognitive distraction on driving performance, and also to assess the validity of the VTI 
simulator as a tool for studying the effects of distraction. The simulator experiment was 
conducted in the VTI Driving Simulator II and included motorway and rural road 
driving. The field experiment was conducted in an instrumented Volvo S80 car and 
included motorway driving only. 48 persons participated in the simulator experiment, 
and 24 in the field experiment. Visual load was imposed using a visual detection task 
and cognitive load was imposed by an auditory memory task. Both tasks included three 
difficulty levels and were of standardised lengths. 

The visual task competed for visual resources, leading to deteriorated lateral control and 
less well adapted interaction with the road environment and other road users. In 
simulator and field, deteriorated lateral control was found. On the rural road it was also 
found that the interaction with the lead vehicle deteriorated; the headway variation 
increased. Speed monitoring seemed to deteriorate for the highest S-IVIS level, 
resulting in increased headway variation and increased speed. Until a certain limit, 
however, the drivers decreased their speed to cope with the increased visual demands. 

The cognitive task had different effects on driving than the visual task. It resulted in 
somewhat reduced speed control, found in the simulator rural road and motorway, and 
less well adapted headway to other vehicles. The speed and headway variation 
increased. This could be explained by reduced ability to monitor the own and lead 
vehicle speeds - thus an information interpretation problem. The lateral control, 
however, was somewhat improved by the cognitive task, indicating that the visual 
resources directed to the tracking of the road layout were increased, or that the drivers 
put more efforts into a stable lateral control. There was however a risk that decision 
making performance deteriorated. 

The effects on driving performance were more pronounced in the simulator rural road 
than in simulator motorway, probably caused by the rural road layout being more 
complex and requiring more visual resources than the motorway. Further, the effects 
were larger on the real motorway than the simulator motorway. Also, the travel speed 
was less and the level of stress was higher on the real motorway than in the simulator 
motorway. These differences could be explained by the real motorway including a real 
risk of accident, forcing the drivers to drive more carefully, but still being more stressed 
by the risk of accident. Another difference between the motorway environments was 
that the drivers drove more to the left on the real motorway than in the simulator 
motorway. This could be explained by the less hazardous appearance of the roadside in 
the simulator. 
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Effekter av mental och visuell belastning i bilkörning. Ett fält- och simulatorförsök 
av Joakim Östlund, Lena Nilsson, Jan Törnros och Åsa Forsman 
VTI 
581 95  Linköping 

Sammanfattning 
Ett simulatorförsök och ett fältförsök utfördes för att studera effekterna av visuell och 
mental belastning på körprestation och även för att utvärdera VTI:s körsimulators 
validitet som verktyg för att studera effekter av distraktion på bilkörning. Simulator-
experimentet utfördes i VTI:s Körsimulator II och omfattade körning på motorväg och 
landsväg. Fältförsöket utfördes i en instrumenterad Volvo S80 och omfattade endast 
motorvägskörning. I simulatorförsöket deltog 48 personer och i fältförsöket deltog 24 
personer. Förarna utsattes för visuell belastning genom att de fick utföra en visuell 
detektionsuppgift och mental belastning orsakades av en auditiv minnesuppgift. Båda 
uppgifterna inkluderade tre svårighetsnivåer och var av standardiserad längd. 

Den visuella uppgiften konkurrerade om förarnas visuella resurser, vilket ledde till för-
sämrad sidolägeskontroll och sämre anpassad interaktion med vägmiljön och andra 
trafikanter. Denna försämrade sidolägeskontroll återfanns både i simulator och i fält. I 
landsvägsmiljön (i simulatorförsöket) försämrades avståndshållningen i följesituationer; 
följeavståndet varierade mer. Den tydligaste effekten på hastigheten var att hastigheten 
minskade vid visuell distraktion, vilket tolkas som att förarna kompenserade för den 
ökade visuella belastningen. Men för den högsta svårighetsnivån i den visuella upp-
giften fanns det indikationer på att hastighetskontrollen försämrades; hastigheten ökade 
och följeavståndet blev mindre stabilt. 

Den mentala uppgiften gav andra effekter. Den resulterade i något försämrad hastig-
hetskontroll och försämrat följeavstånd; båda dessa mått ökade i variation. Detta kan 
förklaras av en försämrad förmåga att tolka den egna bilens och andra bilars hastigheter. 
Sidolägeskontrollen förbättrades dock av den mentala uppgiften, vilket tydde på att 
förarna koncentrerade sig mer på att styra bilen på ett stabilt sätt. Förmågan att reagera 
korrekt i kritiska händelser kan emellertid ha varit försämrad. 

Effekterna på körprestation var större på landsvägen än på motorvägen i simulatorn, 
vilket formodligen kan förklaras av att landsvägen var kurvigare och därför krävde mer 
visuella resurser än motorvägen. Effekterna var större på verklig motorväg än på 
simulatormotorvägen. Dessutom var hastigheten lägre och stressnivån högre i fält-
försöket. Dessa effekter kan förklaras av att den riktiga bilkörningen medförde verklig 
olycksrisk, vilket gjorde att bilförarna körde försiktigare och var mer stressade. Ytter-
ligare en skillnad mellan motorvägen i fält och simulator var att förarna körde mer åt 
vänster i fältföröket. Det kan bero på att vägrenen i simulatorn såg mindre farlig ut att 
köra på än vägrenen i den riktiga motorvägen.  
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1 Background 
There is an increasing number and variety of communication tools, information 
systems, driver support systems and leisure devices in vehicles. This trend is impelled 
by advances in technology rather than by a need for safety increasing systems expressed 
by drivers, authorities or traffic safety organisations. Although the aim of information 
and driver assistance systems may very well be to increase safety, e.g. by informing the 
driver of slippery roads or taking control of steering in case of risk of unintentional lane 
departures, the systems are a source of distraction, and may consequently result in an 
increased risk of accident (see e.g. Alm & Nilsson, 1994; Goodman, Tijerina, Bents, & 
Wierwille, 1999; Harbluk, Noy, & Eizenman, 2002; Patten, Kircher, Östlund, & 
Nilsson, 2004; J. S. Wang, Knipling, & Goodman, 1996). 

Although the effects of In-Vehicle Information and Advanced Driver Assistance 
Systems (IVIS and ADAS) have been studied since the late 1980s (Department of the 
California Highway Patrol, 1987), it is not until now, almost twenty years later, that this 
issue is more heavily debated in scientific and political media. Especially the use of 
mobile phones while driving has been the subject of many studies and headlines. With a 
few exceptions, all these studies indicate that mobile phone use increases the risk of 
accident (see Kircher et al. (2004) for an overview of mobile phone related studies). 

Information and assistance systems, and also toys intended for driver use, should 
undergo a standardised test procedure to be approved for use in vehicles, or at least be 
rated with respect to impact on distraction and driving performance. Such a test should 
include an expert evaluation of the user interface and the relevance of the information 
and actions provided by the system. Also, an on road and/or simulator evaluation should 
be included, where the system impact on primarily driving performance should be 
assessed. 

Several test protocols and guidelines have been developed to assess the user interface of 
information and driver assistance systems, e.g. the “TRL checklist” by Stevens, Board, 
Allen and Quimby (1999) and the “15 second rule” by Green (1999). The relevance or 
adequacy of the provided information or actions is generally not included in these 
protocols. During the last few years, initiatives have been taken to develop test regimes 
for Advanced Driver Assistance Systems (ADAS) and In Vehicle Information Systems 
(IVIS). Such initiatives are the European HASTE project (Human Machine Interface 
and the Safety of Traffic in Europe), the German ADAM project (Advanced Driver 
Attention Metrics), and the American Driver Workload Metrics Project by the Crash 
Avoidance Metrics Partnership (CAMP). These projects focus on driver attention, 
mental workload and driving behaviour. 

The most critical issue concerning the measuring of distraction, mental workload and 
driving performance is to use measures that are effective, reliable and (most important) 
related to driving performance. Any measures used for assessing impact of IVIS on risk 
of accident must be valid, which requires that we know how IVIS influence driving 
behaviour. Also, we have to be able to explain these behavioural effects using some 
kind of driver model. 
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1.1 Objectives 
The objectives of this study are to investigate the effects of auditory-cognitive and 
visual-perceptual load on driving performance in a simulator and a field experiment. 
Also, the results found in these two experiments will be compared to evaluate the 
validity of the simulator experiment. 

The secondary task demands imposed by the auditory-cognitive and visual-perceptual 
tasks are supposed to represent the task demands imposed by In Vehicle Information 
Systems (IVIS), communication tools (e.g. SMS) and leisure devices. Any driver 
support in terms of warnings or interventions is, however, excluded from this study. 
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2 Driver model, risk and performance 

2.1 Driver model 
As the well informed reader knows, there are several driver models, of which two have 
become rather famous. The first one is the model by Gibson and Crooks (1938) that 
argues that there is a dynamic field of safe travel in which the driver can control the 
vehicle unimpeded. Other road users, road geometry, objects along the roadside etc. 
affect the field of safe travel.  

The second model, which is also the one that this report uses for the definition of 
driving performance, is the hierarchical driver model by Michon (1985). See Figure 1. 
The driver model consists of three levels. 
1. On the strategic level, the personal criteria of the travel are defined, e.g. where to 

travel, what route to travel, how urgent the travel is, accepted level of (perceived) 
risk etc. Also general decisions on speed and compliance with traffic rules are made 
on the strategic level. Commonly, these definitions are made implicitly 

2. On the tactical level, the interaction with other road users and the traffic environ-
ment is controlled, such as deciding on and monitoring overtaking and considering 
road signs and traffic rules. Detailed criteria on speed, path of travel, distance to 
lane boundaries and other objects etc are defined on the tactical level 

3. On the operational level, the vehicle is controlled to follow the criteria on speed, 
path of travel, headway etc., defined on the tactical level. In other words, the vehicle 
stability is controlled on this level. Speed and lateral control are generally 
completely automated behaviour, found on this level. 

 

There is a continuous communication between the three hierarchical levels. E.g. if a 
travel is urgent (criterion on the strategic level), accepted headway to lead vehicles may 
become small (criterion on the strategic level), which influences the headway and speed 
control (action on the operational level). In the other direction, the performance in 
vehicle control influences the interaction with the road environment and other road 
users, which influences the considerations and criteria on the tactical level. The 
performance on the tactical level feeds back to the strategic level, where the personal 
criteria of the travel may have to be reconsidered. 

Changes in the road environment or vehicle may change the prerequisites for the 
performance on especially the tactical and operational level, resulting in changed 
driving behaviour. This change is referred to as Behavioural Adaptation, of which the 
standard definition is “... those behaviours which may occur following the introduction 
of changes to the road-vehicle-user system and which are not intended by the initiators 
of the change” (OECD, 1990). IVIS changes the prerequisites for the driving task, 
which thus may lead to behavioural adaptation to compensate for the increased task 
demand. Of course, the result may also be driving performance deterioration.  
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Strategic 
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TacticalEnvironmental 
input 

Environmental 
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Feedback criteria

Route and speed criteria

Automatic action patterns 

Controlled action patterns 

General plans

 
Figure 1  Michon’s hierarchical driver model (Michon, 1985). 

2.2 Driving behaviour, performance and risk of accident 
2.2.1 Driving behaviour 
Driving behaviour is defined as all behaviour related to the driving task. Driving 
behaviour is traditionally divided into lateral control and longitudinal control. Lateral 
control is conventionally measured using several lateral position and steering angle 
based measures, such as lateral position and steering wheel angle variation. Longi-
tudinal control is measured using speed and headway (to lead vehicles), such as mean 
speed, speed variation and minimum headway. 

On the operational level of Michon’s driver model, driving behaviour is influenced by 
the driving task related demands, driving skills and cognitive and perceptual resources. 
A visually distracted driver may miss vital information in the environment to be able to 
keep the vehicle within the desired path of travel, defined on the tactical level. 

On the tactical level, the driving behaviour is characterised by choice of speed, headway 
to other vehicles, lateral position, overtaking, curve cutting. A driver talking on a 
mobile phone may slow down in order to maintain an acceptable level of risk. Another 
driver may not slow down if the urgency of the trip is high. Further, a perceptually or 
cognitively distracted driver may make the wrong decisions in the interaction with other 
road users and road environment, leading to hazardous situations. 

On the strategic level, the driving behaviour is characterised by decisions on route, 
urgency, general speed demands etc. If a driver suddenly discovers that he/she is 
running late for an important meeting, the urgency and speed criteria may be redefined, 
resulting in changed driving behaviour. These decisision are primarily made implicitly. 

2.2.2 Driving performance  
Driving performance is defined as the relationship between driving behaviour and the 
criteria defined in each of the three levels of Michon’s driver model. Variations in 
driving performance on each of the levels may cause variations in risk of accident, 
especially in the operational and tactical levels. 
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Sometimes, driver performance refers to the driver's perceptual and motor skills (Evans, 
1991). Especially in safety related studies, driving performance is often defined in close 
relation to risk of accident. In this study, however, driving performance and risk are 
separated. The reason is that driving behaviour, if measured and reported in sufficient 
detail, will give a balanced picture of how well the driver manages to  

• fulfil his/her personal criteria of the trip 
• interact with other road users and the road environment 
• control the vehicle 

 

Most aspects of personal travel considerations, found on the strategic level, are often 
excluded from the driving performance concept. Behavioural changes and performance 
on each level cannot, however, be studied in isolation. The criteria and performance of 
each level spread to the other levels as well. Therefore, the strategic level should also be 
included, unless it can be argued that it is not relevant. 

In the example below, a driver is on an urgent travel, but due to improper balance of 
criteria and mental/perceptual resources, the driving performance on the three levels is 
not optimal. See Table 1. 
 

Table 1  Example of interaction between travel related criteria, driving behaviour and 
driving performance. 

 Criteria Behaviour Performance 

Strategic 1. Reach the 
destination quickly 
2. Stay clear of 
oncoming traffic and 
other objects 

1. Chooses a high 
speed route 
2. Aims at driving 
fast 
3. Accepts high risks 

1. Does not reach 
the destination 
quickly enough  

Tactical 1. Drive as fast as 
other vehicles, the 
environment and the 
vehicle permits 
2. Overtake slow 
going vehicles 

1. Tailing vehicles 
and prone to 
overtake 
2. Cuts curves 
3. Drives at yellow 
light 
4. Drives fast 

1. Does not manage 
to overtake the slow 
vehicles as quickly 
as desired. 
2. Tailgating 

Operational 1. stay within 
accepted headway 
to the lead vehicle 
2. follow the desired 
path of travel, e.g. 
when overtaking 
3. Keep vehicle 
within road 
boundaries 

1. High lateral 
position variation 
2. High speed 
variation 

1. Occasionally less 
headway than 
accepted 
2. Occasionally 
departures from the 
desired path of 
travel 
3. Vehicle 
occasionally partly 
exceeds lane 
boundaries 
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2.3 Driving behaviour measures 
Driving behaviour can be described using a large number of measures related to speed, 
lateral position, headway to objects and other vehicles, brake control, gear shifting etc. 
Known effects in these measures and interpretations in terms of driving performance are 
given. These effects are referred to as indicators of driving performance. Measures are 
listed that are included in the experiments conducted in this study. All listed measures 
are related to the tactical and operational levels of Michon’s driver model. Thus no 
driving measures on the strategic level are included. The reason is that the criteria on the 
strategic level are mainly personal, such as desired travel time and route, and are not 
directly linked to risk of accident. However, the contions these criteria generate for the 
travel may be relevant also in a very controlled test environment. The strategic level 
does thus provide the framework for discussing driving behaviour and performance. 

