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Executive Summary 

Deliverable 1.2.3 of AIDE describes the experimental work performed in Task 1.2.2. 
“Assessment of variables: Learning and appropriation phase”. Six different partners 
investigated  different types of advanced driver assistance systems (ADAS). Their 
research focused on the learning phase, during which the driver becomes familiar 
with a new driving aid. This learning process is assumed to be crucial for the driver’s 
representation of the system, for the confidence in it and for ensuring optimal usage 
of the system. The learning process depends on the way the system is presented to 
the driver, the driver’s degree of experience and his/her familiarity with new 
technologies.  

The first reported study performed by INRETS and RENAULT looked at the learning 
process and short-term behavioural impact of two ADAS with an integrated interface: 
Speed Limiter and Cruise Control. The main objectives of the study were to examine 
how drivers’ knowledge and representations of the systems' operation and rules of 
use evolve with experience and to assess short-term behavioural changes when 
using the support systems. The second study was performed by PSA and aimed at 
understanding how drivers learn to drive with an Adaptive Cruise Control (ACC). The 
study investigated the evolution of drivers’ mental representation over repeated use 
of the ACC and how complete and hardly the mental representation built after using 
the system is. The third study looked at the effects of integrating a Forward Collision 
Warning system and Lane Departure Warning system in an on-road experiment with 
an instrumented car. How would drivers’ behaviour differ between driving without, 
with one or with both systems. This study was conducted by CERTH/HIT. Three 
studies looked at the effects of an adaptive Forward Collision System (FCW) on the 
driver’s behaviour, subjective opinion and acceptance of the systems. The FCW was 
either adapted to the road condition (performed by VTI), to the driver’s driving style 
(ITS Leeds) and to the driver’s level of distraction (TNO).  

The result of the first study on Speed Limiter and Cruise Control showed that learning 
two systems may imply a longer learning process. The sharing of a common interface 
had some implications for the learning process: it encouraged drivers to infer that 
procedures used in one system also applied in the other, but it can also lead them to 
make erroneous extrapolations between the two systems. Which was especially the 
case in the early stages, as drivers already had some difficulty in having a clear 
representation and clearly dissociating of the two systems. This also had an impact 
on learning how to delegate control: drivers had to learn what can be delegated to 
the system and what cannot, which was complicated by the fact that the two systems 
shared the same interface but did not incorporate the same functions in the same 
way. 

The second study on learning an ACC showed that knowledge, understanding and 
anticipation of ACC reactions seem to be available after about 370 km driving with 
the system. All drivers thought they were capable to take the right decision after 370 
km. This amount of learning also seemed enough to shift the driver’s attention from 
the system back to the traffic (situation awareness) at the level of driving without a 
system. 
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In the third study the learning of two systems was investigated. The results showed 
that drivers tended to ignore the warnings of the integrated system (FCW and LDW). 
However, when the same drivers drove only with either one of those systems active, 
they adjusted their behaviour according to the warnings. This might be caused by the 
high number of warnings drivers received when driving with both systems active (on 
average 70 warnings per hour). So there could be a threshold of the number of 
warnings that drivers are able to deal with. The alternative explanation is that drivers 
are not able to drive with more than one system active in general, irrespective of 
number of warnings. With respect to the learning time of this integrated system, it 
took drivers five times of one hour exposure time to come to a harmonised driving 
behaviour. So, their short term learning process seemed to be over by then. 

Three studies were performed on the adaptation of a FCW to road condition, driver 
distraction and driving style. The results of the latter study showed that benefits of the 
adaptive system were demonstrated when it came to aggressive drivers. Even 
though the behavioural evidence indicated that the system had a highly significant 
positive safety benefit, the aggressive drivers tended to rate FCW in general much 
more poorly than their non-aggressive contemporaries. This is likely to be due to the 
fact that they find FCW more irritating and stress-inducing than non-aggressive 
drivers. However, some of these issues that can turn aggressive drivers off FCW are 
mitigated when adaptive systems are used: their acceptance of the system is  
improved and their irritation and stress is reduced. Nevertheless, concerns remain 
that the proven benefits of such system might still be in conflict by their annoying 
features. 

The results of the study on the adaptation of the FCW to road condition indicated a 
clear improvement in safety since fewer collisions for the adaptive system and longer 
minimum time to collision and minimum headway were found. However, the adaptive 
system showed a somewhat lower acceptance than the non-adaptive system. 

The system that adapted to distraction of the driver did not show any improvements 
in terms of driving behaviour or acceptance. An explanation may be found in the fact 
that the warning of this FCW lasted for two seconds and then stopped. This led to 
less warnings and a less “irritating” warning sound in general, because the sound 
stopped automatically. Another possibility was that participants in this experiment 
simply managed to perform the distracting task and to react to the braking actions of 
the vehicle in front. A (adaptive) FCW could not assist them any further.
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1 Introduction 

The literature review on the “Behavioural Effects of Driver Assistance Systems” 
(Deliverable D1_2_1, Saad et al, 2004) has highlighted the lack of knowledge about 
learning processes and the long-term effects of driver assistance systems. It is thus 
important to develop research into these aspects so as to be able to formulate sound 
recommendations for the design and development of the AIDE system. This is the 
overall objective of the research studies to be carried out in Work Package 1.2 
(Behavioural Effects of Driver Assistance Systems). The purpose of this deliverable is 
to describe the methods and results of the studies that were carried out in Work 
Package 1.2.2: Short Term Behavioural Effects of Driver Assistance Systems.  

All experiments reported in this study focus on the learning phase, during which the 
driver becomes familiar with a new driving aid. We consider that, during this phase, 
drivers discover the system, learn how it operates, identify the scope and limitations 
of its capabilities, circumscribe its realms of utility, and maybe adjust their behaviour. 
This learning process is assumed to be crucial for the driver’s representation of the 
system, for the confidence he/she has (and ought to have) in it and for ensuring 
optimal usage of it. The learning process depends on the way the system is 
presented to the driver (instructions for use, as well as information provided on-line), 
the driver’s degree of experience and his familiarity with new technologies.  

The six different experiments reported in this deliverable are all experiments on their 
own, with a common focus on the learning phase of ADAS by drivers. They either 
focused on the learning process of an ADAS system itself (Chapter 2 and 3), on the 
specific learning process of an Integrated ADAS system (Chapter 4), or on the 
specific learning process of an Adaptive ADAS system (three experiment that are 
described in Chapter 5). In this way all important aspects of AIDE are dealt with: 
adaptation, integration and learning effects. 

The first study looked at the learning process and short-term behavioural impact of 
two ADAS systems with an integrated interface, which incorporate two 
complementary modes of speed management: Speed Limiter and Cruise Control. 
Speed control is one of the main regulating variables of the driving task. It is thus 
important to get a better understanding of the drivers’ adaptation to and acceptance 
of support systems acting more or less directly on this crucial variable. The main 
objectives of the study were to examine how drivers’ knowledge and representations 
of the systems' operation and rules of use evolve with experience and to assess 
short-term behavioural changes when using the support systems. The study was 
performed by INRETS and RENAULT in close co-operation and is described in detail 
in Chapter 2. 

The second study aimed at understanding how drivers learn to drive with an Adaptive 
Cruise Control (ACC). Through verbal reports collected under real driving conditions 
with the elicitation method called “Teaching method” (Vora and Helander, 1995) and 
answers to questionnaires, it appreciates the evolution of drivers’ mental 
representation over repeated use of the ACC and how complete and hardly the 
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mental representation built after using the system is. The study was performed by 
PSA and is described in detail in Chapter 3. 

The third study looked at the effects of integrating a Forward Collision Warning 
system and Lane Departure Warning system in an on-road experiment with an 
instrumented car. The study was performed by CERTH/HIT and is described in more 
detail in Chapter 4. 

The last three studies looked at the effects of an adaptive Forward Collision System 
on the driver’s behaviour, subjective opinion and acceptance of the systems. These 
studies were performed in the driving simulators of TNO, VTI and the ITS Leeds. The 
Forward Collision Warning system (FCW) was either adapted to the road condition, 
to the driver’s driving style and to the driver’s level of distraction. In all three 
experiments the same FCW algorithm was examined, but the system was adapted to 
different circumstances within the three experiments (see Chapter 5).  

Finally Chapter 6 presents an overall discussion of the obtained results and Chapter 
7 describes the input of this experimental work for the other AIDE subprojects 
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2 Learning phase and short term behavioural effect of 
Speed Limiter and Cruise Control systems 

2.1 Introduction  

INRETS and RENAULT worked in close co-operation to study the learning process 
and short-term behavioural impact of two ADAS systems with an integrated interface, 
which incorporate two complementary modes of speed management: Speed Limiter 
(SL) and Cruise Control (CC).  

Speed control is one of the main regulating variables of the driving task. It is thus 
important to get a better understanding of the drivers’ adaptation to and acceptance 
of support systems acting more or less directly on this crucial variable.  

The main objectives of the study were to assess short-term behavioural changes 
when using the support systems and to examine how drivers’ knowledge and 
representations of the systems' operation and drivers understanding of the rules of 
use of the systems evolved with experience. A specific objective, associated with the 
characteristics of the systems studied, was to examine the potential transfer of 
knowledge and rules from one system to the other.  

2.2 Method 

To prepare the study, preliminary interviews took place with drivers who had used the 
Speed Limiter and Cruise Control systems for less than six months to provide input 
for the design of the experimental protocol. This preparatory phase also included the 
equipment of the instrumented vehicle and the determination of the experimental 
journey. 

2.2.1 Participants 

The study involved 12 drivers aged 32 to 58 (nine men and three women), all of 
whom had had a driving license for more than five years and had never used any 
Speed Limiter or Cruise Control system before.  

2.2.2 Test site and experimental vehicle 

All the trials were conducted on public roads. The experiment included two kinds of 
trials (cf. 2.2.5 Procedure): 

- Trials with an instrumented experimental vehicle equipped with a Speed 
Limiter and Cruise Control (SL/CC). These trials took place on the 
experimental journey in the presence of an experimenter (Sessions 1, 2, 4). 

- Trials with a non-instrumented vehicle equipped with SL/CC, and lent to 
participants for a week. During this period, participants used the vehicle for 
their usual journeys (Session 3). 
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2.2.2.1 Description of the experimental vehicle 

The experimental vehicle was a Renault Laguna with manual gearbox and SL/CC. 
The vehicle was equipped with several sensors to acquire data on the vehicle 
parameters and driver behaviour. Some data were acquired on the CAN bus (vehicle 
speed, SL/CC target speed, actions on the pedals; see Figure 1). Other sensors 
provided data on the gear used and on drivers' use of SL/CC controls on the steering 
wheel. Four video cameras covered the front and rear views of the vehicle and the 
driver's face and actions on the pedals. Finally, microphones were placed on the 
participant and the experimenter to collect verbal data.  

  

Figure 1: SL/CC experimental vehicle - Left: data acquisition system. Right: monitoring screen   

2.2.2.2 Description of the experimental journey 

The experimental journey was designed to take place in a variety of roads (urban and 
rural roads, motorways), speed limits and traffic conditions. The route was about 80 
kilometres long, with urban roads, rural roads and motorways accounting for 20%, 
26% and 54% respectively of the overall journey. The speed limits along the 
experimental route ranged from 30 to 130 km/h. The experimental journey was used 
for sessions 1 (driving without SL/CC), 2 (first trial with SL/CC) and 4 (second trial 
with SL/CC) (cf. 2.2.5 Procedure). 

2.2.3 Systems investigated 

2.2.3.1 Systems  

The support systems studied were Speed Limiter and Cruise Control (SL/CC) 
systems, which work on any type of road. SL/CC are speed management support 
systems, and as such assist the driver in the execution of one of the main driving 
sub-tasks.  

Speed Limiter (SL): The Speed Limiter helps the driver to avoid exceeding the target 
speed he has selected. Once this target speed is set, the accelerator pedal becomes 
stiffer once the vehicle reaches that speed. The target speed can be modified by 
pressing the + or – controls on the steering wheel. The driver can go above the target 
speed by keeping pressing the accelerator pedal at the point where it becomes stiff 
(operation called “kick-down”). The Speed Limiter's action can be suspended by 
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pressing the O button on the steering wheel, or deactivated by turning the main 
switch to the off position. 

Cruise control (CC): When using the Cruise Control, the vehicle automatically 
maintains the target speed selected by the driver. The target speed can be modified 
by pressing the + or – controls on the steering wheel. The driver can exceed the 
target speed by pressing the accelerator pedal. When the driver takes his foot off the 
accelerator, the vehicle decelerates until it is back at the target speed again. The 
Cruise Control's action can be suspended by pressing the brake or clutch pedals, or 
by pressing the O button on the steering wheel, or deactivated by turning the main 
switch to the off position. 

2.2.3.2 Interface  

The SL/CC system interface consists of a screen, the dedicated SL/CC controls on 
the steering wheel and the foot pedals (see Figure 2). 

The screen: This is located on the instrument panel between the rev-counter and the 
speedometer. It shows which system is engaged (SL or CC) and displays the 
selected target speed. If no target speed is displayed, three latchets are pictured 
instead. 

The controls: Several controls are dedicated to the SL/CC systems. The main switch 
is located on the dashboard and has three positions: SL, off, and CC. In addition, 
there are four buttons placed on the branches of the steering wheel. On the left side, 
there are + and – buttons for increasing or decreasing the selected target speed. 
They can also be used to set the initial target speed by recording the vehicle's speed 
at the moment the driver presses the button. On the right side, the O button 
suspends the system. The main function of the R button is to reactivate the system 
by resuming the previous target speed that was set before the system was 
suspended. It can also be used to set the initial target speed by recording the 
vehicle's speed when the driver presses the button. 

The pedals: When the SL is activated, the accelerator pedal acts as usual up to the 
stiff point that the driver can override by kick-down. When the CC is activated, the 
driver does not have to use the accelerator pedal, but he can use it to exceed the 
selected target speed. Use of the brake or clutch pedals suspends the CC. 

   

Figure 2: SL/CC interface - Left: steering wheel controls: +/- controls; middle: R/O controls. 
Right: SL/CC display 
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2.2.3.3 Main procedures 

Selection of SL or CC: To select the SL or the CC, the driver places the main switch 
on the SL or CC position. 

Activation of the selected system: Whichever system is selected (SL or CC), setting 
an initial speed target activates it. The driver sets the initial speed target by recording 
the vehicle's speed at the time, which is done by pressing the +, –, or R buttons. 

Modification of the target speed: Whichever system is activated (SL or CC), the driver 
can modify the target speed either by pressing the + or – button, or by recording a 
new speed. A new target speed can be set after the system is suspended or when 
the target speed is exceeded.  

Suspension of the system: The SL is suspended by pressing the O button. The CC is 
suspended by using the brake or clutch pedals, or by pressing the O button. In both 
cases, the effect of the system engaged is suspended, and the last selected target 
speed is memorised. The driver can then reactivate the system, either by resuming 
the previous target speed (R button), or by recording a new target speed (+/- 
buttons). 

Deactivation of the system: Turning the main switch to the off position or stopping the 
engine deactivates the SL/CC systems. The target speed is erased, and the driver 
has to set a new one when he reactivates SL or CC. 

2.2.4 Experimental design 

The twelve participants were divided into three groups of four drivers, corresponding 
to the experimental conditions. Each of the three groups received directions as to the 
use of the SL and CC systems: drivers in Group 1 used the SL first and the CC 
second in sessions 2 and 4; drivers in Group 2 used the CC first and the SL second 
in sessions 2 and 4; drivers in Group 3 were free to use the SL or the CC as they 
wished in sessions 2 and 4 (cf. Table 1).  

Under the first two sets of conditions (groups 1 and 2 – “one system after the other”), 
it was possible to investigate the specific effect of each system on learning and driver 
behaviour. The third set of conditions (group 3 – " free choice ") was closer to the 
natural reference situation (real users learning to use these systems find themselves 
in this situation of free choice).  

2.2.5 Procedure 

Each participant followed the whole experimental procedure individually and 
participated in only one of the experimental conditions (group 1, group 2 or group 3). 

Session 1 
The general procedure for the experiment was explained to participants. In session 1, 
participants drove the instrumented vehicle along the experimental route, without 
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using SL/CC. They were asked to drive as usual with respect to traffic rules, and to 
express their comments on the road events that induced a change in their driving and 
the reasons for those changes. At the end of this session, the drivers were given the 
SL/CC leaflet and were asked to read it before session 2. 

Session 2 
This session started with interview 1. The aim of this interview was to assess drivers’ 
understanding of SL/CC systems after they had read the leaflet and before they 
started using the systems. Drivers were asked in particular to outline what they 
considered to be the characteristics, advantages, disadvantages and conditions of 
use of each system.  

Then the first trial with the systems took place. It was divided in two parts - trial 1a 
and trial 1b. Trial 1a started with a familiarisation phase on a protected circuit, and 
was followed by the experimental journey. In trial 1a, participants from groups 1 and 
2 were asked to use only one system (group 1 SL and group 2 CC). Participants from 
group 3 could use the two systems (SL and CC) as they wished. Trial 1b also started 
with a familiarisation phase on a protected circuit, after which the subjects in groups 
1 and 2 drove the experimental journey. They were asked to use the other system 
this time (group 1 CC and group 2 SL). The participants in group 3 did not go through 
the familiarisation phase. They were again asked to use the two systems as they 
wished during the experimental journey. In trials 1a and 1b, participants were invited 
to voice their comments and reactions regarding the use of the systems and the 
systems' impact on their driving. A 15-minute break was allowed between trials 1a 
and 1b. After trial 1b, a second interview took place. The aim of interview 2 was to 
assess how subjects' understanding of the systems and the rules of use, as well as 
their preferences and their reasons for using them, had developed after their first use 
of SL/CC. 

Session 3 
Session 3 entailed the free use of the systems for a week. Subjects were lent a non-
instrumented vehicle equipped with SL/CC and were asked to use SL/CC on their 
normal day-to-day trips. Participants were asked to record certain information in a 
daily log (distance, type of roads and use of each system) and to record their 
impressions orally on a Dictaphone. 

Session 4 
A third interview was conducted after the one week free use of the systems. Interview 
3 was mainly focused on what happened during that week and was designed to 
assess how drivers’ understanding of the systems and the rules of use, as well as 
their preferences and their reasons for using them, had developed after the week of 
free use. After that, participants were asked to drive along the experimental route 
another two times (trials 2a and 2b). The instructions given to the participants were 
the same as in session 2. After trials 2a and 2b, one last interview (interview 4) was 
conducted. This interview was designed to assess how subjects' understanding of 
the systems and the rules of use, as well as their preferences and their reasons for 
using them, had developed after the various sessions. Table 1 summarizes the 
experimental protocol. 



   

 

     
24

Table 1: The experimental protocol 

 Session 
1 

Session 
2 

Session 
3 

Session 
4 

G1 

Trial 
without 
SL/CC 

I1 Fam 
SL 

1st 
trial 
(1a) 
SL 

Fam 
CC 

1st 
trial  
(1b) 
CC 

I2 Free trial I3 

2d 
trial  
(2a) 
SL 

2d 
trial  
(2b) 
CC 

I4 

G2 

Trial 
without 
SL/CC 

I1 Fam 
CC 

1st 
trial  
(1a) 
CC 

Fam 
SL 

1st 
trial  
(1b) 
SL 

I2 Free trial I3 

2d 
trial  
(2a) 
CC 

2d 
trial  
(2b) 
SL 

I4 

G3 

Trial 
without 
SL/CC 

I1 
Fam 
SL 
CC 

1st trial (1a, 1b) 
SL/CC 
 

I2 Free trial I3 
2d trial  
(2a, 2b) 
SL/CC 

I4 

2.2.6 Measurement and analysis method 

The main independent variables were: the situational contexts (type of roads – urban, 
rural and motorways – and speed limits); the experience with the systems 
(familiarisation, first and second trials with SL/CC) and the order of use of the 
systems.  

The main dependant variables were: drivers’ performance (number and frequency of 
drivers’ interventions when using the systems, speeds adopted) and drivers’ 
representation and knowledge of the functioning of the system.  

The methodology used combined observation with measures of driver behaviour, a 
description and categorisation of the situational contexts, drivers' comments in driving 
situations and the interviews at the different stages of the study.  

Two levels of analysis have been conducted. The first one aimed at identifying 
drivers’ knowledge, representations and rules of use of the systems and at assessing 
their development over time. This analysis was conducted on the 12 participants 
(groups 1, 2 and 3) through the detailed content analysis of the 48 interviews 
performed (4 interviews/participant * 4 participants/group * 3 groups).  

The second analysis dealt with the learning process and the short term behavioural 
effects and was based on the behavioural data and verbal report data collected 
during the trials in real driving situations. As far as we knew, very few studies had 
examined in detail the way drivers interact with a new support system (Saad et al., 
2004). Such an analysis should provide useful information for understanding how the 
drivers share and learn to share the control of their driving with a new support 
system.  

Adopting this level of analysis required a detailed analysis of drivers’ direct and 
indirect interventions when driving with the support system: direct interventions on 
the vehicle’s controls (use of the brake, accelerator and throttle pedals) and indirect 
interventions via the controls of the support system (+/- / R and O buttons on the 
steering wheel). It also implied taking into account the drivers’ comments when using 
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the support system, in order to understand their strategies of intervention (or non 
intervention) and to identify their difficulties when learning to use it.  

For each individual trial, situational contexts (level of speed limit, type of road) have 
been coded and drivers’ verbal reports transcribed. Those data have been 
synchronised with vehicle parameters (CAN data: vehicle speed, use of brake,…) 
and SL/CC data (drivers actions on SL/CC controls, target speed selected,…). Thus, 
for each trial, all data were combined using an excel sheet, reporting for every 
second the vehicle data recorded, SL/CC data, drivers’ verbal reports and situational 
data.  This level of analysis of interactions required a high precision of the data which 
was not available with the raw data collected for the Cruise Control system. They 
would have required additional treatments which could not be considered within the 
time frame of the project. Moreover, this analysis required full data sets for all the 
trials, to enable the analysis of the learning process over time. For those reasons this 
detailed analysis could not be applied for all the subjects, but had to be restricted to 
subjects of groups 1 and 2 (trials with raw data on SL only) for which complete data 
sets were available (6 subjects out of 8). 

From a methodological standpoint, it would be particularly interesting to compare the 
results obtained from these two approaches and to discuss their respective 
contributions to the study of behavioural adaptation to new driver support systems.   

2.3 Results 

This section first outlines the results of the analysis of the verbal data collected 
before and after the use of the systems in real driving situations. This analysis aimed 
at identifying drivers’ knowledge, representations and rules of use of the systems and 
at assessing their development over time.  

Then the learning process and the short-term behavioural effects associated with the 
use of the Speed Limiter are examined in greater detail. This analysis has been 
based on the behavioural data and verbal report data collected during the trials in 
real driving situations. As mentioned above (cf 2.2.6 Measurement and analysis 
method), because of the difficulties of dealing with the raw data gathered during the 
use of the Cruise Control system, this type of analysis could not be applied to this 
system. The analysis was aimed at establishing and specifying two sets of factors: 
the drivers’ rules of use of the system and their development during the different 
observation phases (familiarisation, first and second trials with SL); and the short-
term behavioural effects associated with the use of the system, especially in terms of 
the speeds adopted during the experimental journeys. 

2.3.1 Analysis of drivers’ knowledge, representations and rules 
of use 

This section presents the main results of the content analysis of the 48 interviews 
conducted before and after the different trials and of the data recorded by 
participants during the week they were lent a vehicle equipped with the systems.  
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2.3.1.1 Learning process – An overview 

Main phases 
Before the trial: Most of the drivers (10/12) considered that the leaflet did not give 
them a sufficiently clear idea of the functioning of the systems, especially the CC. 
Many questions were stated about the procedures for use, the behaviour of the 
systems, their impact on driving (attention, sharing of control) and their contexts of 
use.  

First trial: The first trial was essentially devoted to understand the different ways of 
interacting with the systems and to experience the functioning of SL and CC, as well 
as to gauge their interest in driving. Drivers generally looked for answers to the 
questions they had about the systems. Some of them began to circumscribe the 
contexts and conditions of use of the systems. At the end of session 2, there were 
still some procedures that needed to be clarified (role of R control) for some drivers.  

Week of free use: This period was used to gain a more detailed understanding of the 
procedures and to define the context of use. A number of conditions and procedures 
were still discovered by the drivers (such as the systems' thresholds, the micro-
regulation of speed by means of controls, and the identification of the most 
appropriate procedures according to the situation). Nine drivers indicated that they 
were using the systems without stress by the end of this week.  

Second trial: The second trial was generally considered simple and not stressful. 
There were still some things to be discovered at this stage, such as the effect of long 
presses on +/- controls and the role of R. Generally speaking, it enabled the drivers 
to identify the best compromises between the procedures to be used and the context, 
especially in the management of target speed. 

Representations of the system 
Drivers’ initial representations of the main functions of the systems after reading the 
leaflet were pretty accurate, but there was some confusion between the two systems 
(as regards the procedures for suspending each system, for example). Before the 
trials, some drivers thought the systems would impose greater constraints on their 
driving than they actually did. During the trials, they were relieved or disappointed to 
discover that the constraints were less great than they expected (for example, the 
ease with which they could exceed the target speed). After the trials, five drivers 
reported that the functioning of SL corresponded to the idea they initially had, and 
two drivers reported the same of CC.  

Self-evaluation of the learning process 
Most drivers (10/12) found that SL was easier to learn and to use than CC and that 
they needed less time to feel comfortable with SL than with CC. All drivers except 
one considered themselves comfortable with SL after the first trial. The estimated 
time needed to feel comfortable was generally short (particularly for subjects in group 
2 who used it after CC), ranging from a few minutes to an hour and a half.  

Seven drivers did not feel comfortable with CC at the end of the first trial, but only 
one did not feel completely comfortable after the second one. The estimated time 
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needed to feel comfortable varied considerably, and was constantly revised during 
the experiment (some drivers stated in the last interview that it was less easy to use 
CC than they had first thought). Several drivers reported they took one to one and a 
half hours to attain a first level of familiarisation with CC, and that they did not really 
understand how it functioned until the second day or the end of the week of free use. 
Five drivers indicated after the trials that learning was a day-to-day process and that 
they needed to use the system for a longer period of time to know in which contexts 
to use it and to acquire natural reflexes. 

Drivers in group 1 (SL before CC) said they had less difficulty learning to use CC 
after SL, since they were already familiar with the controls. Subjects in group 2 (CC 
before SL) said SL seemed simpler than CC, and some of them thought it would 
have been better to start with SL. 

At the beginning of the learning process, most drivers expressed the need for 
feedback when interacting with the systems in order to understand the effects of the 
various controls and the visual information displayed (role of R, role of +/- control, 
role of the flashing light). Later on, their remarks mainly related to the necessity of 
knowing the state of the system (active or not) and the target speed that was 
memorised when the system was suspended (especially for CC).  

2.3.1.2 Learning the procedures 

This section describes the main elements learned by drivers at the different stages 
and some of the difficulties they encountered during the learning process. Some 
procedures (and their prerequisites) seemed easily understood during the first trial, 
while others required more time and experience with the systems to be fully 
understood. Lastly, some initial expectations about the procedures and the 
functioning of the systems were changed during the learning process.  

Selecting the system 
The role of the main switch for selecting one system was generally well understood 
from the outset. However, there was some confusion as regards the effect of its use 
on the target speed. Using the main switch for changing from one device to the other 
during the drive (from CC to SL, for example) erased the previously set target speed, 
whereas some drivers initially expected the target speed to be maintained. This 
expectation was probably induced by the fact that the two systems shared the same 
interface.  

Setting, adjusting or resuming a target speed 
Some prerequisites are necessary for the procedure to be efficient but they were not 
indicated in the leaflet. This was the case for the minimum speed at which a target 
speed could be set (30 km/h). Drivers tended to discover this threshold rather late: 
five drivers said they discovered it during the week of free use and one during the 
second trial.  

Depending on how long the +/- controls are pressed, the adjustment of the target 
speed could be done by steps of 2 km/h or 4 km/h. Most drivers discovered the 
second possibility quite late (generally during the week of free use or during the 
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second trial), while others never discovered it. This possibility was generally 
appreciated, since it reduced the number of interventions needed to adjust the target 
speed  

There are two main ways of setting a new target speed: one entails recording the 
current speed of the vehicle (for example after having suspended the system or after 
having used the throttle pedal); the other involves using the +/- controls to adjust the 
target speed, when the current speed is higher or lower that the desired target speed. 
This second method was often viewed as a programming procedure. Knowing the 
procedure that is often followed when programming other technical devices, some 
drivers initially expected their action to be validated in some way and were looking for 
some indication of that.  

Another important expectation was related to the effect of +/- controls on the speed of 
the vehicle, especially when using CC. Drivers were expecting to have the possibility 
of making tiny adjustments to their speed with these controls, as they were 
accustomed to do with the accelerator pedal. However, they discovered that using 
the +/- controls did not have quite the same effect as activating the accelerator pedal: 
pressing the + control increased speed in the same way as pressing on the 
accelerator pedal, but pressing the – control did not reduce speed in the same way 
as taking the foot off the accelerator pedal.  

After suspending the systems, two procedures are available for reactivating them: 
resuming the previous target speed (R control), or setting a new target speed (using 
the +/- controls). Some drivers had difficulty understanding the differences between 
the two procedures (two drivers only discovered it during the week of free use).  

When driving with CC, some drivers did not like using the R control to resume the 
previous target speed because they sensed a loss of control when the vehicle 
accelerated automatically. Discovering the possibility of setting a new target speed 
after accelerating by means of the accelerator pedal required some practice. Once 
they discovered it, drivers liked this procedure because it gave them more control 
over their speed.   

In the same way, when driving with SL, discovering the possibility of setting a new 
target speed as an alternative to resuming the previous target speed, was 
appreciated especially when the previous target speed was no longer appropriate 
and would have required some adjustments. 

Exceeding the target speed with SL  
Drivers did not always find out that they could exceed the target speed by using the 
kick-down (keeping pressing the accelerator pedal at the point where it becomes stiff 
to indicate the target speed is reached). They either discovered this possibility very 
quickly (most drivers – 8/12 – did so during the first trial), or not at all (one participant 
discovered it during the week of free use, but three drivers never did). After several 
uses of the kick-down, some drivers stopped using it in the following trials. While 
some drivers greatly appreciated its ease of use, others thought the vehicle reacted 
to its use too fiercely or too late (too much acceleration in some situations, not 
enough in emergency situations). These drivers preferred to use the O control that 
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suspends the system and allowed them to accelerate as they choose. Drivers 
generally retained the same degree of appreciation of the use of the kick-down 
throughout the trials. 

Suspending/ deactivating the systems  
Suspending SL: The function of the O control was generally well known, even if two 
drivers said they never used it. Some drivers preferred to exceed the target speed by 
using the kick-down. Conversely, drivers who did not appreciate the kick-down or did 
not manage to use it preferred to use the O control. 

Suspending/deactivating CC: CC suspension /deactivation involve a number of 
subtleties that drivers integrated more or less rapidly, such as the maintenance or not 
of the memorised target speed. After reading the leaflet, three drivers thought there 
were too many possibilities of CC suspension/ deactivation. Suspension by braking 
was generally considered reassuring. In an emergency, this method was 
appreciated. Some drivers complained about CC suspension through the use of the 
clutch pedal, since it required too frequent reactivation of the system. Suspension by 
means of the O control was sometimes regarded as useless (five drivers said they 
never used it). Finally, although before the trials the use of the main switch was seen 
as a possibility for deactivating CC, this was no longer the case after the first trial. 
This was probably due to its position on the dashboard, which made it difficult to 
reach when driving. 