2.3.1 Speed 
Increased speed and speed variation have been used as indicators of decreased speed 
control – decreased driving performance on the operational level. Decreased speed has 
been interpreted as compensation by the driver for increased secondary task demands – 
an effect on the tactical level. This has however, more often been used as an indicator of 
increased mental workload rather than driving performance, but may also reflect loss of 
speed control. The current driving situation and other driving performance measures 
have to be studied in order to identify possible causes of the speed change. 

Surrounding traffic and road layout influence choice of speed and have to be controlled 
in the experimental design, if speed measures are included. Speed measures are not very 
feasible to use in urban road environment due to the very strong influence on speed 
control, but may of course be included if environmental factors causing speed variation 
are brought to a minimum or controlled in the experimental design. 

Common speed related measures are mean speed and speed variation defined as 
standard deviation of speed. A measure that also has been used is rate of speed change 
during distraction, and is calculated as speed change during distraction divided by the 
distraction duration. 

2.3.2 Time to collision, Time headway and Distance headway 
Time-to-collision (TTC), Time headway (HWT) and Distance headway (HWD) are all 
related to time or distance margin to any lead vehicle or object on the road. The closer 
and faster a subject travels behind a lead vehicle, the smaller is the chance of managing 
to avoid a collision in case the lead vehicle reduces its speed. A change in TTC and 
headway may reflect less monitoring capability, perhaps due to distraction, resulting in 
less well adapted tactical criteria on car following. It may also reflect deteriorated speed 
and headway control on the operational level, which may also be reflected in TTC and 
headway variation. Increased TTC and headway may reflect a compensatory strategy to 
increase the safety margin. 

Time-to-collision is defined as the time it will take to collide into e.g. a lead vehicle if 
the headings and speeds of the vehicles are maintained. TTC generates wave formed 
data, ranging from zero (collision), to values larger than zero (approaching), to infinite 
values (speed of both vehicles equal, therefore division by zero) to negative values 
(increasing distance – irrelevant data). See Figure 2. In this study TTC values larger 
than 15 seconds are ignored since these values become unreliable and are also not 
relevant for risk assessment. Also TTC wave forms of duration less than one second are 
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ignored in order to remove effects of data artifacts. Time Headway is defined as the 
time it will take to reach the momentary location of a lead vehicle or object if the 
heading and speed of the own vehicle are maintained. Distance Headway is defined as 
the momentary distance to a lead vehicle or an object. Time headway values larger than 
3 seconds are ignored. Distance headway values larger than 50 metres are ignored. The 
limit of 50 m was chosen based on the specific rural road scenario in the simulator 
experiment, where 3 seconds headway was expected to correspond to 50 metres. This 
limit is thus not necessarily applicable in other road environments. Common TTC and 
headway related measures are mean, standard deviation and minimum of TTC local 
minima, time headway and distance headway. 

 

 
Figure 2  Time-to-collision data. TTC local minima marked with red circles. Negative 
data indicate increasing distance to a lead vehicle/object and is irrelevant. 

2.3.3 Brake reaction time 
Brake reaction time is defined as the time from the appearance of a hazardous event to 
the onset of the brakes. Brake reaction time to such events as obstacles and the sudden 
firm braking of a lead vehicle is a straightforward measure of speed control perfor-
mance on the tactical level. In field experiments, this measure is difficult to implement 
since hazardous events are difficult to control and measure. 

2.3.4 Lateral position  
Lateral position is defined as the distance between the front left wheel and the centre 
line (rural road) or left lane marking (motorway). The driver’s choice of lateral position 
is related to the interaction with the road environment and other road users, and does 
thus belong to the tactical level of the driver model. For instance, Brookhuis and 
Borgman (Brookhuis & Borgman, 1988) found that under the influence of sedative 
drugs drivers drove more towards the relatively safe emergency shoulder compared with 
a control condition (Brookhuis & Borgman, 1988). 

Lateral position variation is defined as the lateral position standard deviation, and is 
commonly used as a measure of lateral control, found on the operational level. 
Increased lateral position variation is interpreted as lower operational driving 
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performance. In several studies, driver impairment (drugs, sleepiness) and time on task 
have been shown to cause an increase in lateral position variation; the steering control 
has become less stable. However, this measure is also influenced by overtaking and 
voluntary changes in lateral position due to road curvature; effects that may not be 
related to driving performance at all. Decreased lateral position variation is seldom 
observed, but may be interpreted as improved operational lateral control, possibly found 
as an effect of driver activation (alerted drowsy driver) or reduced secondary task load. 

A great drawback of this measure is the strong dependency on data duration; the longer 
the sample – the larger the value. This relation is a result of slow variations in lateral 
position caused by voluntary steering actions and variations in road curvature. These 
slow variations cannot be reflected in short data sections, but appear as the data length is 
increased. This issue is further elaborated and a method to solve this problem is 
elaborated by Östlund et al. (Östlund et al., 2006) 

2.3.5 Time to line crossing 
Time to line crossing (TLC) is defined as the time to cross either lane boundary (con-
ventionally lane marking) with any of the wheels of the vehicle if speed and steering 
wheel angle are kept constant. TLC was first proposed by Godthelp and Konings (1981) 
to describe steering behaviour. According to Godthelp and Konings, TLC reflects the 
lateral control safety margin. Godthelp’s proposed calculation of TLC is based on 
vehicle speed, steering wheel angle, heading angle and lateral position. Van Winsum 
et al. (1996) proposed an alternative method of calculating TLC that considered road 
curvature. Due to problems in achieving collecting all necessary data for exact 
calculation, approximations are often used based on lateral position and lateral velocity 
(W. van Winsum, Brookhuis, & de Waard, 2000). 

As the vehicle approaches a lane boundary, TLC will decrease until it reaches a 
minimum. Under “normal” conditions the minimum is reached as the motion of the car 
is changed from going towards one line to the other. These TLC minima are used for 
several TLC related measures. A TLC minimum is defined as the local TLC minimum 
within a TLC waveform. See Figure 3. TLC values higher than 20 seconds are irrele-
vant from a safety point of view and are thus ignored. Also TLC waveforms of duration 
less than one second are considered artifacts and are thus ignored. See Figure 3. 
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Figure 3  Principles used to identify relevant TLCmin values as described above. Time 
to cross the right line is represented by negative values. 

 

The mean value of the TLC minima is used as a lateral control measure. The second 
approximation of TLC, described by van Winsum (1997) is used. This approximation 
includes lateral position, lateral velocity, lateral acceleration, lane width and vehicle 
width. 

2.3.6 Reversal rate 
Reversal rate is defined as the number of changes in steering wheel direction per minute 
and was originally proposed by McLean and Hoffman (1975). An angle difference of 
around 2o between steering end values is required for the reversal to count. In this study, 
1o and 3o were used. See Figure 4. Higher values may be used, but smaller reversals 
may be neglected. The reversal rate reflects the frequency of steering corrections. 
Increased reversal rate may thus indicate that the steering task has become more 
difficult, e.g. due to visual distraction, or that the driver has changed the criteria on 
lateral control on the tactical level, e.g. tries to increase vehicle stability possibly due to 
poor road friction. Increased reversal rate is thus not per se an indicator of driving 
performance. It can however be used to interpret the effects of e.g. distraction on 
driving behaviour together with other measures. For example: Visual distraction may 
lead to deteriorated lateral control due to less visual input from the road environment. 
The driver may however try to compensate for this by increasing the steering effort. 

Road curvature has a large impact on this measure, and road curvature should therefore 
be kept constant in driving experiments if this measure is included. Or, road curvature 
should be included as a factor in the experimental design. 
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Figure 4  Steering angle (blue) and reversals (red). Threshold 2 degrees. 

2.3.7 Steering angle variation 
Steering angle variation provides a simple alternative to reversal rate, but has the 
disadvantage of including all variations in the measure rather than those considered to 
reflect only steering corrections. 

2.3.8 High frequency steering component 
The high frequency component of steering is defined as the spectral power of the 
0.3–0.6 Hz component of the steering wheel angle variation. As with the angle 
variation, the high frequency steering component reflects steering corrections. However, 
this metric is designed to exclude the steering behaviour on a tactical level and only 
focuses on the operational control – steering corrections, such as reversal rate. 
Macdonald and Hoffman (1980) support that steering corrections are reflected by high 
frequency components.  

2.3.9 Self reported driving performance 
This measure is very simple to use and takes advantage of the fact that the driver in 
most situations has an opinion about his/her own driving performance. The participants 
are prompted e.g. by an experimental leader to rate their driving performance on a scale 
from 1 to 10, where 1 corresponds to extremely poor and 10 to extremely good driving 
performance. The participants are instructed to consider their performance for e.g. the 
last minute. A drawback is of course that the driver’s opinion of driving performance 
may be related to the fulfilment of the critiera on any control level, from speed keeping 
to finding the right way. This measure was developed by Roskam et al. in the HASTE 
project (Roskam et al., 2002). 

2.4 Mental workload 
According to de Waard (1996) mental workload is the result of a reaction to a demand; 
it is the proportion of the information processing capacity that is allocated for task 
performance. de Waard further suggests that mental effort is a voluntary mobilisation 
process of resources. This mobilisation depends on motivation and physical and mental 
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state. Changes in task demand result in changes in mental workload as long as the 
demands do not exceed the driver’s capacity, and the performance can be kept at an 
acceptable level. Hence, if it is possible to detect changes in mental workload, it is also 
possible to detect differences in mental demand that secondary tasks impose on the 
driver. If the task demands exceed the operator’s capacity, the mental workload reaches 
a maximum and the performance decreases. Increased mental effort cannot compensate 
for insufficient capacity. The influence of task demand on workload and performance is 
shown in Figure 5. Cognitive load and mental workload are used synonymously.  

 

 
Figure 5  Illustration of effect of task demand on workload and performance (modified 
from de Waard (1996)). 

 

In the driving situation, the driver can choose to compensate for increased primary and 
secondary task demand by changing the driving behaviour. On a strategic level, the 
driver can choose an easier route. On the tactical level, the driver can choose to slow 
down or avoid overtaking. On the tactical level, the driver can lower the demands on 
how well the desired path of travel should be followed on the operational level. 

2.4.1 Physiological measures of mental workload 
Physiological measures of mental workload have been related to cardiac activity, air 
ventilation, electro dermal activity and brain activity (e.g. de Waard, 1996; Kramer, 
1991). The most frequently used measures are related to the blood circulation, or more 
specifically, to heart rate. It is also known that the electro dermal activity is influenced 
by mental state, but this activity has been considered rather unspecific. In this study, it 
was chosen to focus on heart rate and skin conductance measures. 

Heart rate 

According to Wilson and Eggenmeier (1991), heart rate can be considered a measure of 
general arousal. Since arousal and stress may be the results of mental workload, heart 
rate may be used as a measure of mental workload. The inter-beat-intervals are more 
normally distributed compared with heart rate (Jennings, Stringfellow, & Graham, 
1974). Therefore, inter-beat-intervals should be used for detecting and testing 
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differences between heart rate mean values. Also, the inter-beat-intervals scale is less 
influenced by trends than the heart rate scale (Heslegrave, Ogilvie, & Furedy, 1979). 
Due to individual differences, inter-beat-intervals are preferably normalised in relation 
to inter-beat-intervals at rest to allow for between groups comparisons. 

Although heart rate variability is commonly used as a measure of mental workload 
(Kalsbeek & Ettema, 1963; Mulder, 1988; Wilson, 1992), this measure was not 
considered suitable here since it requires the participants not to speak, and in this study 
the drivers spoke.  

Skin conductance 
Skin conductance is the inverse electrical resistance of the skin. Sympathetic nervous 
system activation causes wave formed changes in skin conductance, so called skin 
conductance responses or galvanic skin responses (GSR). Since arousal and stress 
activate the sympathetic nervous system, skin conductance is sensitive to changes in 
stress and arousal (G. H. Wang, 1959). But also the level of skin conductance is affected 
by arousal and stress. Interpersonal variations in sensitivity to stimuli, baseline drift, and 
occurrence of movement artifacts cause difficulties in analysing skin conductance. The 
frequency of the skin conductance responses may indicate perceived risk in traffic 
situations (Taylor, 1964), complexity of traffic situations (Cleveland, 1961) and task 
demand (Helander, 1978). In this study, skin conductance responses were extracted as 
the 0.05 Hz to 2.00 Hz component of the skin conductance recording. Typical skin 
conductance responses are found within this frequency band. 
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3 IVIS, task analysis and impact on driving 

3.1 Definition of IVIS 
In Vehicle Information Systems (IVIS) is the collective name for all Information 
Technology based systems that include information exchange with the driver. Such 
systems are thus route guidance systems, mobile phones, email, in-vehicle laptops, 
radios, DVD, electronic games etc. IVIS can thus be related to e.g. work, the driving 
task and leisure. Driving task related IVIS exclusively aim at supporting the driver on 
the strategic level. Excluded from the IVIS concept are those systems that warn the 
driver and/or intervene with the driving task, such as collision avoiding systems and 
cruise control. 

IVIS can be described by some typical properties: 
• perceptual, cognitive and manual resources requirements 
• information output modalities (auditory, visual) 
• required driver input modalities (manual, vocal) 
• degree of driver pacing versus system pacing (who decides when to interact with 

the IVIS). 

 

This list may not be complete, but includes those properties which were attended to in 
this study. 

3.2 IVIS into the driver model 
There is always a reason why a driver attends to an IVIS. It can be just for the fun of it, 
it can be related to work, such as being engaged with a phone meeting, and it can be 
related to the driving task, such as using a route guidance system. As with the driving 
task, performing an IVIS task is described by the same model as driving; a model 
including the strategic, tactical and operational levels. The driver defines the strategic 
criteria for the IVIS task, such as benefit, how much perceptual and mental resources it 
may take from the driving task (even though also here this is defined very implicitly). 
These criteria are based on what purpose the IVIS serves to the driver. The willingness 
to attend to an IVIS is a compromise between how much the driver considers it to be 
interfering with driving and how beneficial it is for whatever goal the driver has in 
mind. 