2.3.1.3 Learning to share the control with the systems and 
identifying their context of use 

Learning to share the control with the systems  
Learning to share the control of the vehicle with the systems required drivers to 
clearly identify the range of competence of each system and the procedures best 
suited for the system in use and for the current driving situation.  

When learning to drive with CC, drivers said they found difficult to know when speed 
control could be delegated to the system. In fact, speed control could only be partially 
delegated to CC because: a) it did not take into account the presence of another 
vehicle in front; b) it did not take account of the situational context; c) it did not 
change gear; and d) it was able to maintain speed when going uphill but not when 
going downhill. Thus, a crucial part of learning to use this system involved identifying 
and distinguishing between different situations and conditions where drivers’ 
intervention was required.  

Drivers also said that, in some situations, using the system made them feel as 
loosing control of their vehicle. This was the case, for example, with CC during the 
acceleration phase towards the target speed, and with SL when using the kick-down. 
With practice, drivers discovered alternative procedures for avoiding such situations: 
setting or resuming a target speed only once the desired speed was reached when 
driving with CC, suspending the system instead of using the kick-down when driving 
with SL.   

An additional difficulty was undoubtedly related to the fact that drivers learned to use 
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two systems dealing with the same type of task (speed control) but having different 
functionalities. Similarities and differences between the two systems had to be 
correctly assessed. The fact that the two systems shared a common interface may 
have induced some confusion (for example, confusion of the procedures that 
suspended SL and CC). Finally, when using the two systems alternatively during a 
journey, some drivers stated they experienced unwarranted expectations (expecting 
SL to maintain the target speed after using CC, for example), or that they used 
procedures which were not relevant to the system in use (for example, suspending 
CC with the O control before accelerating (as they did with SL to avoid using the 
kickdown), although they thought this procedure was useless for CC). Changing from 
one system to the other may thus have required particular attention. 

Identifying the context of use  
With practice, drivers identified the situational context (infrastructure and traffic 
conditions) appropriate for using CC or SL. Before the trials, each system was 
associated with a specific situational context: SL for urban driving and CC for 
motorway driving. After the trials, most drivers broadened the context in which each 
system could be used (SL could be used on any type of road; CC could be used in 
certain conditions on national or even smaller roads, B-roads). In general, the context 
of use was broader for SL than for CC, as CC required more specific conditions for a 
proper use: light traffic condition and good visibility were needed for anticipating the 
moment for resuming direct control of the vehicle speed; stable traffic conditions 
were needed for maintaining comfort of use of the system (reducing the number of 
reactivation of CC or speed target adjustment). The importance of light traffic density 
and good visibility for using CC grew throughout the trials.  

2.3.1.4 Perceived advantages and drawbacks, preferences 
and reported behavioural effects  

Perceived advantages and drawbacks 
From the beginning, drivers generally expressed preferences over one of the two 
systems. This preference over a system was marked and generally persisted 
throughout the trials. The perceived advantages and drawbacks of each system 
varied considerably among the drivers and related to several factors:  

Attention and vigilance. Some drivers thought that these systems should enable them 
to devote more attention to the environment by relieving them of speed management, 
while others thought the use of the systems required more attention, especially 
during the initial trials and during the phases of adjustment of the target speed. 
Impact on usual driving. Preference for SL was generally linked to the fact that it 
allowed the usual management of speed (foot on the accelerator, possibility of driving 
below the target speed, possibility of gradual acceleration/deceleration, possibility of 
braking without suspending).  
Comfort. The frequency with which one had to reactivate the system, when using CC 
with a manual gearbox, was seen as a drawback, which might be less significant in 
the case of a vehicle equipped with an automatic transmission. 
Expectations towards the systems. Some drivers seemed to expect them to be a real 
constraint on which to rely and blamed the systems for not performing their role 
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properly. But most drivers seemed to appreciate their flexibility of use, guaranteeing 
a certain feeling of control over the vehicle. 
Feeling of control over the vehicle. A driver’s preference for one system or the other 
could often be attributed to this feeling of control, associated either with the possibility 
of accelerating at will (CC: no deactivation bound to the acceleration), or with the 
possibility of braking as they wish (SL: no suspension when braking) or of making 
small adjustments to their speed (SL: possibility of gradual acceleration / 
deceleration). 

Reported Behavioural changes when driving with SL 
Drivers reported that driving with the systems induced various behavioural changes.  

Respect of legal speed limits. After the week of free use, five drivers said they 
complied more with legal speed limits, even in their usual driving. 

Increase of safety margins in car-following situations. Drivers integrated gradually the 
reactivity and latency of the systems, as well as the fact that that they did not slow 
down. They were more able to anticipate their operations. Three drivers reported an 
increase in safety margins after the first trial or during the week of free use, either 
with SL or with CC. 

Smoothness of driving. Four drivers said that driving with the systems resulted in 
smoother driving (greater anticipation, reduction of sudden overtaking, increased 
safety margins, less braking or change of gear…).  

‘Driving with hands’. Drivers gradually integrated the functions of the systems into 
their driving behaviour. When driving with CC, more than half of the drivers (7/12) 
mentioned that they ‘drove with their hands’ and without using the pedals. Instead of 
using the accelerator pedal to make small adjustment in their speed, they used the 
+/- controls. They appreciated the possibility of making small adjustments and 
remaining active, but regretted the limited effect of the ” -“ button on the reduction of 
speed, which required more anticipation. This “manual” regulation was mainly used 
for adjusting the speed of the vehicle to the speed of the traffic stream or to overtake 
when the manoeuvre could be anticipated far enough ahead. It was generally not 
used for large variations in speed, for which the drivers used the pedals.  

2.3.2 Analysis of driver behaviour when using the Speed 
Limiter  

This section outlines the main results of the analysis of driver behaviour when using 
the Speed Limiter. This analysis is based on behavioural and verbal report data 
collected during the three sessions with the experimental vehicle (sessions 1, 2 and 
4) in real driving situations and apply the methodology developed at INRETS for 
studying drivers’ interactions with support systems (Saad et al., 2003). As mentioned 
above (cf. 2.2.6 Measurement and analysis method), the analysis requires complete 
data sets (vehicle data, SL/CC data, drivers verbal reports and situational data) for all 
the sessions (session 1, session 2 and session 4) and high precision of data which 
was not available with CC raw data collected. This kind of analysis has then been 
applied to six drivers of groups 1 and 2 (four from group 1 and two from group 2), for 



   

 

     
32

whom complete data sets were collected (complete data sets were lacking for two 
drivers of group 2 for technical reasons).  

2.3.2.1 Evolution of drivers’ interventions from familiarisation 
to the second trial 

The analysis aimed at assessing the development over time of drivers’ interactions 
with Speed Limiter. In order to compare the familiarisation phase with the two 
experimental journeys, the results are expressed in number of interventions by 
kilometre driven. One observed a sharp drop in the number of interventions between 
the familiarisation phase and the first trial on the experimental route. This reduction 
was maintained during the second trial. Table 2 and Figure 3 summarise the results.  

Table 2: Number of drivers’ interventions/km during the three phases 

Drivers 
Phases 

S1G1 S2G1 S3G1 S4G1 S2G2 S4G2 Total 

Familiarisation 3,1 2,1 2,3 2,1 2,7 3,7 2,6 
First Trial 0,7 0,3 0,4 0,5 0,5 0,4 0,5 
Second Trial 0,5 0,3 0,4 0,6 0,3 0,6 0,4 
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Figure 3: Evolution of the number of drivers’ interventions (number/km) 

Frequency and diversity of drivers' interventions during the familiarisation 
phase  
The drivers were free to determine the duration of the familiarisation phase and they 
started the experimental journey when they said they felt ready. They were also able 
to use the SL/CC leaflet if they wanted to check information about the system.  

Table 3 indicates for each driver the length and duration of the familiarisation period 
and whether he/she made use of the leaflet or not. It should be noted that the length 
and duration of the familiarisation phase were shorter for drivers of Group 2 who 
experienced the Cruise Control before the Speed Limiter.  

Table 4 indicates the number and type of interventions carried out during the 
familiarisation phase.  
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The frequency and diversity of drivers’ interventions indicate that they were exploring 
the various procedures available to interact with the Speed Limiter and the effect of 
these various interventions on the control of their vehicle.  

Table 3: Length and duration of the familiarisation phase and use of the leaflet 

Drivers S1G1 S2G1 S3G1 S4G1 S2G2 S4G2 
Length (m) 12229 8152 9185 8680 4094 5890 
Duration 0:18:21 0:11:24 0:11:47 0:12:50 0:05:45 0:08:04 
Use of the 
leaflet 

Yes No No Yes No No 

Table 4: Number and type of interventions carried out during the familiarisation phase 

Drivers 
 

S1G1 S2G1 S3G1 S4G1 S2G2 S4G2 Total 

Adjusting 
target speed 

9 3 11 10 3 13 49 

Setting target 
speed 

13 3 1 2 3 2 24 

Resuming 
target speed 

3 1 4 1 1 2 12 

Suspending 
SL 

3 1 4 2 3 2 15 

Kick Down  1 0 0 2 0 0 3 
Activating/ 
Deactivating 
SL 

9 9 1 1 1 3 24 

Total 38 17 21 18 11 22 127 

There were substantial differences in the number of interventions from one driver to 
another. As regards the type of intervention: 

 All drivers used at least once each of the various controls available for adjusting, 
setting or resuming the target speed, for suspending or deactivating the SL.  

 Only two drivers used the kick-down during the familiarisation phase. The analysis 
of drivers’ verbal reports suggest that the other drivers tried to use the kick-down, 
but that either they did not succeed or they did not go on trying to break through 
the “stiff point” on the accelerator pedal. Instead, they used the O button to 
suspend the system. 

A number of errors, confusions or misunderstandings were observed during this 
phase.  

 Some errors were associated with the selection of the system to be used. Two 
drivers selected the wrong system and had to use the main switch to correct their 
choice (six interventions out of the 24 observed were associated with such an 
error).  

 Some drivers’ interventions were inefficient because of the threshold existing for 
setting the target speed. This was the case for one driver, who tried to set the 
initial target speed when the vehicle was stationary and then travelled at a very 
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low speed (9 out of 13 interventions for setting the target were inefficient).  

 Some confusion was also apparent as regards the functions of the different 
controls, especially that of the R control: One driver initially thought he could 
suspend the Speed Limiter with the R button (in fact, the appropriate procedure is 
to use the O button).  

 Finally, some confusion between CC and SL was apparent when it came to the 
procedures for suspending the systems. This confusion was mainly revealed 
through an analysis of drivers’ verbal reports associated with their exploration of 
the effect of their direct interventions on the pedals of the vehicle (throttle, brake 
and clutch pedal) when using the Speed Limiter. In fact, as described above, it is 
the CC system that is suspended by the use of these pedals. These verbal 
reports suggest that most drivers were initially expecting to deactivate the SL by 
braking or changing gear.  

It is important to note the importance of the feedback received by the driver for 
overcoming these errors and confusions, either feedback provided directly through 
the interface of the system or feedback provided through the behaviour of the vehicle 
in response to the driver’s actions on its direct controls.  

It should also be emphasised that a large amount of time was devoted not only to 
explore the procedures available to interact with the Speed Limiter but also to explore 
how the activation of SL affects the control of the vehicle. In fact, during this phase, 
the direct controls of the vehicle were activated repeatedly to check how the vehicle 
reacted when SL was activated.  

 Each driver tried out the “stiff point” on the accelerator pedal and tested the 
effectiveness of the speed limitation when the target speed was reached. 

 Most drivers tested the reactivity of the vehicle when driving below the target 
speed, when releasing the accelerator pedal or when braking, for instance.  

 Finally, most drivers examined the reactivity of the vehicle when the target speed 
was adjusted during the drive (increasing or decreasing the target speed by 
means of the +/- control) and/or when the O button was pressed for suspending 
the system.  

Frequency and diversity of drivers' interventions during the first and second 
trials 
Table 5 and Table 6 present the number and type of interventions undertaken during 
the first and the second trial with SL.  
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Table 5: Number and type of interventions carried out during the first trial with SL 

Drivers 
First trial 

S1G1 S2G1 S3G1 S4G1 S2G2 S4G2 Total 

Adjusting target speed 39 20 27 18 18 24 146 
Setting target speed 0 1 0 4 11 1 17 
Resuming target speed 8 0 4 6 2 1 21 
Suspending SL 8 0 4 8 6 2 28 
Kick Down  1 0 0 1 3 2 7 
Activating/Deactivating 
SL 

0 4 0 5 2 0 11 

Total 56 25 35 42 42 30 230 

Table 6: Number and type of interventions carried out during the second trial with SL 

Drivers 
Second trial 

S1G1 S2G1 S3G1 S4G1 S2G2 S4G2 Total 

Adjusting target speed 39 21 17 21 12 30 140 
Setting target speed 1 2 4 11 5 8 31 
Resuming target speed 0 0 1 2 1 1 5 
Suspending SL 0 1 4 12 5 8 30 
Kick Down  0 0 5 1 0 0 6 
Activating/Deactivating 
SL 

0 0 0 0 1 0 1 

Total 40 24 31 47 24 47 213 

Between the first and second trials with SL, one can observe a noticeable reduction 
in the number of interventions for two drivers, a noticeable increase for one driver 
and no great changes for the other three.  

In fact, during trial 2, some qualitative changes were observed which suggest that 
there had been a change in drivers’ knowledge about the system and in their 
strategies for intervening on the controls of SL. These changes were explored in 
greater detail by taking account of the situational contexts and of drivers’ verbal 
reports related to each type of intervention. 

 Inefficient interventions for setting an initial target speed. During the first trial, two 
drivers’ interventions were inefficient because of the threshold for setting the 
target speed (8 out of 17 interventions were inefficient). During the second trial, 
inefficient interventions were no longer observed.  

 Use of the main switch. Whereas during the first trial two drivers used the main 
switch for deactivating the Speed Limiter, this procedure was not used for that 
purpose during the second trial. It is interesting to note that the drivers, who 
experimented with the main switch during the familiarisation phase for 
deactivating the Speed Limiter, did not use it in either the first or second trials.  

 Use of the kick-down. The same tendency was observed in the use of the kick-
down between the familiarisation phase and the second trial. While two drivers 
used the kick-down during the familiarisation phase and the first trial, they no 
longer used it in the second one. Conversely, one driver who did not use the kick-
down either during the familiarisation phase or during the first trial used it quite 
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frequently during the second one.  

These results suggest that drivers’ use of the various controls of the system could 
evolve differently depending on the situational opportunities encountered and/or on 
their willingness to explore the procedures.  

 Use of the controls for “resuming” or for “setting” a target speed. The major 
change observed as  between trial 1 and trial 2 was a decrease in the number of 
interventions for “resuming previous target speed” (control R) and an increase in 
the use of the other controls for setting a new target speed (control +/-). These 
changes are mainly observed after drivers’ actions on the O control for 
suspending SL: in the first trial, the drivers mostly reactivated SL by resuming the 
previous target speed (21 out 26); in the second trial they reactivated it mainly by 
setting a new target speed (25 out 30). This change of strategy enabled the 
drivers to reduce the number of times they pressed the +/- controls for adjusting 
the target speed, especially in “transition situations” when sizeable changes in 
speed limits occur (for example when leaving urban roads and going on to rural 
roads or to motorways, and vice versa). This new strategy represents a more 
“economical” way of interacting with the SL.  
 

2.3.2.2 Compliance of target speeds with Speed limits during 
first and second trials  

The analysis is aimed at determining to what extent the target speeds selected by the 
drivers complied with the speed limits prevailing on the different types of road 
encountered along the experimental journey.  

Target speeds, speed limits and type of roads 
Drivers’ target speeds were first divided in two main categories: target speeds below 
or strictly in line with prevailing speed limits; target speeds over the prevailing speed 
limits. The results are expressed in terms of the proportion of distance driven in each 
category. Table 7 and Table 8 show the percentage of distance driven with a speed 
target over the speed limit, according to the type of road and along the overall 
experimental route in the first and second trials with SL.  

Table 7: Percentage of distance driven with a target speed above the speed limits according to 
the type of road and along the overall journey – First Trial with SL 

                 Drivers 
Type of roads 

S1G1 S2G1 S3G1 S4G1 S2G2 S4G2 Total 

Urban roads 74% 100% 80% 76% 92% 98% 87% 
Rural roads 68% 88% 76% 78% 68% 38% 69% 
Motorways 6% 42% 13% 8% 94% 53% 36% 
Overall journey 36% 66% 43% 39% 87% 58% 55% 
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Table 8: Percentage of distance driven with a target speed above the speed limits according to 
the type of road and along the overall journey – Second Trial with SL 

Drivers 
Type of roads 

S1G1 S2G1 S3G1 S4G1 S2G2 S4G2 Total 

Urban roads 76% 100% 67% 78% 95% 100% 86% 
Rural roads 19% 91% 87% 75% 82% 40% 65% 
Motorways 56% 82% 15% 53% 9% 12% 38% 
Overall 
journey 

50% 88% 44% 64% 45% 37% 55% 

The target speeds set by drivers are far for being strictly in accordance with the 
speed limits encountered along the experimental route and there are very large 
variations between drivers. For all drivers, deviations of the target speed from the 
prevailing speed limit are higher when driving in urban areas than when driving in 
rural areas in both trials. Between trial 1 and trial 2, there were no major changes in 
the case of urban roads, but there were some noticeable changes in rural areas: 
some drivers were more deviant during trial 2 than during trial 1, while others vice-
versa. 

Target speed and margins of tolerance towards the speed limits 
Taking into account the magnitude of target speed deviations from the speed limits 
enables a clearer picture of drivers’ strategies to be drawn (Table 9 and Table 10).  

In both trials, a large part of deviations from the legal thresholds was rather small 
ones (less than 5 km/h over the speed limit). Variations between drivers probably 
reflect differences in their usual tolerance margins towards speed limits as well as 
their willingness to interact and to interfere with SL. It is interesting to note that the 
three drivers whose target speed corresponded less strictly to speed limits in the 
second trial, often allowed themselves only a small deviation from the legal 
thresholds. On the contrary, drivers who allowed themselves a small deviation from 
the speed limits in the first trial were less reluctant to set a stricter target speed in the 
second trial. 

Table 9: Percentage of distance driven with a target speed in accordance or above the speed 
limits – First trial with SL 

Drivers 
Magnitude of target speed 
deviation 

S1G1 S2G1 S3G1 S4G1 S2G2 S4G2 Total 

Target speed ≤ Speed limit 64% 35% 57% 61% 13% 42% 45% 
Deviation ≤ 5 km/h 14% 28% 22% 22% 42% 38% 28% 
Deviation [6-10 km/h] 1% 15% 4% 3% 5% 1% 5% 
Deviation > 10 km/h 21% 22% 18% 14% 40% 20% 22% 
Total 100% 100% 100% 100% 100% 100% 100% 
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Table 10: Percentage of distance driven with a target speed in accordance or above the speed 
limits – Second trial with SL 

Drivers 
Magnitude of target speed 
deviation 

S1G1 S2G1 S3G1 S4G1 S2G2 S4G2 Total 

Target speed ≤ Speed limit 50% 12% 56% 36% 55% 63% 45% 
Deviation ≤ 5 km/h 40% 50% 23% 49% 20% 5% 31% 
Deviation [6-10 km/h] 1% 7% 2% 0% 8% 19% 6% 
Deviation>10 km/h 8% 31% 19% 15% 17% 13% 17% 
Total 100% 100% 100% 100% 100% 100% 100% 

Important deviations (higher than 10 km/h) were more frequent on urban roads than 
on rural roads and motorways. On urban roads, large deviations decreased during 
the second trial, while small deviations (less than 5 km/h) increased (Figure 4 and 
Figure 5).  
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Figure 4: Percentage of distance driven with a 
target speed in accordance or above the speed 
limits according to the type of road – First 
trial with SL 

Figure 5: Percentage of distance driven with a 
target speed in accordance or above the speed 
limits according to the type of road – Second 
trial with SL 

Target speed and duration of speed limitations 

Finally, when taking into account the duration of the speed limitation encountered 
along the journey (transitory or long lasting speed limitations), we can see that most 
of the time drivers did not adjust their target speeds when the speed limitation did not 
last long (such as speed limitation when entering or leaving a motorway, or speed 
limitation marking a temporary change in road alignment; see Table 11 and Table 
12). 

Table 11: Percentage of distance driven with a target speed above the speed limits according to 
the duration of the speed limitation – First trial with SL 

Drivers 
Type of speed limitation 

S1G1 S2G1 S3G1 S4G1 S2G2 S4G2 Total 

Temporary speed limitation 85% 96% 98% 91% 89% 93% 92% 
Long lasting speed limitation 29% 61% 36% 32% 87% 53% 50% 
Overall 36% 66% 43% 39% 87% 58% 55% 
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Table 12: Percentage of distance driven with a target speed above the speed limits according to 
the duration of the speed limitation – Second trial with SL 

Drivers 
Type of speed limitation 

S1G1 S2G1 S3G1 S4G1 S2G2 S4G2 Total 

Temporary speed limitation 86% 98% 93% 96% 93% 91% 93% 
Long lasting speed limitation 45% 87% 38% 60% 39% 30% 50% 
Overall 50% 88% 44% 64% 45% 37% 55% 

2.3.2.3 Drivers’ overall use of the system   

This analysis is aimed at gaining a more general understanding of the way drivers 
use the Speed Limiter along the experimental journey, and in particular how often the 
system interferes with their driving. Interference means that vehicle speed is 
effectively limited as the target speed is reached. It is thus closely linked to the level 
of target speed set by the driver. Table 13 and Table 14 show the results for the first 
and second trial with SL.  

 Most of the time, the speeds adopted along the journey were lower than the target 
speeds selected.  

 Frequency of interference with SL increased with the degree of “conformity” of the 
target speed with speed limits.  

Interference with SL occurred on each type of roads but the proportion of interference 
was slightly higher on urban roads (although conformity of target speeds was less on 
these roads – Table 15).  

 Drivers’ used the kick-down and/or suspended SL in two main types of 
infrastructure (when entering from a slip road on a motorway or when driving in 
roundabouts, situations where drivers preferred to fully control the acceleration of 
their vehicle) and/or when managing their interactions with other drivers (when 
overtaking or when dealing with “social” pressure from other road users). As 
mentioned above (§2.3.2.1), during the second trial, some drivers also suspended 
SL as a means for adjusting target speeds, when large changes of the target 
speed were required. 
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Table 13: Drivers’ overall use of the system along the journey – First Trial with SL 

Drivers S1G1 S2G1 S3G1 S4G1 S2G2 S4G2 Total 
 

Interference  30% 18% 46% 20% 17% 34% 27% 
Driver’s speed < Target speed 63% 82% 47% 70% 68% 64% 66% 
Kick Down/ SL Suspended 6% 0% 4% 6% 13% 2% 5% 
Driver’s speed > Target speed 1% 0% 3% 1% 1% 0% 1% 
SL non activated 0% 1% 0% 3% 1% 0% 1% 
Total 100% 100% 100% 100% 100% 100% 100% 

Table 14: Drivers’ overall use of the system along the journey - Second trial with SL 

Drivers 
 

S1G1 S2G1 S3G1 S4G1 S2G2 S4G2 Total 

Interference 27% 15% 39% 23% 40% 39% 31% 
Driver’s speed < Target speed 70% 85% 53% 68% 47% 58% 63% 
Kick Down/ SL Suspended 0% 0% 5% 9% 11% 2% 4% 
Driver’s speed > Target speed 1% 0% 1% 0% 1% 1% 1% 
SL non activated 2% 0% 2% 0% 1% 0% 1% 
Total 100% 100% 100% 100% 100% 100% 100% 

Table 15: Frequency of interference with SL according to the type of roads 

Type of roads 
Interference 

Urban roads Rural roads Motorways Total 

First trial 36% 27% 24% 27% 
Second trial  46% 23% 29% 31% 

2.3.2.4 Speed behaviour when driving without and with the 
Speed Limiter 

Driving speed, speed limits and type of roads 

In order to have a general overview of the drivers’ speed behaviour during the  
experimental journeys, drivers’ speeds were divided into two main categories:  
speeds below or corresponding strictly to the prevailing speed limit and speeds  
above the prevailing speed limit. The results are expressed in terms of the 
percentage of distance driven in each category. 

The following tables present the percentage of distance driven above the speed limits 
according to the type of road and during the overall journey for “usual “ driving (Table 
16) and when driving with SL during the first and second trials (Table 17 and Table 
18).  
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Table 16: Percentage of distance driven above the speed limits according to the type of roads 
and along the overall journey – Without SL  

Drivers 
Type of roads 

S1G1 S2G1 S3G1 S4G1 S2G2 S4G2 Total 

Urban roads 66% 62% 66% 55% 60% 55% 61% 
Rural roads 32% 28% 39% 32% 37% 41% 35% 
Motorways 34% 7% 33% 12% 17% 21% 21% 
Overall journey 40% 24% 41% 26% 31% 33% 32% 

Table 17: Percentage of distance driven above the speed limits according to the type of roads 
and along the overall journey – First Trial with SL 

Drivers 
Type of roads 

S1G1 S2G1 S3G1 S4G1 S2G2 S4G2 Total 

Urban roads 55% 51% 60% 42% 59% 46% 52% 
Rural roads 36% 22% 33% 20% 33% 19% 27% 
Motorways 10% 8% 22% 9% 23% 9% 14% 
Overall journey 26% 20% 32% 19% 32% 20% 25% 

Table 18: Percentage of distance driven above the speed limits according to the type of roads 
and along the overall journey - Second trial with SL 

Drivers 
Type of roads 

S1G1 S2G1 S3G1 S4G1 S2G2 S4G2 Total 

Urban roads 45% 52% 44% 47% 62% 69% 53% 
Rural roads 15% 33% 28% 29% 29% 21% 26% 
Motorways 8% 12% 10% 12% 9% 15% 11% 
Overall journey 17% 26% 21% 23% 24% 28% 23% 

When driving without or with SL, the distance driven above the prevailing speed limits 
is higher for urban roads than for rural roads, and higher for rural roads than for 
motorways. Although one observes differences between drivers as regards the 
percentages of speed deviation within each road category, the hierarchy is observed 
for each driver. In other words, drivers abided by the speed limit more often when 
they drive on motorways, than on rural roads and urban roads. Driving with SL does 
not change the hierarchy. 

Driving with SL seems to influence drivers’ speed behaviour in various ways: 

 For two drivers it induces a decrease of speed deviations on all types of roads 
(urban and rural roads as well as motorways).  

 For two drivers it induces a decrease of speed deviations only on urban roads; 

 On the contrary, for two drivers it induces a decrease of speed deviations for rural 
roads and motorways but not for urban roads.  

Driving with SL reduced differences between drivers for motorway driving while this 
was not the case for urban driving (Figure 6 and Figure 7). 
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Figure 6: Percentage of distance driven above 
the speed limit on urban road without and 
with SL. 

Figure 7: Percentage of distance driven above 
the speed limit on motorway without and with 
SL 

Driving speed and margins of tolerance towards the speed limits 
Compared to usual driving (without SL), driving with SL tended to induce a better 
adjustment to speed limits and to reduce the frequency of large deviation from legal 
thresholds, particularly for drivers who adopted large tolerances in their usual driving 
(see Table 19 - Table 21).  

Table 19: Percentage of distance driven with driving speeds in accordance or above the speed 
limits – Without SL 

Drivers 
Magnitude of driving speed 
deviation 

S1G1 S2G1 S3G1 S4G1 S2G2 S4G2 Total 

Driving speed ≤ Speed limit 60% 76% 59% 74% 69% 67% 68% 
Deviation ≤ 5 km/h 11% 9% 12% 11% 11% 12% 11% 
Deviation between 6-10 km/h 8% 7% 13% 8% 7% 8% 8% 
Deviation >10 km/h 21% 8% 16% 7% 13% 13% 13% 
Total 100% 100% 100% 100% 100% 100% 100% 

Table 20: Percentage of distance driven with driving speeds in accordance or above the speed 
limits – First trial with SL 

Drivers 
Magnitude of target speed 
deviation 

S1G1 S2G1 S3G1 S4G1 S2G2 S4G2 Total 

Driving speed ≤ Speed limit 74% 80% 67% 81% 67% 80% 75% 
Deviation ≤ 5 km/h 11% 9% 18% 12% 14% 14% 13% 
Deviation between 6 – 10 km/h 4% 6% 6% 3% 6% 2% 5% 
Deviation > 10 km/h 11% 5% 8% 4% 12% 4% 7% 
Total 100% 100% 100% 100% 100% 100% 100% 
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Table 21: Percentage of distance driven with driving speeds in accordance or above the speed 
limits – Second trial with SL 

Drivers 
Magnitude of target speed 
deviation 

S1G1 S2G1 S3G1 S4G1 S2G2 S4G2 Total 

Target speed ≤ Speed limit 83% 74% 79% 77% 76% 72% 77% 
Deviation ≤ 5 km 11% 17% 11% 15% 14% 13% 13% 
Deviation between 6 – 10 km/h 2% 4% 5% 3% 4% 8% 4% 
Deviation > 10 km/h 4% 5% 5% 5% 6% 7% 5% 
Total 100% 100% 100% 100% 100% 100% 100% 

Large deviations were more frequently observed on urban roads than on rural road 
roads and motorways. On urban roads, large deviations decreased during the 
second trial, while small deviations (less than 5 km/h) increased (Figure 8 - Figure 
10).  
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Figure 8: Percentage of distance driven with 
a driving speed in accordance or above the 
speed limits according to the type of road – 
“Usual” driving.  

Figure 9: Percentage of distance driven with a 
driving speed in accordance or above the speed 
limits according to the type of road – First trial 
with SL 

Second trial
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Figure 10: Percentage of distance driven with a 
driving speed in accordance or above the speed 
limits according to the type of road – Second trial 
with SL 

2.4 Discussion of the results and conclusion 

The learning process had been investigated through two levels of analysis: the 
analysis of interviews and a detailed analysis of drivers’ behaviour when using the 
system. Those two kinds of analysis gave complementary results: the analysis of 
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interviews enabled to investigate the evolution of drivers’ knowledge, preferences, 
representation and understanding of the functioning of the systems. A detailed 
analysis of driver behaviour when using the Speed Limiter (performed on six drivers) 
made it possible to specify the development of drivers’ knowledge and rules of use of 
the system and to appreciate the short-term behavioural effects associated with the 
use of the system.  

Learning process 
The learning process followed different steps. After reading the leaflet, drivers raised 
questions that they then explored during the first trial, which mainly involved learning 
how to dialogue with the systems, understand their functions, and test procedures. 
During the following week the drivers continued to explore the procedures and limits 
of the system, but they also began to perfect the procedures and define the contexts 
of use. By the last trial, subjects had generally learned the procedures and were 
more concerned to work out the best compromise between procedures and context. 
It is interesting to note that if some drivers were rather confused during the 
familiarisation phase and initial use, they usually discovered the main procedures 
quite fast (first trial). Learning SL was easier than CC, probably because it interferes 
less with normal driving behaviour and usually creates less of a feeling of loss of 
control.  

An analysis of the driver's interactions with SL during the different test drives 
suggested that the learning process entailed first and foremost getting familiar with 
the (indirect) procedures needed for dialoguing with the system and appreciating the 
reactivity of the vehicle in response to these indirect actions. After that, drivers 
learned to co-ordinate indirect actions on the SL controls with direct actions on the 
vehicle's controls, for adapting to the diversity of road situations encountered along 
the route.  

Drivers' appropriation of the systems could be defined as giving precedence to the 
use of procedures that allowed them to avoid unwanted effects (for example, the 
perception of a loss of control), which facilitates acceptability. The first appropriation 
phenomena sometimes occurred during the first trial, but generally after a week of 
use. It can be assumed that it would probably take some time, longer than the current 
experiment (probably several months), for the systems to become integrated in 
driving activity and for the drivers to perfect their use according to the context. 

The detailed analysis of driver behaviour in situational context emphasised the 
importance of feed-back for learning and appropriation. In fact, different types of 
feedback enabled drivers to learn how to interact with the system and how to use it 
according to the situational context. Feedback provided directly through the interface 
of the system, and through the behaviour of the vehicle were important at the 
beginning of the learning process. This first level of learning was thus primarily 
focused on Driver-Support System-Vehicle interactions and on the control of those 
interactions. These sources of feedback enabled drivers to verify the merits of the 
procedures they use and to appreciate their effects on the vehicle's behaviour. Other 
types of feedback played an important role for learning the relevant contexts of use. 
They related to a larger number of interactions, in particular to Driver-Road situation 
interactions (Infrastructure and traffic-related), and enabled drivers to appreciate the 
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impact of using the system on their driving and on their management of different 
driving situations. The feedback from these sources may have been of the perceptive 
kind (for example, a sensation of speed arising from the compliance with speed limits 
associated with the use of the SL), of a functional nature (difficulty performing an 
overtaking manoeuvre due to the effective limitation of the vehicle's speed by the SL) 
or again of a social nature (effect of using the system on the driver's management of 
his interactions with other users).  

Ways of using the SL and short-term behavioural effects  
An analysis of the results confirmed the importance of the situational context in which 
the SL is used on the behaviour associated with this usage, especially as regards 
adjusting to speed limits. Hence, appreciable differences were observed in the 
programming of target speeds according to the type of road (urban, rural or 
motorways) and according to the duration of the speed limit (temporary or lengthy). 
Substantial deviations from the prevailing speed limits were more frequent on urban 
roads than on rural roads and motorways. They were particularly important when 
speed was not limited for very long (on entering or leaving a motorway, for instance, 
or in the case of a speed limit marking a temporary change in road alignment). These 
findings are in line with those obtained from an earlier study of the same type of 
system, where the driver was free to set the target speed (Saad and Malaterre, 
1982). In fact, the target speeds set by drivers reflected their usual tolerance margins 
towards speed limits as well as their willingness to interact and to interfere with the 
SL. Compared to usual driving (without the SL), driving with the SL tended to induce 
a better adjustment to speed limits and to reduce the frequency of large deviations 
from legal thresholds. However, driving with the SL did not change the hierarchy of 
deviation: speed practices were still more deviant on urban roads than on rural roads 
and motorways. In other words, the drivers' use of the SL was more indicative of an 
integration of the system in their usual driving strategies than of a significant change 
of strategy.  

It will be particularly interesting to compare those findings concerning the learning 
process, the usage and the short-term effects with those observed in the case of ISA 
systems, where the target speed is set automatically and the possibilities of 
deactivating the systems are more or less restrictive. 

Implication for design 
The two systems entailed different implicit procedures, which had to be experienced 
to be understood. Drivers did not always discover all the equivalent procedures, 
which was not a problem in itself if they managed to define some clear and precise 
uses. However, it became a problem when it compromised the construction of a clear 
representation of the use of the systems. We may thus wonder about the merits of 
choosing a design that incorporates a multiplicity of procedures, since, although it 
ensures a certain flexibility of use, it may imply a longer learning process.  

The sharing of a common interface had some implications for the learning process: it 
encouraged drivers to infer that procedures used in one system also applied in the 
other, but it could also lead them to make erroneous extrapolations between the two 
systems. This was especially true in the early stages, as drivers already had some 
difficulty in having a clear representation and clearly dissociating the two systems. 
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This also had an impact on learning how to delegate control: drivers had to learn 
what could be delegated to the system and what could not, which was complicated 
by the fact that the two systems shared the same interface but did not incorporate the 
same functions in the same way.  
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3 Studying learning phases of an ACC through verbal 
reports  

3.1 Introduction 

The objective of the study is to describe and to understand how experienced drivers 
learn driving with an Adaptive Cruise Control (ACC), as well as the effect of learning 
on their representation of driving. The current report presents main results of ACC’s 
PSA study; more detailed results, analyses, explanations and references are 
available in the detailed internal report (Ojeda and Nathan, 2005). 

In normal road/traffic conditions, experienced drivers driving standard vehicles can 
manage speed and distances with low level of cognitive involvement. These 
longitudinal control tasks are usually considered as semi-automatic (operational and 
guidance level) as result of acquired skills. 

Driving with an ACC introduces changes in the way information is processed and 
decisions are taken as the driver is responsible for scanning the road events as well 
as the functioning of the system itself, to decide whether to override the ACC or not. 
Drivers need to learn how to share the control task with the system, to identify 
situations the ACC is able to deal with and others where they must intervene. 

The learning process allows the driver to build a mental model of the system’s 
boundaries through the experience of system-environment interactions. Appropriate 
mental models and confidence in ACC should promote the system’s optimal and safe 
use by drivers (Saad, 2004). However, learning the use of an ACC is often studied by 
two means:  

- variation of driving performance indicators over the driving period with such a 
system, or compared with driving without the system; 

- self-report on the easiness of learning how to use the system. 

That is “What” and “When” changes take place and global final assessments. 
Nevertheless, little information is available about “how” this learning process takes 
place.  

Different studies show that the behaviour of people implied changes in dynamic tasks 
with experience in several ways: in the awareness of where to attend and how to give 
prognosis in dynamic environments, to deepen analysis of situations and to rich 
explanatory reasons of action, to have better awareness of the relationship of 
different variables involved in decision making, higher ability to divide attention, to 
give priorities and even to wait to act at the right time. 

One way towards understanding these processes is the collection of verbal protocols 
(Ericsson & Simon 1993; Gonzales, 2003). More often used in knowledge extraction 
from experts, verbal reports are less studied to compare different levels of 
experience between subjects (Gonzales, 2003). 
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In our study, we compare verbal reports elicited after different duration of “exposures” 
to the task in order to appreciate changes in the mental models, translating different 
levels of experience with the ACC. 

3.2 Method 

3.2.1 Participants 

Eight experienced male drivers (driving experience > 5 years) ageing between 25 
and 40 years, used to drive more than 280 km per week, familiar with automatic 
gearbox, large size cars and driving on highways, were selected for this study. All are 
employees of PSA-Peugeot-Citroën, but none has previous experience with ACC nor 
knows how the system works. On the other hand, drivers are familiar with Cruise 
Control and Speed Limiters and have used these systems before. They received the 
instruction to not search information about ACC during the tests period (in magazines 
or broadcasting or at work). 

They drive the ACC-car on open roads once a week during four weeks. At the 
second and the fourth week they make a first ride only with the experimenter and a 
second where they teach somebody introduced as “the next driver” (who is a different 
person each time) of the system.  

Only seven drivers have completed the entire experiment (the eighth driver has just 
completed half of the study). 

3.2.2 Test site 

Drivers drive under normal traffic conditions on Motorways and A Roads from the 
Paris suburban network. Two itineraries, about 150 km and 70 km long respectively, 
are followed. In both itineraries drivers are able to encounter a great variety of driving 
situations in order to experience how the ACC could cope or not with these situations 
and to build knowledge about it.  

The main characteristics of the itineraries are (see Figure 11):  

 speed limits: 50, 70, 90, 110, 130 km/h,  
 2 speed control points, 
 2 x 2 ways, 3 ways, 

 slippery roads, 
 many merge roads: 30 entrances and 30 exits or 7 entrances and 7 exits, 
 1 working area (shrinking lanes on 14 km), 
 1 toll point, 
 heavy traffic. 
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Figure 11: The 2 itineraries of the study 

3.2.3 System investigated 

The ACC uses sensors to detect vehicles ahead within a distance range around 150 
meters and calculates relative distance and relative speed with the preceding vehicle, 
to adjust its own speed in order to maintain a pre-set distance or time headway 
selected by the driver. The operational speed range of the prototype tested is 
comprised between 60 km/h and 160 km/h. If the preceding vehicle is slower than the 
driver’s vehicle, the ACC will slow down automatically. Once the road ahead is clear, 
ACC reaches and maintains the previous target speed. The ACC prototype doesn’t 
detect stationary obstacles or vehicles coming in the opposite direction. 

The ACC prototype was mounted on a standard Citroën C5 (see Figure 12). The 
prototype offers manual controls to set and to change target speed, and to select 
target time headway amongst 1s or 1.5s or 2s. These controls use the same 
activators (pushes and knobs) than classic Cruise Control. Feedback on speed, time 
headway settings and ACC status are displayed on a PDA screen mounted near the 
vehicle axis on the dashboard (see Figure 13). An auditory warning was presented 
by the system when the vehicle speed was below 60 km/h (if ACC was in use). 

When the driver activates the accelerator pedal while the ACC was engaged, it 
inhibits the system until the pedal is released. Then the system resumes 
automatically the speed control with the initial settings: target speed if no vehicle 
ahead within the detection ranges, otherwise target distance with the vehicle ahead. 
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Figure 12: Test vehicle 

  

Figure 13: ACC' Display and Controls 

Pressing normally the brake pedal deactivates the system and requires using manual 
controls to reactivate it. A special feature not communicated to drivers in this study, is 
the possibility to not deactivate the system if pushing slightly the brake pedal. 

The ACC prototype tested uses part of the total braking ability of the vehicle to slow 
down but is not able to stop the vehicle if an emergency braking is needed. 

Drivers are aware of this limit as the topic is communicated during the system 
presentation. They were also informed that below 60 km/h, they are required to take 
back in charge the speed control and that when the system uses brakes to adjust 
speed it also puts the rear braking lights on, to communicate braking to other 
vehicles. 

3.2.4 Experimental design 

Each driver drove the vehicle equipped with the ACC prototype six times during four 
weeks. 

The first day of the test phase, subjects were asked to answer a questionnaire 
concerning driving style. Thereafter a short introduction on the operation and 
functionality of the ACC was done to the drivers..  

After that, a 2 hours trip was performed through the predefined itinerary. The drivers 
were free to use the ACC system and encouraged to communicate with the 
experimenter about using the system. At the end of the journey, they answered a 
Post Driving Questionnaire (PDQ; see below) and arranged an appointment for 
second trip of the next week. 

On the second (2nd week) test phase, drivers drove a new pre-defined journey with 
the same characteristics as the first, but only one hour long. At the end, after they 
answered the same PDQ they did the first day, drivers were asked to teach the use 
of the ACC to another driver (as they would do if they were to lend their car). This 
“teaching phase” took place first in static conditions where they had to explain the 
bases of the system (15 to 30 minutes duration) and secondly while driving on an ad-
hoc “teaching journey”, for half an hour. An appointment was arranged for the third 
test phase in the next week. 
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On the third test phase, drivers drove the same one hour journey as they did in the 
second day. After driving they answered the PDQ. In order to avoid a training effect 
biasing verbal production (as could be learning how to teach) no teaching phase was 
included this time. An appointment was made for the final phase of the next week. 

On the fourth and last test phase, drivers drove again the last one hour long journey 
before answering the fourth PDQ. Then, again they were asked to teach to a new 
driver the use of the ACC, first in static conditions and later on an open-road 
“teaching journey”.  

The test phase ended with a deep interview with drivers, where complementary 
information about the experiment and ACC driving was collected. Precedent answers 
were gathered and explanations about changes in driver’s opinions during the tests 
were asked. The experimental design is summarised in Table 22 below. 

Table 22: Experimental schedule 

Trip 
N° 

Trip Distance 
approx 

week Driving Style 
Questionnaires 

Post Driving 
Questionnaires 

Oral explanations 
(Teaching phases) 

1st 150 km 1st Usual driving X  

2nd 70 km 2nd  X  

3rd 70 km 2nd   X 

4th 70 km 3rd  X  

5th 70 km 4th  X  

6th 70 km 4th ACC’s Driving  X 

3.2.5 Procedure 

3.2.5.1 Questionnaires and scales 

The PDQ was filled by drivers four times at the end of each journey. It deals with 
topics as “confidence”, “driving changes”, “risk”, “comfort”, and “system 
representation”. A comparison between replies of the same driver collected during 
the study was made by looking for changes in answering. Dependent variables were 
the scores given during the whole experiment as answers to questionnaires. 

Changes in scores were dated in order to roughly appreciate when they occur (i.e. 
before certain number of times or kilometres using the ACC). Variations in answering 
to the same question after a number of trips were analysed and resulting diagrams 
were compared amongst participants to appreciate similarities in score changes (i.e., 
comparing for each question answers given at the first and at the fifth trip, the way in 
which answers to the same question follows one another in a continuous and 
monotonous progression or in a disrupted or a serrated way). 

3.2.5.2 Teaching Method 

The teaching method is an alternative to concurrent Thinking Aloud Protocols as a 
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non intrusive and more natural method to elicit verbalisations from tests participants. 
Even if Thinking Aloud is considered one of the most useful methods for practical 
usability evaluation, Thinking Aloud is not a normal practice for most users, and is 
often intrusive and distracting when produced concurrently to the task (Vora & 
Helander, 1995). 

In the teaching method the participant interacts with the system first, until acquiring a 
familiarity with and some expertise in accomplishing tasks using the system. At the 
end of the task, he/she must describe to a new user how the system works and 
explain how he/she achieves a set of pre-determined tasks. The advantages of the 
Teaching method are: no interference with the task studied, more natural objective of 
explanations, explanation rather than description of action. The interactions between 
the participants (the subject who teaches, the new user and the observer) are 
strongly controlled and tape recorded. The control of interaction was done in two 
ways, first by previously coaching the “new user” about how to ask for information in 
a neutral naïve way and secondly through observer intervention to refocus the 
exchange on system and driving issues.  

A qualitative approach is done, searching for elicited situations where using the ACC 
prototype requires changes in normal driving. 

A list of key words is empirically built to search for “chronicles of critical events” in the 
verbal flow. The underlying hypothesis is that the identification of these situations by 
drivers and mentioning them when teaching a new user the system use, reveal how 
they organise new information (“what” do they know about the use of ACC prototype 
and “how important” it is to be mentioned). Therefore, it is particularly interesting to 
know also “when” this identification appears during the use of the ACC. For each 
case reviewed, changes in normal driving are expressed as decision rules in order to 
supply the Driver Vehicle Environment (DVE) model with usable data. 

3.3 Results 

Similarities between drivers’ answers were looked for despite the small number of 
subjects, in order to appreciate general effects independently of individuals’ 
characteristics (blue figures). ANOVA test analysis was used for these cases. 
Questions implying a choice between three alternatives are also organised to have 
ACC advantages at the top (yellow figures). When average results are represented, 
standard deviation is indicated by black, so-called, ‘error bars’. 

3.3.1 System representation 

 After 360 km most drivers think that they know enough the ACC, they understand 
how to use it, they are able to anticipate system reactions and are able to take the 
right decisions (the latter from almost the first trip of 150 km), 

 Knowledge and anticipation scores increase significantly with use, 
 Understanding scores show a trend to increase with use (see Figure 14). 
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Q2-Knowledge  (average notes) 

After this session, do you think you know  
enough the ACC? 

1 
2 
3 
4 
5 
6 

1st Trip 
150 km 

2nd Trip 
220 km 

4th Trip 
360 km 

5th Trip 
430 km 

Yes 

No 
p=0,024 

Q4-Use Understanding 
(average notes) 

Do You Think you know how to use the  
system? 

1 
2 
3 
4 
5 
6 

1st Trip 
150 km 

2nd Trip 
220 km 

4th Trip 
360 km 

5th Trip 
430 km 

Yes 

No 

p=0,113 

Q18Anticipating&Understanding  
(average notes) 

Whilst using the system have you ever  
feel a lack of understanding about what  
the system does or how it could react? 

1 
2 
3 
4 
5 
6 

1st Trip 
150 km 

2nd Trip 
220 km 

4th Trip 
360 km 

5th Trip 
430 km 

No 

Yes 
p=0,06 

 

Figure 14: Answers on Knowledge, Use understanding and Anticipating and understanding 
ACC reactions 

Some of drivers seem to have experienced enough situations as to be able and use 
the ACC, while others need more interaction with it than was achieved during the five 
journeys done, in order to reinforce and improve their understanding of the system 
(including understanding and ACC prototype behaviour anticipation for new 
situations; see Figure 15).  

Q5-Mental Representation
Can you represent yourself how  the  ACC w orks?

1
2
3
4
5
6

1st Trip
150 km

2nd Trip
220 km

4th Trip
360 km

5th Trip
430 km

Driver1 Driver2 Driver3 Driver4 Driver5 Driver6 Driver7

Yes

No

Q5-Mental Representation
(average notes) Can you represent 

yourself how  the  ACC w orks?

1
2
3
4
5
6

1st Trip
150 k m

2nd Trip
220 km

4th Trip
360 km

5th Trip
430 km

Yes

No

 

Figure 15: Answers about Mental Representation of ACC 

3.3.2 Confidence 

Confidence in the system itself (i.e. quality and relevance of system decisions) may 
increase with exposure – if the system is reliable - as it seems linked to knowledge 
and understanding of how the ACC works that increase too. 

Self confidence (i.e. confidence of the driver in his/her own ability to react at the right 
time with the right decision) can diminish with exposure, as a result of distraction or 
inattention or failure when facing a new situation. 

 Global confidence tends to increase with exposure (see Figure 16), 
 Confidence is lower when drivers are passengers and remains quite stable (see 
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Figure 16), 
 After 360 km, two different attitudes are reported: drivers who have trust in the 

system and drivers who remain suspicious (see Figure 16), 
 Drivers having talked about critical issues (scenarios where ACC driving may be 

critical) remain cautious about having a “blind” confidence in the system. 
Nevertheless, knowledge seems to play a role in confidence judgements as 
confidence might be based on concrete and identifiable experienced events. Four 
drivers refer to this during the teaching phases. Confidence development seems 
to be linked to the elaboration of cues on system use, more and more reliable 
even when they point out the functional limits of the system. 

 Self confidence scores increase with exposure and reach soon high levels. 
 Self confidence is almost exclusively mentioned by three drivers, by bringing the 

attention of the learner to the need of being aware of the situation and to system 
particularities. It may be an artefact due to the goal pursued during the teaching 
phases but it can also express the aim to teach the appropriate level of 
confidence. Three drivers have referred to this issue exclusively during the first 
teaching phase, after around 280 km driving with the system. 

 No driver feels more self-assured when overtaking. 
 Nevertheless, global feeling of safety is considered improved by the ACC. 

Q6-Confidence  (average notes )
Do you have  confidence  in the  ACC?

1

2

3

4

5

6

1s t Tr ip
150 km

2nd Tr ip
220 km

4th Trip
360 km

5th Tr ip
430 km

Yes

No

p=0,082

Q11-Stress as a passenger 
(ave rage notes)

Do you think you could be s tress ed as  a 
pass enger in an ACC car droved by a 

m em be r of your fam ily?

1
2
3
4
5
6

1st Trip
150 k m

2nd Trip
220 km

4th Tr ip
360 km

5th Trip
430 k m

No

Yes

Q14-Se lf assured when 
Overtaking  (average notes )

Do you feel m ore or  less  self as sured to 
change lane s and to overtak ew hils t using 

the ACC?

1st Tr ip
150 km

2nd Trip
220 km

4th Tr ip
360 km

5th Tr ip
430 km

More

Less

Equal

 

Figure 16: Answers about Confidence, stress and self insurance when overtaking 

3.3.3 Driving Changes (behavioural adaptation) 

Topics concerned are speed and compliance to driving regulations (see Figure 17), 
distraction and attention paid to surrounding traffic (see Figure 18) and care whilst 
driving (Figure 19). 

 After 430 km, ACC induces better speed limitations enforcement. 
 Half of the drivers think from the beginning to drive slower with the ACC. 
 Attention paid to surrounding traffic tends to diminish until it is similar as without 

the ACC after 430 km (as estimated by the drivers). 

 Three patterns of drivers’ answers about distraction induced by ACC can be 
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considered:  
o Those distracted by the ACC since the beginning, 
o Those not distracted by the ACC since the beginning, 
o Those with fluctuating answers but where distraction decreases. 

 The level of carefulness in driving does not evolve during the trips and is higher 
with the ACC than without for half of drivers.  

 Comfort to engage secondary tasks seems to increase with exposure and is high 
rated for most of drivers after 430 km (attention shifting). 

Q21-Respect of Speed Limits 
(average  notes )

When do you drive  m ore  in accord w ith 
speed lim itations  w hilst driving w ith or 

w ithout the  ACC?

1
2
3
4
5
6

1st Trip
150 km

2nd Trip
220 km

4th Trip
360 km

5th Trip
430 km

With

Without

Q16-Changes in speed 
(average  notes)

Do you think  you drive faste r or s low er 
w ith the  ACC?

1st Trip
150 km

2nd Trip
220 km

4th Trip
360 km

5th Trip
430 km

Slow er

Faster

Equal

 

Figure 17: Answers about Speed 

Q24-Distraction ( a v e rage  no t e s )
Do you feel distracted by 

autonom ous accele ration and 
de ce le ration?

1
2
3
4
5
6

1s t Tr ip
150 k m

2nd Trip
220 km

4th Trip
360 km

5th Tr ip
430 k m

No

Yes

Q24-Distraction
Do you feel dis tracted by autonom ous  

acceleration and dece le ration?

1
2
3
4
5
6

1st Tr ip
150 km

2nd Tr ip
220 k m

4th Tr ip
360 km

5th Tr ip
430 km

Driver1 Driver2 Driver3 Driver4
Driver5 Driver6 Driver7

No

Yes

Q25-Attention devoted to traffic 
(ave rage notes)

Do you fee l m ore or le ss attentive to traffic 
s urrounding behaviour w he n dr iving w ith the 

ACC?

1s t Tr ip
150 km

2nd Trip
220 km

4th Trip
360 k m

5th Trip
430 k m

Less

More

Equal

p=0,17

 

Figure 18: Answers about Distraction and Attention 
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Q23-Comfort to engage secondary tasks 
(average  notes )

Do you feel com fortable e nough to accoplish other  task s 
w hilst driving w ith the ACC (i.e . radio, AC,) com pared to 

usual driving?

1
2
3
4

5
6

1s t Trip
150 km

2nd Trip
220 km

4th Tr ip
360 km

5th Trip
430 km

Very
co mfo rtable

No t
co mfo rtable

Q27-Care in Driving 
(average note s)

In w hich condition do you drive m ore  
care fully, w ith or w ithout the  ACC?

1st Trip
150 km

2nd Trip
220 km

4th Trip
360 km

5th Trip
430 km

With

Without

Equal

 

Figure 19: Answers about the level of carefulness in driving and Attention Devoted to the 
System 

3.3.4 Accident Risk 

 Although the global safety feeling tends to increase with use as well as safety 
enhancement, some drivers remain cautious and even distrustful after 430 km of 
driving (see Figure 20). 

 Frontal safety is considered improved by the ACC after 430 km or even less (see 
Figure 20). 

 But two drivers remain cautious, feeling unsafe with frontal distances after having 
driven 430 km (see Figure 21). 

 Rear safety remains a critical issue after 430 km even if distrust diminishes with 
use (see Figure 21). 

Q13- Global Safe ty (average notes )
From  safety point of view  do you pre fe r to 

dr ive w ith or  w ithout the ACC?

1st Trip
150 km

2nd Trip
220 km

4th Tr ip
360 km

5th Trip
430 km

With

Without

Equal

p=0,10

Q33-Safety Enhancement 
(average notes)

Do you think  that ACC can enhance driving 
safe ty?

1
2
3
4
5
6

1st Trip
150 km

2nd Trip
220 km

4th Trip
360 km

5th Trip
430 km

No

Yes

 

Figure 20: Answers about Global Safety and Safety Enhancement with the ACC 
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Q30-Frontal safety 
(average notes)

Do you think that  ACC increases  frontal 
collision risk?

1
2
3
4
5
6

1st Trip
150 km

2nd Trip
220 km

4th Trip
360 km

5th Trip
430 km

No

Yes

Q31-Rear Safety 
(average notes)

Do you think that ACC increases  rear 
collision risk?

1
2
3
4
5
6

1st Trip
150 km

2nd Trip
220 km

4th Trip
360 km

5th Trip
430 km

No

Yes

p=0,066

 

Figure 21: Answers about Frontal and Rear Safety with the ACC 

3.3.5 Comfort 

Comfort is related to easiness, pleasure, confidence, knowledge and so on. We have 
selected those questions related to comfort issues that might be linked with learning. 

 Comfort judgements improve with use and seem to stabilise after 430 km driving 
(see Figure 22). 

 Easiness tends to improve with use and most of the drivers estimate quite easy to 
drive with an ACC after 430 km (see Figure 22). 

 Comfort to engage a secondary task seems to increase with exposure; it is rated 
high for most of the drivers after 430 km (see Figure 19). Nevertheless, for two 
drivers, it decreases at the end, because inattention could be responsible of late 
reactions. 

Q8-Comfort ( ave rage  not es )
How  can you evaluate the driving com for t  

w hils t driving w ith the ACC?

1

2

3

4

5

6

1s t Tr ip
150 km

2nd Trip
220 km

4th Tr ip
360 km

5th Trip
430 km

V ery
Comfortable

Not
Comfortable

p=0,060

Q9-Easiness (average note s)
How  e asy is  to  drive  w ith the  ACC?

1

2
3

4
5

6

1st Trip
150 k m

2nd Trip
220 k m

4th Trip
360 km

5th Trip
430 k m

V ery
Easy

Not
Easy

p=0,153

 

Figure 22: Answers about Comfort and Easiness 

3.3.6 Identification of Critical events 

Thirteen different critical events or potential problematic situations were mentioned 
while teaching the use of the system (see Figure 23). 
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MEAN DISTANCE DRIVEN AT THE FIRST EVOCATION OF THE SITUATION

0 1 2 3 4 5 6 7 8

1-Overtaking by the w rong side

2-Accelerating on bends (target losses)

3-Bad target detection on bends (interferences)

4-Legally and appropriate speed limits

5-Delay in reaction time w hen Overtaking (rear
danger)

6-Car Insertion ahead (braking: rear danger)

7-Car leaving the road ahead (acceleration)

8-Emergency Braking

9-ACC deactivation or not af ter braking

10-Communicating false intentions to other vehicles
(not suitable car to car interval)

11-Delay in detection of  vehicles bad positioned

12-ACC deactivation under  60 km/h

13-System inhibition w hilst taking over the
accelerator control for a long period

cr
iti

ca
l s

itu
at

io
ns

number of drivers

@ 280 Km
@ 500 Km

 

Figure 23: Number of drivers and driving distances at the 1st evocation of the situation 

 Most of these critical situations are finally mentioned to the learner after 500 km 
driving with the ACC. 

 All situations are at least mentioned by one driver after 280 km. 

Mentioning the situations depends mainly on having encountered them while driving 
and, if learning has well progressed, on being able to imagining them on the basis of 
the knowledge and rules built. 

3.3.7 Tactical driving changes 

For each critical situation, a general description is provided and changes with normal 
driving are pointed out. These changes are expressed as a decision rule “IF – THEN” 
to identify variables useful to driver behaviour modelling. Taking into account the first 
time these changes were mentioned by each driver (i.e. after how many Km or hours 
driven) we assume that knowledge about the situation is structured enough to be 
communicated as a critical information.  
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3.3.7.1 Overtaking by the wrong side 

Scenario: the vehicle ahead on the same path, leaves the way or 
accelerates 
Result: the ACC vehicle accelerates and may entail an involuntary 
violation to the driving regulation: overtaking by the inside. It may also 
surprise or irritate the overtaken driver. 
What changes: decision to brake to avoid wrong overtaking. 
Why: without ACC, when following vehicles, the increase of the 
distance ahead is not a critical issue (decrease of risk level).  

How: with the ACC, the driver has to improve the decision rule to 
brake by introducing new thresholds and conditions. He/she must 
change the way in spotting events and learn how to make diagnostic 
early. 

 

The new rule may be expressed as:  

IF target vehicle accelerates  

OR tend to change lane (indicator lights or seeing the lateral movement) 
AND a vehicle occupies left lane ahead  
AND distance between is under a threshold “x”  
AND traffic flow is not in a Row mode 
 THEN Brake (to avoid overtaking by the wrong side) 

Three drivers have mentioned this situation at the first teaching phase, during the 
third trip, after 280 km or four hours driven with the system. Two drivers repeat this 
information at the second teaching phase. 
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3.3.7.2 Accelerating on bends (target losses)  

Scenario: in bends, the vehicle ahead leaves the sensor beam due to 
geometrical reasons. 
Result: the ACC vehicle accelerates in the curve and may create a 
risky situation, such as gripping loss, or may come too close to the 
vehicle ahead. 
What changes: decision to brake to maintain safety distance and 
speed. 
Why: without ACC, the driver adapts speed to situation in a 
continuous way, with accelerator release and braking if needed, to 
drive on the bend safely. 
How: with the ACC, the driver has to improve decision rule to brake 
by introducing new conditions related to curvy road and position of the 
vehicle ahead. He/she needs to identify quickly situations where 
target losses may appear and to integrate these advance indications 
to improve the brake making decision rule. 

 

 

The rule may be expressed as follows: 

IF there is a target vehicle ahead AND it enters a bend  
 THEN Braking may be necessary (to compensate target losses and to adapt 
speed to situation) 

Six drivers have mentioned this particular behaviour of the ACC. Four of them are 
aware of such situation since the first teaching phase during the third trip (around 280 
km or four hours spent with the system). Two other drivers have mentioned this issue 
during the sixth trip (after more than five hours and 500 km using the system). 
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3.3.7.3 Target detection on bends or shrinking lanes 
(interferences) 

Scenario: in bends, a vehicle ahead in the next lane gets into the 
sensor beam. 

Result: if the ‘false” target is a slower vehicle with great speed 
difference, the ACC may brake hardly and create a risky situation for 
the rear vehicles in its lane. 
What changes: decision to override to maintain speed and rear 
distances. 

Why: without ACC, in passing situations, the driver adapts speed in a 
continuous way acting on gear and clutch (if manual gear box) and 
accelerator. Hard braking is reserved to emergency and whenever 
possible takes in account rear traffic distances.  
How: with the ACC, the driver needs to recognise in advance what 
can happen and to be ready to override the system until passing the 
wrong target. Interferences may also result from traffic characteristics 
(heavy traffic conditions). 

 

The rule here may be expressed as follows: 

IF the vehicle is going in a (left) bend  
OR IF road width decreases (road maintenance areas)  

AND IF the vehicle is going to pass a (large) vehicle on the right lane  
 THEN Overriding may be necessary (to compensate bad target detection, to 
avoid risky hard braking by the ACC) 

A similar situation will be considered below, where interferences result from traffic 
characteristics (heavy traffic conditions). 

Two drivers have mentioned this issue during the first teaching phase and one at the 
second teaching phase (after around five hours and 500 km using the system). 
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3.3.7.4 Legally and appropriate speed limits 

Scenario: when using the ACC for long periods, monotonous situation 
may arise where the driver could leave the control loop and react 
within a delay in adjusting speed to the current situation.  

Result: involuntary violation of driving regulations and risky situations 
may arise if great speed differences. 
What changes: decision to brake to adapt speed to current situation.  
Why: without ACC, as the driver takes all decisions concerning 
longitudinal control and executes the speed adaptation actions, no 
breaks in decision-execution loop arise. Appropriate speed regarding 
road conditions and speed limits remain under driver control 
exclusively. 
How:  the safe use of the ACC requires realising and having in mind 
that situations about changes in suitable speed must be scanned 
permanently in the driving environment. 