3.3 Impact of IVIS on driving behaviour 
The driving task is perceptually and mentally demanding, which is why IVIS interfere 
with the driving. The manual control of the vehicle is of course crucial, and insufficient 
manual control affects driving on the operational level. IVIS conventionally require 
mainly visual and cognitive attention, and very seldom more than one hand. The manual 
component of IVIS interaction is therefore only considered occasionally in this study. 

Purely driver paced IVIS are more easily integrated with the driving since there are no 
system defined requirements on when to attend to the IVIS – it is entirely up to the 
driver when to interact. Numerous IVIS do however take initiatives and require driver 
actions, such as ringing mobile phones and route guidance systems. System paced IVIS 
are of course more likely to interfere with the driving task since the driver does not fully 
control the integration of the IVIS task with the driving. An example will complicate 
this issue further: The initiation of a phone call is made by the driver. But then, the call 
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lasts for a time, during which the driver is in less control of the integration of the call in 
the driving. It may be an urgent call requiring high attention and which cannot be 
hastily interrupted. I.e. the pacing is to a large extent controlled by the conversation. 
Task pace is thus rather a complex issue. 

3.3.1 Impact on the strategic level 
On the strategic level, IVIS can help drivers fulfil the personal criteria of the travel, 
such as finding a destination and avoiding toll roads, which is often the very purpose of 
an IVIS. A secondary effect of a route guidance system is that drivers may not have to 
hurry if they are certain not to get lost, which may result in less speeding behaviour.  

3.3.2 Impact on the tactical level 
IVIS usually provide no support to the driver in the interaction with other road users or 
road environment. Three types of effects can however be found in driving behaviour. 
(1) Effects in e.g. speed and risk criteria on the strategic level spread down to the 
tactical level, such as decreased urgency. This effect is positive from a safety point of 
view. (2) The interaction with the IVIS is a secondary task, with its own task demands, 
that increases the mental workload and requires perceptual resources. This may cause 
the driver to make the wrong decisions in the interaction with other road users and the 
road environment – either due to missed vital information (perceptual), misinterpreta-
tions of information, or not sufficiently considered actions (cognitive). In other words, 
the tactical driving performance can be reduced by the impact of IVIS. Misinterpreta-
tions of information may also lead to errors in the operational driving behaviour. (3) 
Behavioural adaptation: The driver can of course compensate for increased task 
demands by reducing speed and avoiding overtaking. This gives the driver more time to 
attend to the driving and secondary tasks. However, there still remain strategic criteria 
that e.g. control where to drive and how slow a speed the driver accepts. There are most 
likely also environmental restrictions on how slow one can travel without causing 
conflicts with other road users. Therefore, any compensatory behaviour is a compromise 
between conflicting requirements and criteria. 

3.3.3 Impact on the operational level 
As on the tactical level, driving related IVIS provide no support on the operational 
level. Compensatory reduced speed may however make the vehicle control task easier. 
However, the perceptual, cognitive and even manual demands imposed by the IVIS 
distract the driver from the driving task. The path of travel, headway, speed etc may not 
be controlled as desired. Driver assistance systems however support the driving task on 
this level, such as lane departure warning systems. 
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4 Surrogate IVIS tasks 

4.1 Surrogate IVIS instead of real IVIS 
Instead of using real IVIS with their vast variety of tasks, surrogate IVIS tasks were 
used in this study. Several advantages and disadvantages are related to either of the 
alternatives, of which the most important ones are reported below. 

4.1.1 Advantages 
Using S-IVIS instead of IVIS available in the market has several advantages compared 
to real IVIS: 
1. The difference from IVIS available in the  market is that S-IVIS can be made pure in 

terms of load (visual/auditory/ cognitive...), which is why any found effects on 
driving performance can be attributed to that single type of load 

2. The level of task demand can be systematically controlled 
3. The tasks may be entirely new for all participants – which is not the case for any 

available IVIS, which may resemble common technical devices. Prior learning 
effects can thus be controlled 

4. S-IVIS are easily designed to produce quantitative data, and the S-IVIS performance 
can therefore be analysed. This is necessary in order assess how the S-IVIS was 
prioritised during driving. 

4.1.2 Disadvantages and problems 
The ecological validity of S-IVIS can of course be disputed. S-IVIS can probably not 
represent all components of all possible IVIS. But that is not necessary. What is more 
important is that the S-IVIS cause the same type of effects as relevant (for the research 
questions) IVIS on driving performance. 

As was argued previously, the use of IVIS is influenced by the purpose of the IVIS from 
the driver’s point of view. S-IVIS tasks are purely artificial and do not serve any 
meaningful purpose to any driver in a normal driving situation. Instead, strategic criteria 
controlling the attention to the S-IVIS are based on the experimental instructions and 
the participants’ interpretations of what the experimental leader wants them to do. This 
may be an advantage as well as a disadvantage. Well written and spoken instructions 
will cause different participants to prioritise the S-IVIS equally in relation to the driving 
task, but poor instructions will not. 

It should also be considered that especially in a simulator, in which it is safe to drive, a 
participant may prioritise any secondary task much more than in a real traffic environ-
ment. Although it may be the purpose of the S-IVIS to cause a breakdown of the driving 
task, this raises the question of the validity of the S-IVIS; would a driver prioritise an 
IVIS to this degree? 

At the end of this report the validity of the S-IVIS will be further discussed. From now 
on, it will however be assumed that the secondary task demands imposed by the S-IVIS 
tasks represent relevant In Vehicle Information Systems, communication tools (e.g. 
SMS) or leisure devices in the context of driving. 

4.2 The S-IVIS tasks 
The two S-IVIS tasks developed within the HASTE project (Östlund et al., 2004) were 
adopted in this study. The tasks were designed to range from easy to very difficult, with 
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little to severe impact on cognitive load and visual distraction. It was hypothesised that 
the impact on cognitive load and visual distraction would be reflected in deteriorated 
driving performance and possibly also compensatory behaviour. 

In the visual task the task difficulty was varied by varying the amount of visual informa-
tion to be scanned. In the cognitive task the task difficulty was varied by varying the 
amount of information to keep in short term memory. The tasks were mainly system 
paced and lasted for fixed time duration, regardless of task difficulty. The S-IVIS tasks 
were implemented on a dedicated laptop. A separate touch screen was used as the 
interface in the visual task. Standard PC speakers were used for the cognitive task. 

4.3 The visual task 
4.3.1 Design 
The visual S-IVIS was based on visual search experiments frequently used in 
experimental psychology. The task was to identify if there was an upward facing arrow 
within a display of arrows. Response was given by pressing yes or no on the touch 
screen. The level of difficulty was varied by the directions of the non-upward facing 
arrows and the size of the display. The upward facing arrow was present at 50% of the 
presentation occasions. A total of eight different types of displays were used. Each 
display type was presented either as a 4x4 or 6x6 arrows display. Five of these display 
types had at least 16 permutations. See Table 2 for the 4x4 display types. 

 

Table 2  Examples of the type of displays used in the visual task. 

 
 

To create a task of fixed time duration, a display was presented every five seconds 
during a total time duration of 30 seconds. Thus six displays were presented. An array 
of display presentations is referred to as an S-IVIS block. The three separate difficulty 
levels were created by combining selections of the six display types. See Table 3. When 
conducted as a single task, these levels resulted in significantly separated average reac-
tion times (Östlund et al., 2004). It was assumed that reaction time reflected the task 
demands. For a detailed description of the design of the visual task, see the HASTE 
project deliverable 2 (Östlund et al., 2004). 
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Table 3  Displays used for the visual task. 

Size of 
Display 

Task 
difficulty 

Display 
difficulty 

Quantity 
used for 
one ‘block’ 

1 2 
2 2 
3 1 
4 1 
5 0 

4x4 Level 1 

6 0 
1 1 
2 0 
3 1 
4 0 
5 2 

4x4 Level 2 

6 2 
1 1 
2 0 
3 1 
4 0 
5 2 

6x6 Level 3 

6 2 

 

Performance measures of the visual task included in this study were reaction time, 
proportion of correct responses and false responses. 

4.3.2 Possible impact on driving performance 
The visual distraction caused by this task results in decreased visual resources that can 
be directed to the driving task. This will affect driving behaviour primarily on the 
tactical and operational levels. On the tactical level, insufficient information of road 
layout and the behaviour of other road users may result in poor or even dangerous 
decisions on overtakings, path of travel, speed etc. On the operational level, less 
perceptual input of lateral position, speed and distances to other road users and objects 
may result in unstable lateral and longitudinal control. 

4.4 The cognitive task 
4.4.1 Design 
The cognitive task was to count aloud how many times specific target sounds were 
played in an array of fifteen sounds. The target sounds were notified and played in the 
beginning of each block. One sound every two seconds was played. The task lasted for 
forty seconds. The three task difficulty levels were separated by the number of target 
sounds. In level 1, there were two target sounds, in level 2, there were three, and in level 
3, there were four target sounds. Answers were given verbally. Manual response could 
not be utilised since that would include also a visual component, i.e. finding the correct 
button to press. The three levels were found to be separate in terms of proportion of 
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correct responses (Östlund et al., 2004). Performance measures of the cognitive task 
included in this study were proportion of correct responses and false responses. 

4.4.2 Possible impact on driving performance 
The cognitive load imposed in this task results in less mental resources that can be used 
for the interpretation of information and for decision making in the driving task. This 
may affect driving performance primarily on the tactical level; if insufficient mental 
resources are available, poor/unsafe decisions on speed, headway to lead vehicles, path 
of travel etc can be made. If the driver is heavily loaded, there is also a risk that 
misinterpretations of the perceptual input are made, resulting in errors also on the 
operational level. 
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5 Approach 
The objectives of this study were to investigate the effects of the cognitive and the 
visual task on driving performance in a simulator and a field experiment. Also, the 
results found in these two experiments were compared to evaluate the validity of the 
simulator experiment. The included experiments had some similar and some different 
conditions. Of course only the factors relevant for comparison were included in the 
validation. In both experiments driving on the motorway, both S-IVIS and average 
drivers were included. The experimental instructions were identical, except for route, 
simulator and vehicle related instructions. Several measures were also implemented 
identically. 

A concern raised previously in 4.1 Surrogate IVIS instead of real IVIS, is that due to 
complete irrelevance of the S-IVIS tasks in the context of driving, it may be found that 
the S-IVIS tasks are less prioritised in the field experiment than in the simulator 
experiment. This strategic difference spreads to the tactical and operational driving 
behaviour as well. The reason for this possible outcome is that the risk of getting hurt is 
non existent in the simulator. The VTI simulator has been proved to be highly valid 
with respect to driving behaviour on the tactical an operational levels (Hakamies-
Blomqvist, Östlund, Henriksson, & Heikkinen, 2000; Harms, 1996), indicating that 
persons participating in simulator experiments take the driving task seriously. However, 
it is most likely that it is still easier to achieve dangerous driving behaviour in a 
simulator than in a field experiment. This effect is thus expected. Any effects of 
cognitive and visual load found in driving performance are however expected to point in 
the same direction. 
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6 The simulator experiment 

6.1 Introduction 
The main advantage of using driving simulators in driving behavioural studies is the 
excellent opportunity for experimental control. All drivers can be exposed to the same 
conditions. Thus, driving simulators provide an effective environment for experimental 
studies and facilities to generate sufficient qualities and quantities of data at a 
reasonable cost. 

The technical possibilities of measuring vehicle related parameters, such as speed and 
lateral position of the own vehicle and other vehicles, and events in the traffic 
environment, are much greater in simulators than in real traffic. Another advantage is 
that the drivers can be forced beyond the limit of their capabilities of managing critical 
situations without being in any physical danger.  

The most important feature of driving simulators is their behavioural validity. If 
behavioural validity of a driving simulator has not been verified, it is questionable 
whether the simulator should serve as a research environment at all. In the absence of 
behavioural validations, results obtained in a driving simulator should be interpreted 
with the greatest caution, particularly if they are not in correspondence with general 
findings in similar studies or field studies. 

6.2 Method 
6.2.1 Participants 
The inclusion criteria for the participants were: 

• age 25–60 
• total mileage at least 10,000 km 
• not drivers by profession. 

 

In the study, 48 drivers were included, 30 were male and 18 female. Their average age 
was 38 years (range 25–53) and the average time they had held their licence was 
18 years (range 4–35). On average they had driven 16,900 km (range 750–60,000) in 
the past 12 months and had an average total mileage of 265,000 km (range 40,000–
1,000,000). The participants were paid SEK 800 (€ 75) for their participation. 

6.2.2 The VTI driving simulator 
The VTI driving simulator II was used in this study. Simulator II is built around a real 
vehicle chassis and a sophisticated motion system, which enables fast lateral accelera-
tion simulating sideways motions. The surroundings were simulated and displayed to 
the driver via three main screens (at the time of the experiment there were no rear view 
mirrors). Under the chassis is a vibration table to simulate contact with the road surface, 
providing a more realistic driving experience. The driving dynamics are also very 
advanced and at the forefront of what can be done with current technology. Together 
this creates a unique simulator that provides an extremely realistic experience. The 
simulator is a high fidelity, moving base dynamic driving simulator (see Figure 6). In 
the simulator, all aspects of driving behaviour can be measured. An ambulatory digital 
recorder (Vitaport 2, Temec BV) was used for measuring cardiac and nervous activities. 
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A touch display and standard computer speakers were installed in the simulator for 
managing the S-IVIS tasks. 

   
Figure 6  The VTI driving simulator. Left, exterior; right, the vehicle cabin. 

6.2.3 Routes 
Two routes were included, a rural road and a motorway. No urban road was included 
since most driving performance indicators used in driver behavioural studies are 
developed for assessing driving performance on rural roads and motorways. In an urban 
environment e.g. speed variation and lateral position variation would reflect restrictions 
in the road environment rather than the level of vehicle control. 

Rural road 

The length of the rural road route was 29 km and the signed speed limit was 90 km/h, 
which corresponds to most rural roads in Sweden. Each lane was 3.65 metres wide. A 
lead vehicle was always present, which the driver was instructed not to overtake. The 
reason for this restriction was that car following behaviour was to be measured. The 
route included three complexity levels which were defined by road curvature and 
behaviour of a lead vehicle, see Table 4.  

 

Table 4  Lead vehicle behaviour (RLv = Road Complexity Level). 

RLv Curvature Lead vehicle  

1. Straight straight fixed speed 

2. Curved s-bends fixed speed 

3. Event s-bends braking 

Road complexity 1 – Straight 

The first road complexity level was designed to require minimal workload. The road 
was straight. In the initiation of the road complexity 1 sections, a lead vehicle was 
automatically brought to a time headway of 3 seconds. Due to the risk of participants 
not accepting 3 seconds headway, and thus decreasing the speed, a minimum speed of 
the lead vehicle was set to 50 km/h. Thus, for all other speeds, the headway was to be 
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brought to 3 seconds. Then, the lead vehicle speed was fixed at the current speed of the 
participant’s vehicle, which allowed for the participant to control the headway by 
changing the speed. 

Road complexity level 2 – Curved 

In the second level, s-bends required some negotiation by the driver, increasing the 
workload. As in the road complexity level 1, the lead vehicle was present and behaved 
as in road complexity 1. 

Road complexity level 3 – Events 

This level was designed to require a high degree of interaction with the lead car and to 
impose maximal driving difficulty. As in the curved sections, the road curvature was s-
shaped. The lead vehicle was introduced as in previous levels. Then, however, the lead 
vehicle during the first two seconds adapted its speed to 70 km/h, maintained the speed 
for 3.5 seconds, and then started to reduce its speed intermittently at a rate of 1.3m/s2 
until the vehicle stood still. The brake profile of the lead vehicle was divided into 4 
separate 3.5 seconds brake actions. There were 3.5 seconds long pauses between the 
brake actions. The total time of the critical events was thus 30 seconds. See Figure 7. 
The brake lights were activated during the speed reductions. To motivate the braking of 
the lead vehicle, cars, a lorry or a bus were blocking the road. These drove away as the 
lead vehicle stopped. The critical events were thus identical within a run except from 
the vehicles blocking the road. The sets of critical events for the two versions of the 
rural road were identical.  
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Figure 7  Brake profile of the lead vehicle in the critical event situations. 

 

Between the route sections, there was free driving where the lead vehicle was at a time 
headway of approximately 15 seconds ahead of the driver. 
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Motorway 

The motorway was 46 km long and had two traffic lanes in each direction plus hard 
shoulder. The lane width was 3.75 metres. The speed limit was 110 km/h. At predefined 
locations along the road, there were cars to be overtaken, and cars overtaking the parti-
cipant. No lead vehicle was constantly present as on the rural road. Road curvature was 
not considered a factor influencing the difficulty of the driving task in motorway 
environments since s-bends are not normally found on motorways. The two road 
complexity levels were defined by the presence of interfering vehicles. 

Differently from the rural road, the events on the motorway were partly very different, 
not only within each run (e.g. the experimental run), but also between the runs. Two 
versions of the motorway were identical except for the events. The events were, 
however, designed to cause similar driver reactions. The events and sets of events of the 
two motorway route versions are referred to as Event 1, Event 2, Event 3, Set A and Set 
B. 

The events were caused by other vehicles unexpectedly interfering with the driver’s 
path of travel. These vehicles were either merging from slow travelling queues or over-
taking and braking in front of the simulator vehicle. For detailed descriptions of the 
events, see below. 

Road Complexity Level 1 – Normal Driving Conditions 

This level did not differ from the driving conditions between the critical events, i.e. 
normal curvature and presence of other vehicles. 

Set A, Event 1 

The participant overtakes a queue of three slow going cars. The interfering vehicle is the 
second closest vehicle to the participant. The speed of the interfering vehicle equals the 
participant’s vehicle speed minus 30 km/h, requiring the participant to overtake the 
queue. At time to collision (TTC) 4 seconds or distance headway 15 metres to the 
interfering vehicle, this vehicle turns on indicator, breaks out of the queue and maintains 
speed for two seconds or until the headway is 10 metres. Then it accelerates away. The 
participant has to brake and cannot turn right since the queue is blocking the right lane. 

Set A, Event 2 

Similar to Event 1, an interfering vehicle breaks out from a queue, but it breaks out so 
early (TTC = 9 seconds) that it does not force the driver to react with braking. After two 
seconds, when the participant’s vehicle has come close, the interfering vehicle brakes. 
The vehicle brakes until TTC = 2 seconds or distance headway is 15 metres. The 
number of cars in the queue is four. The interfering vehicle then accelerates away. A 
similar situation occurs earlier in the same route, however with the interfering vehicle 
accelerating instead of braking, thus not causing a critical event. 

Set A, Event 3 

The participant is overtaken by three vehicles at a speed 7 km/h faster than the partici-
pant travels. The third overtaking vehicle is the interfering one. At time-headway = 
1 second, the interfering vehicle turns on the indicator, cuts in and brakes at 3 m/s2 to 
TTC = ½ second or time headway 15 metres, or during a maximum time duration of 
two seconds. The participant has to brake. 
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Set B, Event 1 

This event is similar to event 1 in set A, with the exception that the number of cars in 
the queue is four instead of three. The third car closest to the participant is the 
interfering vehicle. 

Set B, Event 2 

Just ahead of roadworks, where the speed limit is 50 km/h, the interfering vehicle 
overtakes the participant at a speed 15 km/h faster than the participant travels. At a time 
headway 0.25 seconds, the vehicle turns on the indicator, brakes at 4m/s2 and cuts in 
ahead of the participant, who has to brake. The interfering vehicle brakes until the speed 
is 50 km/h or during a maximum time duration of two seconds. Then it drives at 
constant speed through the roadworks and then accelerates away. See Figure 8.  

Set B, Event 3 

This event is identical to event 3 in set A, with the exception that the number of cars is 
two instead of three. The second vehicle is the interfering one. 

  

 
Figure 8  Layout of the roadworks. 

6.2.4 Experimental design 
The participants drove on both routes with one of the two previously presented S-IVIS. 
There was a separate baseline drive (without S-IVIS) for each road type. Baseline 
sections were not included in the experimental drive since it was assumed that there 
could be carry over effects the S-IVIS; thus a “clean” baseline drive was preferable. The 
order of experimental (with S-IVIS) and baseline drives was counterbalanced across 
subjects. Two comparable versions of the rural road and motorway routes were 
designed, and these were balanced across experimental and baseline drives. 

S-IVIS in the experimental design 

S-IVIS was activated nine times during each experimental run; each S-IVIS difficulty 
level was presented three times. S-IVIS difficulty level was a within-subjects factor. 
These levels were all included and counterbalanced in one single drive. Each participant 
used only one of the two S-IVIS tasks due to the risk of learning and predicting critical 
events that were included in the routes. The order of S-IVIS tasks was counterbalanced. 
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There was a static S-IVIS test included for each participant in order to evaluate how the 
S-IVIS was prioritised as a dual task compared to single task. If it was found that the S-
IVIS task was abandoned during driving, we would have failed in distracting the drivers 
from the driving task as intended. It was hypothesised that: 

• the S-IVIS performance would decrease with S-IVIS difficulty 
• the S-IVIS performance would decrease with road complexity 
• the S-IVIS would not be abandoned by the driver as a result of either S-IVIS 

task difficulty or road complexity. 

 

The static S-IVIS test was conducted either before or after the rural road driving. The 
order was counterbalanced across participants. No static test was included after the 
motorway. The reason was that this experiment was coordinated with other 
experiments, requiring the static test to be conducted either immediately before or after 
the rural road. The effect of this experimental flaw is further discussed in the Discussion 
section. 

Road complexity in the experimental design 

On the rural road three road complexity levels were included, and on the motorway 
there were two. The first level(s) corresponded to “normal” traffic conditions, whereas 
the highest level corresponded to a critical event requiring an immediate brake reaction. 
There were three critical events in each route, and these events had to be comparable 
with respect to impact on the driver reaction, e.g. brake reaction time. In order to limit 
the learning effects, the critical events had to be different in design. 

Effect of road types in the experimental design 

Road type was not considered an experimental factor since comparisons between road 
types were not to be made. To minimise driving behavioural variation within each road 
type due to simulator learning effects, the rural road was driven first. In the discussion 
some observations and considerations concerning order effects are raised. 

Factors and Levels 

Based on the previous sections, the experimental factors and number of included levels 
are summarised in Table 5. 

 

Table 5  Factors and levels for each S-IVIS. 

Factor Levels 

S-IVIS difficulty level (SLv) 4, including baseline 

Road complexity level (RLv) 3, in simulator rural road 

2, in simulator motorway 

 

The experimental design for the rural road is presented in Table 6, and for the motorway 
in Table 7.  
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Table 6  Simulator rural road experimental design. BL=Baseline, SLv1-3 = S-IVIS 
difficulty levels 1–3. 

 S-IVIS level 

RLv BL SLv 1 SLv 2 SLv 3 

1. Straight 3 1 1 1 

2. Curved 3 1 1 1 

3. Event 3 1 1 1 

 

Table 7  Simulator motorway experimental design. BL=Baseline, SLv1-3 = S-IVIS 
difficulty levels 1–3. 

 S-IVIS level 

RLv BL SLv 1 SLv 2 SLv 3 

1. Normal 6 2 2 2 

2. Event 3 1 1 1 

6.3 Procedure 
The participants received written and spoken instructions. Concerning the prioritisation 
of the primary driving task and secondary S-IVIS task, the participants were instructed 
to drive as they normally do and as if they were attending to an S-IVIS. Also, it was 
emphasised that they had to perform the S-IVIS tasks as well as possible. The 
instructions thus made the participants prioritise the S-IVIS highly, probably higher 
than they would normally prioritise most real IVIS or leisure devices in a vehicle. 

Electrodes for the physiological measurements were attached. The participants practised 
driving on the rural road for 10 minutes to familiarise themselves with the simulator. 
Then, the participants drove the experimental and baseline runs; first on the rural road, 
and then on the motorway. During the runs, the participants were asked by the 
experimental leader to rate their driving performance. The road environment and the 
participants’ face were recorded on video in order to follow up any procedural errors 
and data recording lapses. After driving, the participants signed a document 
authorising/not authorising VTI to use the video recordings for scientific purposes. The 
static S-IVIS test was conducted either before or after the rural road driving. The 
experiment requested each participant to be at VTI for approximately three and a half 
hours. 
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6.4 Measures and analysis 
Speed, lateral position, steering angle and headway to other vehicles were measured. 
From these, several safety critical indicators were derived, such as lateral position 
variation, time to line crossing, reversal rate and driver reported driving performance. 
These indicators were previously described in 2.3 Indicators of driving performance and 
risk. The physiological measures heart rate and skin conductance were recorded, 
according to 2.4.1 Physiological measures of mental workload. See Table 8 for a 
complete list of included measures. The sample rate was 25 Hz for all vehicle based 
measures, except brake reaction time, which was sampled at 200 Hz. ECG (for heart 
rate) was sampled at 1,024 Hz, and skin conductance at 256 Hz. The manual responses 
in the visual S-IVIS task were sampled at 60 Hz. In the S-IVIS tasks, reaction time 
(only the visual task), proportion of correct, false and missed responses were recorded. 

Measures were calculated for each participant and S-IVIS block, resulting in 24 data 
points for each combination of road type, S-IVIS, S-IVIS difficulty and road complexity 
level. Univariate ANOVA was used for testing the effects of S-IVIS difficulty and road 
complexity. Tukey’s post hoc test was used for testing between levels contrasts. The 
number of road complexity levels differed between motorway and rural road, requiring 
slightly different analysis models. Also, depending on the design of the different road 
complexity levels, the analysis was divided into separate analyses including subsets of 
the measures and road complexity levels. E.g. it was not feasible to include speed in the 
analysis of the event situations in the rural road since the speed on a tactical level was 
controlled by the scenario rather than the driver. The analysis steps are described below 
and illustrated in Table 8. A significance level of 5% was used. 

6.4.1 Rural road data analysis 
In the first analysis (A in Table 8), all road complexity levels were included. The 
measures related to longitudinal control were, however, not included here since the lead 
vehicle imposed high restrictions on speed choice in the event situations. There was a 
risk that the event situations could result in highly inhomogeneous tactical driving 
behaviour, contaminating the analysis completely. Instead, the longitudinal driving 
behaviour was divided into two separate analyses; one included straight and curvy road 
sections (analysis B) and one included the events (analysis C). 
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Table 8  Included measures, their abbreviations, and included analyses. Analysis steps 
are indicated by capitals A to F. Shaded areas indicate exclusion of measures from the 
analysis. 

 

6.4.2 Motorway data analysis 
The events on the motorway had only a few seconds’ duration, compared to 30 seconds 
on the rural road. The events caused discrete reactions in the driving behaviour, thus 
they were not effects that could be found throughout the entire S-IVIS blocks. Any 
effects of the events would have been diluted if the driving behaviour of the entire 
S-IVIS block had been analysed. Therefore only measures related to the driver reaction 
in the events were meaningful to analyse, such as minimum time-to-collision and brake 
reaction time. Driver reported driving performance was however considered to reflect 
the impact of the events even though the duration of the events was small compared to 
the duration of the entire S-IVIS block. The analysis was thus separated into analysis of 
self reported performance for both road complexity levels (analysis D), analysis of 
Normal Driving Conditions data (analysis E) and analysis of the Event data (analysis 
F). 

6.4.3 S-IVIS analysis 
The S-IVIS results were qualitatively assessed in order to establish the approximate 
prioritisation of the S-IVIS tasks during driving compared to that in the static S-IVIS 
test. Any tendency to abandon the S-IVIS tasks had to be identified since the S-IVIS 
difficulty levels depended on the driver to prioritise the difficulty levels equally. A 
performance drop in the S-IVIS performance as an effect of S-IVIS difficulty was of 
course expected, but not too dramatic in driving compared to a static test. 

6.5 Results 
Below, the results are reported for rural road and motorway separately. Also, the results 
are reported for the cognitive task and the visual task separately. 
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6.5.1 Effects of the cognitive task in rural road driving 

Result summary table 

In Table 9 below, the results of the rural road driving with the cognitive task are 
reported. In the Conditions column, it is indicated for which road complexity level the 
data are reported. In the third column arrows indicate in which direction the measures 
were significantly affected by the influence of S-IVIS difficulty level. Effects of road 
complexity and interaction are only reported if an effect of S-IVIS was found. 