 

The rule may be expressed as follows 

IF changes in suitable speed appears (formalised as signposting or informal as 
weather conditions, traffic changes or changes in road geometry or status)  
 THEN Braking may be necessary (to adapt the current speed to the 
environmental conditions and/or to deactivate the ACC) 

Five drivers have mentioned this issue concerning attention and speed adjustment 
while driving for long periods with the ACC. Four drivers indicated this event during 
the first teaching phase and one at the second teaching phase. 
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3.3.7.5 Delay in ACC prototype RT when overtaking (rear 
danger) 

Scenario: when overtaking with the ACC, after lane changing, the 
vehicle keeps the current speed for a short delay (<= 2 sec) before 
accelerating towards the target speed instruction.  
Result: during this time, the rear vehicle in the lane might catch up 
the ACC vehicle creating dangerous distances, and at least 
confusion about ACC driver intentions. 
What changes: decision to override to increase rear distances or 
overtaking postponing till any close rear vehicle overcomes our 
vehicle. 
Why: without ACC, the driver accelerates until passing the vehicle 
at the right lane, adapts its speed to maintain safe distances with 
the rear vehicle and/or to anticipate the need of engine force, after 
an estimation of the distance to and speed of the rear vehicle in the 
left lane, and also of the time needed to pass. 
How: With the ACC, driver needs to integrate the system reaction 
time and the dead time without acceleration, to recalibrate the 
distance threshold to the rear vehicle so that overtaking is safely 
done. 

 

The rule may be expressed as follows: 

IF overtaking is intended  
AND the distance to rear vehicle is upper than “x” = distance threshold to 
overtake without the ACC  
 THEN Let the system manage,  

 OR Overriding may be necessary (to remove the time without acceleration in 
order to increase the distance to the rear vehicle within a safely threshold). 

Four drivers reported this situation after some 280 km (3rd trip or 4 hours driven with 
ACC), two drivers after around 500 km at the second teaching phase. 
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3.3.7.6 Car Insertion ahead (braking rear danger) 

Scenario: with cut in or swerving vehicles there may be a short delay 
needed before ACC reaction. 
Result: during this dead time, the vehicle maintains its previous state 
(stabilised speed or acceleration) keeping safe distance ahead, 
before braking heavily to preserve time headway settings with the 
new vehicle ahead. Rear critical distances may arise.  
What changes: decision to brake to handle vehicle deceleration, 
manage forward and rear distances and avoid rear collision risk.  

Why: without ACC, the driver remains active in adapting speed to the 
situation, acting mainly on accelerator release, and braking as a last 
option. Adjusting speed when vehicles get in front suddenly, takes 
into account distances to the vehicle ahead but also distance to the 
rear vehicle to avoid rear collision.  

How: with the ACC, this particular system behaviour must be taken 
into account to decide when to override it by braking manually and 
gradually, to avoid sudden changes in speed. 

 

The rule may be expressed as follows: 

IF a vehicle is going to cut in 
AND a rear vehicle follows closely the ACC vehicle, 

 THEN Braking may be necessary (to remove the time without system reaction 
in order to gradually slow down to maintain safe front and rear distances to 
vehicles in the lane). 

Three drivers have indicated this issue: two during the third trip (around 280 
kilometres driven) and one driver during the sixth trip (around 500 kilometres driven 
with the ACC). 
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3.3.7.7 Car leaving the road ahead (acceleration) and 
subsequent cut-in (braking) 

Scenario: combination of scenarios 2, 6 and 10, where ACC reacts 
with a time lag facing to a target that changes lane with another 
vehicle cutting in almost at the same time. 
Result: as the new situation needs a short time to be detected, the 
ACC vehicle might have a strange behaviour, waiting before 
accelerating and later braking hardly. During the short delay before 
accelerating vehicles beside may understand it as giving the way.  
When accelerating, the system may to prevent vehicles beside that 
plan to exit the lane, to realise their manoeuvres (misunderstanding 
about driver’s intentions). If a vehicle cuts in anyway, the system’s 
braking may create a danger if a rear vehicle overcomes ours.  
What changes: decision to brake or to override.  

Why: without ACC, taking in account what’s happening around, the 
driver decides to slow down releasing the accelerator (to let other 
vehicles beside to get in or out of the lane) or to accelerate (to avoid 
ambiguous situations, or to increase distance to the rear vehicle).  
How:  with the ACC, integration of the RT lag of the ACC to recognise 
in advance situations, where braking or overriding decisions must be 
made, to avoid sudden and unexpected changes in speed. 

 

Two alternative rules may be expressed, as follows:  

IF a vehicle ahead is exiting the lane 
AND vehicles around are able to cut in ahead the ACC vehicle AND a rear 
vehicle is near 

 THEN Braking may be necessary (to gradually slow down in order to increase 
the safe forward distance to cut in vehicles without surprising the rear vehicle) 
IF a vehicle ahead is exiting the lane 
AND vehicles around are not able to cut in safely (i.e. without swerve)  
AND a rear vehicle is near the ACC vehicle  

 THEN Overriding by accelerating may be necessary (to avoid 
misunderstanding about driver’ intention of slowing down and to increase rear 
distances to vehicles in the lane). 

One driver refers to these issues clearly at the first teaching phase, during the third 
trip; one other indicates it focusing in the second part (car insertion during 
acceleration phase) at the sixth trip. 
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3.3.7.8 Emergency braking 

Scenario: speed of vehicle ahead decreases dramatically or speed difference is too 
high to be handled appropriately by the system. 

Result: risk of forward collision. 

What changes: decision to brake to complete automatic braking to avoid collision. 

Why: without ACC, when the vehicle ahead speed as well as inter distances 
decrease under a threshold  the decision making for braking is triggered . During the 
braking activity the driver adapts continuously the braking force on the pedal, as 
necessary. 

How: with the ACC, as the system handles the longitudinal control task, the driver 
has to keep a track on the vehicle ahead, in order to anticipate for critical decreases 
in distance between the two vehicles. He/she needs to learn how to evaluate the 
ACC speed decrease applied, in order to decide to brake or to let the system handle 
the situation. 

Two alternative rules may be expressed, as follows: 

IF close car-following situation  
AND stop lights light up  
OR /AND vehicle ahead slows down abruptly so the distance between the two 
vehicles decreases fast  
 THEN Braking may be necessary (to complete the ACC braking force to 
increase the distance and diminish the situational risk level) 

 

IF a lower vehicle ahead is been caught by the ACC vehicle  
AND speed difference is over “x”  
 THEN Braking may be necessary (to anticipate and to compensate the ACC 
weakness to handle the situation) 

Six drivers have mentioned this issue: three during the 3rd trip, after about 280 
kilometres driven with the ACC and three during the sixth trip, about 500 kilometres 
driven with the ACC. Some of them refer to this mixing Emergency Brake issue and 
ACC deactivation under a speed threshold. 
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3.3.7.9 ACC deactivation or not after Braking (strategy) 

Scenario: automatic braking could be estimated as inappropriate for the current 
situation or for driver’s intentions (preparing for next manoeuvres), and manual 
braking increases the braking force without deactivating the ACC, which may 
reaccelerate after or decelerate in other situations.  

Result: comfortable and continuous driving. Adjusting vehicle speed to manoeuvres 
safely and avoiding breaks in the automatic longitudinal control. 

What changes: decision to brake and braking operation. Also, this feature is 
integrated for anticipating manoeuvres without ACC deactivation. 

Why: without ACC, as the driver is in the control loop, he/she may adapt the vehicle 
speed in advance to prepare the conditions for his/her next actions (to overtake, to 
change lane and so on). 

How: the driver learns how to improve the ACC deceleration behaviour by intervening 
and optimising switching between automatically and manually control of speed. It is a 
typical case of co-operation between driver and ACC. 

The rule may be expressed as follows: 

IF slightly decrease in speed is needed without deactivation of the ACC (to 
increase distances or to give the way in merging situations for example)  
 THEN Braking Slightly is possible by pushing slowly the brake pedal. 

OTHERWISE 
IF more braking power is judged necessary   
 THEN high decrease in speed may be reached by pushing quickly and deeply 
the brake pedal with subsequent system deactivation. 

Five drivers give this information to the learner driver. One of them refers to this issue 
during the first teaching phase (around 280 kilometres using the system) and four 
other drivers talk about it during the sixth trip, at the second teaching phase (after 
around 500 kilometres using the system). 
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3.3.7.10 Communicating false intentions to other vehicles (not 
suitable car to car interval) 

Scenario: in car following situation, the time headway kept to the 
vehicle ahead may be long enough for other vehicles to enter in the 
same lane ahead. 
Result: in certain traffic conditions, the forward distance kept may 
encourage other vehicles to swerve or simply enter in the lane 
ahead, so it may cause reduction of inter-distances and slow down 
repeatedly of the ACC vehicle to maintain the pre-set distance.  

What changes: decision to override or decision to deactivate the 
ACC. 
Why: without ACC, drivers communicate their intentions by formal 
signs (warning lights, stops lights, indicator) and also informal signs 
(lateral position on the lane, distances between vehicles).  

How: driving with ACC introduces ambiguous situations with respect 
to the distance between vehicles. The driver needs to be aware 
about this and may decide, according to the traffic situation, to 
override or to deactivate the ACC to avoid uncomfortable or even 
unsafe situations.  

 

The rule may be expressed as follows: 

IF traffic density increases  
AND traffic in different lanes moves as single files  
 THEN deactivating the ACC may be necessary (to avoid ambiguous 
messages delivered to the traffic surrounding) 

Four drivers have mentioned this issue during the sixth trip, after around 500 
kilometres driven with the ACC. One of them points this question out since the third 
trip (around 280 kilometres driven with the system). 



   

 

     
69

3.3.7.11 Delay in detection of vehicles badly positioned on the 
way or too thin and too close (motorcycles, trailers) 

Scenario: thin vehicles (motorcycles), trailers or vehicles at the edge 
of our lane that are not yet in the axis of the ACC vehicle may be 
detected within a delay. 
Result: as the ACC tries to reach the target speed when no target is 
inside the preset distance, dangerous situations may arise due to late 
detections. 
What changes: decision to brake to maintain safety forward distances 
or to change lane. 
Why: without ACC, the driver is in charge of longitudinal control and of 
continuous driving execution, he adjusts the speed regarding vehicles 
already ahead or to be placed in front shortly.  
How: driving with the ACC supposes early detection of these 
problematic targets on the driver’s path and supervision of the vehicle 
(equipped with ACC) behaviour to avoid too close approach by 
braking, if needed. 

 

Two alternative rules may be expressed as follows: 

IF thin objects (as motorcycles or trailers) or vehicles being at the edge of our 
lane are in the path in a manner that ACC beam might produce late detections  
AND side-lane is occupied 
 THEN Braking may be necessary (to preserve a safely distance towards the 
vehicles ahead) 

OR 

IF thin objects (as motorcycles or trailers) or vehicles being at the edge of our 
lane are in the path in a manner that ACC beam might produce late detections 
AND side-lane is free 
 THEN Changing Lane may be decided (to avoid slowing down, thus keeping a 
safe distance) 

Five drivers refer to this issue, three at the third trip during the first teaching phase 
and two during the sixth trip (approximately 280 km and 500 km driven with the ACC 
respectively). 
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3.3.7.12 ACC prototype deactivation under a speed threshold 
of 60 km/h 

Scenario: in a following situation (driving in slips roads or arriving at toll 
points), with a car ahead reducing speed under 60 km, no automatic 
braking is available. 
Result: ACC vehicle cannot stop on its own and a risky frontal collision 
situation may arise. 
What changes: decision to brake to maintain safe forward distances and 
to stop the car if needed. 

Why: without the ACC, in car following situations the driver adjusts 
continuously the speed, keeping safe distances until stopping the car if 
necessary (at toll points or in heavy traffic jams for example).  
How: With ACC, drivers must be aware of this particular behaviour in 
order to cope with situations as slip roads, toll points, traffic jams, where 
manual intervention is needed to preserve safe distances. 

 

The relevant rule may be expressed as follows: 

IF car following situation  
AND the forward vehicle speed reduces close to 60 km/h  
 THEN Braking may be necessary to maintain safe distances and to stop the 
car eventually. 

Every driver has referred to this particular issue since the third trip during the first 
teaching phase. This information was given to drivers during the summary 
presentation of the system. 

3.3.7.13 System inhibition whilst taking over the accelerator 
control for a long period 

Scenario: long periods of overriding the ACC by accelerating (passing 
vehicles, driving on the left way). 
Result: releasing the accelerator may create hard braking situations if the 
difference between the current speed and the target speed is high. A risk 
for critical situation with rear vehicles on the lane may arise.  

What changes: deactivating ACC / increasing or resuming the new 
speed decision / slowing down gradually until the pre-defined speed. 
Why: without ACC, as the driver has exclusively and continuous control 
in speed adjustments, sudden and unwanted speed decreases are not 
expected. 

How: when overriding the ACC for a while, the driver needs to remain 
aware about the difference between current and target speed to avoid 
abrupt decelerations and potential rear collision situations, if the vehicle 
brakes suddenly to reach its target speed. 
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No rule was tempted. Only one driver has referred this possible situation that could 
be compared with situations arising whilst using the Cruise Control feature.  

3.3.8 Wrong information delivered by the driver  

The amount of false information delivered was expected to decrease as the use of 
the ACC prototype increases and that was indeed the situation reported. Repeated 
situations may have filtered wrong information and contribute in drivers’ 
understanding of ACC. Almost all wrong information gathered in the first teaching 
phase is not observed anymore in the second one. 

3.4 Overview of results 

Verbal reports and questionnaires to trace learning effects of the exposure to an ACC 
prototype in successive open road journeys, show that: 

 Knowledge, understanding and anticipation of the ACC reactions seem to be 
established after about 370 km driving with the system. Nevertheless, some of 
drivers need more practice to achieve learning (changes in scores at the end). 

 All drivers think they are capable to take the right decision for a traffic event, 
after 370 km; for some of them this is valid even sooner (almost from the 
beginning). 

 Confidence seems to be linked with knowledge. After 370 km driven two 
different attitudes are possible: those drivers who are confident (almost 50 %) 
and those who remain cautious, maybe after identifying some risks, or having 
encountered critical situations. 

 No driver relies in ACC prototype for overtaking. All of them think that this 
manoeuvre is critical with the prototype. 

 Relative to behavioural adaptation or driving changes, more than a half of 
drivers think to drive slower with the ACC prototype and be more in 
accordance with speed regulations after 450 km. This can be a Cruise Control 
effect. Remark that the study may reveal behaviour that could differ between 
urban driving or motorway driving. 

 Attention devoted to traffic doesn’t change from the drivers’ point of view, even 
if later, conflicts with other drivers arise whilst using the ACC. 

 Safety is considered enhanced by the ACC and frontal collisions and unsafe 
distances between vehicles are decreased. Nevertheless, collision risk with 
the rear vehicle is considered  more important when using the ACC. 

 Regarding comfort issues, driving with the ACC prototype is found comfortable 
after two trips, and drivers declare to be comfortable enough to engage 
secondary tasks whilst driving with the ACC. Nevertheless, answers on 
comfort include pleasure considerations and most of drivers prefer manual 
driving to driving with the ACC prototype. 

 No problems are reported on using ACC controls. Drivers were able to 
discover new features, as the possibility to brake slightly without deactivation 
of the system 

 Minor wrong understanding about the ACC is remaining after six uses. 
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 Numerous critical situations were early identified by drivers. They cover quite 
well most of the critical situations or system limits mentioned in the ACC 
manuals (with some exceptions, such as problems due to driving with fog or in 
undulating roads) and they were discovered very soon by some drivers.  

3.5 Discussion 

The study aimed to focus on “when” and “how” changes take place as a result of 
learning the use of an ACC in open roads driving situations. The results are based on 
analysis of verbal reports and answers to questionnaires coming from seven drivers.  

Concerning the opportunity of changes, an approximate milestone is expressed in 
kilometres driven and times of using the system. The experiment set-up assumes 
that learning concerns exposure (in hours or kilometres driven) but also times of use 
in driving periods without the system, and variety of driving situations encountered 
while driving with the system. Nevertheless, no control was tempted over the periods 
without the system except the guidance given to drivers to not look for information 
about the ACC functionality (in specialised magazines or broadcasting) during the 
study. 

Indeed, post driving questionnaires work as pictures taken at different moments of 
the learning process, whose comparisons allow to appreciate roughly when changes 
appear. 

Also, the first occurrence of a critical situation is considered as a proof of knowledge 
about the system and the interaction with it, given the period of use (kilometres 
driven, times of use, hours driving the ACC). 

Of course, it could be possible that knowledge was built earlier, in previous trips, but 
we cannot be more accurate. To preserve learning phases as natural as possible, the 
teaching phases where limited to avoid bias in attention devoted to the system, as it 
could happen if teaching becomes the primary task posed to the drivers. 
Nevertheless, it could be useful to schedule the first teaching phase earlier in the 
study. 

Inversely, when critical situations are missing in drivers verbalisations we cannot 
conclude about driver’s knowledge. The reason could be lacking, forgotten, 
neglecting, etc., such situations. By caution, we prefer to conclude only about the 
reference of such topics in drivers’ statement. 

Concerning the way in which changes take place (the “how” question), the analysis of 
critical situations evoked, comparing these situation with normal driving and under a 
system decision rule. 

Verbal reports obtained through the teaching procedure reveal major issues 
concerning ACC driving as attention paid to the situation and timely reactions. 

The topics of the post driving questionnaire aimed also to identify how changes take 
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place through questioning about behavioural changes, confidence, knowledge, safety 
and comfort issues, even if the small number of participants discourage any 
statistical analysis of correlations. 

Despite the number of critical situations encountered and evoked, driving with an 
ACC seems to be quickly assimilated by drivers. At least, in the driving conditions 
tested (motor roads and A roads) and for the trips accomplished, necessary changes 
in normal driving where quickly identified and easily adopted by drivers.  

After using the system over a period of 4 weeks and for around 500 kilometres in six 
times, drivers show an improvement related to knowledge, anticipation, interaction, 
decision making, confidence and comfort, which reach positive values. Some drivers 
show this even earlier. Some others need more than 4 weeks to stabilise their 
answers and end the learning phase. These results are partially in accordance with 
similar investigations (Weinberger et al., 2001) even if kilometres driven per driver 
per week in our study were ten times lesser.  

Learning in our case concerns a system which uses data from the environment, also 
available for drivers as time headway or vehicles relative distances are. As these 
data intervene in normal driving, it is really probable that drivers compare both 
sources (data coming from the system and data collected by their own means) and 
use the outcome to assess the system. Convergences and divergences from these 
sources, depending on the type of information, may play a role in the quick drivers’ 
understanding of the ACC system functionality and in setting confidence judgements. 
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4 On-road study on short-term effects of ADAS on 
driving behaviour 

4.1 Introduction 

According to motivational models, namely “risk homeostasis” theory (Wilde, 1988; 
1982) and “zero-risk” theory (Summala, 1988), any intervention into the vehicle or 
driving environment that does not intend to change drivers’ motives will have a 
limited effect in time, due to behavioural adaptation. This means that learning to drive 
with an ADAS, without knowing in advance the potential changes that this system will 
bring in drivers’ motives, there is a certain risk that drivers will adapt their driving 
behaviour to the opposite extreme of the desired direction.  

Thus, behavioural adaptation of drivers may be expected due to the introduction of 
ADAS. Several studies have been carried out to investigate such effects, but they are 
mainly conducted on a driving simulator and do not study long-term effects, namely 
how driving behaviour changes with long-term use of the system. Moreover, we are 
not aware of any long-term study having been performed, studying the simultaneous 
use of two ADAS, providing both longitudinal and lateral support. 

Thus, the objective of the on-road study conducted by CERTH/HIT was:  

 To identify the short-term effects on driving behaviour when using stand-alone 
and a combination of two ADAS, namely Forward Collision Warning – FCW - 
and Lane Departure Warning – LDW, and, possibly, to identify a moment 
when stabilisation of drivers’ behaviour is reached (learning phase).  

 To study the possible adaptation of driving behaviour associated with the use 
of stand-alone and a combination of two ADAS in long-term (after the learning 
phase has been completed). 

 To study the possible long-term impact on mental effort, due to the use of 
stand-alone or a combination of ADAS. 

 To study how drivers’ acceptance evolves together with short- and long-term 
use of ADAS. 

4.2 Method 

4.2.1 Participants 

Twenty-four experienced drivers, 14 males -10 females, aged between 21-50 
(mean=32,9 sd=7,6), participated in this study. They hold a driving license for at least 
3 years (mean=12,4 sd=6,9). Their annual mileage ranged between 5000 to 100000 
km (mean=27583,3 sd=23564,7). 
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Novice drivers were avoided, so as to ensure as much as possible that drivers’ 
learning curve represents their skill acquisition on use of ADAS and not their 
accumulated driving experience.  

4.2.2 Test site 
The experiment was performed using the CERTH/HIT research vehicle. This is 
equipped, among other systems and sensors, with a front obstacle detection radar, a 
lane recognition camera, a central PC for on-line recordings analysis and running 
simulations of ADAS, a special central mirror with integrated warning lights. Using the 
systems of the research vehicle, the functionalities of several advanced driving 
assistance systems can be simulated, using varying activation criteria, as well as 
various HMI alternatives.  
 

The LDW system only works for speeds over 50 km/h. For this reason, and in order 
to avoid erroneous activation of FCW, the experiment was performed on a pre-
defined route on a highway with 3-lanes and 2-lanes per direction. The total distance 
of the selected route was 79 km. The route encompasses 14 interchanges and the 
speed limit is 120km/h. 

4.2.3 Systems investigated 

Two systems were simulated on the CERTH/HIT research vehicle, a frontal collision 
warning (FCW) system and a lane departure warning (LDW) system.  

Regarding the FCW the criterion for activation of warnings was: 

 

 

 Dw [m] = warning distance; 
 Vdriver [m/s] = speed of following driver;  
 Tdriver [s] = the assumed driver’s reaction time to an event; 0.5s= imminent 

warning; 1.5s = cautionary warning; 
 ddriver [m/s2]  = assumed deceleration of the driver’s vehicle (was 5m/s2); 
 Vdrone [m/s] = speed of the lead vehicle;  
 ddrone [m/s2]  = assumed deceleration of the lead vehicle (was 5m/s2). 

When the actual distance became less than the warning distance, a warning was 
given, as follows: 

- Cautionary warning: Yellow light on the central mirror. 

- Imminent warning: Red light on the central mirror plus auditory alarm 
(Wierwille sound). 

The LDW system provides a warning when the time-to-line crossing (TLC) becomes 
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less than 0.4 s. This system is active only if the vehicle speed is greater than 50 
km/h. The warning consists of a sound, like the one heard when a vehicle drives over 
rumble strips. 

4.2.4 Experimental design 

Time, in terms of Ride number, was the main independent variable.  

ADAS type was administered as a between-subjects condition. The 24 subjects were 
assigned into four groups. Two groups experienced one ADAS only (Group A: FCW; 
Group B: LDW), another group experienced both ADAS simultaneously (Group C: 
FCW+LDW), while a fourth group served as a control group, receiving no warnings 
(Group D: no ADAS).  

The rationale behind this is to make possible to estimate the learning curve as well 
as the possible long-term behavioural changes of the driver, when using stand alone 
and a combination of ADAS, whereas, drivers’ performance in the control group is 
used as reference, in order to ensure that drivers’ learning curve in the rest three 
groups represents their skill acquisition on use of ADAS and not an artefact, possibly 
due to their familiarisation with CERTH/HIT test vehicle.   

TRIP score was administered as a within-subjects condition. The TRIP (Test Ride for 
Investigating Practical Fitness to Drive) is a scoring system aiming at standardising 
on-road evaluations. In this scoring system, different aspects of the driving tasks are 
scored by means of a behavioural checklist. Each of the different aspects contains 
quantitative items to be scored on a four-point rating scale according to performance. 
Scores range from ‘1 = insufficient’, via ‘2 = doubtful’, and ‘3 = satisfactory’, to ‘4 = 
good’. When a specific traffic situation or driver action is avoided for safety reasons, 
a zero-score is assigned. Scoring occurs immediately after completion of the road 
test. Subjects were evaluated in terms of their driving skills by a driving expert 
(driving instructor), using the TRIP Protocol.  According to their TRIP scores, drivers 
who performed well or bad were equally balanced in each of the above mentioned 
four groups. Thus, the main criterion for participants’ allocation within the four groups 
was their driving skill level, according to the TRIP Protocol. Within the given 
allocation, consideration was taken in order to balance participants in terms of 
gender and age, within each group (see Table 23).  
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Table 23: Composition of the different experimental groups 

TRIP score Group A 
FCW 

Group B 
LDW 

Group C 
FCW + LDW 

Group D 
Control group 

Mean score =4 2 males 
1 female 

2 males 
1 female 

2 males 
1 female 

1 male 
2 females 

Mean score <4 
3,8; 3,7; 3,7; 3,6 

2 males 
1 female 

2 males 
1 female 

1 male 
2 females 

2 males 
1 female 

 
Mean/ sd 
(min-max) 

Age 
31,8/ 9,5 
(21-49) 

Age 
35,5/ 9,3 
(26-50) 

Age 
34,0/ 7,5 
(26-43) 

Age 
30,3/ 3,4 
(26-35) 

4.2.5 Procedure 

During the pre-test phase, all subjects were asked to drive on the experimental route 
(without receiving any warnings), in order to familiarise themselves with the research 
vehicle.  During this phase, participants were informed about the particular system(s) 
that they would later experience, regarding their functionality, but they were not 
trained on how to use/ integrate them in driving. After this, participants were asked to 
fill in the “AIDE Questionnaire regarding users pre-disposition”. 

During the actual experiment phase, and along a period of 15 rides, subjects were 
asked to drive the CERTH/HIT research vehicle, at the same day and time each time 
and on the same experimental route, in order to be confronted with similar traffic 
conditions. After each route, participants of Groups A, B and C were asked to fill-in 
the “AIDE Questionnaire regarding usability, user acceptance and self-assessment”. 
Participants of all groups were asked to fill-in an RSME scale. 

In the present section we analyse data from the first 5 rides only, considering that 
these represent the short-tem (learning) phase, i.e. drivers’ familiarisation with the 
new ADAS (to be verified or not, by the final data). The data from all 15 rides will be 
presented in the report for the long-term study, which will be included in Deliverable 
1.2.4. 

The short- and long-term experiments should not be considered as two distinct 
experiments but as a continuous one. The curves of driving behaviour parameters 
that will be recorded with time will be analysed, so as to identify possible learning 
periods, i.e. when stability is reached.  

4.2.6 Measures and analysis method  

The dependent variables that were directly recorded from the experimental vehicle 
with a frequency of 10 Hz were: 

 Vehicle speed. 

 Lateral position. 
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 Front obstacle distance. 

 Number of warnings of each system. 

Analysis was then limited on recordings from the highway driving, namely the 
recordings during the route from CERTH/HIT premises to the highway were 
excluded. The reason is that in the rural / semi-urban areas there are various 
erroneous warnings from the radar and the lane recognition system does not work, 
unless the vehicle speed is over 50 km/h.  

The following variables were calculated: 

 Average speed. 

 Number of incidents, where headway becomes less than 6 s. 

 Mean of minimum headway for all incidents during each ride, where headway 
becomes less than 6 s. 

 Percentage of driving time, where headway is less than 1 s, less than 2 s and 
less than 3 s. 

 Standard deviation of lateral position. 

 Number of lane changes during each ride. 

 Percentage of lane changes performed with the use of direction lights per ride. 

The following qualitative variables were also recorded after each ride: 

 Acceptance scale of Van der Laan et al. (1997; see question 8 in Appendix A). 

 Willingness to have/pay for the system. 

 RSME values (Rating Scale Mental Effort). 

Separate two-factorial ANOVA’s were performed for each Group combination, all 
using Group and Ride number as main factors. 

4.3 Results 

4.3.1 Speed 

Although the two ADAS used do not give warnings regarding speed, there is a main 
effect of Group on mean speed (Table 24). The mean speed for Groups A, B and C 
is lower than for Group D (control group). In addition, the mean speed tends to 
increase with time for all groups, which can be attributed to the drivers getting 
acquainted and feeling more comfortable with the new car / system and possibly with 
the specific route / road environment.  
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Figure 24: The mean speed for the different rides and for each group 

Table 24: Mean speed for each ride and each group 

  Mean speed (km/h) 
Group A 102.22 
Group B 103.89 
Group C 100.93 

Ride 1 

Group D 112.64 
Group A 105.83 
Group B 105.65 
Group C 104.74 

Ride 2 

Group D 110.30 
Group A 111.00 
Group B 109.84 
Group C 105.22 

Ride 3 

Group D 115.41 
Group A 109.66 
Group B 110.51 
Group C 109.70 

Ride 4 

Group D 115.41 
Group A 107.58 
Group B 112.20 
Group C 109.45 

Ride 5 

Group D 115.14 
Effect Ride  

Effect group 

 A-D (p=0.020833) 
 B-D (p=0.0045601) 
 C-D (p=0.005317) 
 all other combinations 

Interaction   

= significant p < 0.05;   = not significant; trend = significant p < 0.1 

A comparison of mean speeds between groups through time, indicates that in 
Groups A and B the mean speed gets stabilised at 110 km/h after ride 3; in Group C 



   

 

     
80

the mean speed gets stabilised at 110 km/h after ride 4, whereas, in Group D the 
mean speed gets stabilised at 115 km/h after ride 3. Another important difference is 
that, in the three experimental groups the mean speed was progressively increased 
ride after ride, whereas, in the control group there was no such pattern observed.  

In other words, the existence of new in-car systems not only affected the magnitude 
of mean speed in relation to control group, but also, the way that participants get 
acquainted with the new car. That is to say, participants in the three experimental 
groups, seem to be more stressed compared to the control group, especially during 
the first two rides, possibly because of the new car systems, and this is also 
supported by the fact that stabilisation of mean speed was achieved a bit earlier in 
Groups A and B (ride 3) than in Group C (ride 4), where two ADAS are concurrently 
used.  

4.3.2 Percentage of time driving at short headways 

The percentage of travel time, where headway was below 1, 2 and 3 s, is plotted 
below for all Rides and Groups (Figure 25, Figure 26, Figure 27), using the same 
scale for y-axis, so that graphs are comparable. There is a clear effect of ADAS 
warnings in case of using only the FCW system (Group A) on the percentage of time 
driving in short headways (Table 25).  

Regarding Group C (concurrent use of two ADAS), there is a significant difference 
among Groups A and C regarding time percentages below 1 and 2 s, while there is 
no difference between Group C and the control group (D) for any of the three 
percentages (Table 25). This may be due to the Group C participants’ ignoring the 
system.  