 

Table 9  Result summary table for the Cognitive task in Rural Road driving. Arrows in 
the third column indicate effect directions (only significant) of S-IVIS. Significant effects 
of S-IVIS and road complexity are given in the SLv and RLv columns. Mean values are 
printed. 
Simulator experiment, rural road, cognitive task

Measure Conditions BL SLv1 SLv2 SLv3 SLv RLv SLv*RLv
Subjective measures
Self reported driving performance all RLvs 7.65 7.04 6.98 6.92 ns
Longitudinal control
mean speed (km/h) straight/curved 69.59 69.78 69.72 70.45 ns
speed variation (km/h) straight/curved 1.87 2.11 2.17 2.31 ns ns
speed change (km/h) straight/curved 0.63 -0.58 0.71 0.76 ns
mean TTC (s) event 11.05 10.15 11.31 10.9 ns
mean distance headway (m) straight/curved 31.61 29.9 32.6 31.41 ns
mean distance headway (m) event 53.64 48.84 50.08 52.42 ns
distance headway variation (m) straight/curved 6 8.02 7.23 7.41 ns
distance headway variation (m) event 16.51 17.49 17.41 18.22 ns
min distance headway (m) straight/curved 68.1 69.68 72.14 69.02 ns
min distance headway (m) event 30.9 25.99 26.51 27.14 ns
mean time headway (s) straight/curved 4.21 4.37 4.49 4.25 ns
mean time headway (s) event 5.21 4.69 4.84 5.01 ns
time headway variation (s) straight/curved 0.36 0.46 0.4 0.43 ns
time headway variation (s) event 1.4 1.2 1.25 1.33 ns
min time headway (s) straight/curved 3.67 3.7 3.89 3.65 ns
min time headway (s) event 3.36 3.12 3.34 3.34 ns
brake reaction time (s) event 4.25 4.52 4.75 5.02 ns
Lateral control
mean lateral position (m) all RLvs 1.88 1.85 1.85 1.86 ns
lateral position variation (m) all RLvs 0.22 0.2 0.22 0.22 ns
mean TLC (s) all RLvs 6.99 7.13 7.15 7.04 ns
1 deg reversal rate (1/minute) all RLvs 31.32 34.26 33.83 35.71 ns
3 deg reversal rate (1/minute) all RLvs 17.53 18.28 18.43 19.31 ns
high frequency steering all RLvs 0.72 0.74 0.76 0.76 ns
Workload
heart rate (beats/minute) all RLvs 74.43 75.31 75.95 76.08 ns
mean skin conductance (uS) all RLvs 13.7 15.7 15.65 15.66 ns
skin conductance variation (uS) all RLvs 0.43 0.51 0.49 0.52 ns
S-IVIS
correct responses (%) driving  - 62.4 48.4 44.1
correct responses (%) static  - 59.2 57.4 45.7
incorrect responses (%) driving  - 8.5 17.0 16.0
incorrect responses (%) static  - 11.9 13.6 18.0
missed responses (%) driving  - 29.0 34.6 39.8
missed responses (%) static  - 28.9 29.0 36.4

Mean values Significant Effects

not tested
not tested
not tested
not tested
not tested
not tested  
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Self reported driving performance 

There was a significant effect of S-IVIS difficulty in the self reported driving 
performance (subj_r). The rated driving performance was 7.7 in the baseline condition 
and 7.0 with the cognitive task, see Figure 9. There were however no significant 
differences between S-IVIS difficulty levels (SLv1, 2 and 3) and the experimental 
levels. See Figure 9. 
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Figure 9  Self reported driving performance for the cognitive task on the rural road. 
The 95% confidence interval is indicated by error bars. 

Longitudinal control 

As described previously, the longitudinal control measures were analysed separately for 
straight/curved road and events due to the lead vehicle’s brake profile in the events. 

 

No significant effect of the cognitive task was found in mean speed or speed change, but 
speed variation increased from 1.9 km/h for BL to 2.3 km/h for SLv3. This effect must 
however be considered small. See Figure 10. Speed tended to increase as the S-IVIS 
difficulty increased, reflected in mean speed and speed change. See Figure 11. The 
speed measures were not analysed for the event since the speed was primarily controlled 
by the lead vehicle. 
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Figure 10  Speed variation for the cognitive task in straight and curved segments of the 
rural road. 
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Figure 11  Mean speed for the cognitive task in straight and curved segments of the 
rural road. No significiant effect of SLv. 

 

Time and distance headway variation increased with S-IVIS difficulty in straight and 
curved sections, but these effects were small (+ 1–2 metres). There were no effects in 
headway or TTC mean values. 

In the events, the minimum distance headway was 5 metres less for SLv1 and SLv2 
compared to baseline. Although the ANOVA did not identify any effect of S-IVIS in 
this measure, the difference between BL and SLv1 was tested using a simple t-test on a 
5% level, and this difference was found significant, as was also the difference between 
BL and SLv2. As the S-IVIS difficulty increased from 1 to 2 to 3, the headway tended 
to increase again, but did not reach the BL value. See Figure 12. The same pattern was 
found in mean distance and time headway, again not significant. This additional 
analysis is of course slightly ambiguous, but the result will also be treated with caution 
in the discussion. 
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Figure 12  Min distance headway (u_hwd) for the cognitive task in the event segments 
of the rural road. 

 

The brake reaction time was measured in the events. Although the mean values 
increased with S-IVIS difficulty (Figure 13), this effect was not significant. 
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Figure 13  Reaction time for the cognitive task in the events in the rural road. No 
significant effect of SLv. 

Lateral control 
The lateral position was shifted significantly closer to the centre line as an effect of 
S-IVIS difficulty. The maximum shift, between SLv3 and baseline, was 3 cm. 

One degree reversal rate increased significantly with S-IVIS difficulty; from 31 
rev/minute (baseline) to 36 rev/minute (SLv3). See Figure 14. No effect of the cognitive 
task was found in the high frequency component of the steering activity. The increased 
steering activity did not result in any change in lateral position variation or any of the 
time to-line-crossing measures. 
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Figure 14  1 degree reversal rate for the cognitive task in rural road. 

Workload 

There was no effect of the cognitive task in the heart rate. There was however a 
significant effect of the cognitive task on mean skin conductance and variation. See 
Figure 15. The effects on skin conductance variation and level were very similar. 
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Figure 15  Mean skin conductance for the cognitive task on rural road. 

S-IVIS performance 

Correct responses decreased and false and missed responses increased with road 
complexity and S-IVIS difficulty. The highest hit rate was 70%, found in straight road 
sections for SLv1, and the lowest was 38%, found in the event situations for SLv2. See 
Figure 16 and Figure 17 for the cognitive task proportion of correct responses and 
missed responses. Incorrect responses followed the same pattern as missed responses. 
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Figure 16  the cognitive task % correct responses in rural road. 
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Figure 17  The cognitive task % missed responses in rural road. 

6.5.2 Effects of the visual task in rural road driving 

Result summary table 

In Table 10 the results of the rural road driving with the visual task are reported. In the 
Conditions column, it is indicated for which road complexity level the data are reported. 
In the third column arrows indicate in which direction the measures were significantly 
affected by the influence of S-IVIS difficulty level. Effects of road complexity and 
interaction are only reported if an effect of S-IVIS was found. 
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Table 10  Result summary table for the visual task in rural road driving. Arrows in the 
third column indicate effect directions (only significant) of S-IVIS. Significant effects of 
S-IVIS and road complexity are given in the SLv and RLv columns. Mean values are 
printed. 
Simulator experiment, rural road, visual task

Measure Conditions BL SLv1 SLv2 SLv3 SLv RLv SLv*RLv
Subjective measures
Self reported driving performance all RLvs 8.01 7.06 6.24 6.05
Longitudinal control
mean speed (km/h) straight/curved 72.54 70.88 68.62 70.58 ns
speed variation (km/h) straight/curved 2.0 2.42 2.97 2.65 ns
speed change (km/h) straight/curved 0.68 -2.85 -5.58 -3.54 ns
mean TTC (s) event 10.21 11.35 10.46 10.39 ns
mean distance headway (m) straight/curved 78.55 81.13 82.47 83.55 ns
mean distance headway (m) event 53.24 54.58 54.6 52.8 ns
distance headway variation (m) straight/curved 6.21 10.82 12.48 12.68
distance headway variation (m) event 17.87 16.61 18.06 16.61 ns
min distance headway (m) straight/curved 69.5 69.5 69.72 71.37 ns
min distance headway (m) event 28.97 30.75 29.29 29.45 ns
mean time headway (s) straight/curved 4.12 4.5 4.42 4.52 ns
mean time headway (s) event 5.22 5.22 5.3 5.03 ns
time headway variation (s) straight/curved 0.35 0.61 0.71 0.75
time headway variation (s) event 1.34 1.3 1.57 1.45 ns
min time headway (s) straight/curved 3.55 3.69 3.63 3.71 ns
min time headway (s) event 3.41 3.45 3.3 3.23 ns
brake reaction time (s) event 4.95 4.21 4.69 4.28 ns
Lateral control
mean lateral position (m) all RLvs 1.83 1.82 1.78 1.78
lateral position variation (m) all RLvs 0.2 0.23 0.25 0.25
mean TLC (s) all RLvs 6.84 6.29 5.78 5.59 ns
1 deg reversal rate (1/minute) all RLvs 33.12 36.45 36.16 36.96 ns
3 deg reversal rate (1/minute) all RLvs 18.77 23.8 25.81 25.98
high frequency steering all RLvs 0.75 1.08 1.17 1.2
Workload
heart rate (beats/minute) all RLvs 79.08 79.81 79.40 78.63 ns
mean skin conductance (uS) all RLvs 16.11 19.56 19.00 19.33 ns
skin conductance variation (uS) all RLvs 0.58 0.89 0.88 0.91
S-IVIS
correct responses (%) driving  - 71.0 65.5 55.0
correct responses (%) static  - 96.3 92.5 81.7
incorrect responses (%) driving  - 7.3 10.4 12.9
incorrect responses (%) static  - 1.7 6.7 10.1
missed responses (%) driving  - 21.8 24.1 32.1
missed responses (%) static  - 2.0 0.8 0.8
reaction time, driving (s) driving  - 1.32 1.43 1.64
reaction time, static (s) static  - 1.15 1.89 2.12

not tested
not tested

not tested
not tested
not tested
not tested

Mean values Significant Effects

not tested
not tested

 

Self reported driving performance 

The self reported driving performance decreased significantly with the visual task 
difficulty; from 8.0 for the baseline condition to 6.0 for the event condition. See 
Figure 18. There was an interaction effect between SLv and RLv, indicating that the 
visual task affected the driving performance more on curvy than straight roads. 
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Figure 18  Self reported driving performance for the visual task on the rural road. The 
95% confidence interval is indicated by error bars. 

Longitudinal control 

The speed was reduced as an effect of the visual task, found in speed change but not 
mean speed (F(3.70)=2.61, p=0.058). The maximum difference between two S-IVIS 
levels was 6.2 km/h (from baseline to SLv2). As for the cognitive task, an indication 
was found that SLv3 resulted in an increased speed compared to easier levels, although 
this difference was not found to be significant in the post hoc test. Especially for the 
straight sections the speed increase from SLv1 to SLv3 is remarkable. See Figure 19. 
No effect in speed variation was found. 

 

Mean time headway increased significantly with S-IVIS difficulty; 0.4 seconds from 
baseline to SLv3. Examination of the mean values indicates that this effect mainly 
stems from effects in the curved road sections. See Figure 20. There was no headway 
decrease corresponding to the indicated speed increase for SLv3. There was a signi-
ficant effect of the visual task on time and distance headway variations; distance 
headway variation increased from 6.2 to 12.7 meters, and time headway variation 
increased from 1.3 to 1.5 seconds. No effects were found in minimum time and distance 
headway or mean time-to-collision.  
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Figure 19  Mean speed for the visual task in straight and curved road segments of the 
rural road. No significant effect. 
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Figure 20  Mean time headway for the visual task in straight and curved road segments 
of the rural road. 

 

No effects of the visual task were found in the critical events. See Figure 21. 
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Figure 21  Brake reaction time for the visual task on rural road. No significant effect. 

Lateral control 

As for the cognitive task, a significant shift towards the centre line was found as an 
effect of task difficulty. The maximum shift was on average 5 cm. 

The steering activity increased as an effect of S-IVIS difficulty, significantly reflected 
in reversal rate and high frequency steering component. Also, lateral position variation 
increased; from 0.20 m to 0.25 meters (BL to SLv3), and mean time to line crossing 
decreased by 1 second. See Figure 22–24.  
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Figure 22  One degree reversal rate for the visual task in rural road. 
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Figure 23  Mean time to line crossing for the visual task in rural road. 
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Figure 24  Lateral position variation for the visual task in rural road. 

Workload 

The mean skin conductance and variation increased with the visual task difficulty. See 
Figure 25. There was no effect on heart rate. 
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Figure 25  Mean skin conductance for the visual task in rural road. 

S-IVIS performance 

Correct responses decreased, and misses and incorrect responses increased as an effect 
of S-IVIS difficulty - both in the static test and in the driving condition. The reaction 
time, however, decreased. The reaction time was on average even shorter in the 
experimental condition than in the static test. There appeared to be no effect of road 
complexity on the S-IVIS performance. See Figure 26–28 for plots on correct 
responses, reaction time and incorrect responses. Missed responses followed the same 
pattern as incorrect responses. 
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Figure 26  The visual task % correct responses in rural road. 
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Figure 27  Tthe visual task reaction time in rural road. 
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Figure 28  The visual task % incorrect responses in rural road. 

 

6.5.3 Effects of the cognitive task in motorway driving 

Result summary table 

In Table 11 the results of the motorway driving with the cognitive task are reported. 
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Table 11  Result summary table for the Cognitive task in Motorway driving. 
Simulator experiment, motorway, cognitive task

Main effect
Measure Conditions BL SLv1 SLv2 SLv3 SLv

Subjective measures Self reported driving performance

Self reported driving performance
normal, event
Effect of RLv found 7.52 6.98 6.63 6.58

Longitudinal control
mean speed (km/h) normal 121.01 120.14 120.69 121.77 ns
speed variation (km/h) normal 2.89 3.25 2.96 3.17 ns
speed change (km/h) normal 2.37 1.09 1.79 3.81 ns
mean TTC (s) event 3.51 3.9 3.39 3.75 ns
brake reaction time (s) event 1.77 1.68 1.78 1.6 ns
Lateral control
mean lateral position (m) normal 1.02 0.98 0.99 0.95 ns
lateral position variation (m) normal 0.24 0.22 0.23 0.2
mean TLC (s) normal 8.52 9.02 9.4 8.95 ns
1 deg reversal rate (1/minute) normal 25.39 24.98 25.26 27.82 ns
high frequency steering normal 0.44 0.42 0.44 0.42 ns
Workload
heart rate (beats/minute) normal 71.33 71.85 71.78 72.36 ns
mean skin conductance (uS) normal 16.23 15.87 16.94 16.43 ns
skin conductance variation (uS) normal 0.49 0.36 0.42 0.39 ns
S-IVIS
correct responses (%) driving  - 59.7 50.0 52.7 not tested
correct responses (%) static  - 59.2 57.4 45.7 not tested
incorrect responses (%) driving  - 13.4 10.2 16.7 not tested
incorrect responses (%) static  - 11.9 13.6 18.0 not tested
missed responses (%) driving  - 26.9 39.8 30.6 not tested
missed responses (%) static  - 28.9 29.0 36.4 not tested

Mean values

 

Self reported driving performance 

The cognitive task resulted in a significant decrease of the self reported driving 
performance. The mean ratings decreased from 8.0 to 7.2. See Figure 29. 
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Figure 29  Self reported driving performance for the cognitive task on the motorway. 
The 95% confidence interval is indicated by error bars. 