There is no difference between Groups B and D for the percentages below 2 and 3 s, 
but there is a difference for the percentage below 1 s (Table 25), which may mean 
that the participants in Group B tend to avoid close-following, possibly as a side 
effect of the LDW warnings. 
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Figure 25: Average percentage of driving time where headway is shorter than 1 s 
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Figure 26: Average percentage of driving time where headway is shorter than 2 s 
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Figure 27: Average percentage of driving time where headway is shorter than 3 s 
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Table 25: Average percentage of driving time where headway is shorter than 1, 2, 3 s 

  
Percentage of 
time where  
Headway < 1 s 

Percentage of time 
where  
Headway < 2 s 

Percentage of time 
where  
Headway < 3 s 

Group A 1.10% 8.49% 16.92% 
Group B 5.63% 23.48% 38.12% 
Group C 2.64% 12.40% 19.40% 

Ride 1 

Group D 5.30% 17.00% 26.25% 
Group A 1.05% 9.33% 18.57% 
Group B 3.45% 16.19% 27.02% 
Group C 3.75% 11.80% 19.19% 

Ride 2 

Group D 5.82% 15.94% 24.06% 
Group A 2.55% 10.51% 18.42% 
Group B 3.00% 14.56% 24.39% 
Group C 4.48% 11.84% 19.74% 

Ride 3 

Group D 5.76% 15.84% 25.75% 
Group A 1.64% 9.52% 18.17% 
Group B 4.59% 16.87% 27.99% 
Group C 7.68% 17.12% 27.05% 

Ride 4 

Group D 9.80% 20.33% 28.22% 
Group A 3.21% 12.64% 21.50% 
Group B 2.57% 9.14% 18.71% 
Group C 5.89% 15.62% 24.02% 

Ride 5 

Group D 4.22% 13.37% 21.23% 
Effect Ride    

Effect group 

 A-B (p=0.001702) 
 A-C (p=0.00963) 
 A-D (p=0.000266) 
 B-D (p=0.046365) 
 B-C, C-D 

 A-B (p=0.000291) 
 A-C (p=0.037596) 
 A-D (p=0.002853) 
 B-C, B-D, C-D 

 A-B (p=0.000201) 
 A-D (p=0.011753) 
 B-C (p=0.046998) 
 A-C, C-D 

Interaction  trend A-B 
(p=0.05666) A-B (p=0.008882) 

A-B (p=0.018142) 
trend B-C (p=0.072176) 

= significant p < 0.05;   = not significant; trend = significant p < 0.1 

In summary, calculating time percentages of driving with time headway below 3s, 2s 
and 1s, indicates that the use of FCW system had a positive effect for Group A, in 
terms of maintaining longer distances from the car-ahead for longer time. This does 
not hold true in the case of Group C. 

4.3.3 Minimum Headway in car following cases 

There is a main effect of Group on mean minimum headway (Table 26). In particular, 
the mean minimum headway in Groups A and C was significantly higher in relation to 
control group, as expected, whereas, the mean minimum headway in Group B was 
only marginally higher to control group. 

On the other hand, considering the mean minimum headway(s) through rides per 
group (Figure 28), it can be seen that, in Groups A and C the mean minimum 
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headway is slightly decreased ride after ride, but it is generally maintained higher, in 
relation to the control group. Instead, in Group B the mean minimum headway is 
generally lower in relation to Groups A and C, but it remains almost unchanged 
through time. In other words, on the basis of current results, the FCW system seems 
to have a clear effect on longitudinal behaviour of participants in Groups A and C, but 
there is no sign of performance stabilisation up to this point. Especially for Group C 
(combined ADAS), an interesting finding is that participants’ performance in terms of 
mean minimum headway gets closer to Group B (LDW) than to Group A (FCW), after 
ride 4. On the other hand, there is no evidence that the LDW system has a negative 
effect on longitudinal behaviour of participants in Group B, and at least at this group 
there is a sign of performance stabilisation after ride 4. 

It remains open to see whether the phenomenal performance stabilisation in terms of 
mean minimum headway between Groups B and C is related to the influence of the 
other system alone, namely the LDW, or it is a part of behavioural adaptation of 
participants’ in Group C to the concurrent use of two different, not integrated, types of 
ADAS.     

Table 26: Mean minimum time headway 
  Mean headway (s) 

Group A 2.46 
Group B 2.17 
Group C 2.49 Ride 1 

Group D 2.09 
Group A 2.60 
Group B 2.27 
Group C 2.44 Ride 2 

Group D 2.30 
Group A 2.33 
Group B 2.19 
Group C 2.31 Ride 3 

Group D 2.10 
Group A 2.43 
Group B 2.15 
Group C 2.14 Ride 4 

Group D 1.92 
Group A 2.30 
Group B 2.22 
Group C 2.20 Ride 5 

Group D 2.09 
Effect Ride  

Effect group 

  A-D (p=0.068134) 
trend B-D (p=0.103542) 
 C-D (p= 0.018582) 
 all other combinations 

Interaction   

= significant p < 0.05;   = not significant; trend = significant p < 0.1 
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Figure 28: Mean minimum time headway 

4.3.4 Number of lane changes and use of direction lights 

There is no effect of Group on total number of lane changes per Ride (Table 27).  

Table 27: Number of lane changes 

  Number of lane changes per Ride 
Group A 25.50 
Group B 23.17 
Group C 20.67 

Ride 1 

Group D 22.83 
Group A 22.33 
Group B 18.83 
Group C 23.00 

Ride 2 

Group D 15.67 
Group A 28.67 
Group B 25.00 
Group C 20.33 

Ride 3 

Group D 20.50 
Group A 29.50 
Group B 30.00 
Group C 27.00 

Ride 4 

Group D 23.33 
Group A 26.00 
Group B 28.33 
Group C 30.17 

Ride 5 

Group D 22.67 
Effect Ride  

Effect group 
trend A-D (p=0.059555) 
 all other combinations 

Interaction   

= significant p < 0.05;   = not significant; trend = significant p < 0.1 
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Regarding percentage of lane changes performed with the use of direction lights, 
there is a significant difference among Groups A and B and a trend between the 
Groups B and C (Table 28). The use of the LDW alone leads to increased use of 
direction lights when performing lane changes. It seems like the rest Groups tend to 
decrease the frequency of using direction lights per Ride when changing lane, 
probably as a result of familiarisation with the car. 
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Figure 29: Number of lane changes  
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Figure 30: Use of direction indicator 
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Table 28: Use of direction indicator 

  Percentage of lane changes per 
Ride with use of direction lights 

Group A 54.03% 
Group B 59.96% 
Group C 60.01% 

Ride 1 

Group D 44.07% 
Group A 48.69% 
Group B 68.99% 
Group C 49.02% 

Ride 2 

Group D 60.56% 
Group A 45.09% 
Group B 62.41% 
Group C 53.33% 

Ride 3 

Group D 49.33% 
Group A 50.22% 
Group B 64.62% 
Group C 43.57% 

Ride 4 

Group D 48.32% 
Group A 34.24% 
Group B 60.16% 
Group C 39.98% 

Ride 5 

Group D 48.16% 
Effect Ride  

Effect group 

 A-B (p=0.016957) 
 A-C 
 A-D 
trend B-C (p=0.097452) 
 B-D 
 C-D 

Interaction   

= significant p < 0.05;   = not significant; trend = significant p < 0.1 

4.3.5 Standard deviation of lateral position 

Lateral position from the centre of the lane has been used. Lane changes have been 
extracted from the analysis as follows. Whenever a lane crossing was detected, all 
lane position measurements before and after the crossing and up to the lane centre 
were excluded from the analysis.  

The mean values found for the standard deviation of the lateral position are higher 
than others mentioned in the literature. One explanation for this could be that 
subjects in the present study were asked to drive normally and were not instructed to 
maintain their position in the lane. For this reason, we asked two of the subjects to 
perform the same ride once, but this time we instructed them to try and maintain the 
vehicle in the centre of the lane. The results are shown in Table 29. When the 
subjects were asked to maintain central lateral position, the standard deviation of 
lateral position is compared to findings in previous studies. 
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Table 29: Standard deviation of lateral position (distance from lane centre) in the 
experiment and when asking subjects to maintain central lateral position 

 

Mean standard deviation 
of lateral position in all 5 
rides of the experiment 

Standard deviation of lateral 
position in 1 additional ride, 

after asking subject to maintain 
central lateral position 

Subject 16 0.40 0.26 
Subject 20 0.43 0.15 

According to the above, the high values found for the standard deviation of the lateral 
position when compared to previous studies should be attributed to the fact, that we 
have asked subjects to drive free, without asking them to maintain a constant lateral 
position. 

There is a significant effect of Group on standard deviation of lateral position. More 
specifically, standard deviation of lateral position from lane centre was considerably 
lower for Group B than in Group A or D, as expected, whereas, there is no difference 
between Groups C and D (Table 30).  

Taking this into account and comparing with Figure 29, it is interesting to note, that 
although participants in Group B were involved in the highest number of lane 
changes among all Groups in Ride 4 and in the second highest in Rides 1, 3 and 5, 
their standard deviation of lateral position is always the lowest of all Groups  (Figure 
31). This means that the LDW system had a direct effect on their actual lane keeping 
performance when driving straight.  

However, the most interesting finding is related to Groups C and D. In terms of 
standard deviation of lateral position, there is no difference between these two 
groups (Table 30), which is similar to the findings regarding time percentage of 
headways less than 1, 2 and 3 s, when comparing Groups C and D. 
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Figure 31: Standard deviation of lateral position (distance from lane centre) 
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Table 30: Average standard deviation of 
lateral position (distance from lane centre) 

  Standard deviation 
lateral position (m) 

Group A 0.37 
Group B 0.32 
Group C 0.32 

Ride 1 

Group D 0.38 
Group A 0.41 
Group B 0.30 
Group C 0.36 

Ride 2 

Group D 0.37 
Group A 0.44 
Group B 0.30 
Group C 0.35 

Ride 3 

Group D 0.37 
Group A 0.43 
Group B 0.32 
Group C 0.39 

Ride 4 

Group D 0.35 
Group A 0.44 
Group B 0.32 
Group C 0.39 

Ride 5 

Group D 0.35 
Effect Ride  

Effect group 

A-B (p=1.71 10-10) 
 A-C (p=0.003322) 
A-D (p= 5.29 10-5) 
B-C (p= 0.019455) 
B-D (p= 0.000382) 
 C-D 

Interaction   

= significant p < 0.05;   = not significant; trend 
= significant p < 0.1 

4.3.6 Number of warnings per Ride 

It is important to mention that warnings in Group D (control group) as well as LD and 
FC warnings in Group A and B, respectively, are not actually presented to them but 
are recorded by the system, for comparison purposes.  

There is a significant effect of Group on number of warnings by the systems (Table 
31). This is evident in the case of stand-alone ADAS. There is a significant difference 
among Group A and the rest groups regarding FC warnings, and among Group B 
and the rest groups regarding LD warnings. 

Regarding the use of two ADAS in parallel, there is no difference between Group C 
and Group B or D regarding FC warnings and no difference between Group C and 
Group A or D regarding LD warnings (Table 31).  
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Thus, there is an evidence (yet to be verified) that when concurrently using two non-
integrated ADAS, one longitudinal and one lateral, the drivers were not adapting their 
behaviour so as to avoid receiving a warning (i.e., they decided to neglect the 
warnings of both systems). The reason could be their confusion by the multiple and 
concurrent warnings or their increased workload due to this. 
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Figure 32: Average number of cautionary frontal collision warnings 
(visible for Groups A and C). 
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Figure 33: Average number of imminent frontal collision warnings 
(visible/audible for Groups A and C). 
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Figure 34: Average number of lane departure warnings (audible for Groups B and C). 

Table 31: Average number of lane departure and frontal collision warnings 

  Number of cautionary 
FCW (active on A+C) 

Number of imminent 
FCW (active on A+C) 

Number of LDW 
(active on B+C) 

Group A 23.50 6.67 42.00 
Group B 57.67 20.17 10.83 
Group C 37.50 17.50 33.17 

Ride 1 

Group D 46.33 29.00 50.00 
Group A 27.67 7.00 57.60 
Group B 44.33 18.33 3.50 
Group C 41.33 22.50 48.83 

Ride 2 

Group D 43.83 26.33 37.00 
Group A 32.50 14.67 58.33 
Group B 38.83 20.33 9.83 
Group C 36.83 20.33 41.83 

Ride 3 

Group D 47.33 30.33 44.17 
Group A 32.17 10.67 64.00 
Group B 46.83 26.17 14.17 
Group C 46.83 27.00 52.83 

Ride 4 

Group D 51.83 37.83 33.83 
Group A 34.83 18.00 60.17 
Group B 33.83 20.00 17.33 
Group C 48.50 29.67 48.33 

Ride 5 

Group D 43.67 30.33 54.67 
Effect Ride    

Effect group 

 A-B (p=6.94 10-5) 
 A-C (p=0.003598) 
 A-D (p=0.000253) 
 all other combinations 

 A-B (p=6.78 10-5) 
 A-C (p=0.001642) 
 A-D (p=5.01 10-7) 
 B-D (p=0.009287) 
 all other combinations 

 A-B (p=1.66 10-10) 
 B-C (p=0.00078) 
 B-D (p=3.61 10-5) 
 all other combinations 

Interaction   A-B (p=0.018439) 
 all other combinations 

  

= significant p < 0.05;   = not significant; trend = significant p < 0.1 
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4.3.7 Acceptance  

Below is an analysis of acceptance scores (usefulness, satisfaction) for FCW, 
according to the acceptance scale of Van der Laan et al. (1997; see question 8 in 
Appendix A).  Results are given in a scale from -2 (worst rating) to +2 (best rating). 
Satisfaction by FCW is positively rated by both Groups A and C (Figure 35), while 
Usefulness gets lower ratings (Figure 36; see also Table 32). Especially, Group C 
gives, as a mean, negative values to usefulness of FCW. This may be caused by 
interference of LDW. 

Table 32: The average scores of the van der Laan questionnaire for the FCW system 

  FCW: Usefulness  FCW: Satisfaction 
Group A 0.42 0.76 Ride 1 
Group C -0.58 0.52 
Group A 0.70 1.03 Ride 2 
Group C -1.00 0.95 
Group A 0.50 1.30 Ride 3 
Group C -1.50 0.92 
Group A 0.38 1.24 Ride 4 
Group C -0.50 1.67 
Group A 0.67 1.12 Ride 5 
Group C -0.69 0.80 

Effect Ride   
Effect group   
Interaction   trend 

= significant p < 0.05;   = not significant; trend = significant p < 0.1 
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Figure 35: The usefulness score for FCW system (Groups A and C) 



   

 

     
92

-2.00

-1.50

-1.00

-0.50

0.00

0.50

1.00

1.50

2.00

1 2 3 4 5

S
at

is
fa

ct
io

n 
FC

W
 (-

2:
+2

)

A
C

 

Figure 36: The satisfaction score for FCW system (Groups A and C) 

Usefulness of LDW is positively rated by both Groups B and C (Figure 37), while 
Satisfaction gets lower ratings (Figure 38; see also Table 33). Especially, Group C 
gives, as a mean, negative values to satisfaction of LDW. This may be caused by 
interference of FCW. 
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Figure 37: The usefulness score for LDW system (Groups B and C) 
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Figure 38: The satisfaction score for LDW system (Groups B and C) 

Table 33: The average scores of the van der Laan questionnaire for the LDW system 

  LDW: Usefulness  LDW: Satisfaction 
Group B 0.60 0.19 Ride 1 
Group C 0.84 -0.75 
Group B 0.87 0.44 Ride 2 
Group C 0.80 -1.25 
Group B 1.75 0.85 Ride 3 
Group C 0.60 -0.81 
Group B 1.70 0.75 Ride 4 
Group C 1.30 -0.50 
Group B 1.67 0.50 Ride 5 
Group C 0.88 -0.56 

Effect Ride   
Effect group   
Interaction    

= significant p < 0.05;   = not significant; trend = significant p < 0.1 

4.3.8 Rating scale mental effort 

There is a significant difference in RSME ratings among groups (Table 34). Ratings 
were higher for Groups A and B in comparison to control group, as expected, and 
considerably lower for Group C (Figure 39). However, considering that participants in 
Group C rated also negatively the usefulness or satisfaction of both systems, the low 
rates in terms of effort are rather indicative of their ignorance of either system. 
Instead, in Groups A and B the higher ratings are indicative of their effort to adapt 
their driving behaviour in compliance with system warnings.   
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Figure 39: Average subjective ratings of mental effort. 

Table 34: Average ratings of mental effort. 

  RSME 
Group A 13.00 
Group B 31.50 
Group C 3.40 

Ride 1 

Group D 7.15 
Group A 18.10 
Group B 20.00 
Group C 1.33 

Ride 2 

Group D 15.60 
Group A 12.50 
Group B 24.83 
Group C 1.67 

Ride 3 

Group D 5.67 
Group A 13.00 
Group B 26.50 
Group C 3.00 

Ride 4 

Group D 5.75 
Group A 16.33 
Group B 22.17 
Group C 2.67 

Ride 5 

Group D 11.67 
Effect Ride  

Effect group 

A-B
A-C (p=0.000239) 
trend A-D (p=0.087615) 
B-C (p=1.82 10-8) 
B-D (p=0.001016) 
C-D (p=0.000229) 

Interaction   

= significant p < 0.05;   = not significant; trend = significant p < 0.1 
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4.4 Overview of results 

The main findings for longitudinal behaviour are given in Table 35.  

Table 35: Main differences among groups regarding longitudinal behaviour. 

 Group A Group B Group C Group D 

Group A     

Group B  Per_Time_1 (A<B) 
 Per_Time_2 (A<B) 
 Per_Time_3 (A<B) 
 Caut_FCW (A<B) 
 Imm_FCW (A>B) 

  
 

Group C  Per_Time_1 (A<C) 
 Per_Time_2 (A<C) 
 Caut_FCW (A<C) 
 Imm_FCW (A<C) 

 Per_Time_3 (C<B)  
 

Group D  Speed (A<D) 
 Per_Time_1 (A<D) 
 Per_Time_2 (A<D) 
 Per_Time_3 (A<D) 
 Min_HW (A>D) 
 Caut_FCW (A<D) 
 Imm_FCW (A<D) 

 Speed (B<D) 
 Per_Time_1 (B<D) 
trend Min_HW (B>D) 
 Imm_FCW (B<D) 

 Speed (C<D) 
 Min_HW (C>D)  

The main findings for lateral behaviour are given in Table 36.  

Table 36: Main differences among groups regarding lateral behaviour. 

 Group A Group B Group C Group D 

Group A     

Group B  Per_LC_with flash (B>A) 
 StDevLDL (A>B) 
 StDevLDR (A>B) 
 LDW (A>B) 

  
 

Group C  StDevLDL (A>C) 
 StDevLDR (A>C) 

Trend Per_LC_with flash (B>C) 
 StDevLDL (C>B) 
 LDW (B<C) 

 
 

Group D trend LaneChanges (A>D) 
 StDevLDL (A>D) 
v StDevLDR (A>D) 

 StDevLDL (B<D) 
 StDevLDR (B<D) 
 LDW (B>D) 

 
 

4.5 Discussion 

Based on the above results, two sets of findings are of primary interest. The first one 
is related to the influence of different type/number of ADAS on driving behaviour 
(both longitudinal and lateral) through time, and the second one is related to the way 
participants integrated these systems to their usual behaviour. 

Regarding the first issue, there is a clear evidence that the existence of only one 
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ADAS, irrespectively of its type, has considerable influence on driving performance. 
Indeed, there are significant differences regarding longitudinal behaviour found 
between Groups A-B, A-D and B-D. Regarding lateral behaviour, the situation is 
similar, as there are differences found between groups A-B, A-D and B-D.  

In the case of using two ADAS simultaneously (Group C), it seems that the 
participants were ignoring both types of warnings. In the case of longitudinal 
behaviour there were differences found between A-C and no difference between C-D 
(with the exception of mean minimum headway). Similarly, in the case of lateral 
behaviour there were differences found between B-C and no difference between C-
D. 

It seems like Group C participants ignored both types of warnings given by the 
system. This is particular evident in regard to FCW, where there is a decrease in 
terms of mean minimum headway(s), ride after ride, and in parallel an increase in 
time percentage of maintaining a headway less than 1s, 2s and 3s. The same holds 
true for the LDW system, where the standard deviation of lateral position of 
participants in Group C seems to increase with the number of rides.  

Regarding to the second issue, namely, ADAS’ integration into driving behaviour, it 
seems that during the first five rides, the most important factor is related to the 
number of ADAS used. In specific, Groups A and B (where only one ADAS was 
used), not only adapted their longitudinal or lateral behaviour in compliance to FCW 
or LDW, respectively, but they also received considerably less number of warnings in 
relation to all other groups. Moreover, they rated positively each system either in 
terms of usefulness or in terms of satisfaction.  

Instead, in Group C (where two ADAS were simultaneously used), the longitudinal 
and lateral behaviour of participants was not different from that of the control group 
(in general terms), while it was different from the behaviour of Groups A and B, the 
number of FC and LD warnings was considerably higher compared to Group A and 
Group B, respectively, and they also rated FCW and LDW with negative values, in 
terms of usefulness and satisfaction, respectively. Despite that, the subjective ratings 
of participants in Group C regarding mental effort was even lower than that of the 
control group, despite that the total number of warnings received from both systems 
could cause a certain level of confusion or at least, annoyance.  

A possible way to realise these contradictory results is to think of learning and 
integration process of ADAS into driving behaviour in different terms, according to the 
number of ADAS used. In specific, in Groups A and B there is evidence that 
participants adapted their longitudinal or lateral behaviour in compliance to FCW and 
LDW, respectively, but at the same time, they had the worst performance in regard to 
lateral (for Group A) or longitudinal (for Group B) behaviour. Moreover, subjective 
ratings of mental effort for both groups was considerably higher in comparison to the 
other two groups, which means that the benefit related with each system, within the 
first five rides, is the result of participants concentration on the specific ADAS used. 
Instead, in the case of Group C the use of two non-integrated ADAS simultaneously 
has resulted in participants ignoring the warnings of both systems.  
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5 Driver response to adaptive forward collision 
warning systems 

5.1 Introduction 

The purpose of this experiment was to investigate how a Forward Collision Warning 
system (FCW) could be improved by adapting itself to the road condition, to the driver 
and to the driver’s level of distraction. The study focused on how the various systems 
affected the driver’s behaviour and their subjective opinion on and acceptance of the 
systems. To study this three related experiments were performed in co-operation 
between three AIDE partners: VTI, TNO and ITS Leeds. In all three experiments the 
same FCW algorithm was examined, but the system was adapted to different 
circumstances within the three experiments. The system studied by VTI was adaptive 
to road condition (friction), TNO examined a FCW adaptive to driver distraction and 
ITS Leeds examined a FCW adaptive to the driving style (an aggressive or non-
aggressive driving style). There were some differences between the methods of the 
three experiments, which will be indicated below. 

A Forward Collision Warning (FCW) is an on-board electronic safety device that has 
the potential to protect its host vehicle from collision with preceding traffic. The 
system continuously monitors traffic obstacles in front of the host vehicle and warns 
the driver when a risk of collision is imminent. Many studies have shown the benefits 
of FCW in reducing the number and severity of front-to-back collisions or ‘shunts’ 
(e.g. Lee, McGehee, Brown and Reyes, 2002). However, a driver’s trust in a FCW 
and hence his/her propensity to adhere to its alarms depends on the timeliness of the 
warnings. Abe and Richardson (2004) demonstrated that if drivers have already 
made an individual decision to brake prior to a FCW alarm, their trust in subsequent 
alarms is reduced. Drivers became more inclined to ignore the system, relying on 
their own individual judgements of impending danger and thus nullifying the potential 
benefits of the FCW. Wiese and Lee (2004) took this work further and showed that 
poorly timed warnings can also adversely affect driver workload. 

In terms of drivers’ individual differences, there is a  positive relationship between 
sensation seeking and risky driving such that high sensation seekers are more likely 
to drive while impaired, to speed and to follow too closely (see Jonah, 1997, for a 
review). However, there is a paucity of literature investigating the relationship 
between sensation seeking and trust in on-board driver aids. Rudin-Brown and 
Parker (2004) demonstrated that driver trust in an Adaptive Cruise Control (ACC) 
increased with time using the system. The authors also reported that there was an 
interaction of system use and sensation seeking. Compared to driving unsupported, 
drivers located significantly more items per minute on a secondary task when using 
ACC, while their response times to a hazard detection task increased. For those 
scoring highly on a sensation-seeking scale, this effect was more pronounced. 
Rudin-Brown and Noy (2002) investigated the effect of sensation seeking on trust in 
a lane departure warning system, observing that low sensation-seekers were more 
likely to report an increase in trust in the system, regardless of its accuracy. However, 
this was for a non-adaptive system that employed the same warning algorithm to 
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lane departure regardless of a driver’s individual abilities. Perhaps the high sensation 
seekers would have placed more confidence in a system that was tailored more 
towards their particular style of driving. 

There is no literature in the driving domain supporting evidence that high sensation 
seekers have the ability to respond quicker to unfolding traffic events. Indeed, 
laboratory evidence suggests that the opposite is true: high sensation seekers are 
prone to reduced arousal levels and susceptible to boredom that delays their 
response to a stimulus (De Brabandera, Booneb, Geritsa and Van Witteloostuijnb, 
1995). Given that high sensation seekers maintain a shorter headway with the 
vehicle in front (Heino van den Molen and Wilde, 1992), maybe this accounts for their 
increased representation in the traffic accident statistics in the majority of the 40 
studies reviewed by Jonah (1997). Does an adaptive FCW system possess the 
capabilities to improve acceptance for high sensation seekers, allowing their over 
representation in the accident statistics to be mitigated? Their low boredom threshold 
and hence reduced arousal, results in an increased risk. Annoying FCW alarms will 
do nothing to minimise this risk, but does an adaptive FCW system have the potential 
to be better accepted by this higher risk group, minimising the likelihood to disregard 
the system and therefore improving driver safety for all styles of driver? 

5.1.1 Collision Avoidance and Warning 

Systems used for collision avoidance detect a possible collision, and take an action 
to avoid the collision. Because of the many traffic accidents, it makes sense to 
reduce those accidents by alerting when a collision might take place, or even take 
over control of the vehicle to prevent a collision without any driver intervention. In an 
estimation of the fatal accidents that can be reduced by in-vehicle technology, 
Hiramatsu, Satoh and Matsukawa (1997) predicted that 45% of the car accidents can 
be reduced by the automatic collision detection and prevention system. There should 
be noted however, that this is under the condition that all vehicles are equipped with 
the technologies and that accident occurrence conditions of 1993 will not change.  

Collision avoidance systems use different algorithms to decide whether to take action 
or not. For example, Mazda and Honda both have systems in which they use the 
“braking critical distance” definition. This is an algorithm which calculates the braking 
distance based on velocity, relative velocity and deceleration of the two vehicles. 
Whenever the real distance between the following and the leading vehicle is less 
than the braking critical distance calculated by the algorithm, the system starts to 
brake. Honda also uses a warning critical distance, which works in a similar manner 
as the braking critical distance: whenever the real, measured distance is less then 
the calculated warning distance, a warning will sound. These two systems have 
slightly different parameter values, so their timing is also different (Seiler, Song & 
Hedrick, 1998). One algorithm called the “Stop-Distance algorithm”, which has been 
recognised by the International Organisation for Standardisation (ISO) was used by 
several experiments for triggering a collision warning. The distance calculated by the 
algorithm is compared to the actual distance, and an alarm sounds if this calculated 
distance exceeds the actual distance (Abe & Richardson, 2004; Wakasugi & 
Yamada, 2000). 
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Because some parameters of the Stop-Distance algorithm (e.g. deceleration and 
reaction time) can be chosen by the designer, the alarm timing can be different for 
systems that use the same algorithm. Abe and Richardson (2004) changed the 
deceleration of the following vehicle in order to get an early, late and middle alarm 
and looked at the difference between those alarms. They found that an early alarm 
induced a more timely response from the braking of the leading vehicle. However, 
the time between the middle alarm and the response of the driver was shorter than 
the time between the early alarm and the response. They concluded that it would be 
best to use a middle alarm because it might reduce the variation in braking response, 
which results in stable avoidance behaviour.  

Other criteria which can be used in collision avoidance are the “Time To Collision” 
(TTC) and the “worst-case scenario criterion”. The Time To Collision criterion is 
based on the relative velocity of the two vehicles, and the distance between them. 
The calculated time indicates a possible collision under the recent conditions 
(Janssen, & Nilsson, 1991). Janssen and Thomas (1997) found in a simulator study 
that an alarm based on the Time To Collision had a good effect on driving 
performance: participants followed less closely but no faster. A variation on the TTC 
criterion is the “Inverse TTC”, which is calculated by dividing the relative velocity by 
the distance between the vehicles. Experiments pointed out that drivers base their 
braking behaviour on the Inverse TTC (Kiefer, LeBlanc, & Flannagan, 2004).  

The “worst case scenario criterion” assumes that the leading vehicle could always 
brake with the largest deceleration at any moment. If, under that condition, a certain 
scenario would result in a collision, the system takes its action. The worst-case 
scenario criterion is conservative: it will often take action if the leading vehicle brakes. 
In one way this is advantageous because it will prevent most collisions, but systems 
based on this criterion may have many false warning which can be annoying to the 
driver (Seiler, Song, & Hedrick, 1998). In a comparison of seven different collision 
avoidance systems, Janssen & Nilsson (1991) found that a combination of the worst-
case scenario criterion with an auditory warning caused participants to stay far 
behind the leading vehicle since the constant triggering of the alarm, appeared 
irritating. 

Although collision warning and avoidance systems can be of help to the driver, there 
are a lot of problems that can arise. This is mainly because such systems take action 
at a time that is already fixed regardless of the driver. As a consequence, it is 
possible that the timing is not appropriate in a given situation or for a specific driver 
with certain limitations. This may cause the driver to be annoyed or irritated by the 
alarm. A solution to this problem is to adapt the system to the user. 

5.1.2 Adaptive Collision Warning 

Drivers’ behaviour in identical situations is not the same. Hence a warning system 
that is optimal for all kinds of drivers, and not only (as in a fixed warning system) for 
one group of drivers is preferable (Goldman, Miller, Harp, & Plocher, 1995). However, 
the literature on Adaptive Collision Warning systems (ACW) is limited and there are 
currently no real systems using ACW. The project TRANSIT-IVI, initiated by the 
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Federal Transit Administration (Cronin, & Traube, 2004) as a part of IVI (Intelligent 
Vehicle Initiative), aimed to increase the safety of transit travel. The project 
investigated appropriate collision warning systems for buses and looked at the 
human factors issues involved with those systems by driver feedback from 2.5 years 
of research. Although they came up with some results (drivers prefer early action 
instead of fast action but they also want as few alarms as possible) a real alarm 
system has not been implemented.  

A system that adapts to the driver must have a highly complex structure since it has 
to learn about the circumstances of the traffic and the intentions of the driver. The 
structures that have been proposed so far are mostly based on neural networks that 
can learn normal driving behaviour. These neural networks then can detect changes 
in driver behaviour and provide a warning when the actual behaviour deviates from 
the learned normal behaviour (An, Harris, 1996; Goldman, Miller, Harp, & Plocher, 
1995). With these systems it is possible to look not only at differences between 
drivers, but also at differences within the driver’s state in providing a warning.  

Examples of adaptive collision warning systems using neural networks are the 
Cerebellar Model Articulation Controller (CMAC; An & Harris, 1996), the Driver 
AssIsting System (DAISY; Onken & Ferraric, 1997) and the Driver Adaptive Warning 
System (DAWS; Goldman et al., 1995). CMAC learned the normal throttle angle and 
eventually evaluated the rate of change of the throttle angle; Figure 40  shows the 
basic architecture of this system. With DAISY the traffic situation was analysed and 
deviations from normal driving style were detected. When a driver is distracted, this 
causes deviations from the normal behaviour and if there is also a hazardous 
situation detected, a warning is issued. DAISY was found to act very similar to the 
driver: given a certain time, the driving behaviour could be predicted. DAWS learned 
to discriminate between different intents like lane following and lane changing and 
like DAISY, a warning was produced based on this behaviour and the traffic situation. 

A more simple solution than a system based on a neural network is a collision 
warning system that can be adjusted by the user. This human-adjusted threshold is 
already applied in some existing detectors, where the user can choose between the 
modus of driving in the city or on the highway (Lehto, Papastavrou, & Giffen, 1998). 
This human-adjusted collision warning systems may be a good solution for situations 
where the user knows that he/she wants to adjust the system, but in some situations 
the user does not know what state he/she is in and what threshold is appropriate. For 
example, the driver may not recognise that he/she is distracted and may not adjust 
the warning threshold, even though that could help him/her to avoid collisions. 
Furthermore, having to adjust an in-vehicle adjustable system may further take the 
driver’s attention from the road.  An adaptive system that can automatically adapt to 
the state of the driver is clearly preferable. However, an automatic system is never 
100% reliable.  
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Figure 40: The architecture of the intelligent warning system used in CMAC. With the vehicles 
speed and range rate the reference model calculates the minimum range needed to avoid a 
collision (An & Harris, 1996).  