Longitudinal control 

No effects in any speed measures were found for the cognitive task. There was, 
however, a pattern in mean speed that indicated that the speed rose for higher SLvs, but 
not significantly. See Figure 30. 
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Figure 30  Mean speed for the cognitive task in normal conditions segments of the 
motorway. No significant effect of SLv. 

 

In the events situations, reaction time, headway measures and time to collision measures 
were analysed. No effects were found, however. 

Lateral control 

No steering wheel angle measures were affected by the cognitive task. But the lateral 
position variation decreased with task complexity. The difference between with and 
without the cognitive task was 2 cm. See Figure 31. Also there were indications that 
mean TLC was increased with the visual task difficulty (F(3,70)=2.72, p=0.051); 9.4 
seconds when the visual task was active compared to 8.5 when not active. 
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Figure 31  Lateral position variation for the cognitive task in motorway normal driving 
conditions. 

Workload 

Although there were indications that the heart rate and skin conductance measures in-
creased, indicating an increased level of stress or arousal, these effects were not signi-
ficant. 
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S-IVIS performance 

Correct responses decreased and missed responses increased from SLv1 to SLv3 in the 
driving conditions and in the static test. No indications of abandoning the task in the 
normal driving conditions were found. Rather the opposite; the S-IVIS performance was 
better than in the static test, probably due to learning. The static test was always 
conducted before the motorway driving. In the event situations, however, the 
performance was lower than in the static test and normal driving conditions. See 
Figure 32 and Figure 33. 
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Figure 32  The cognitive task % correct responses in motorway. 
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Figure 33  The cognitive task % missed responses in motorway. 

6.5.4 Effects of the visual task in motorway driving 

Result summary table 

In Table 12 below, the results of the motorway driving with the visual task are reported. 
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Table 12  Result summary table for the visual task in motorway driving. 
Simulator experiment, motorway, visual task

Main effect
Measure Conditions BL SLv1 SLv2 SLv3 SLv

Subjective measures

Self reported driving performance
normal, event
Effect of RLv found 7.57 6.98 6.47 5.98

Longitudinal control
mean speed (km/h) normal 118.08 116.16 114.47 115.50
speed variation (km/h) normal 2.71 2.82 3.42 2.69 ns
speed change (km/h) normal 2.59 -1.6 -3.12 -1.73
mean TTC (s) event 3.54 3.5 2.89 3.4 ns
brake reaction time (s) event 1.89 1.93 2.19 2.21 ns
Lateral control
mean lateral position (m) normal 0.93 0.97 0.92 0.92 ns
lateral position variation (m) normal 0.24 0.26 0.28 0.3 ns
mean TLC (s) normal 8.12 7.67 7.24 7.7 ns
1 deg reversal rate (1/minute) normal 26.35 29.87 29.99 30.31
high frequency steering normal 0.42 0.46 0.54 0.56
Workload
heart rate (beats/minute) normal 75.87 76.08 76.51 77.21 ns
mean skin conductance (uS) normal 18.23 22.25 22.69 20.26
skin conductance variation (uS( normal 0.45 0.96 0.9 0.79
S-IVIS
correct responses (%) driving  - 71.1 61.1 59.9 not tested
correct responses (%) static  - 96.3 92.5 81.7 not tested
incorrect responses (%) driving  - 6.4 8.8 9.2 not tested
incorrect responses (%) static  - 1.7 6.7 10.1 not tested
missed responses (%) driving  - 22.6 30.0 30.9 not tested
missed responses (%) static  - 2.0 0.8 0.8 not tested
reaction time, driving (s) driving  - 1.54 2.01 2.00 not tested
reaction time, static (s) static  - 1.15 1.89 2.12 not tested

Mean values

 

Self reported driving performance 

The visual task resulted in significant decrease of the self reported driving performance. 
The mean ratings decreased from 8.1 to 6.6. See Figure 34. 
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Figure 34  Self reported driving performance for the visual task on the motorway. The 
95% confidence interval is indicated by error bars. 
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Longitudinal control 

Speed was significantly reduced with task difficulty, identified in mean speed and speed 
change. The average speed difference with/without the visual task was 3 km/h. See 
Figure 35. In speed change there was an average increase in speed of 2.6 km/h for the 
baseline condition, which at first glance seems strange. However, during most baseline 
and S-IVIS blocks there were cars to be overtaken, resulting in increased speed. No 
effects were found in speed variation. 
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Figure 35  Mean speed for the visual task in normal conditions segments of the 
motorway. 

 

In the events, the brake reaction time increased 0.3 seconds from the baseline condition 
to SLv3, although not significantly. Indications were also found in the headway 
measures. See Figure 36. 
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Figure 36  Brake reaction time (rt_br) for the visual task in motorway events. 

Lateral control 

The lateral position variation was increased 6 cm from baseline to SLv3, however not 
significantly (F(3,75)=2.67, p=0.055). See Figure 37. Main effects were found in 
reversal rate and high frequerncy steering component, indicating increased steering 
activity. No effects were found in time-to-line crossing. No effects were found in mean 
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lateral position, although the results indicated that it was shifted towards the centre line, 
as was found on the rural road. 
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Figure 37  Lateral position variation for the visual task in motorway normal driving 
conditions. 

Workload 

There was an effect of the visual task on mean skin conductance and variation, which 
increased with S-IVIS difficulty. See Figure 38. No effect was found in heart rate, 
however. 
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Figure 38  Mean skin conductance for the visual task in motorway. 

S-IVIS performance 

S-IVIS task performance decreased with S-IVIS difficulty, and in the driving conditions 
the performance was lower than in the static test. No indications of abandoning the task 
could be identified, although the drivers most certainly abandoned the task during the 
critical events, which lasted for a few seconds. See Figure 39 and Figure 40. 
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Figure 39  The visual task % correct responses in motorway. 
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Figure 40  The visual task reaction time in motorway normal driving conditions. 

6.6 Discussion 
In general, the visual task affected the driving behaviour more than the cognitive task, 
and the effects were more pronounced on the rural road than on the motorway. There 
were also some differences in the effects of the visual and cognitive S-IVIS; the visual 
task resulted in decreased lateral vehicle stability, the cognitive task resulted in 
increased stability. There were also differences in effects in longitudinal control; speed 
decreased as an effect of the visual task, but not of the cognitive task. The results are 
discussed in more detail below. 

The rural road scenario included more car following than the motorway, and in these 
situations results were found. The car-following situations were, however, considered 
annoying by several participants; they thought that the lead vehicle drove too close 
ahead of them. This resulted in great between participants variation in all car interaction 
measures. 
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6.6.1 The cognitive task 
Also for the cognitive task, the drivers were aware of the mental workload the task 
imposed. This was reflected in decreased self reported driving performance and 
increased skin conductance (rural road only). As for the visual task, the compensatory 
shift in lateral position towards the centre line was found as an effect of the cognitive 
S-IVIS, significantly found on the rural road. 

The drivers mostly felt that it was more difficult to cope with the driving task as a result 
of the S-IVIS. This may be the reason for the increased steering activity, found on the 
rural road. This was probably a precautionary behaviour to compensate for the reduced 
ability to react properly in case of a critical event. As a consequence, the lateral position 
variation decreased significantly on the motorway route. Although this is positive from 
an operational performance point of view, it may indicate reduced abilities to behave 
properly on the tactical level. Support for this was found in the speed behaviour: Speed 
increased in both environments (only significantly in rural road), and the headway 
decreased dramatically from baseline to SLv1 on the rural road critical events. In the 
non critical situations of the rural road, the speed variation increased significantly by 
20%, and there was a tendency of the same effect on the motorway. The speed 
behaviour thus indicates a reduced ability to monitor the own driving speed and 
headway. Despite the dramatic fall in headway (from baseline to SLv1) on the rural 
road critical events, the headway increased from SLv1 to SLv3 again, suggesting that 
efforts were mobilised to compensate for the increased cognitive demands as the 
cognitive task became more difficult. This could not, however, compensate for the 
already reduced speed monitoring abilities. The same “drop and rise” pattern was not 
found in the rural road non-critical situations, which is probably due to the constant 
speed of the lead vehicle, which was much easier to monitor and adapt to than the 
deceleration in the critical events. This issue needs more research. 

A question that comes to mind is whether it is then better to have more demanding 
S-IVIS tasks, because people get more cautious? There is probably no general answer to 
this question. But if a secondary task requires the full attention, it is likely that the 
driver stops the vehicle, which is safer than continuing driving. 

As for the visual task, the brake reaction times on the rural road tended to increase, but 
the effect was not significant. 

6.6.2 The visual task 
The participants were clearly aware of the impact of the visual task on the driving 
performance, which was reflected in the physically measured workload and self 
reported driving performance. The visual task resulted in decreased speed, which most 
likely was a compensation for the S-IVIS imposed workload. This tactical behavioural 
adaptation was found in both road environments (found in mean speed on motorway 
and in speed change in rural road). On the rural road, the adaptation was also reflected 
in increased time headway in the non critical situations. On the rural road, a slight shift 
in lateral position to the centre line was found, perhaps reflecting a compensatory 
strategy to keep a larger safety margin to the road edge (even though the effect size was 
quite small). 

Effects were not only found in the tactical driving behaviour, but also in the operational 
driving behaviour. As reported, steering activity and the number of steering corrections 
increased as an effect of the visual task in both routes. The most plausible explanation 
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for these results is that the visual distraction led to reduced visual tracking of the lateral 
position of the vehicle, which the drivers tried to compensate for by increased steering 
activity. This was however not successful, since the lateral position variation still 
increased and TLC decreased, significantly so on the rural road. The absence of effects 
in lateral position and TLC on the motorway could be explained by the lateral control 
task being easier on the motorway due to less curvy road layout and larger swerving 
margin (wider road). 

In the non critical situations of the rural road, the headway variation seemed to increase 
drastically as an effect of S-IVIS, indicating a reduced speed control. This effect can be 
explained by inhibited monitoring of the lead vehicle and the own travel speed, caused 
by visual distraction. Indications of this phenomenon were also found in the (non 
significant) increase in speed from SLv2 to SLv3 on the motorway, which broke the 
pattern in the general compensatory speed reduction behaviour. 

In the critical events no effects of the visual task were found, although the reaction time 
tended to increase on the motorway. The large reaction times and reaction time variation 
on the rural road suggest that the events were not very critical, probably due to high 
predictability of the lead vehicle behaviour, i.e. learning effects. On the motorway, the 
reaction times were short, indicating critical situations. But the variation between the 
events was high, on average 0.5 seconds, indicating too large event differences.  

6.6.3 S-IVIS performance 
There was a clear effect of S-IVIS task difficulty in the S-IVIS performance, although 
this was not statistically tested. The effect was in general similar in the static test and 
during driving, suggesting that there was no tendency to give up the S-IVIS task, except 
in the critical events on the motorway. On the motorway, the drivers were engaged with 
the S-IVIS task until they realised there was a vehicle interfering with their path of 
travel. The S-IVIS thus served its purpose. In general, increased road complexity level 
resulted in somewhat reduced S-IVIS performance. 

On the rural road, the reaction time was on average smaller during driving than in the 
static test. An explanation could be that the drivers tried to keep as much of the visual 
attention on the road scene, and thus hurrying the responses in the visual task. If so, 
however, a more severe decrement in hit rate should have been found, but this was not 
the case. It could be that the reaction time was more sensitive to the smaller attentional 
resources directed to the task than the number of correct, missed and false responses.  

6.6.4 The rural road 
The road curvature increased with road complexity level. It was found that the impact of 
the visual task was greater (worse) on the curvy road segments than on the straight 
segments. This was found as an interaction effect in eight of the thirteen indicators that 
significantly reflected effects of the visual task on driving performance. This is not 
surprising since the visual tracking of the road curvature required more attention in the 
curved sectionsthan in the straight sections. For the cognitive task, no interaction effects 
were found, supporting this theory. 

The critical events on the rural road were found rather predictable and thus not very 
critical. Significant effects of S-IVIS were accordingly not found in any indicators 
analysed specifically for the critical events. In the analysis including all road complexity 
levels, however, the results in the critical events contributed to the significance of the 
analysis. This analysis included the self reported driving performance, lateral control 
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and workload measures. An advantage of the rural road critical events was the long time 
duration; measures based on continuous rather than momentary data could be 
calculated, such as mean headway. 

6.6.5 The motorway 
On the motorway the road was less curvy than in the rural road, probably contributing 
to the smaller number of effects in the lateral control measures. A strength of the 
motorway was, however, the abruptness of the critical events. Although no significant 
results were found, the events were clearly more critical than on the rural road, reflected 
in the shorter brake reaction times on the motorway. Another advantage of the 
motorway was the free choice of speed; there was no lead vehicle restricting the 
longitudinal control characteristics except in the critical events. Of course, the other side 
of the coin was that measures of interaction with any interfering vehicle could be 
collected only occasionally. 

 

6.7 Conclusions 
• The visual task resulted in deteriorated lateral control. These effects were most 

pronounced in the curvy parts of the rural road. 
• The cognitive task resulted in somewhat increased lateral stability... 
• ... but there were tendencies that monitoring of the own vehicle and the lead 

vehicle became worse. 
• Both tasks resulted in increased steering activity, for the visual task probably to 

compensate for the visual distraction, and for the cognitive task to compensate 
for the reduced ability to react properly the event of any safety critical situation. 

• The drivers compensated for the visual task by reducing the speed, thus gaining 
a larger safety margin to any lead vehicles... 

• ... but this was not found for the cognitive task. 
• There was a tendency that the most difficult visual task level resulted in speed 

monitoring deterioration. 
• There were no indications of giving up the S-IVIS tasks, except in emergencies, 

the S-IVIS tasks thus fulfilled their purpose as a visually distracting or mentally 
loading task. 
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7 The Field Experiment 

7.1 Introduction 
Field studies performed with instrumented vehicles come as close to real life as 
possible. Not only does this mean real accident risk and high driver motivation 
(strategic level criteria), it also includes more unpredictable aspects such as the 
behaviour of other traffic participants, adverse weather conditions, unexpected road 
constructions, etc. The test route may be fixed, but events are not under experimental 
control. To ensure safety, test vehicles are generally equipped with dual controls that 
can be operated by a driving instructor or experimenter. For a more complete discussion 
of the advantages and disadvantages of field tests see Smiley (1987) and de Waard 
(1996). 

7.2 Method 

7.2.1 Participants 
The inclusion criteria for the participants were: 

• age 25–60 
• total mileage at least 10,000 km 
• not drivers by profession. 

 

24 persons participated in the experiment. 12 were male and 12 female. Their average 
age was 34 years (range 25–46) and the average time they had held their licence was 
14 years (range 5–27). On average they had driven 15,200 km (range 3,000–30,000) the 
past 12 months and had an average total mileage of 214,000 km (range 30,000–
500,000).  

7.2.2 Included S-IVIS 
In the visual task, the first two difficulty levels described in 4.3 The visual task were 
included. As SLv1, an even simpler level was designed, including only 3x3 and 
4x4 matrices instead of 4x4 and 6x6 matrices as described in 4.3 The visual task on 
page 24. The most difficult original S-IVIS level was not included since it was 
considered to cause too high an accident risk. In the cognitive task, the three difficulty 
levels described in 4.4 The cognitive task were included. 

7.2.3 The instrumented vehicle 
The participants drove a Volvo S80 instrumented car. Speed, lateral position and 
steering wheel angle were measured. An ambulatory digital recorder, Vitaport 2 by 
Temec, was used for measuring cardiac and nervous activities. Cameras recorded the 
face of the driver and the scenery in front of the vehicle in order to follow up procedural 
errors or data collection lapses. In Figure 41, the vehicle is displayed. In the right image, 
the touch screen that was used for the visual task can be seen. The vehicle was provided 
by Volvo Technology AB. 
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Figure 41  The instrumented vehicle, provided by Volvo Technology. Left, exterior; 
right, interior. 

7.2.4 Route 
The experiment was conducted on a 38 km long motorway section outside Linköping in 
Sweden. The motorway had two lanes in each direction. Each lane was approximately 
3.75 metres wide. There were several entrances and exits along the route, but these were 
not included in the experimental or baseline road sections. The experiment was 
conducted so as to avoid rush hours. The risk of congestions was very low. Each 
participant drove once in each direction. 

7.2.5 Experimental design 
Each participant used both S-IVIS. S-IVIS difficulty level was a within subject factor. 
Half of the road stretch in each direction was used as the baseline run (without S-IVIS) 
and the other one as the experimental run (with S-IVIS). The order of baseline and 
experimental runs was counterbalanced. The order of the two S-IVIS tasks and S-IVIS 
difficulty levels were also counterbalanced. The S-IVIS was activated six times per 
experimental run.  

Road complexity level was not included since critical events could not be implemented 
in the real driving. The predefined road sections for baseline and experimental data were 
chosen to be as similar in terms of road curvature as possible. Only one experimental 
factor was thus included; S-IVIS difficulty level (baseline + SLv1, 2 and 3). The 
number of data points per participant and S-IVIS level are displayed in Table 13. 

 

Table 13  Number of data points per participant. BL=baseline (no S-IVIS), SLv1-3 = 
S-IVIS difficulty levels 1–3. 

 S-IVIS level 

S-IVIS BL SLv 1 SLv 2 SLv 3 

Visual 6 2 2 2 

Cognitive 6 2 2 2 

 

As for the simulator experiment, there was a static S-IVIS test included for each 
participant and S-IVIS in order to evaluate how the S-IVIS was prioritised as a dual task 
compared to single task. The static S-IVIS test was conducted either before using each 
of the two S-IVIS. The order was counterbalanced across participants. 
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7.3 Procedure 

An experimental leader accompanied the participants in the front passenger seat. The 
experimental leader controlled the measuring equipment, instructed the participants on 
some occasions, and administered questions on driving performance during the runs. 

The participants received written and spoken instructions. Electrodes for physiological 
measurements were attached to the participant. Before each drive, the S-IVIS task to be 
conducted was practised. The static S-IVIS tests were performed either before or after 
each drive. The experimental leader asked the participants to rate their driving 
performance during driving. 

There was a distance of 5 km before the start of the experimental route during which the 
participants were able to familiarise themselves with the vehicle. Before entering the 
motorway, the experimental leader briefly repeated the S-IVIS instructions and told the 
participant whether the S-IVIS would be active during the first half of the drive or not. 
After half the drives in both directions, the experimental leader told the participant that 
the S-IVIS was activated/inactivated.  

After driving, the participants signed a document authorising/not authorising VTI to use 
the video recordings for scientific purposes. 

7.4 Measures and analysis 
Speed, lateral position and steering angle were measured. From these, several safety 
critical indicators were derived, previously described in 2.3 Indicators of driving 
performance and risk. Heart rate and skin conductance were recorded, according to 
2.4.1 Physiological measures of mental workload. See Table 14 for a complete list of 
included measures. The sample rate was 60 Hz for all vehicle based measures. ECG (for 
heart rate) was sampled at 1,024 Hz, and skin conductance at 256 Hz. The manual 
responses in the visual S-IVIS task were sampled at 60 Hz. In the S-IVIS tasks, reaction 
time (only the visual task), proportion of correct, false and missed responses were 
recorded. 
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Table 14  Included measures and their abbreviations. 

Category Measure 

Subjective self reported driving performance 

mean lateral position 

lateral position variation 

mean time-to-line crossing minima 

reversal rate, 1o

steering angle variation 

Lateral 

high frequency steering component 

mean speed 

speed variation Longidudinal 

speed change 

heart rate 

skin conductance variation Workload 

skin conductance level 

 

Measures were calculated for each participant and S-IVIS block, resulting in 48 data 
points for each combination of S-IVIS task and S-IVIS difficulty level. There were 
144 baseline data points per S-IVIS task. Univariate ANOVA was used for testing the 
effects of S-IVIS difficulty (3 levels). Tukey’s post hoc test was used for testing 
between levels contrasts. A significance level of 5% was used. 

As in the simulator experiment, the S-IVIS results were qualitatively assessed in order 
to establish the approximate prioritisation of the S-IVIS tasks during driving compared 
to that in the static S-IVIS test.  

7.5 Results 
Below, the results are reported for the cognitive task and the visual task separately. 

7.5.1 Effects of the cognitive task 

Result summary table 

In Table 15 below, the results of the cognitive task in the field motorway driving are 
reported. In the second column arrows indicate in which direction the measures were 
significantly affected by the influence of S-IVIS difficulty level. 
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Table 15  Result summary table for the cognitive task in the field experiment. 2:nd 
column: effect direction, 3–6 columns: mean values, last column: effect significant or 
not. 
Field experiment, motorway, cognitive task

Main effect
Measure BL SLv1 SLv2 SLv3 SLv

Subjective measures
self reported driving performance 8.35 7.09 6.87 6.59
Longitudinal control
mean speed (km/h) 109.24 108.85 109.29 109.01 ns
speed variation (km/h) 1.67 2.11 1.75 1.76 ns
speed change (km/h) -0.01 -0.59 -0.12 -1.22 ns
Lateral control
mean lateral position (m) 0.78 0.75 0.75 0.85 ns
lateral position variation (m) 0.21 0.17 0.22 0.19 ns
mean TLC (s) 5.65 5.87 5.67 5.66 ns
1 deg reversal rate (1/minute) 29.77 31.93 32.42 31.51
steering wheel angle variation 1.4 1.51 1.5 1.46 ns
high frequency steerin (deg) 0.38 0.39 0.38 0.42 ns
Workload
heart rate (beats/minute) 79.90 81.94 82.51 82.21
mean skin conductance (uS) 16.69 17.14 17.92 17.51 ns
skin conductance variation (uS) 0.52 0.5 0.51 0.58 ns
S-IVIS
correct responses, driving [%] - 78.6 63.8 58.3 not tested
correct responses, static [%] - 82.1 76.1 63.1 not tested
incorrect responses, driving [%] - 9.1 17.2 15.9 not tested
incorrect responses, static [%] - 7.1 13.5 13.9 not tested
missed responses, driving[%] - 12.3 19.1 25.7 not tested
missed responses, static [%] - 10.7 10.4 23.0 not tested

Mean values

 

Self reported driving performance 

The cognitive task difficulty reduced the self reported driving performance significantly 
from 8.4 for the baseline condition (BL) to 6.6 for the most difficult cognitive task 
condition (SLv3). See Figure 42.  
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Figure 42  Self reported driving performance for the cognitive task on the motorway. 
The 95% confidence interval is indicated by error bars. 
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Longitudinal control 

Although there were some indications that the speed variation increased and the mean 
speed decreased as an effect of the cognitive task, these effects were very small 
(~1km/h) and not significant.  

Lateral control 

Several steering activity indicators and lateral position stability indicators were 
collected. It was found that the cognitive task resulted in increased steering activity; the 
reversal rate increased significantly with the cognitive task difficulty. The reversal rate 
was 2 reversals per minute higher with the cognitive task than without, which 
corresponded to a 10% higher reversal rate. See Figure 43. There was, however, no 
effect in lateral position variation.  
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Figure 43  One degree reversal rate for the cognitive task on the motorway. 

Workload 

Heart rate, skin conductance level and variation were included as physiological 
workload indicators. It was found that the heart rate increased significantly with S-IVIS 
difficulty. See Figure 44. The difference between with/without S-IVIS was 2.3 beats per 
minute. No effects were, however, found in skin conductance. 
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Figure 44  Inter-beat-intervals (inverse heart rate) for the cognitive task in the 
motorway. 
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S-IVIS performance 

The cognitive task performance decreased with the cognitive task difficulty. S-IVIS 
performance decreased similarly when used as a single task (static test) and dual task 
(during the driving experimental condition). There was, however, a systematic 
difference between the static and the experimental conditions. See Figure 45 and 
Figure 46. The cognitive task was prioritised during driving, as was intended. There 
were no indications of the drivers giving up the cognitive task. 
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Figure 45   The cognitive task % correct responses in static test and in driving. 
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Figure 46  The cognitive task % missed responses in the static test and in driving. 

7.5.2 Effects of the visual task 

Result summary table 

In Table 16 below, the results of the visual task in the field motorway driving are 
reported. In the second column arrows indicate in which direction the measures were 
significantly affected by the influence of S-IVIS difficulty level. 
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Table 16  Result summary table for the Visual task in the field experiment. 2:nd column: 
effect direction, 3–6 columns: mean values, last column: effect significant or not. 
Field experiment, motorway, visual task

Main effect
Measure BL SLv1 SLv2 SLv3 SLv

Subjective measures
self reported driving performance 8.25 6.98 7.13 6.17
Longitudinal control
mean speed (km/h) 109.75 106.54 107.26 108.25
speed variation (km/h) 1.36 1.93 1.66 1.92
speed change (km/h) -0.29 -2.99 -0.42 -1.45 ns
Lateral control
mean lateral position (m) 0.79 0.76 0.74 0.79 ns
lateral position variation (m) 0.21 0.21 0.2 0.23 ns
mean TLC (s) 5.55 5.34 4.9 5.15
1 deg reversal rate (1/minute) 30.26 33.66 34.57 34.61
steering wheel angle variation (deg) 1.36 1.46 1.49 1.5 ns
high frequency steerin (deg) 0.37 0.47 0.48 0.51
Workload
heart rate (beats/minute) 78.85 80.57 80.50 79.81
mean skin conductance (uS) 14.08 17.92 17.99 18.02
skin conductance variation (uS) 0.44 0.78 0.7 0.8
S-IVIS
correct responses, driving [%] - 97.9 98.3 89.9 not tested
correct responses, static [%] - 98.6 98.6 93.8 not tested
incorrect responses, driving [%] - 1.7 1.7 3.5 not tested
incorrect responses, static [%] - 0.0 0.0 5.9 not tested
missed responses, driving[%] - 0.4 0.0 6.6 not tested
missed responses, static [%] - 1.4 1.4 0.4 not tested
reaction time, driving (s) - 1.6 1.7 2.5 not tested
reaction time, static (s) - 1.3 1.2 2.3 not tested

Mean values

 

Self reported driving performance 

The self reported driving performance was reduced significantly as an effect of the 
visual task difficulty. See Figure 47. In the post hoc test, it was found that there was no 
difference between SLv1 and 2, which also can be seen in the figure below. 
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Figure 47  Self reported driving performance for the visual task on the motorway. 
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Longitudinal control 

The mean speed was 3 km/h lower and the speed variation 0.5 km/h higher with the 
visual S-IVIS than without. In the post hoc test it was found that all experimental levels 
gave lower speed than baseline, but that SLv3 gave higher speed than SLv1. These 
effects were significant. See Figure 48 and Figure 49. No effect was, however, found in 
the speed change measure.  
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Figure 48  Mean speed for the visual task on the motorway. 
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Figure 49   Speed variation for the visual task on the motorway. 

Lateral control 

When the visual task was active, reversal rate increased significantly by 13% 
(Figure 50) and the high frequency steering component increased by 32% (Figure 51). 
Despite the effect of S-IVIS level, the differences between the experimental levels were 
few (found in the post hoc tests). 

Mean time to line crossing decreased with the visual task difficulty. See Figure 52. 
Although significant, the effect was very small, less than one second. No effect was 
found in lateral position variation. 
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Figure 50  One degree reversal rate for the visual task on the motorway. 
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Figure 51  High frequency steering component for the visual task on the motorway. 
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Figure 52  Mean time to line crossing for the visual task on the motorway. 

Workload 

The heart rate, skin conductance level and skin conductance variation increased as an 
effect of the visual task. See Figure 53 and Figure 54. 
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Figure 53  Inter-beat-intervals for the visual task on the motorway. 
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Figure 54  Skin conductance level for the visual task on the motorway. 

S-IVIS performance. 

The visual task reaction time and missed responses increased as an effect of task 
difficulty, and the correct responses decreased. In the driving condition, the S-IVIS 
performance was less than in the static condition, no indications of abandoning the tasks 
were identified. 
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Figure 55  The visual task reaction time in static test and driving. 
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Figure 56  The visual task proportion of correct responses in static test and in driving. 

7.6 Discussion 
As in the simulator experiment, it was found that the visual task affected driving 
performance more than the cognitive task, and the effects were different. 

7.6.1 The cognitive task 
It was found that the cognitive task affected driving performance, workload and stress, 
reflected in self reported driving performance and heart rate – but not significantly in 
the skin conductance measures. The steering activity was increased, but was only 
reflected in reversal rate. This may still indicate that the drivers were under such mental 
workload that they did not fully trust their ability to behave appropriately on the tactical 
and operational levels, and thus compensated by increasing the steering activity. No 
effect was, however, found in the lateral position variation or TLC, although the lateral 
position variation indicated a somewhat improved stability and safety margin. Only 
very small indications of compensatory speed reduction were found, reflected in non 
significant decreases in speed variation and speed change. 

7.6.2 The visual task 
The participants were aware of the impact of the visual task on driving performance and 
workload, which was reflected in the self reported driving performance and the 
physiological measures. The visual task clearly resulted in an increased level of stress, 
reflected in the physiological measures. In order to compensate for the increased task 
demands, and accordingly decreased attention to the driving task, the drivers reduced 
their driving speed. Although there was a difference between baseline and the 
experimental levels, it was also found that SLv3 gave higher speed than SLv2, which 
indicates loss of monitoring of the own travel speed. Corresponding effects were found 
in the simulator experiment. 