5.2 Method 

5.2.1 Participants 

5.2.1.1 VTI 

The participants were 32 experienced drivers, 16 male and 16 female, and they were 
equally divided into two groups. The mean age and standard deviation was 
approximately the same for both groups (mean 39.4 and 42.2, std 9.7 and 12.4, 
respectively), as was the annually driven kilometres (mean 10075 and 11019, std 
8928 and 9554, respectively).  

The selection criteria for participants in the experiments were: Driving license for five 
years; driving at least 5 000 km per year; being an experienced driver and not 
suffering from motion sickness. As a fee participants received € 53 (500 SEK). 

There were some problems with simulator sickness in this study which meant that six 
persons had to abort the trial early and had to be replaced. Data from those persons 
that were replaced are not included in the analysis. 

5.2.1.2 TNO 

In this experiment we tested 48 participants, 30 male and 18 female, who were 
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between 25-55 years old. They all had at least 5 years of driving experience, and 
they had driven at least 10000 km in the last year. As a fee participants received € 
20. 

5.2.1.3 ITS Leeds  

Participant drivers were drawn from a database of experienced simulator drivers; 
each had between one and five hours of previous experience with the simulator. This 
provided a stable level of simulator specific driving familiarity and skill, minimised the 
possibility of simulator sickness, and ensured that participants were not overexposed 
or desensitised to the simulated environment. The 45 drivers who took part (23 
males, 22 females) had a mean age of 37.4 (SD = 13.9) years. In the previous year, 
they had driven between 8,000–56,000 km with a mean of 13,216 km. The standard 
deviation of was 8,982km. Participant drivers had between 5 to 20 years of driving 
experience (mean 9.9, SD = 5.9). They were paid €28 fee for their participation. 

5.2.2 Test site 

5.2.2.1 VTI 

The study was carried out at VTI’s driving simulator III (VTI’s third generation moving 
base driving simulator). It was used to create realistic sensations in a laboratory 
environment, including a: 

- Cut-off passenger car cab; 
- Computerised vehicle model; 
- Large moving base system; 
- Vibration table; 
- PC-based visual system; 
- PC-based audio system. 

The driving simulator is shown in Figure 41. The simulated car had a manual gearbox 
with 5 gears. The time delay introduced in the simulator is very short (40 ms), which 
is important when focusing on the control and manoeuvring aspects of driving. The 
noise, infra-sound and vibration levels inside the cabin corresponded to those of a 
modern vehicle. The car body used in this experiment was a Volvo 850. In this 
experiment the car was also equipped with ABS-brakes. 

The driving simulator model has been extensively validated. Simulation results have 
been compared to field test results of most standard vehicle dynamics manoeuvres 
(steady state driving in a circle, step input on the steering wheel and frequency 
response) with good correspondence. This work has been documented in a number 
of reports (Jerand 1997; Aurell, Andersson et al. 1999; Aurell 2000). Furthermore, a 
number of validation studies with an earlier version of a simulator used with focus on 
driver behaviour have been carried out successively (Harms 1993; Alm 1995; 
Törnros, Harms et al. 1997; Törnros 1998).  
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Figure 41: The driving simulators used in the experiments. Top left, the TNO driving simulator; 
bottom left, the ITS Leeds driving simulator; right the moving base driving simulator at VTI. 

5.2.2.2 TNO 

The experiment was conducted in the high fidelity driving simulator of TNO Human 
Factors. In this driving simulator, several systems are used: The Mock-up is a BMW 
318i with automatic transmission, a left seated driver, and normal controls. Feedback 
of steering forces was given to the driver by means of an electrical torque engine.  

The Mock-up was placed on a platform, which was able to move by means of the 
Motion Base System. This was a six Degrees Of Freedom MOOG 2000 E hexapod 
motion platform with the associated control equipment. The projectors and the 
cylindrical projection screen were stationary. A Sound Generator system added 
sound (noise of engine, wind, and tyres) and three high-resolution DLP projectors 
projected the image of the outside visual world with a field of view of 120 o horizontal, 
and 35o vertical on a radial screen in front of the mock-up. Figure 41 shows a picture 
of the driving simulator used. 

5.2.2.3 ITS Leeds 

The Leeds Driving Simulator (Figure 41) was used for the study. The simulator is 
based on a complete Rover 216GTi, with all of its driver controls and dashboard 
instrumentation still fully operational. A real-time, fully textured and anti-aliased, 3-D 
graphical scene of the virtual world is projected on a 2.5 m radius cylindrical screen 
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in front of the driver. This scene is generated by a SGI Onyx2® Infinite Reality2 
graphical workstation. 

5.2.3 Systems investigated 

The driving simulators were “equipped” with a FCW system based on the ISO-
recognised Stop Distance Algorithm (SDA). The SDA defined a warning distance, 
based on the difference between the stopping distances of the leading and following 
vehicles. If the distance between the two vehicles was less than the warning 
distance, an auditory collision warning alarm was presented to the driver. It is 
expected that the SDA will be introduced as the main alarm trigger logic in the design 
of future collision warning systems (Wilson, Butler, McGehee, & Dingus, 1997). The 
SDA was defined as follows: 

 

 
 Dw [m] = warning distance; 
 Vdriver [m/s] = speed of following simulator driver;  
 Tdriver [s] = the assumed driver’s reaction to an event; 
 ddriver [m/s2]  = assumed deceleration of the driver’s vehicle; 
 Vdrone [m/s] = speed of the lead vehicle;  
 ddrone [m/s2]  = assumed deceleration of the lead vehicle. 

The SDA had three fixed parameters: Tdriver, ddriver and ddrone and these parameters 
were varied for the adaptive system but were fixed for the non-adaptive system in the 
experiments. The real-time speeds of the two vehicles (Vdriver and Vdrone) varied as the 
simulation progresses. 

When the simulator driver approached the lead vehicle, following at a distance less 
than the warning distance, the auditory FCW was presented. The alarm was a 
sinusoid, varying in frequency between 700Hz and 7000Hz with a time period of 0.3s. 
The alarm was presented at 73dB (measured in Leeds). 

At VTI and at ITS Leeds the warning was on as long as the driver was within the 
warning distance (the exception being if the indicator was turned on, so that it would 
not disturb during overtaking manoeuvres). For TNO the system worked somewhat 
differently. There the warning sound lasted two seconds and then stopped (see Abe 
& Richardson, 2004). A new warning could only be given when the real distance 
again became longer than the warning distance.   

At VTI two versions of the system were tested; one that adapted the warning to the 
predicted stopping distance based on the friction on the road and one that did not 
consider friction. This meant that the adaptive system issued the warning earlier on 
slippery roads than on dry roads which the non adaptive system did not. The warning 
distance (Dw) was changed for the adaptive system by altering the ddriver value from 5 
in dry conditions to 3.7 in slippery conditions. For the non adaptive system ddriver was 
always set to 5. For the other constants RT was set to 0.5 and ddrone was set to 5. 
The set-up was co-ordinated with the TNO study in that the warning distance was 
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comparable in speeds ranging from 75 km/h to 100 km/h. 

At TNO a similar setup was used where one FCW system was adaptive to driver 
distraction and the other was not adaptive. In the non-adaptive FCW condition the 
alarm sounded around the same time when the participants were distracted, 
compared to when they were not distracted (late alarm). With the adaptive FCW, the 
alarm timing when participants were not distracted was the same as with the non-
adaptive FCW. However, when participants were distracted the alarm of the adaptive 
FCW sounded early (early alarm) compared to the alarm of the non-adaptive FCW 
(late alarm). The differences between the early and late alarm of the adaptive FCW 
are based on the fact that there is a difference in reaction time between a distracted 
and a non-distracted driver (Wakasugi & Yamada, 2000). When the driver was 
distracted, a reaction time (Tdriver) of 1.5 s was assumed instead of a reaction time of 
0.5 s for the non-distracted sections. This caused different outcomes of the algorithm.  

For ITS Leeds the adaptive system was adaptive to the drivers’ brake reaction time 
while the non adaptive system had a fixed brake reaction time. In both systems, the 
fixed deceleration parameters of the SDA (ddriver and ddrone ) were selected as  5.0 
m/s2. The main difference between the two systems was in the use of driver’s 
reaction time (Tdriver). In the non-adaptive system this was fixed at 1.5s. The adaptive 
system used an individual driver’s brake reaction time, measured in the driving 
simulator. This procedure is explained in more detail in section 5.5.2. 

5.2.4 Experimental design 

The experimental design differs somewhat between the experiments. An effort was 
however made to have the same scenario, driver instructions and questionnaires for 
the three experiments. For details on the experimental designs for each study refer to 
sections 5.3, 5.4 & 5.5 in this report. 

5.2.4.1 Scenario 

The road in all three experiments was a 40 km long road, 9 meters wide and with 
oncoming traffic. The speed limit on the road was 90 km/h at VTI, 80 km/h at TNO 
and 50 mph (~80 km/h) at ITS Leeds. The speed limits were set differently to be 
better suited to national speed limits for each country. The road was laid out in a rural 
setting with trees on both sides. A vehicle was always present in front of the 
participants, driving 75 km/h (80 at VTI), but sometimes it was possible to overtake 
the leading vehicle (although vehicles drove in the other lane in the opposite 
direction). The road was divided into 8 sections of 5 km each. At each of these 5 km 
sections the drivers were exposed to one event forcing them to react by breaking 
their vehicle hard. For the first six events the vehicle in front was suddenly braking 
hard (deceleration by 4 m/s2), the 7th event was a vehicle suddenly entering the road 
from a “lay-by” at the side of the road and the 8th event was a vehicle braking hard 
but without any break lights (at VTI the order of the two unexpected events were 
reversed). Throughout the virtual road network, parked vehicles waited in around 
50% of the “lay-bys”. This was to make sure that the vehicle pulling out from a “lay-
by” would not look too suspicious.  
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For each of the road sections there were five straight parts where an event could be 
triggered if the right criteria were fulfilled. There were also two straight parts were no 
event was triggered and this was to allow the driver to overtake the vehicle front if 
he/she wanted to. The order of these road parts was varied between the eight 
sections so that the driver should not be able to anticipate the behaviour of the 
vehicle in front. In Figure 42 the road curvature is presented; that part was repeated 
eight times. 

The events were triggered on time headway so that it was only triggered if the time 
headway to the vehicle in front was between 1 to 3 seconds. This was to make sure 
that the test driver was close enough to force a response, but not too close, to avoid 
an immediate collision. The exception is the vehicle pulling out of a “lay-by” which 
was triggered at a specific point along the road. When an event had been triggered 
on a section no new event was triggered until the next section and if no event was 
triggered until the last of the five straight parts it was triggered regardless of the time 
headway1. For some drivers this meant that they did not experience that event at all, 
because the distance may have been so great that they had lost visual contact.  

  

Figure 42: The road layout used in the study. This section was repeated eight times. 

5.2.4.2 Driver instructions 

The participants were not told that they had to follow the leading vehicle because 
there would be a chance that they would keep a large headway and thus the braking 
of the leading vehicle would not have the desired effect. Instead, participants were 
told that they were in a hurry. A try-out had shown that this was a good way to make 
them follow the car in front of them closely and try to overtake it.  

They were also informed that they could end the experiment at any time if they 
wished so without further explaining the reason thereof. 

5.2.4.3 Questionnaires 

Between each experimental session, during which a participant had interacted with 
one of the two types of FCW system, several questionnaires were administered. The 

                                              

1 These ”forced” events were later excluded from the analysis if the headway did not match the 
criteria, because they were not comparable with the other events. 



   

 

     
107

first was on timing and appropriate frequency of the FCW alarms, rated on a five-
point Likert scale. The questions were posed as follows: 

 “What did you think of the timing of the alarms?” (too early – too late). 
 “What did you think of the frequency of the alarms?” (too few – too often). 

Next, self-reported mental effort was assessed using the Rating Scale of Mental 
Effort (Zijlstra, 1993) with the instruction “Please mark a horizontal line on the scale 
below to indicate your mental workload when driving with the Forward Collision 
Warning system that you have just experienced”. The analogue visual scale ranged 
from 0-150 (no effort – extreme effort). 

User acceptance was assessed with using the Van der Laan scale (Van der Laan, 
Heino, & De Waard, 1997), giving a rating for satisfaction and usefulness of each 
FCW type. 

System trust was assessed somewhat differently at ITS Leeds than at TNO and VTI. 
At ITS Leeds it was assessed by using visual analogue scales over a range from 0-
100 (strongly disagree – strongly agree) for the following questions: 

 The performance of the system enhanced my safety. 

 I am familiar with the operation of the system. 

 I trust the system. 

 The system is reliable. 

 The system is dependable. 

 The system has integrity. 

 I am comfortable with the intent of the system. 

 I am confident in my ability to drive the car safely without the system. 

 I have confidence in the system. 

At VTI and TNO the same visual analogue scale, ranging from 0 (No trust) -100 
(Complete trust) was used but the question was simply formulated “Please indicate 
how much trust you have in the frontal collision system used”. 

A FCW has the potential to influence the dynamic associated with an individual’s 
pleasure of driving. These personal factors were addressed by self-reports on a five 
point Likert scale, anchored at significantly decrease and significantly increase, 
posed, “How do you think the following factors would change when driving with the 
forward collision warning system compared to when driving without forward collision 
warning system in your car?” 

 Traffic safety; 

 Irritation; 

 Stress; 
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 The feeling of being controlled; 

 The joy of driving; 

 Attentiveness in traffic. 

 
The questionnaire can be viewed in full in Appendix A. Questionnaires used in the 
VTI, ITS Leeds and TNO studies. 

5.3 Method, results and discussion at VTI 

5.3.1 Experimental design 

The test persons were divided into two groups where half of them drove with the 
adaptive collision warning system and the other half with the non adaptive system. 

The road surface was alternated between dry and slippery as they drove along, so 
that if they started on the dry section this was changed to the slippery section after 
the first five kilometres and then back to dry again after another five kilometres, etc. 
The start condition was counterbalanced between the groups, see Table 37. 

 Table 37: The number of drivers in each group.  

Start condition 
System 

Dry Slippery 
Adaptive 8 test drivers 8 test drivers 
Non Adaptive 8 test drivers 8 test drivers 

5.3.2 Procedure 

As the participants arrived at VTI they first read the instructions for the trial, briefly 
explaining the system, the purpose of the trial and the scenario. The instructions 
were the same for both groups so it did not mention the adaptive part of the system. 
During the test run the drivers were repeatedly asked to rate their driving 
performance the last minute on a scale from 1 (very bad) to 10 (very good) and they 
were given instructions on that as well. After reading the instructions the test persons 
filled in an approval to allow that the test was recorded on a DVD and that VTI had 
the right to use this material for scientific purposes, including conferences. Before 
entering the simulator they also answered a questionnaire about their expectations of 
the system. This questionnaire contained questions on attitudes towards collision 
warning systems, whether they believed it would increase safety and comfort, 
willingness to pay and also questions on where they thought they would use it and 
which drivers should be in the most need of such a system. 

The first part in the simulator was a 14.8 km long training session to get familiar with 
the simulator, the FCW-system and the driving task. The first part of the training was 
on dry road and the second part was on slippery road. During the training they were 
told to drive close to the vehicle in front to activate the FCW-system and then to turn 
on the indicator so that the warning should stop. During the training the test leader 
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could manually brake the vehicle in front and this was done so that the test driver 
should experience what it was like to perform an emergency brake; this was done on 
both dry and slippery road surface so that they would also notice the ABS-brakes. 
During the training the drivers were told that “if they wanted to overtake the vehicle in 
front and felt that the situation allowed it, they could do so”. This was to promote 
more active driving and thereby a car following behaviour with shorter headway. 

When the training was finished the vehicle stopped and the test leader made sure 
that the test person was feeling ok, had understood the driving task and that there 
were no further questions. The test person remained in the simulator during this time. 
If everything was ok the test proceeded to the actual experiment. This took 
approximately 35 minutes and during this time there was no communication between 
the test person and the test leader, except for the rating of driver performance. This 
was done twice on each 5 km section; once within the minute after an event and 
once when there had been no event during the last minute.   

After the experiment the test persons had to fill out a second questionnaire repeating 
some of the questions from the first. This made it possible to study how the drivers’ 
expectation differed from their experience. There were also some additional 
questions about trust and subjective rating of workload.  

5.3.3 Measures and analysis method 

There are two kinds of measures collected from this experiment; subjective measures 
from the questionnaires and driving behaviour from the simulator data.  

5.3.3.1 Subjective measures 

In the questionnaires the participants answered questions about their attitudes 
towards collision warning systems before as well as after trying the system; how 
much they would be prepared to pay to have such a system in their own car, in which 
situations they thought that the system could be useful, etc. There are three main 
analyses of the questionnaires and throughout the analysis the group that tried the 
adaptive FCW-system is compared with the group that tried the non adaptive system. 
T-test at the p<0.05 level were used to observe differences, but on some questions 
the tendencies (p<0.1) are reported as well.  

The first analysis was to compare the two groups’ answers on the before 
questionnaire with each other to see if the two groups were initially equal and thereby 
comparable (1 in Table 38 below). Secondly the two groups’ answers on the after 
questionnaire are compared to see if there are any differences between the groups 
after experiencing the systems (2 in Table 38 below). Thirdly, those questions that 
are repeated in the two questionnaires are studied in more detail to see if one of the 
system better lived up to the test persons expectations or not. This was done by 
studying if any of the groups changed their responses significantly (3 in Table 38 
below). 
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Table 38: The design of the analysis 

 Expectation Experience 

Adaptive FCW   

Non adaptive FCW   

5.3.3.2 Behavioural data 

Data was sampled from the driving simulator at 25 Hz and in Table 39 a list of 
sampled and calculated measures used in the analysis is displayed. 

Table 39 The sampled and calculated measures on driver behaviour. 

Sampled measures (25 Hz) Explanation Unit 
Speed Speed of simulator vehicle m/s 
Distance driven Distance driven since start of experiment m 
Headway Distance between vehicles bumper to bumper cm 
Brake pressure Oil pressure in brake cylinder making it possible to see when 

the test driver starts braking. 
 

Accelerator pedal position Given as a number between 0 and 1 making it possible to see 
when the test driver has released the gas pedal.  

 

Speed of car in front Speed of vehicle in front m/s 
Event start The time when the lead vehicle starts to brake  
Calculated measures Explanation Unit 
Headway at event start Distance to lead vehicle at event start meters 
Speed at event start Speed of the simulator vehicle at the start of an event m/s 
Event brake reaction time Time from lead vehicle braking to onset of test person brake 

activation 
sec 

Event to accelerator off 
reaction time 

Time from lead vehicle braking till test person releasing the 
gas pedal 

sec 

Headway at warning Distance to lead vehicle at warning meters 
Warning brake reaction time Time from warning till brake activation sec 
Warning to accelerator off 
reaction time 

Time from warning till test person releasing the gas pedal sec 

Minimum TTC Minimum time to collision sec 
Minimum headway Minimum distance to lead vehicle meters 
Collisions* Number of collisions  

*To avoid alarming the drivers and to make it possible to continue without losing realism, no actual collisions 
occurred, instead the lead vehicle was “pushed” in front of the simulator vehicle at a 0.5m distance. This was not 
noticed by the driver unless the difference in speed between the vehicles at the time of the collision was high and 
this was never the case. 

The objective measures on driver behaviour are studied in two different ways. For 
measures that are based on event start (the start of an event is defined as the “start 
of the preceding vehicles brake manoeuvre” or in the case of event seven, where a 
vehicle is entering the road from a “lay-by” as “when the vehicle has entered the 
roadway”) all events are included. Examples of these measures are headway at 

3 

3 
2 1 
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event start and speed at event start. For the measures that are based on the warning 
only the events where the driver has started to brake 0.3 seconds after the warning 
or later are included. This may not necessarily mean that the drivers brake reaction is 
triggered by the warning, it may still be a reaction to the behaviour of the vehicle in 
front, but it does exclude events where the driver definitely has not reacted to the 
warning. These measures are labelled “All events” and “Events where the driver has 
braked after the warning”. 

The analysis was carried out as an analysis of variance with System as a between 
subjects factor and Road condition as a within subjects factor. The model used was:  

y = System + Road_condition + Sex + TP(Sex*system) + System*Road_condition + 
Road_condition*TP(sex*system)  

where, 

System = Adaptive or Non adaptive (Fixed), 
Road_condition = Dry or Slippery (Fixed), 
Sex = Man or Woman (Fixed), 
TP = Test person (Random). 
 
Brackets in the model indicate that the factor is nested. 

5.3.4 Results 

5.3.4.1 Subjective measures 

Initial expectation of the system 
The two groups’ expectations of the system before trying it did not differ on any of the 
questions. It can therefore be concluded that the two groups are comparable and that 
any differences that may occur when studying the experience of the FCW-system are 
due to differences in the two systems. 

Experience of the system 
When the two groups were compared against each other, no difference could be 
found between the groups for any of the questions. Thus there are no differences 
between the two systems which make the drivers experience them as two separate 
systems altogether. When comparing how the two groups had changed between 
expectation and experience however, some differences could be found. Drivers using 
the Adaptive system believed that they would be more irritated when using the 
system compared to driving without any system after they had tried it. Before trying 
the system they thought that it would have no effect on their irritation (3 on the y-axis 
in Figure 43) but after they had tried it they reported that irritation would increase. 
The difference is statistically significant (p < 0.05). The drivers with the non adaptive 
system also believed that they would be more irritated when using the system but the 
difference is smaller and not significant. 
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Irritation when using the system

1

2

3

4

5

Questionnaire before Questionnaire after Questionnaire before Questionnaire after

Non adaptive Adaptive
 

Figure 43: The drivers statement on how irritated they would be when driving with the system 
compared to driving without (1=decrease a lot, 3=unchanged and 5=increase a lot) 

Another difference between expectation and experience was that the drivers initially 
thought that they would use the system a lot in urban areas but after trying the 
system they reduced their rating. The difference is significant if the two groups are 
compared together but when studied individually the change is a tendency for the 
adaptive group (p<0.1) and less than a tendency for the non adaptive group. See 
Figure 44.  

How much would you use the system in urban areas?
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5

Questionnaire before Questionnaire after Questionnaire before Questionnaire after

Non adaptive Adaptive
 

Figure 44: The response on how much the drivers would use the system in urban areas (1 = not 
at all and 5 = all the time) 

Mental workload 
Rated mental workload during the driving task was about the same for both groups. 
The mean value was 54.31 (std 29.92) for adaptive and 53.06 (std 32.49) for non 
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adaptive). This indicates “Rather much effort” on the RSME scale. Women rated a 
higher mental workload than men, 66.5 (std 27.4) against 40.9 (std 29.2). 

Willingness to pay 
Before, as well as after the experiment the willingness to pay for a collision warning 
system is the same for both groups. Most participants were willing to pay 1000-5000 
SEK, i.e. €100-500. 

Other factors influenced by the system 
The opinion that traffic safety would increase was about the same (around four on a 
five pointed scale, where 1 denotes decrease a lot and 5 denotes increase a lot, 3 
denotes unchanged) for both groups before as well as after trying the system. 
Irritation when driving with the system was significantly higher for the adaptive group 
as shown in Figure 43. Stress induced by the system was rated higher by both 
groups after the experiment (3.5 compared to 4 on a five grade scale where 3 
denotes no change). The drivers did not think that the system would make them feel 
more supervised and this did not change after they had tried the system. They did 
not think that the pleasure to drive would change, even though the adaptive group 
was a bit more sceptical after the experiment (2.7 where 3 denotes “unchanged”). 
Both groups thought that they would be more alert in traffic with the system; before 
as well as after trying the system.  

Usage of the system 
Both groups thought they would use the system less when they had tried it compared 
to their expectation; the mean value was lowered from around 4 for both groups to 
around 3 for the adaptive group and 3.5 for the non adaptive on a five pointed scale. 
On rural roads and motorways both groups thought they would use it about half the 
time which was not changed during the experiment. Both groups thought they would 
use the system more in the evenings and at nights or in fog than in daytime or on 
slippery roads. This was stated before as well as after trying the system. The 
anticipation to use the system in rush hour traffic was decreased for both groups after 
the experiment. 

Motivation for a FCW 
Before trying the system both groups thought that FCW would be motivated for all 
categories of drivers. The average was 4.5- 5 on a scale, where one meant not 
motivated at all and five very motivated; especially high were the values for bus 
drivers, young drivers, older drivers, drivers who recently got their licence and drivers 
who often use the mobile phone when driving. After the experiment the test drivers in 
both groups thought the system was less motivated for all kinds of drivers but still 
above three (3 = neither motivated nor not motivated). The adaptive group thought 
the system to be a bit less motivated than the non adaptive group.  

Trust in the system 
When stating their trust in the system from 0 meaning no trust at all to 100 meaning 
complete trust in the system, the results from the adaptive group was higher than 
from the non adaptive group, mean value 73.4 (std 15.2) against 64.7 (std 18.9) but 
the difference is not significant.  
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Usefulness and satisfaction 
To observe the drivers opinion on the systems’ usefulness and their satisfaction 
thereof the Van der Laan scale (Van der Laan, 1997) was used.  When using the 
scale the driver’s rate how useful and satisfactory they find the system by rating a 
number of sub-scales (good – bad, pleasant – unpleasant etc), the scale goes from  
-2 to 2. The analysis showed that the drivers find the system quite useful but were 
rather indifferent regarding their satisfaction of the system. There is no significant 
difference between the drivers of the two systems (see Table 40). 

Table 40: Usefulness and satisfaction according to the Van der Laan scale 

 N Mean Std. 
Deviation 

Std. Error 
Mean 

Usefulness Adaptive 16 1.04 0.65 0.16 
  Non adaptive 16 0.90 0.67 0.17 
Satisfaction Adaptive 16 -0.06 0.81 0.20 
  Non adaptive 16 0.06 0.92 0.23 

Overall the drivers’ view of the FCW was turned to less positive when they had 
experienced the system, so in some terms it did not meet their expectations. One 
reason may be that the system issued so many false warnings. False warnings are 
here identified as warnings where the vehicle in front was not braking, so the warning 
was triggered by something else, most likely too short headway, for instance when 
trying to overtake. 

In Table 41 the number of false and real warning issued by the system is displayed 
and it shows that approximately 85 – 90 % of all warnings are false. For slippery 
roads the total numbers of warnings are higher for the drivers with the adaptive 
system and this is due to the fact that it warns earlier, which can made it more difficult 
to keep the correct headway, but was also due to those that were more often braking 
after the warning when the vehicle in front brakes (see Table 42). This table shows 
whether the drivers braked before the warning was being issued or not. It appeared 
that the drivers with the non-adaptive system brakes before the warning is being 
issued to a higher degree on slippery roads, than the drivers with the adaptive 
system. 
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Table 41: The number of false and real warnings issued by the FCW 

Road condition False 
warning 

Real 
warning Total 

Count 273 39 312 
% within Adaptive 87.5% 12.5% 100.0% Non adaptive 
% of Total 44.4% 6.3% 50.7% 
Count 256 47 303 
% within Adaptive 84.5% 15.5% 100.0% Adaptive 
% of Total 41.6% 7.6% 49.3% 

Dry 

Total Count 529 86 615 
Count 179 29 208 
% within Adaptive 86.1% 13.9% 100.0% Non adaptive  
% of Total 28.8% 4.7% 33.5% 
Count 368 45 413 
% within Adaptive 89.1% 10.9% 100.0% Adaptive 
% of Total 59.3% 7.2% 66.5% 

Slippery 

Total Count 547 74 621 

Table 42: Number and percentages of braking before an alarm is issued 

Dry 
Non 
adaptive Adaptive Total  

Event code Brakes before warning Count 36 33 69 
    % within System 65.5% 57.9% 61.6% 
  Brakes after warning Count 19 24 43 
    % within System 34.5% 42.1% 38.4% 
Total Count 55 57 112 
  % within Adaptive 100% 100% 100% 

Slippery 
Non 
adaptive Adaptive Total  

Event code Brakes before warning Count 32 13 45 
    % within System 60.4% 23.2% 41.3% 
  Brakes after warning Count 21 43 64 
    % within System 39.6% 76.8% 58.7% 
Total Count 53 56 109 
  % within Adaptive 100% 100% 100% 

 
Subjective rating of driving performance 
On dry as well as on slippery roads drivers with the non adaptive system rated their 
driving performance significantly higher than drivers with the adaptive system. Both 
groups rated their driving performance higher on slippery roads than on dry. Figure 
45 shows mean values of the subjective ratings and the standard error mean. 
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Figure 45: Subjective rating on driver performance 

5.3.4.2 Objective measures 

Speed at event start 
The speed of the test drivers at this point differed significantly between dry and 
slippery road where the speed was lower in bad road conditions. The effect was not 
dependent of system, nor was there any interaction between system and road 
condition. The mean speeds for the various systems and road conditions (all events) 
are displayed in Figure 46 and Table 44. 
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Figure 46: Speed at event start (all events) 

Safety 
There are several indicators of safety in the measures obtained from the simulator; 
here the number of collisions, minimum TTC and minimum headway are used.  
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The numbers of collisions in this study are rather small and the results should be 
interpreted with caution, however, there are some effects worth mentioning. For 
instance, of the twelve collisions there were no collisions on dry road (Table 43) and 
a majority of the collisions happened with the non adaptive system. The analysis of 
variance (for events where the driver has braked after the warning) showed that there 
is an effect of both system and road condition, as well as an interaction effect, see 
Table 45. 

Table 43: Number of collisions for the two systems 

  All events Events where TP  
brakes after warning 

Non 
adaptive 

0 0 
Dry road 

Adaptive 0 0 
Non 
adaptive 

9 8 
Slippery 
road 

Adaptive 3 2 

For TTC (for events where the driver has braked after the warning) there is a 
significant effect of system as well as an interaction effect. For the non adaptive 
system TTC decreases in slippery road conditions while it is slightly increasing for the 
adaptive system (Figure 47 and Table 45). 

The minimum headway does not differ significantly between the two systems but it 
does differ for road condition. There is also a clear interaction effect where the 
minimum headway is increased for the adaptive system in slippery roads while it is 
decreased for the non adaptive system (Figure 48 and Table 45). 

The three measures used to indicate the two systems effect on safety clearly showed 
that a system like the FCW benefits, from a safety point of view, to be adapted to the 
road condition. In this experiment it might even be the case that the system adds too 
much safety since TTC and Minimum headway actually increase.  
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Figure 47: TTC for the events where the 
driver has braked after the warning 
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Figure 48: Minimum headway for the events 
where the driver has braked after the warning 

 
Warning brake reaction time 
For the time from the warning until the driver applies the brakes, there is a significant 
effect of road condition and there is also a clear interaction effect where the reaction 
time is decreased for the non adaptive drivers in slippery roads, while it is increased 
for the drivers of the adaptive system (Table 45).  

This effect is most likely due to the fact that the events are less critical for the 
adaptive system, as was found for the safety measures above, giving the driver more 
time to react calmly. The interpretation is that the drivers use the system as a 
warning and then assess the situation themselves before they react.  

5.3.5 Discussion 

This study aimed at investigating how a FCW system adaptive to road condition 
affected driver behaviour. To be able to study this, the drivers had to be exposed to a 
number of critical events in various road conditions where the system could warn 
them of potential collisions. In all, there were eight critical events, four on dry roads 
and four on slippery roads that the drivers would encounter. The events where 
however only triggered if predefined conditions with regard to speed and following 
distance were fulfilled. In total, the 32 drivers experienced 221 events out of 256 
possible. The events where evenly distributed with regard to system and road 
condition which augurs well for a comparison between the two systems. 

The main result in this study is that safety is increased when the system adapts to 
the road condition (friction). This can be seen in the longer time to collision as well as 
the minimum headway for the adaptive system on slippery roads. Consequently, the 
numbers of collisions are higher for the non adaptive system on slippery roads. 

The main difference in driver behaviour that can be related to the system being 
adaptive is the drivers’ response to the warnings. For the adaptive system the 
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reaction times between the warnings were issued until the drivers applied the brakes 
were longer than for the non adaptive system. There was also an interaction effect in 
that the warning brake reaction time decreased for the drivers of the non adaptive 
system on slippery roads compared to dry roads, while it was increased for the 
drivers of the adaptive system. This is interpreted as that the drivers, after the 
warning has been issued, assess the situation and react accordingly. For the 
adaptive system the situation is less critical than for the non adaptive system and the 
drivers can therefore react more calmly. 

In contradiction to the findings that safety is increased, the drivers of the non 
adaptive system rated their driving performance higher than the drivers of the 
adaptive system, both on dry and slippery roads. Possibly this can be a result of the 
adaptive system being more difficult to learn and that drivers of the adaptive system 
got more warnings, especially on slippery roads. 

For a non-mandatory system to be useful, the drivers have to approve the system, 
otherwise it will not be used or, not used correctly. Examples of this are studies of 
voluntary ISA systems that have shown that driver who do not approve the system 
overrides it more frequently than drivers who approve it (Hjälmdahl 2004). In this 
case, it was found that the drivers of both systems were less positive after they had 
experienced the system than before, but, for the drivers of the adaptive system the 
change was greater than for the others. For instance; the drivers of the adaptive 
system thought that their irritation when using the system compared to not using it 
would increase to a higher degree than the drivers of the non adaptive system. They 
further thought they would use the system less in urban areas after they tried it then 
before and here they also differed from the drivers of the non adaptive system. There 
can be several reasons for this, for instance if the drivers of the adaptive system get 
more warnings in slippery conditions which can be experienced as a nuisance. The 
adaptive system may also be more difficult to learn and understand and the time 
exposed to the system in this experiment was not long enough to fully understand it.  

In conclusion, there are great benefits to be gained when adapting an FCW system 
to road condition but more work has to be carried out to learn how to make the 
system less irritating. One way is to reduce the number of false warnings but also to 
avoid warning when the driver has already detected the danger. 

5.3.6 Overview results and conclusions 

The overview of the results on driver behaviour are here presented in two tables, one 
with all events included (Table 44) and one where only the events where the driver 
has applied the brakes 0.3 seconds or later, after the warning has been issued, are 
included (Table 45). 

The first table is best used for variables based on event start such as “headway at 
event start” while the second is best used for variables based on the warning such as 
“warning brake reaction time” 
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Table 44: Effects of the dependent variables analysed (All events) 

Variable Unit Non Adaptive 
system 

Adaptive system Effect 
system 

Effect road 
condition 

Interaction 

  Dry Slippery Dry Slippery    
Headway at 
event start 

m 42.77 40.59 41.87 43.39 x x x 

Speed at event 
start 

m/s 82.81 81.15 84.88 79.66 x √ x 

Event brake 
reaction time 

sec 1.12 1.22 1.08 1.03 x x x 

Event to 
accelerator off 
reaction time 

sec 0.60 0.66 0.49 0.52 x x x 

Headway at 
warning 

m 36.93 32.59 36.11 40.46 x x x 

Warning brake 
reaction time 

sec 0.39 0.36 0.31 0.66 √ √ √ 

Warning to 
accelerator off 
reaction time 

sec 0.18 0.14 0.10 0.24 x x trend 

Minimum TTC sec 3.86 2.91 3.66 3.72 x x x 
Minimum 
headway 

m 18.32 9.86 12.51 16.14 x x √ 

Time Headway sec 1.82 1.63 1.75 1.88 x x x 
Collisions % 0.00 17.00 0.00 5.40 x √ x 

 = significance at least p < 0.05; trend =  significance 0.05 < p < 0.1;  = not significant 
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Table 45: Effects of the dependent variables analysed (Events when TP has braked after 
warning) 

Variable Unit Non Adaptive 
system 

Adaptive system Effect 
system 

Effect road 
condition 

Interaction 

  Dry Slippery Dry Slippery    
Headway at 
event start 

m 
43.89 33.95 41.33 40.97 

x x x 

Speed at event 
start 

m/s 
84.85 85.02 86.03 81.24 

x √ x 

Event brake 
reaction time 

sec 
1.26 1.35 1.19 1.17 

x x trend 

Event to 
accelerator off 
reaction time 

sec 

0.76 0.82 0.58 0.60 

x x x 

Headway at 
warning 

m 
39.61 31.25 37.87 39.82 

x x x 

Warning brake 
reaction time 

sec 
0.66 0.58 0.53 0.77 

x √ √ 

Warning to 
accelerator off 
reaction time 

sec 

0.32 0.23 0.21 0.28 

x x x 

Minimum TTC sec 2.36 1.29 3.29 3.57 √ trend √ 
Minimum 
headway 

m 
12.08 4.34 12.14 15.22 

√ x √ 

Time Headway sec 1.79 0.93 1.67 1.74 x trend √ 
Collisions % 0.00 38.10 0.00 4.70 √ √ √ 

 = significance at least p < 0.05; trend =  significance 0.05 < p < 0.1;  = not significant 

5.4 Methods, results and discussion at TNO 

5.4.1 Experimental design 

The participants were divided in three groups of 16 participants. The first group drove 
without the FCW; this was the baseline condition. The second group drove with the 
non-adaptive FCW system and the third group with the adaptive FCW system. So a 
between subjects design was used with respect to FCW system. 

All participants were distracted by means of a secondary task. This task has already 
been used by the European project HASTE. The task comprises a square of arrows 
in which an upward directed arrow must be detected. Participants were shown a 
square of 6 by 6 arrows which always contained non-target arrows in more than one 
direction (see Figure 49). The arrows were presented on a touch screen which was 
mounted in the mock-up (see Figure 50 for an example). On the touch screen there 
were two response buttons, one for a ‘yes’ response when the upwards directed 
arrow was present according to the participant and one for a ‘no’ response, when 
participants thought that no upwards directed arrow was presented. The arrows were 
presented until the participant had reacted. When a participant didn’t react within four 
seconds, the square disappeared and for one second only the buttons ‘yes and ‘no’ 
were presented, which could still be pressed. After that, the display disappeared for 
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one second followed by a new display. The task was repeated as long as participants 
were in the section in which they had to be distracted.  

 

Figure 49: Example of the square used in the 
secondary task. 

 

Figure 50: On comparable position the touch 
screen display was located in the driving 
simulator (present picture taken from Haste 
project showing the instrumented vehicle of 
VTT, Finland). 

The order of the distraction was counterbalanced, so that one group was distracted 
during the first unexpected event and the other group during the second unexpected 
event (see Table 46).  

Table 46: Combinations of events and distraction condition 

section 1 
0 – 5 km 
 

section 2 
5 – 10 km 

section 3 
10 – 15 km 

section 4 
15 – 20 km 

section 5 
20 – 25 km 

section 6 
25 – 30 km 

section 7 
30 – 35 km 

section 8 
35 – 40 km 

not 
distracted 

distracted not 
distracted 

distracted distracted not 
distracted 

distraction 
counter-
balanced 

distraction 
counter-
balanced 

brake event brake event brake event brake event brake event brake event unexpected 
event 

unexpected 
event 

5.4.2 Procedure 

Upon arrival at TNO, participants received a written instruction. If they had any 
questions they could ask the test leader. Subjects were asked to fill out a 
questionnaire before the experiment started. The experiment started with two 
practice sessions to let participants get used to the driving simulator, the 
experimental set-up (so they were already confronted with a braking vehicle) and 
with the secondary task. Then the actual experiment started which lasted about forty 
minutes. After the experiment participants were again asked to filled out a 
questionnaire. 



   

 

     
123

5.4.3 Measures and analysis method  

The following dependent variables were analysed in this experiment: 

 Alarm timing: The time from the braking of the leading vehicle to the sound of 
the alarm.  

 Subjective measurement: participants gave themselves a grade from 1 to 10 
in every section for a braking event and not for a braking event.  

 Mean Speed. 

 Time Headway: the time to reach the leading vehicle defined by the distance 
to the leading vehicle, divided by the velocity of the following vehicle.  

 Accelerator reaction time: the time from the beginning of the event to the 
moment the participant released the accelerator.  

 Brake reaction time: the time from the beginning of the event to the 
participants’ application of the brakes.  

 TTC-accelerator: the Time To Collision at the moment the participant released 
the accelerator. 

 TTC-brake: the Time To Collision at the moment of the participants’ 
application of the brakes.  

 Warning-to-accelerator time: the time from the warnings to the moment of the 
release of the accelerator. 

 Warning-to-brake time: the time from the warnings to the moment of the 
participants’ application of the brakes.  

 Mean Time To Collision. 

 Minimum Time To Collision: the minimum time to collide with the leading 
vehicle defined by the distance to the leading vehicle, divided by the 
difference between the velocity of the following and the velocity of the leading 
vehicle. 

 Maximum Deceleration. 

 Mean Deceleration. 

 Number of Collisions. 

 Secondary Task Measures: reaction time, number of good answers, number 
of mistakes, number of misses.  

These measurements were analysed for all events.   

The questionnaires that subjects had to fill in were about acceptance, evaluation of 
the warnings and trust. Additional questions related to the effects of the FCW on 
traffic safety, driving (annoying, stress, pleasure) and alertness, where they would 
use a FCW (motorway, built-up area, night-time, etc.), for which category of drivers 
would a FCW be justified (taxi drivers, novice drivers, etc.), whether they would want 
a FCW and how much they would be willing to pay. The questionnaire is presented in 
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Appendix A of this deliverable. 

The results were analysed using an analysis of variance with Distraction as within 
subjects factor and System as a between subjects factor. If required a post-hoc 
analysis was performed. 

5.4.4 Results 

In this section we present the results of the reaction times of participants, then the 
driving behaviour results and finally the results of questionnaires. We start with 
presenting some basic results with respect to the experimental design. 

5.4.4.1 Timing and number of warnings and secondary task 
performance 

The results in Figure 51 show that the warning in the distracted condition came 
earlier in the adaptive condition than in the non-adaptive condition. So, the algorithm 
functioned as expected. The results in Figure 52 show that subjects received on 
average about six warnings with both FCW systems. This indicates that on some 
events no warning was issued. This would have been the case if participants already 
had received a warning before the event was issued and the criterion was still 
exceeded. 
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Figure 51: The time between braking of the lead vehicle and a warning. 

The analyses of the results of the reaction time to the secondary task showed no 
differences between system conditions. The average reaction times are presented in 
Figure 53. The secondary performance was not very good (see Figure 54). On 
average, one third of the presentations was missed (i.e. was not reacted to). There 
were no differences between the system conditions.  
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Figure 52: Number of warnings during an event 

 

Figure 53: Average reaction time to the secondary task. 

 

Figure 54: Proportion misses of the secondary task performance.  
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5.4.4.2 Reaction time 

For the accelerator reaction time (time from start of event to releasing the 
accelerator) a main effect was found of Distraction [F(1, 40) = 55.987; p < 0.001]. 
The averages are presented in Figure 55. A main effect for Distraction was also 
found for the brake reaction time [F(1, 40)=71.986, p < 0.001] as shown in Figure 56. 

 

Figure 55: The average accelerator reaction time for each experimental condition 

 

Figure 56: The average brake reaction time for each experimental condition. 

Figure 57 shows an interaction between Distraction and System [F(2, 40) = 3.6026; p 
< 0.05]. In both the no system and non-adaptive system conditions, the delay is 
longer in the not distracted condition. In the adaptive system the delay in the 
distracted condition is longer.  

The reaction time from the moment an alarm was issued until the participants applied 
the brakes was analysed. The results showed a main effect for System [F(1, 19) = 
11.07; p < 0.01], for Distraction [F(1, 19) = 28.80; p < 0.001], and an interaction 
between System and Distraction [F(1, 19) = 8.73; p < 0.01]. The averages are 
presented in Figure 58. Table 47 shows all the average reaction times. 
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Figure 57: The delay between releasing the accelerator and applying the brakes 

 

Figure 58: Brake reaction time from the moment a warning was issued 

Table 47. Reaction time averages and main and interaction effects 
 

No system          Non-adaptive system Adaptive system    

 not 
distracted distracted not 

distracted distracted not 
distracted distracted effect 

system 
effect 
distraction interaction 

accelerator rt 952.47 1410.00 871.07 1520.36 861.21 1412.21   

brake rt 1264.87 1679.33 1183.00 1793.07 1122.36 1765.29   

difference 
accelerator 
brake 

312.40 269.33 311.93 272.71 261.14 353.07   

alarm 
accelerator rt n.a. n.a. 170.90 315.00 258.33 725.08   

alarm brake 
rt n.a. n.a. 422.40 546.60 447.09 875.73   

alarm 
difference 
accelerator 
brake 

n.a. n.a. 251.50 231.60 151.50 242.25   

alarm time n.a. n.a. 996.38 1439.63 1069.25 900.50 trend  

 = significance at least p < 0.05; trend =  significance 0.05 < p < 0.1;  = not significant 
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5.4.4.3 Driving behaviour 

A main effect for Distraction was found with respect to the average speed during an 
event [F(1, 43) = 14.06; p < 0.001]. As Figure 59 shows, the average speed was 
higher when participants were distracted. Analyses of the average speed outside the 
events also showed a main effect of Distraction [F(1, 45) = 42.55; p < 0.001]. 
However now an opposite effect was found; the average speed was lower while 
participants were distracted (see Figure 60). The interaction between System and 
Distraction was also significant [F(2, 45) = 3.30; p < 0.05]. As can be seen in Figure 
60 this interaction is not clearly visible and is caused by (slightly) stronger decrease 
between the distracted and not distraction condition with the non-adaptive system. 

 

Figure 59: Mean speed during an event. 

 

Figure 60: Mean speed outside the events. 

The analysis of the average deceleration during an event showed a main effect for 
Distraction [F(1, 44) = 9.91; p < 0.01]. On average, the deceleration was lower in the 
distraction condition (see Figure 61). The analysis of the maximum deceleration 
during an event showed no significant effects. 
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Figure 61: Average deceleration during an event 

The time headway was analysed at the moment an event was triggered and average 
time headway was analysed during the events and outside the events. For all three 
variables a main effect was found for Distraction. Figure 62 shows the average 
values of the different conditions of the time headway at the start of an event (effect 
Distraction: [F(1, 45) = 21.55; p < 0.001]), Figure 63 shows the average values of 
time headway during an event (effect Distraction: [F(1, 43) = 16.15; p < 0.001]), and 
Figure 64 shows the average for the different conditions of the time headway outside 
the events (effect Distraction: [F(1, 45) = 58.94; p < 0.001]). All three effects of 
Distraction showed that in the distracted condition the time headway was longer. 

 

Figure 62: Average time headway at the moment an event was triggered 
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Figure 63: Average time headway during an event 

 

Figure 64: Average time headway outside the events. 

No significant effects were found for the mean time to collision (TTC) during an event, 
for average TTC during an event or for the average TTC outside events. The 
Distraction condition showed a trend for the mean TTC during an event and mean 
TTC outside events (see Table 48).  

The TTC was also analysed at the moment a participant released the accelerator or 
applied the brakes. Also for these variables no effects were found. A trend, however, 
was found for the Distraction condition for both variables (see Table 48; TTC was 
shorter in the distracted conditions. This shows that participants were distracted). 
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Table 48: Averages driving behaviour variables and main and interaction effects 

 No system          Non-adaptive system Adaptive system    

 not 
distracted distracted not 

distracted distracted not 
distracted distracted effect 

system 
effect 
distraction interaction 

dec -3.05 -2.85 -3.15 -2.76 -3.19 -2.89   

max dec -7.97 -7.94 -8.09 -7.66 -8.12 -7.87   

speed during 
event 53.15 57.19 50.84 58.47 48.67 54.61   

speed 
outside 
events 

74.37 73.78 75.33 73.92 74.37 73.65   

ttc release 
accelerator 5.81 5.24 4.91 4.16 5.84 4.85  trend 

ttc braking 4.12 3.59 3.70 3.23 3.67 3.33  trend 

min ttc 
during event 1.54 1.25 1.53 1.36 1.61 1.27  trend 

avg ttc 
during event 10.01 45.49 12.49 19.72 17.74 8.64   

distance 
headway 44.05 63.58 39.29 54.93 33.16 52.01   

time 
headway 
start event 

1.96 2.37 1.70 2.11 1.60 2.13   

time 
headway 
outside 
event 

2.13 3.13 1.83 2.68 1.61 2.55   

 = significance at least p < 0.05; trend =  significance 0.05 < p < 0.1;  = not significant 

5.4.4.4 Rating Scale Mental effort 

After the experiment the participants assessed their experienced effort during the 
entire drive by filling out the Ratings Scale Mental Effort (RSME). Analysis of the 
RSME showed no significant differences between workload in the three system 
conditions. Figure 65 shows the mean scores for the different conditions. A score of 
72 indicates ‘considerable effort’.  

 

Figure 65: Average RSME scores for each system condition. 
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5.4.4.5 Questionnaires 

Before and after the experiment, subjects filled out a questionnaire with questions 
related to possible effects of the FCW (see Appendix A). The answers to these 
questions were analysed and are presented in this section 

The percentages of participants who said that a FCW would increase (score 4 or 
higher; see Appendix A) traffic safety, irritation, stress, feeling of being controlled, joy, 
and alertness are presented in Figure 66. These percentages are based on the 
question answered after the experiment. Analyses of the responses showed that for 
all system conditions, the participants expected that a FCW would increase traffic 
safety. Participants who drove with a non-adaptive system thought that such a 
system would decrease the feeling of stress. Participants who drove with an adaptive 
system thought that their feeling of being controlled would increase as well as their 
irritation. No differences were found in answering this question between before and 
after the experiment. Figure 67 shows the average scores to the question ‘how often 
they would use a FCW and where’ obtained after the experiment. The figure shows 
the percentage of participants who indicated they would at least use the system often 
or more (score 4 or higher; see Appendix A). It clearly shows that in all conditions 
participants think they will use the system often, but less participants would use it 
often in the built-up area. During fog and slippery roads a FCW will most often be 
used. There were no significant differences between the answers obtained before 
and after the experiment.  

 

Figure 66: Percentages of participants that responded that safety, irritation, stress, being 
controlled, joy, and alertness would increase due to a FCW. 
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Figure 67: Percentages of participants who answered with at least ‘often’ or more to the 
question “If you had this system in your vehicle, where would you use it?” obtained before the 
experiment. 

The participants also indicated for which drivers a FCW would be justified. Figure 68 
shows the percentages of participants who thought a FCW was at least justified 
(score of 4 or higher; see Appendix A) for the drivers indicated. The percentage of 
participants that would like to have a FCW in their car increased after the experiment 
in all system conditions. Most participants were willing to pay € 500 or less. 

 

Figure 68: Percentages of participants who answered with at least ‘justified’ to the question 
“How justified do you think FCW would be for different categories of drivers?” obtained after 
the experiment. 

A reliability analysis for the acceptance scale of van der Laan, et al. (1997) was 
performed for the ‘usefulness’ scale and the ‘satisfying’ scale. The results showed 
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that both scales were reliable (α = 0.70 for usefulness and α = 0.81 for satisfying). 
Then the items useful, good, effective, assisting and raising alertness were averaged 
to get the usefulness scale, and the items pleasant, nice, likeable and desirable were 
averaged to get the satisfying scale. These scales were reversed so that 2 indicated 
a high score and -2 a low score. The average values are presented in Figure 69. 
Analysis showed a main effect for system condition with respect to usefulness [F(2, 
41) = 3.31, p < 0.05]. Post-hoc analyses showed that participants in the no system 
condition thought that a FCW would be more useful than participants in the adaptive 
condition. The difference between the non-adaptive condition and the adaptive 
condition was at trend level (p < 0.1). The main effect for how satisfying the 
participants judged (or assessed) a FCW was at trend level [F(2, 41) = 2.45, p < 0.1]. 
Post-hoc analyses showed that participants without the system thought a FCW would 
be more satisfying than as was judged by the participants who drove with the 
adaptive FCW.  

 

Figure 69: Average values for the different systems with respect to 
usefulness and satisfying.   

Figure 70 shows the averaged timing and frequency ratings of the alarms given by 
the participants who drove with a system. Alarm timing and frequency were scored  
as -2 (too often / too late) to +2 (too few / too early). Analysis showed no differences 
between the adaptive and non-adaptive system with respect to the timing of the 
alarms. Participants in the adaptive system condition rated the frequency worse (‘too 
often’) than participants in the non-adaptive condition [F(1, 30) = 10.714, p < 0.01].  
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Figure 70: Average responses of participants to the questions regarding 
timing and frequency of the alarms. 

5.4.5 Discussion 

The analysis of the driving behaviour data and the reaction time data showed no 
differences between the different system conditions. There was even no difference 
between the ‘no system condition’ and the adaptive or non-adaptive system 
conditions. This outcome may indicate that the secondary task was not distracting 
enough, there was no ‘real’ difference between the adaptive and non-adaptive 
algorithm, the time headway between participants and lead vehicle was too large, 
participants in the FCW conditions (either adaptive or non-adaptive) received too few 
warnings to make a difference with the no system condition, or participants managed 
to deal with the experimental situation without the use of the FCW. The latter 
explanation would implicate that the parameter values for the present experiment 
were not discriminative (i.e., the values for the FCW algorithm and the deceleration 
value of the lead vehicle). These explanations will be discussed below. 

The performance of the secondary task has been rather poor and therefore may not 
have been distracting enough. Over all conditions, participants missed about one 
third of all presentations (see Figure 54). However, this does not mean that they did 
not perform the secondary task at all. It simply indicates that they did not react within 
five seconds after starting the trial. Furthermore, analyses clearly indicated an effect 
of distraction (see, e.g. Figure 55 and Figure 56). So although participants missed 
one third of the secondary task presentations, performing this task had an effect 
upon their behaviour. 

The difference between the parameters of the adaptive and non-adaptive algorithms 
may not have resulted in differences in warnings. However, as Figure 51 shows the 
duration between the start of the event and a warning was shorter in the adaptive 
FCW condition when drivers were distracted, than in the non-adaptive condition 
when drivers were distracted. So there was a difference between the timing of the 
warnings of the adaptive and non-adaptive condition. 
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In the experiment there were eight events. An event could be triggered on one of five 
sections when the time headway was between 1 and 3 seconds. When on the first 
four sections no event was triggered, an event was triggered irrespective of the time 
headway on the fifth section. This may have caused long headways in a number of 
events which may have diluted the results. Therefore, we re-analysed with the 
restriction that headway was maximum three seconds and two seconds (the latter to 
see whether even shorter time headway would result in effects of a FCW). 
Pre-analyses showed no differences between the data obtained with the maximum 
time headway of 3 s and all time headways (basic analyses; only two participants 
showed differences). The data were analysed for maximum time headway of two 
seconds and are presented in Table 49. No important differences were found with the 
basic analyses.  

Table 49: Results of the analyses with maximum time headway of 2 seconds 
  

No system          Non-adaptive system Adaptive system    

  
not 
distracted distracted 

not 
distracted distracted 

not 
distracted distracted 

effect 
system 

effect 
distraction interaction 

accelerator 
rt 745.64 1294.27 804.60 1284.40 749.64 1189.00   

brake rt 1038.27 1585.18 1120.00 1532.80 988.27 1548.18   

difference 
accelerator 
brake 292.64 290.91 315.40 248.40 238.64 359.18   trend 

dec -3.36 -3.06 -3.51 -3.06 -3.69 -3.41   

max dec -7.89 -7.76 -8.00 -7.55 -8.41 -8.37   

speed 
during 
event 49.25 58.37 52.98 56.54 49.55 56.87   

ttc release 
accelerator 5.21 4.10 4.23 3.79 5.51 4.36  trend 

ttc braking 3.26 2.86 3.19 2.93 3.26 2.94   

min ttc 
during 
event 1.23 0.92 1.30 1.45 1.63 1.18  trend 

avg ttc 
during 
event 10.17 10.05 9.34 11.47 11.27 7.97   

time 
headway 
start event 1.10 1.43 1.14 1.34 1.04 1.53   

 = significance at least p < 0.05; trend =  significance 0.05 < p < 0.1;  = not significant 

In a number of events, participants driving with a FCW system did not get a warning 
during an event (see Figure 52). In those cases the situation was the ‘same’ as in the 
no system condition. To see whether this made any difference we analysed the data 
for only those events in which the participants did get a warning during an event. We 
analysed these subset of data for maximum time headway of 2 and 3 seconds. The 
results are presented in Table 50 (maximum time headway of 3 seconds) and Table 
51 (maximum time headway of 2 seconds). Only the analyses of the subset of data in 
which participants received a warning and maximum time headway of 2 s or shorter 
showed one ‘important’ difference. In the adaptive system condition the minimum 
time-to-collision was longer than in the other two conditions (see Figure 71). It is 
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important to note however that this is a subset of data and the significance level is 
between 0.05 and 0.1 (normally indicated as a trend). Furthermore, as can be seen 
in Figure 71 there is no difference between the distracted and not distracted 
condition. In the not distracted condition the FCW algorithm in the adaptive condition 
is the same as in the non-adaptive condition. Nevertheless, it does suggest that 
under these conditions (a warning and a time headway of 2 s or shorter) there is a 
(small) overall benefit of the adaptive system.  

Table 50. Results of the analyses of the subset of data with a warning and maximum time 
headway of 3 seconds. 

  

No system          Non-adaptive system Adaptive system    

  
not 
distracted distracted 

not 
distracted distracted 

not 
distracted distracted 

effect 
system 

effect 
distraction interaction 

accelerator 
rt 966.47 1410.00 911.77 1594.00 880.00 1309.25   

brake rt 1256.60 1679.33 1224.23 1852.23 1118.58 1666.08   

difference 
accelerator 
brake 290.13 269.33 312.46 258.23 238.58 356.83   trend 

dec -3.15 -2.98 -3.31 -2.96 -3.29 -3.11   

max dec -7.97 -7.94 -8.02 -7.42 -8.26 -8.10   

speed 
during 
event 53.15 57.19 50.74 58.70 48.21 56.03   

ttc release 
accelerator 5.42 5.17 4.37 3.37 5.56 4.93   

ttc braking 4.06 3.59 3.26 2.62 3.43 3.77   

min ttc 
during 
event 1.54 1.25 1.50 1.25 1.70 1.69   

avg ttc 
during 
event 10.01 45.49 11.23 19.06 10.61 10.33   

time 
headway 
start event 1.52 1.80 1.34 1.85 1.33 1.97   

 = significance at least p < 0.05; trend =  significance 0.05 < p < 0.1;  = not significant 
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Figure 71: Minimum time-to-collision during an event in which 
participants received a warning and the time headway at start event 
was 2 seconds or shorter. 

Table 51. Results of the analyses of the subset of data with a warning and maximum time 
headway of 2 seconds. 

  

No system          Non-adaptive system Adaptive system    

  
not 
distracted distracted 

not 
distracted distracted 

not 
distracted distracted 

effect 
system 

effect 
distraction interaction 

accelerator 
rt 745.64 1294.27 790.63 1370.75 773.00 1125.70   

brake rt 1038.27 1585.18 1106.63 1629.50 1016.90 1538.80   

difference 
accelerator 
brake 292.64 290.91 316.00 258.75 243.90 413.10   

dec -3.36 -3.06 -3.37 -3.28 -3.70 -3.26   

max dec -7.89 -7.76 -7.91 -7.91 -8.40 -8.10   

speed 
during 
event 49.25 58.37 51.27 51.49 49.76 58.56   

ttc release 
accelerator 5.21 4.10 4.00 3.23 5.72 4.65  trend 

ttc braking 3.26 2.86 2.87 2.39 3.30 3.59 trend  

min ttc 
during 
event 1.23 0.92 1.10 1.02 1.75 1.71 trend  

avg ttc 
during 
event 10.17 10.05 10.01 12.84 9.92 9.31   

time 
headway 
start event 1.10 1.43 1.04 1.33 1.09 1.66 trend  trend 

 = significance at least p < 0.05; trend =  significance 0.05 < p < 0.1;  = not significant 

Although the latter analysis has shown a small overall benefit of the adaptive system, 
in general, we must conclude that we found no effect of an adaptive FCW system in 
the present experiment. All the analyses presented above either indicate that the 
secondary task and the parameters of the FCW algorithm functioned as intended, or 
indicate that in the outskirts of the data there are no effects except one (see Figure 
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71). 

The results of the present experiment seem to suggest no benefits of the adaptive 
FCW system. However, it can not be excluded that there was a benefit, which was 
not measured. This benefit may have been that due to the earlier warning 
participants detected the event earlier. However, given the settings of the present 
experiment (deceleration of the leading vehicle, time headway to initiate event) there 
was apparently no reason for them to act immediately. So they may have reacted to 
the adapted warning but did not act to it. 

Another conclusion of these results is that the conditions investigated did not create a 
situation that showed a benefit of an adaptive system while drivers are distracted. 
The parameters chosen were not discriminative enough.   

5.5 Method, results and discussion at ITS Leeds 

5.5.1 Experimental design 

The experimental design was mixed. The main within-subjects factor was FCW 
system type (three levels: no system, non-adaptive, adaptive). There were three 
between-subjects factors: sensation seeking, preferred following headway and 
individual brake reaction time. 

Sensation seeking. Sensation seeking (SS) “is a trait defined by the seeking of 
varied, novel, complex, and intense sensations and experiences and the willingness 
to take physical, social, legal, and financial risks for the sake of such experiences” 
(Zuckerman, 1994). According to Jonah (1997), Zuckerman’s Sensation Seeking 
Scale Form V is the most frequently used in driver behaviour research was so used 
in this study. Two levels of SS were used in the analysis, high and low (see section 
5.5.3 for a more detailed rationale as to how the groups were defined). 

Preferred following headway. Preferred following headway was used to investigate 
driver behaviour and system acceptance for groups of drivers who tended towards 
close following and those that chose longer headways (see section 5.5.3 for a more 
detailed rationale). 

Individual brake reaction time. Individual drivers’ brake reaction time was used to 
investigate behaviour and acceptance for groups of drivers who enjoyed fast 
reactions and those that responded more slowly (see section 5.5.3 for more detail). 

5.5.2 Procedure 

Each experimental session lasted for approximately two hours, and was split into 
three main phases: simulator familiarisation, adaptive FCW system training and 
experimental data collection. Although the participants already had experience 
driving the simulator, simulator familiarisation enabled them to re-acquaint 



   

 

     
140

themselves with the its controls and handling. This took around 10-15 minutes and 
involved driving at their own speed in a rural environment with gentle, sweeping 
curves with light oncoming traffic.  