On the operational level, results were found in the lateral control. The drivers increased 
the steering activity to compensate for the reduced attention to driving, but did not 
succeed completely, since the time-to-line crossing minima indicated that the lateral 
control margin decreased as an effect of the visual task. No effect was found in the 
commonly used lateral position variation. 
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7.6.3 S-IVIS performance 
There was a clear effect of S-IVIS task difficulty on the S-IVIS performance, although 
this was not statistically tested. The effect was similar in the static test and during 
driving, suggesting that there was no tendency to give up the S-IVIS task. There were, 
however, no observable differences between SLv1 and SLv2 in any of the S-IVIS 
performance measures for the visual task. Obviously, the first and second levels were 
very similar in terms of difficulty. 

7.7 Conclusions 
• The visual task resulted in deteriorated lateral control. 
• The cognitive task did not result in deteriorated lateral control. 
• Both tasks resulted in increased steering activity, for the visual task probably to 

compensate for the visual distraction, and for the cognitive task to compensate 
for the reduced ability to behave appropriately on the operational and tactical 
levels. 

• The drivers compensated for the visual distraction by reducing the speed, thus 
gaining a larger safety margin to any lead vehicles... 

• ... but this was not found for the cognitive task. 
• There was a tendency that the most difficult visual task level resulted in speed 

monitoring deterioration. 
• There were no indications of giving up the S-IVIS tasks, except in emergencies, 

the S-IVIS tasks thus fulfilled their purpose as a visually distracting or mentally 
loading task. 
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8 Comparison between the S-IVIS tasks and test environments 

8.1 Introduction 
In this chapter, the results found in the simulator experiment and field experiments are 
compared in order to evaluate the validity of the simulator experiment and to illustrate 
differences in the impact of the cognitive and visual tasks on driving behaviour. 

It should be kept in mind that different participants were included in the different 
experiments. Also, the scenarios differed between the experiments, and also within the 
simulator experiment. Statistical comparisons are thus not made; only qualitative 
comparisons. The measures of driving performance in the critical events were excluded 
from the comparisons. In the simulator, however, the effect of critical events could not 
be excluded from the self reported driving performance. Only measures identically 
recorded in the different experiments were included for comparison. The number of 
included measures was thus thirteen. 

A simple effect estimate was used for comparing the effect of the secondary tasks on the 
included measures. Note that this estimate differs from the commonly used Cohen’s d. 
See Table 17. For the driving performance and workload measures, the effect estimate 
was defined as the proportional change caused by the experimental condition compared 
to baseline: 

 

BL

BLEXP

M
MMd −

= , where d is it effect estimate, and M represents mean values. 

 

In the speed change measures, the speed limit was used as the denominator instead of 
the baseline value since d_sp could be zero, generating very uncertain or even undefined 
effect estimates. The experimental condition value was defined as the mean of SLv1, 2 
and 3 values. 

For S-IVIS performance, effect estimates were calculated for correct responses and 
reaction time. Missed and false responses were few and were thus considered to cause 
too unreliable effect estimates to be included. Since the baseline condition did not 
provide any S-IVIS data (per definition), data from the static condition had to be used as 
the norm in the calculation of effect estimates. As the norm, the SLv1 static test data 
was used. Instead of calculating proportional change for correct responses, absolute 
changes were calculated (no denominator in the equation above). Proportional change is 
however reported for reaction time in the visual task. 
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Table 17  Effect estimate tables. 1st column: name of measure, 2:nd direction of 
significant effects, 3rd–6th: mean values, 7th: effect estimates. 
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8.2 Between environments – The cognitive task 
Driving performance and workload indicators were significantly affected by the 
cognitive task in all environments; six in the simulator rural road, two in the simulator 
motorway and three on the real motorway. The rural road driving was thus more 
affected by the cognitive task than the motorway driving. The cognitive task was 
identically implemented in all environments. 

8.2.1 Self reported driving performance 
The participants’ opinions of their driving performance were similarly affected in the 
two simulator environments; 9–11% decrease as an effect of the cognitive task. In the 
real motorway study, the effect was larger; 18% decrease. This indicates that there was 
a larger conflict in the demands of cognitive resources on the real motorway than in the 
simulator environments. It could also indicate that the participants were more aware of 
the risk of accident in the field experiment, which may have affected the ratings. 

8.2.2 Longitudinal control 
Only on the rural road was there an effect of the cognitive task on speed control; the 
speed variation increased from 1.9 km/h to 2.3 km/h. On the rural road, the drivers had 
to negotiate the distance to a lead vehicle. As argued previously the speed monitoring of 
the own and other vehicles could deteriorate as an effect of cognitive tasks, causing 
increased speed variation in car following situations. 

As was found for the visual task, the speed was higher on the real motorway than on the 
simulator motorway, most likely an effect of the simulator environment feeling less 
risky, or the presence of an accompanying experimental leader in the vehicle in real 
motorway driving. 

8.2.3 Lateral control 
The steering activity increased on the simulator rural road and the real motorway as an 
effect of the cognitive task, and on the simulator motorway the lateral position variation 
decreased. Where not significant, there were still indications of the same effects. The 
increase in lateral control stability was thus at least indicated in all three environments. 
This could be an effect of the drivers compensating on an operational level for reduced 
capacity to make the right decisions on the tactical level. Support for this was found in 
the speed control and headway data in the simulator rural road driving. 

As found for the visual task, the lateral position was farther to the left in the field 
experiment than in the simulator motorway. This effect was probably caused by the 
appearance of the simulator motorway roadside not being as hazardous as the real 
roadside. 

8.2.4 Workload 
The physiological measures indicated a higher stress level in the real motorway driving 
compared to the simulator, not only when the S-IVIS, but also in the baseline condition. 
E.g. heart rate was approximately 80 in the field experiment and 75 in the simulator 
experiment. On the real motorway, heart rate also increased as an effect of the cognitive 
task. In the simulator rural road, the skin conductance level and variation, but not heart 
rate, increased. The results thus indicate that the real driving was more stressful than the 
simulator driving, but on the other hand that the stress or workload increased more as an 
effect of the cognitive task on the rural road than in the real motorway driving. This 

74 VTI rapport 533A 



 

latter effect can possibly be explained by the stressful and critical events, which were 
difficult to combine with the S-IVIS.  

8.2.5 S-IVIS performance 
In the field experiment, the participants performed the cognitive task much better than 
in the simulator experiment. Since this was also true for the static test (on average 74% 
hit rate in field compared to 54% in simulator), this was a purely between groups effect 
rather than an effect of the test environment. Also, in the static test there was a 
difference between the environments; in the field experiment, the difference between 
SLv1 and SLv3 was 19%-units in the static condition. In the simulator experiment, the 
difference was 14%-units. Due to these between groups differences in the static test, the 
S-IVIS performance cannot reliably be compared between the simulator and field 
experiment. 

In the two simulator environments, the participants performed equally well in the 
cognitive task. 

8.3 Between environments – The visual task 
In the simulator rural road and the motorway field experiment, nine driving 
performance and workload indicators were significantly affected by the visual task. In 
the simulator motorway, seven indicators were affected. In general, the effects of the 
visual task were less pronounced in the simulator motorway than in the other two 
environments. 

8.3.1 Self reported driving performance 
Self reported driving performance was equally affected in simulator rural road and real 
motorway. In the simulator motorway, however, the effect was smaller, indicating that 
the visual task affected driving performance more in real motorway than simulator 
motorway driving - despite the fact that the visual task was made easier in the real 
driving. 

8.3.2 Longitudinal control 
The speed decreased in all three environments as an effect of the visual task, and the 
largest effect was found in the simulator rural road. Since the rural road was curvier 
than the motorway routes and included a lead vehicle it required more visual attention. 
Accordingly, the impact of the visual task was more severe on the rural road, which is 
why the drivers had to reduce the speed more in order to compensate for the increased 
visual demand.  

In the two motorway environments, the effects were rather similar. The speed was, 
however, generally higher in the simulator motorway than in the motorway field 
experiment; 118 km/h compared to 110 km/h in the baseline conditions. Also, the speed 
variation was slightly higher in the simulator motorway than in the real motorway. The 
higher speed in the simulator could be an effect of differences on the motorway 
scenarios (curvature, presence of other vehicles etc), or the fact that an experimental 
leader accompanied the participants in the instrumented vehicle, causing the participants 
to drive more legally. But it could also be a simulator validity effect/problem: Due to 
the lack of risk of having a real accident in the simulator, the driving behaviour may 
have differed on the strategic level between simulator and real driving, despite the 

VTI rapport 533A 75 



 

almost identical experimental instructions. In other words, in the simulator, the drivers 
may have allowed themselves to take higher risks. 

8.3.3 Lateral control 
The lateral control measures were similarly affected in the motorway environments, but 
the results indicated that the lateral control deteriorated more on the rural road, 
primarily found in lateral position variation and high frequency steering component, the 
latter being twice as high as in the motorway environments. This was probably caused 
by the rural road requiring more visual attention than the motorway due to its curvier 
layout. 

The average lateral position was unaffected in both motorway environments, but in the 
simulator rural road the lateral position was shifted to the left, but only a few 
centimetres, which is considered insignificant from a safety point of view. The results 
indicate that the drivers drove 15–20 cm more to the left on the real motorway than in 
the simulator motorway. This could be an effect of the road side in the simulator 
appearing less hazardous. This lateral position shift probably also caused the smaller 
time-to-line crossing values on the real motorway. The lateral position variation was a 
little less on the real motorway than in the simulator motorway. This effect could be an 
effect of simulator unrealism, resulting in the vehicle being more difficult to control 
than a real vehicle, but also an effect of the road curvature, which differed between the 
field and simulator motorways. The difference in lateral position variation was however 
very small, only 3–7 cm. 

The time-to-line crossing was equally reduced in both motorway routes as an effect of 
the visual task, but only significantly in the field experiment. On average, TLC was 
smaller in the field experiment. On the rural road, the effect was twice as large as in 
both motorway environments. This can be explained by the rural road being curvier, 
requiring more visual attention, and the driving performance accordingly being more 
affected by visual distraction than in the motorway environments. 

8.3.4 Workload 
Effects in the physiological measures were found in all environments, indicating that the 
mental workload and stress increased as an effect of the visual task. In all environments 
both skin conductance measures were affected significantly. Heart rate, which is the 
most commonly used indicator of workload and stress, was however affected only in the 
real motorway driving. The effect on skin conductance level varied 20–30%, the 
variation 50–100%, and the heart rate 2% (a few beats per minute). In two of the three 
workload measures the greatest impact was found in the field experiment, indicating 
that it was more stressful to combine the visual task and the real driving than with 
simulator driving – despite the critical events in the simulator environments. Further, 
the heart rate was slightly higher in the field experiment than in the simulator experi-
ment, not only during S-IVIS sections but also in baseline sections. This verifies what 
we already know; subjective risk may not be valid in simulators. 

8.3.5 S-IVIS performance 
In the field experiment, the participants performed the visual task much better than in 
the simulator experiment. This was a between groups difference, also found in the static 
test, originating from the visual task being “one step” easier in the field experiment. 
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Therefore, the S-IVIS performance cannot reliably be compared between the simulator 
and field experiment. 

The effect of S-IVIS task difficulty in correct responses was very similar in the two 
simulator environments, but the effect in reaction time was 0.61 seconds in the 
simulator motorway compared to 0.27 seconds in the rural road. On the rural road, the 
reaction time during driving was on average even shorter than in the static test. This is a 
truly unexpected effect that possibly could be explained by the drivers trying to keep as 
much of the visual attention as possible on the road scene, and thus hurrying the 
responses in the visual task. This effect was, however, not found in the motorway 
environment. This may be explained by the rural road requiring more visual attention 
than the motorway, giving the driver time to perform the visual task without hurrying as 
much on the motorway. 
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9 Discussion 

9.1 Between the cognitive and visual task 
As stated in the description of the visual task, the visual distraction of the task would 
compete for visual resources, leading to unstable lateral control and less well adapted 
interaction with the road environment and other road users. This was also found in the 
experiments. In all three environments, deteriorated lateral control was found. On the 
rural road it was also found that the interaction with the lead vehicle deteriorated. Speed 
monitoring seemed to deteriorate for the highest S-IVIS level, resulting in increased 
headway variation and increased speed. Until a certain limit, however, the drivers 
decreased their speed to cope with the increased visual demands. 

The cognitive task had different effects on driving than the visual task. The cognitive 
task resulted in somewhat reduced speed control, found in the simulator rural road and 
motorway, and less well adapted headway to the lead vehicle on the rural road. This 
could be explained by reduced ability to monitor the own and lead vehicle speeds due to 
cognitive distraction - thus an information interpretation problem. This could also 
explain why the drivers did not slow down in order to compensate for the increased 
mental demands. The lateral control, however, was somewhat improved by the 
cognitive task, indicating that the visual resources directed to the tracking of the road 
layout were increased, or that the drivers put more efforts into a stable lateral control. 

In all experimental conditions, the participants rated their driving performance as worse 
than during baseline, and the mental workload and stress were affected by both S-IVIS. 

9.2 Differences between the experimental environments – 
Validity 

The effects on driving performance were more pronounced on the simulator rural road 
than on the simulator motorway. This was probably caused by the rural road containing 
more complex road curvature and traffic information. Further, the effects were larger on 
the real motorway than the simulator motorway. This could also be explained by the 
real environment being more complex than the simulated environment. There were, 
however, more differences between the real and simulated motorway, suggesting that 
there must be an additional difference: The travel speed was lower and the level of 
stress was higher on the real motorway than on the simulator motorway. These 
differences could be explained by the real motorway including a real risk of accident, 
forcing the drivers to drive more carefully, but still being more stressed by the risk of 
accident. The lack of true risk of accident is an advantage of simulators, but apparently, 
there is also the risk that the simulation is not apprehended as entirely realistic – 
including the risk of accident. Another difference between the motorway environments 
was that the drivers drove more to the left on the real motorway than on the simulator 
motorway. This could be explained by the less hazardous appearance of the roadside in 
the simulator.  
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10 Conclusions 
The cognitive and visual tasks affected driving performance differently. The visual task 
primarily affected lateral control, but to some extent also the interaction with other road 
users. The participants slowed down in order to compensate for the increased visual 
demand, but seemed to become too distracted to even manage that task – there were 
strong indications that the longitudinal control deteriorated for the most difficult visual 
task level. The cognitive task also resulted in somewhat decreased speed control, but did 
not slow down at all. Also, the cognitive task resulted in increased lateral stability. 

In general, the driving behaviour was very similar, and the secondary tasks affected 
driving performance very similarly in the simulator and real road environment. These 
results indicate that the simulator has high validity on the tactical and operational levels. 
There were, however, some differences that can be attributed to the strategic driver 
behavioural level: Slower speed and higher mental workload on the real motorway than 
on the simulator motorway indicates that the real road driving was considered more 
dangerous than the simulator driving. The simulator validity was thus not as good on the 
strategic level as on the tactical and operational levels. 
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