Following simulator familiarisation, adaptive FCW system training was undertaken. 
For this, participants also found themselves in a repeatable braking scenario 
designed to allow the measurement of their individual brake reaction time. The virtual 
environment was rural with alternating 500m straight and curved sections. Drivers 
were required to maintain 50mph (80km/h and obliged to follow a lead vehicle. This 
lead vehicle attempted to maintain a 1s headway in front of the simulator driver using 
a speed controller. Feedback on participant’s speed choice was given in form of a 
coloured overlay over the computer-generated visual display. If the driving speed 
was within ± 5% of the required 80km/h, the overlay disappeared. A scenario in 
which the lead vehicle braked was choreographed at every other straight section (i.e. 
approximately every 2km). In the braking scenario, the lead vehicle slowed at a 
deceleration of 4m/s2 until it reached 5mph (8km/h, continuing at this speed for 10s 
before accelerating back to 80km/h. The scenario was only “triggered” if the driving 
speed (80km/h ± 4km/h) AND the following headway (1s ± 0.05s) were within 
tolerance, plus the simulator driver did not have the accelerator pedal released. The 
choreographed simulation ensured that the braking scenario was identical for every 
participant and that reaction time was measured from accelerator release to brake 
activation. The braking scenario was repeated six times during system training and at 
its conclusion the mean brake reaction time for each participant was recorded. Each 
individual’s brake reaction time was used for the parameter Tdriver in the SDA of the 
adaptive FCW system. 

Since a repeated-measures design was used, participants were required to complete 
three separate drives during experimental data collection, once with no FCW system, 
once with the non-adaptive system and once with the adaptive system. FCW system 
type was counterbalanced across the participants. Participants were briefed on the 
study as follows: 

 “This experiment … is looking at driver experience with an ‘adaptive’ forward 
collision warning system. Such a system takes your driving characteristics into 
account when issuing the forward collision warning and hence it is adapted to 
individual drivers. The collision warning system will beep at you when you are getting 
too close to the lead car. However the system issues warning merely based on the 
distance between you and the lead car; it does not detect whether the lead car 
brakes or not. Therefore it is up to you to decide if the lead car slows down and if 
braking is required to avoid collision with the lead car.” 

A single-blind technique was employed such that the participants did not know in 
which of the two system conditions they were driving. 

In summary, for each type of FCW (non-adaptive, adaptive, including baseline), each 
40 km route (around 30min driving time) enabled driver behavioural data to be 
collected during six “expected” and two “unexpected” braking events. Post-drive 
questionnaires evaluated user acceptance of that system. The investigation was 
undertaken using a single-blind technique. 
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5.5.3 Measures and analysis method  

For the “expected” no-brake-lights “unexpected” scenarios, the event was defined 
between the commencement of lead vehicle braking and the lead vehicle reaching its 
8 km/h minimum speed. For the corresponding “lay-by unexpected” scenario, the 
event start was defined as the moment the “lay-by” vehicle began to move forwards. 
Data were recorded at the simulation frame rate, 60Hz. Two main driver behavioural 
measures were used: 

 Brake reaction time: time between the illumination of the lead vehicle’s brake 
lights and the application of brake pedal effort. 

 Minimum headway: a minimum value of time headway recorded during the 
event.  

As described in section 5.5.2, self-reports gave: 

 FCW alarm timeliness and frequency. 

 Mental effort using the FCW. 

 User acceptance of the FCW. 

 Trust in the FCW. 

 Personal factors affected by the FCW. 

A repeated-measures ANOVA was undertaken with the within-subjects factor of FCW 
system type (three levels: baseline, non-adaptive, adaptive). Three between-subjects 
factors of driver style were included in the analyses – sensation seeking (low, high), 
preferred following headway (short, long) and individual brake reaction time (fast, 
slow). 

Figure 72 shows the frequency plot of sensation seeking score (SSS) for the 
participant sample. The sample was normally distributed (Kolmogorov-Smirnov sig. > 
0.2) with a mean score of 19.27 and a median score of 19. Based on this evidence, 
drivers were divided into two groups of sensation seeking score: low (SSS < 20) and 
high (SSS ≥ 20). 

An individual driver’s preferred headway was defined as the mean headway recorded 
throughout the baseline drive. Only those segments of road without braking events 
were used in this calculation. Two participants maintained very long headways (7.50s 
and 4.84s) and so were removed from the analyses as outliers. Figure 73 shows the 
frequency plot of preferred headway (basehw) for the participant sample. Without the 
outliers, the sample was normally distributed (Kolmogorov-Smirnov sig. > 0.2) with a 
mean score of 2.13 and a median score of 1.85. Based on this evidence, the 
preferred headway was split into short (basehw < 1.85) and long (basehw ≥ 1.85). 

The individual brake reaction time (RT) groups were split based on the RT recorded 
during the adaptive system training drive. Figure 74 shows the frequency plot of RT 
for the participant sample. The sample was normally distributed (Kolmogorov-
Smirnov sig. > 0.2) with a mean score of 0.967s and a median score of 0.937s. 
Based on this evidence, the preferred headway was split into fast (RT < 0.937s) and 
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slow (RT ≥ 0.937s).  
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Figure 72: Sensation seeking score 
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Figure 73: Preferred headway (s) 
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Figure 74: Individual brake reaction time 

5.5.4 Results 

5.5.4.1 Brake reaction time 

Figure 75 shows the sample mean brake reaction time from the six “expected” and 
two “unexpected” braking events. The reason for the large difference in brake 
reaction time is due to the definition of the start of each event. For the “expected” 
events, it was defined as the moment that the lead vehicle started to slow, whereas 
for the unexpected events it was the moment the “lay-by” vehicle began to move, 
triggered when the simulator vehicle had a time-to-contact of 7s. 
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Figure 75: Brake reaction time by event type (error bars show 95% C.I.s) 
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Even though the “expected” were more numerous, the “unexpected” events 
suggested a much more powerful effect of system (expected: F(2,86)=2.79, p=0.067; 
unexpected: F(2,86)=10.7, p<.001). Pairwise comparisons (Tukey LSD) are also 
shown in Figure 75 indicating that both FCW systems improved brake reaction time, 
but neither system had an advantage over the other. 

The greater power demonstrated by the “unexpected” events was consistent across 
all the behavioural measures and so only these events are included in this analysis. 

 

Figure 76: Brake reaction time by driving style (error bars show 95% C.I.s) 

Figure 76 shows the effect of all three measures of driver style on brake reaction 
time. There was a no significant main effect of either sensation seeking or individual 
brake reaction time, however, preferred following headway did show a significant 
effect: F(1, 41)=6.77, p=.013. Perhaps unsurprisingly, drivers who preferred shorter 
headway came closer to a collision with the leading vehicle. There was also a 
significant interaction (F(2, 82)=6.85, p=.002) such that long followers tended to have 
a fairly consistent brake reaction time whatever system they used. Short followers on 
the other hand displayed shorter brake reaction times with the non-adaptive FCW, 
and shorter still with the adaptive system. 

Table 52: Summary of brake reaction time data 

  
No system Non-adaptive 

system Adaptive system effect 
system 

effect 
SS/follow/
RT 

interaction 

  
low SS high SS low SS high SS low SS high 

SS    

brt 6.07 6.45 5.34 5.02 4.77 4.77   

  
short 
follow 

long 
follow 

short 
follow 

long 
follow 

short 
follow 

long 
follow    

brt 6.19 6.34 5.00 5.30 3.62 5.92   

  
fast RT slow RT fast RT slow RT fast RT slow 

RT    

brt 6.15 6.36 4.95 5.42 4.54 5.01   

 = p<.001,  = p<.01,  = p<.05, trend = p<.1,  = not significant 
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5.5.4.2 Minimum time headway 

Figure 77 shows the minimum headway recorded during the “unexpected” events. 
There was a main effect of system, F(2, 88)=12.4, p<.001. Post-hoc tests (Tukey 
LSD) showed that drivers without a FCW came closer to a collision with the lead 
vehicle (min headway = 1.11s) than when they interacted with the non-adaptive 
(1.66s) or adaptive (1.45s) systems. There was no significant difference in minimum 
headway of the two systems, neither was there a significant effect of any of the 
measures of driving style. However during the braking events, high sensation 
seekers tended to end up closer to a collision (1.20s) than low sensation seekers 
(1.54s); F(1,43)=3.14, p=0.085.2  

 

Figure 77: Minimum headway by driving style (error bars show 95% C.I.s) 

Table 53: Summary of minimum headway data 

 No system Non-adaptive 
system Adaptive system effect 

system 

effect 
SS/follow
/RT 

interaction 

 low SS high SS low SS high SS low SS high SS    

uh 1.18 1.02 1.81 1.49 1.62 1.27  trend 

  
short 
follow 

long 
follow 

short 
follow 

long 
follow 

short 
follow 

long 
follow    

uh 0.93 1.26 1.58 1.66 1.43 1.41   

  fast RT slow RT fast RT slow RT fast RT slow RT    

uh 1.03 1.18 1.64 1.68 1.51 1.39   

 = p<.001,  = p<.01,  = p<.05, trend = p<.1,  = not significant 

5.5.4.3 Alarm timing and frequency 

Alarm timing and frequency were rated from -2 (too often / too late) to +2 (too few / 
too early). In general, participants felt that with both FCW systems, alarms occurred 

                                              

2 Analyses showed similar results for TTC. 
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too early as shown in Figure 78. However, there was a highly significant main effect 
of system, F(1,43)=14.3, p<.001: drivers rated the adaptive system as giving a more 
appropriate timing of alarms (-0.23) than the non-adaptive system (-0.78). There was 
also a main effect of system type on the alarm frequency ratings, F(1.43)=7.14, 
p=.011. Again, the non-adaptive system was rated worse, reported as giving too 
many warnings (0.75) than the adaptive one (0.43). 

 

Figure 78: Ratings of alarm timeliness and frequency (error bars show 95% C.I.s)  

Table 54: Summary of ratings of alarm timeliness and frequency 

  Non-adaptive 
system Adaptive system effect 

system 
effect 
SS interaction 

  
low SS high 

SS low SS high 
SS    

timing (-2 to 2) (early to 
late) -0.69 -0.86 -0.23 -0.23   

freq (-2 to 2) (few to many) 0.55 0.95 0.41 0.45   

  Non-adaptive 
system Adaptive system effect 

system 
effect 
follow interaction 

  
short 
follow 

long 
follow 

short 
follow 

long 
follow    

timing (-2 to 2) (early to 
late) -1.08 -0.43 -0.42 -0.05   
freq (-2 to 2) (few to many) 1.03 0.48 0.75 0.14   

 Non-adaptive 
system Adaptive system effect 

system 
effect 
RT interaction 

 fast RT slow 
RT fast RT slow 

RT    

timing (-2 to 2) (early to 
late) -0.91 -0.63 -0.22 -0.24   
freq (-2 to 2) (few to many) 1.04 0.44 0.48 0.38  trend 

 = p<.001,  = p<.01,  = p<.05, trend = p<.1,  = not significant 

5.5.4.4 Mental effort (RSME) 

There was no significant main effect of system on RSME. As shown in Figure 79, of 
the three measures of driving style, there was an effect of preferred headway, 
F(1,41)=5.26, p=.027. Drivers who preferred close following reported a significantly 
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higher rating of mental effort (44.9) than those who followed at a longer headway 
(34.7). There was a trend, F(2,86)=2.52, p=.087, towards an interaction between 
FCW system type and sensation seeking. High sensation seekers reported a 
relatively stable mental effort regardless of system, whereas the adaptive system 
reduced the report effort of low sensation seekers. 

 

Figure 79: Ratings of mental effort (error bars show 95% C.I.s) 

Table 55: Summary of ratings of mental effort 

  
Non-adaptive system Adaptive system effect 

system 

effect 
SS/follow/
RT 

interaction 

  low SS high SS low SS high SS    
RSME 49.30 36.08 41.23 39.45   trend

  short follow long follow short follow long follow    
RSME 48.53 35.43 45.38 32.71   

 fast RT slow RT fast RT slow RT    
RSME 41.17 44.58 39.35 41.43   

 = p<.001,  = p<.01,  = p<.05, trend = p<.1,  = not significant 

5.5.4.5 User acceptance 

Satisfaction and usefulness were rated from -2 (poor) to +2 (good). In general, 
participants gave positive feedback on the usefulness of both FCW systems, but 
rated them less than satisfactory. There was no significant main effect of system on 
user acceptance, however low sensation seekers tended to be more satisfied with 
FCW, F(1,43)=3.03, p=.089, and also found them more useful, F(1,43)=3.63, p=.063, 
than high sensation seekers. More powerful results were shown for preferred 
headway, with short followers rating FCW lower than long followers (satisfaction: 
F(1,43)=5.83, p=.020; usefulness, F(1,43)=6.82, p=.012). 

There was a significant interaction between system type and sensation seeking for 
satisfaction, F(1,43)=11.0, p=0.002. Low sensation seekers reported similar 
satisfaction with both systems, whereas poor approval of the high sensation seekers 



   

 

     
148

in the non-adaptive FCW was mitigated by the adaptive system. There was also 
significant interaction between system type and sensation seeking for both 
satisfaction, F(1,43)=5.83, p=0.02, and usefulness, F(1,43)=10.0, p=.002. Slow 
reactors did not discriminate much between the two systems, whereas fast reactors 
preferred the adaptive system. 
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Figure 80: Ratings of satisfaction and usefulness of FCW type (error bars show 95% C.I.s)  

Table 56: Summary of ratings of satisfaction and usefulness of FCW type 

  Non-adaptive 
system Adaptive system effect 

system 
Effect 
SS interaction 

  
low SS high 

SS low SS high 
SS    

satisfaction -0.08 -0.86 -0.26 -0.38  trend 
usefulness 0.94 0.31 0.92 0.62  trend 

  Non-adaptive 
system Adaptive system effect 

system 
effect 
follow interaction 

  
short 
follow 

long 
follow 

short 
follow 

long 
follow    

satisfaction -0.75 -0.25 -0.45 -0.27   
usefulness 0.38 0.84 0.62 0.87   

 Non-adaptive 
system Adaptive system effect 

system 
effect 
RT interaction 

 fast RT slow 
RT fast RT slow 

RT    

satisfaction -0.91 0.00 -0.46 -0.17   
usefulness 0.17 1.12 0.64 0.92   

 = p<.001,  = p<.01,  = p<.05, trend = p<.1,  = not significant 

5.5.4.6 Trust 

There was a main effect of system on the perceived enhancement to safety, 
F(1,43)=5.87, p=0.02, with the adaptive system achieving a higher rating. There were 
also several significant interactions between system type and sensation seeking for 
trust: F(1,43)=5.66, p=0.022, reliability: F(1,43)=8.37, p=0.006, dependability: 
F(1,43)=6.00, p=0.018, and integrity: F(1,43)=4.46, p=0.041. In each case, low 
sensation seekers did not discriminate particularly between the systems, but the high 
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sensation seekers tended to report higher ratings in the adaptive system over the 
non-adaptive. 

The same four measures of trust also approached or achieved significance for an 
interaction between system type and driver brake reaction time; trust: F(1,43)=3.84, 
p=0.057, reliability: F(1,43)=7.86, p=0.008, dependability: F(1,43)=6.36, p=0.016, and 
integrity: F(1,43)=9.01, p=0.004. 

 

Figure 81: Ratings of satisfaction and usefulness of FCW type (error bars show 95% C.I.s) 

Table 57: Summary of ratings of trust in FCW 

 Non-adaptive 
system Adaptive system effect 

system 
effect 
SS interaction 

 low SS high 
SS low SS high 

SS    

system enhances my safety 60.18 51.77 64.48 61.41   
familiar with system 
operation 64.73 70.77 64.85 70.32   

I trust the system 62.93 61.64 59.15 67.91   
system is reliable 65.39 60.55 61.15 67.77   
system is dependable 66.03 59.18 62.83 65.45   
system has integrity 62.19 56.64 61.49 64.95 Trend  
I am comfortable with the 
intent of the system 72.90 66.55 72.70 71.32   

I am confident in my ability 
to drive the car safely 
without the system 

76.40 76.09 69.89 75.05 Trend  

I have confidence in the 
system 65.32 61.45 64.66 67.95   trend 
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Table 57 continued      

 Non-adaptive 
system Adaptive system effect 

system 
effect 
follow interaction 

 short 
follow 

long 
follow 

short 
follow 

long 
follow    

system enhances my safety 53.78 58.10 66.86 58.71   
familiar with system 
operation 69.71 66.86 67.25 69.48   

I trust the system 65.20 59.10 66.02 61.43   
system is reliable 65.00 61.24 66.84 62.76   
system is dependable 65.94 61.00 66.37 63.19   
system has integrity 60.02 60.14 64.64 62.52   
I am comfortable with the 
intent of the system 67.49 71.24 70.64 73.29   

I am confident in my ability 
to drive the car safely 
without the system 

77.33 74.33 72.61 70.90 Trend  

I have confidence in the 
system 63.25 63.81 66.01 67.29   

 Non-adaptive 
system Adaptive system effect 

system 
effect 
RT interaction 

 fast RT slow 
RT fast RT slow 

RT    

system enhances my safety 46.74 65.82 58.43 67.73   trend 
familiar with system 
operation 72.17 62.99 68.52 66.48   

I trust the system 60.13 64.56 65.39 61.38   trend 
system is reliable 58.35 67.91 65.17 63.56   
system is dependable 57.43 68.17 63.61 64.64   
system has integrity 52.87 66.39 62.57 63.83 Trend  
I am comfortable with the 
intent of the system 65.17 74.63 71.91 72.14   

I am confident in my ability 
to drive the car safely 
without the system 

79.00 73.38 74.96 69.75 Trend  

I have confidence in the 
system 60.43 66.57 66.35 66.19   

 = p<.001,  = p<.01,  = p<.05, trend = p<.1,  = not significant 

5.5.4.7 Personal factors 

Personal factors were scored between -2 (reduces) and +2 (improves). There was a 
main effect of FCW type on participants perception of traffic safety, F(1,43)=6.90, 
p=0.012, with the adaptive system scoring higher (.91) than the non-adaptive (.62). 
There was also a trend to suggest that both FCW reduced the joy of driving, but to a 
lesser extent for the adaptive system; F(1,43)=3.57, p=0.067. 

All three measures of driver style had a significant effect on driver irritation. High 
sensation seekers; F(1,43)=7.13, p=0.011, short followers; F(1,41)=5.95, p=0.019 
and fast reactors; F(1,43)=4.25, p=0.045, all becoming more impatient with FCW, 
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compared to low sensation seekers (0.58 v 1.18), long followers (0.59 v 1.15) and 
slow reactors (0.63 v 1.10) respectively. Results also suggested the high sensation 
seekers, F(1,43)=11.3, p=0.002, and the short followers, F(1,43)=4.27, p=0.025, 
became more stressed when driving with FCW. 
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Figure 82: Personal factors affected by FCW (error bars show 95% C.I.s) 

Table 58: Summary of personal factors affected by FCW 

 Non-adaptive 
system Adaptive system effect 

system 
effect 
SS interaction 

 low SS High 
SS low SS high 

SS    

system affects traffic safety 0.46 0.77 0.95 0.86   trend 
system affects driver 
irritation 0.61 1.32 0.56 1.04   

system affects driver stress -0.01 0.77 -0.06 0.60   
system affects drivers 
feeling of being controlled 0.60 0.86 0.50 0.71   

system affects joy of driving -0.47 -1.09 -0.42 -0.71 Trend  
system affects driver 
attentiveness 0.33 0.27 0.00 0.18   

 Non-adaptive 
system Adaptive system effect 

system 
effect 
follow interaction 

 short 
follow 

long 
follow 

short 
follow 

long 
follow    

system affects traffic safety 0.53 0.71 1.00 0.85   
system affects driver 
irritation 1.18 0.71 1.13 0.47   

system affects driver stress 0.61 0.16 0.51 0.02   
system affects drivers 
feeling of being controlled 0.99 0.52 0.80 0.46  trend 

system affects joy of driving -0.85 -0.71 -0.66 -0.45 Trend  
system affects driver 
attentiveness 0.33 0.21 0.00 0.10   
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Table 58 continued      

 Non-adaptive 
system Adaptive system effect 

system 
effect 
RT interaction 

 fast RT slow 
RT fast RT slow 

RT    

system affects traffic safety 0.52 0.71 0.82 1.00   
system affects driver 
irritation 1.17 0.73 1.03 0.54   

system affects driver stress 0.57 0.17 0.45 0.07   
system affects drivers 
feeling of being controlled 0.78 0.67 0.81 0.39   

system affects joy of driving -0.96 -0.58 -0.68 -0.43 Trend  
system affects driver 
attentiveness 0.09 0.53 -0.30 0.50   

 = p<.001,  = p<.01,  = p<.05, trend = p<.1,  = not significant 

5.5.5 Discussion 

The study aimed to evaluate driver behaviour when interacting with a Forward 
Collision Warning (FCW) system. Driver style was also taken into consideration by 
splitting the sample into groups of high and low sensation seeking, short and long 
preferred following headway and fast and slow brake reaction time. The dependent 
variables defining the groups did not correlate, suggesting that the groups were not 
simply the same participants under a different guise.  

The study was undertaken using a driving simulator with a number of “expected” 
(lead vehicle braking) and “unexpected” (vehicle pulls out of “lay-by”) braking 
scenarios. Two FCW systems with differing Stop Distance Algorithms (SDA) were 
evaluated (Wilson et al., 1997). One of the parameters in the SDA was an 
assumption of driver brake reaction time. In the non-adaptive system the assumed 
driver brake reaction time was fixed at 1.5s, whereas the adaptive system used an 
individual driver’s brake reaction time, recorded in the simulator from identically 
choreographed events. Forty-five drivers participated in the single-blind study. 

An investigation of driver behaviour with the FCW suggested that, even though they 
were less numerous, the “unexpected” events tended to provide more powerful 
results and it was these events on which the majority of the analyses were 
performed. 

Overall, both FCW systems had a highly significant beneficial effect on driver safety, 
a result in line with other similar investigations (Abe and Richardson, 2004; Wilson et 
al., 1997). When the system was functional, brake reaction time was reduced and 
during the braking events, drivers remained further from a collision with a lead 
vehicle. Neither sensation seeking nor an individual driver’s brake reaction time 
affected the speed of their response to the traffic events, in line with De Brabandera 
et al., 1995. However, drivers who preferred shorter headways responded to 
unfolding traffic events more quickly than long followers. This intriguing result 
suggests that those drivers who choose to drive closer to preceding vehicles do so in 
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the belief that their driving abilities are such that their risk of collision is not increased. 
Since minimum headway during the braking events was not significantly reduced in 
the short followers, the evidence suggests that their beliefs and abilities concur. 
Unfortunately, this result was not backed up by a significant correlation between 
preferred headway and individual brake reaction time. Neither could the well 
established correlation with sensation seeking and driving speed (Zuckerman and 
Neeb, 1980) be replicated in areas of roadway when drivers were unconstrained by a 
lead vehicle. However, the relationship reported in Zuckerman and Need’s study, 
was based on self reports as opposed to actual recording of an individual’s speed 
choice in an instrumented vehicle or simulator. 

In general, driver behavioural measures indicated a safety benefit of FCW and such 
a benefit was a similar magnitude between the two systems. However, one 
advantage of the adaptive system was demonstrated by the highly significant 
interaction between preferred headway and FCW type. For the long followers, the 
introduction of the either FCW type reduced brake reaction time to around the same 
degree. Short followers, on the other hand, saw an additional reduction in reaction 
time when they made use of the adaptive system. 

Whilst behavioural measures did not particularly discriminate between the two 
systems, self reports on the timeliness and acceptance indicated benefits of the 
adaptive system. Low sensation seekers and long followers rated their acceptance of 
both systems to a similar degree, however high sensation seekers and short 
followers preferred the adaptive system. Similar interactions suggesting the 
preference of the adaptive system were also demonstrated for reports of trust, 
dependability, reliability and integrity. In these cases, all three measures of driver 
style were consistent with each other. The increased trust in automation for low 
sensation seekers, demonstrated here, has also previously been highlighted by 
Ruddin-Brown and Noy (2002). Furthermore, the adaptive system had benefits in 
terms of mental effort. When using the FCW, high sensation seekers reported a 
relatively stable mental effort regardless of system type, whereas the adaptive 
system reduced the reported effort of low sensation seekers. The more appropriately 
timed warnings appear to have the same positive effect on mental effort as reported 
by Wiese and Lee (2004). 

However, not all groups of drivers were embracing of the concept of FCW systems in 
general. Whilst all drivers recognised the safety benefits of FCW, they tended to 
become irritated by them and also felt they intruded on the joy of driving. Results also 
suggested the high sensation seekers and the short followers became more stressed 
when driving with FCW. Whilst these results tended to be mitigated by the adaptive 
system, some concerns remain that the proven benefits of such a system may be 
outweighed by its annoying features. 

5.5.6 Overview of results and conclusions 

Considering drivers’ response to unfolding traffic situations that require braking, FCW 
systems have a well proven positive benefit to safety, a result endorsed by this study. 
There have also been indications from earlier investigations suggesting that the more 
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timely an FCW alarm is, the more a driver will trust the system and hence respond 
appropriately to its warnings (Abe and Richardson, 2004; Wiese and Lee, 2004). 
More pertinent alarms are more likely to improve driver safety. 

In this investigation, a pertinent FCW was developed that had the ability to adapt the 
timing of its alarms according to an individual driver’s personal style. Whilst all drivers 
benefited in terms of improved safety from FCW, non-aggressive drivers (low 
sensation seeking, long followers, slow reactors) appeared not to display a 
preference to the adaptive system over a non-adaptive equivalent. Furthermore, 
there is little evidence to suggest that the non-aggressive drivers’ performance is any 
different with either adaptive or non-adaptive systems.  

Benefits of the adaptive system were demonstrated when it came to aggressive 
drivers (high sensation seeking, short followers, fast reactors). Even though the 
behavioural evidence indicated that the system had a highly significant positive 
safety benefit, the aggressive drivers tended to rate FCW in general much more 
poorly than their non-aggressive contemporaries. This is likely to be due to that fact 
that they find FCW more irritating and stress inducing than non-aggressive drivers. 
However, some of these issues that can turn aggressive drivers off FCW, are 
mitigated when adaptive systems are used: their acceptance of the system is 
improved and their irritation and stress is reduced. Nevertheless, concerns remain 
that the proven benefits of such system might still be in conflict by their annoying 
features. 

5.6 Discussion for all three experiments 

These experiments were carried out in three different driving simulators by three 
different teams of researchers and even though the experiments were co-ordinated, it 
should be remembered that they are not identical. Direct comparisons are not 
recommended but it is possible to draw mutual conclusions. 

One limitation of the study is that, even though identical warning algorithms were 
used, there were some differences in the functionality of the audible FCW alarm. For 
two of the experiments (VTI and ITS Leeds) the warning was presented continuously 
whenever the vehicle was within the warning distance calculated by the algorithm. 
For the third (TNO), the warning lasted for two seconds and then stopped, which was 
similar as in the Abe and Richardson (2004) study. The system ‘resets’ when the 
distance between the vehicles again exceeded the warning distance; only then could 
a new warning be given.3 This system was adapted to distraction and that may 
explain why there were no clear results on the effect of system adaptation to 
distraction when there was an effect on system adaptation to road condition and 
driver style. 

                                              

3 According to the researchers of TNO in this way the system investigated reflected more a frontal 
collision warning system. With a continuous warning the system can also be seen as distance keeping 
system. However, it was an error not to inform the drivers (e.g., visually) about the status of the 
system (i.e., whether the warning distance was exceeded or not) 
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In this study two experiments (TNO & Leeds) included a comparison to a baseline 
(driving without any system) where one of the studies was with the system that had a 
two seconds warning and one with the continuous warning system. For the two 
seconds system, no safety benefits could be found but for the continuous warning 
system there was a safety benefit of the FCW system (both the adaptive and non-
adaptive). The latter result is well in line with other findings on similar systems (Abe 
and Richardson, 2004; Wiese and Lee, 2004). 

One of the systems tested was adapted to road friction giving the driver an early 
warning when the road was slippery; the main purpose of this adaptation was to 
increase safety for the driver in critical situations. The results showed a clear 
improvement in safety where there were fewer collisions for the adaptive system as 
well as longer minimum time to collision and minimum headway. The downside of the 
systems being adaptive was that the system had a somewhat lower acceptance than 
the non adaptive system. The difference was small but statistically significant.  

Compared to adapting the system to friction, the adaptation made to personal driver 
style can be considered as an adaptation in the opposite direction: drivers with a 
short reaction time received the warning later than drivers with long reaction time. 
The purpose of this was to increase the acceptance of the system for aggressive 
drivers (high sensation seekers, short followers, fast reactors). Whilst in terms of 
significantly reduced collisions and near-misses compared to the baseline, both 
systems demonstrated improved safety to a similar extent, drivers rated their 
acceptance of the adaptive system significantly higher than for the non adaptive 
system. 

In conclusion, a forward collision warning system has benefits in terms of safety and, 
by adapting the system to the prevailing road condition the benefits are even greater. 
However, extra care has to be taken to improve the driver’s acceptance of the 
system. By adapting the system to personal driving style, the annoying features of 
the system will be reduced. Further work has to be carried out to recognise how the 
number of perceived false or early warnings can be further reduced, fostering 
improved acceptance.   
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6 Discussion and conclusions 

This deliverable has described the results and conclusions of six experiments on the 
short term or learning effects of different types of ADAS. They either focused on 
learning process of an ADAS system itself or on the specific learning process of an 
Integrated ADAS system, or on the specific learning process of an Adaptive ADAS 
system. Instead of repeating the separate conclusions of the different experiments, 
this Discussion is focused on the more “higher level” conclusions with respect to: 

1. Learning 
2. Integration 
3. Adaptivity 

6.1.1 Learning 

With respect to short term learning, the different experiments show us the following: 

When trying to learn a stand-alone ACC system, knowledge, understanding and 
anticipation of ACC reactions seem to be available after about 370 km driving with 
the system (this equals 5 drives in the experiment). All drivers think they are capable 
to take the right decision after 370 km. This amount of learning also seems enough to 
shift the driver’s attention from the system back to the traffic (situation awareness) at 
the level of driving without a system (so it shifted from system back to traffic). 

When learning two separate systems (Speed Limiter and Cruise Control), but with an 
integrated HMI, the learning time takes longer than the total of the two separate 
systems. Because of the integrated interface, drivers are at first confused. Drivers 
feel quickly at ease with the Speed Limiter, but it takes them more time to learn 
Cruise Control. This is because the Speed Limiter interferes less with the driving task 
than the Cruise Control. It is advised to start learning with ‘easier’ system. 

It was found that the simplest procedures were learned immediately. After 11 hours 
of driving the short term learning process of both systems with the integrated HMI 
seems to be over. Drivers indicate they feel at ease with the system. But the long 
term learning process is still not fully over. People still discover aspects of the 
system. 

The experiments also learn us that apart from driver performance or behaviour, driver 
interaction with the system is a good indicator of the learning process. 

6.1.2 Integration 

With respect to the integration of two ADAS systems, the experiments show us the 
following: 
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One of the experiments studied the integration of a Forward Collision Warning (FCW) 
system and a Lane Departure Warning (LDW) system. These systems were not 
integrated in one HMI, like the Speed Limiter and the Cruise Control systems 
mentioned above, but they were integrated in the sense that they could function at 
the same time. In other words, they could fire their warnings at the same time to the 
driver. Their was, however, no interaction between the driver and the system(s). 
Another main different with the integrated HMI of the Speed Limiter and the Cruise 
Control is that these latter systems support the same longitudinal task of the driver, 
whereas the FCW and LDW systems support different driver tasks (longitudinal and 
lateral).  

The main conclusion with respect to integration is that drivers of the integrated 
system (FCW and LDW) tend to ignore the warnings of both systems. When these 
same drivers, however, drive only with either one of those systems active, they adjust 
their behaviour according to the warnings. This might be caused by the high number 
warnings drivers receive when driving with both systems active (on average 70 
warnings per hour). So maybe there is a threshold of the number of warnings that 
drivers are able to deal with. The alternative explanation is that drivers are not able to 
drive with more than one system active in general, irrespective of number of 
warnings. 

With respect to the learning time of this integrated system, it was concluded that it 
took drivers five times of one hour exposure time to come to a harmonised driving 
behaviour. In other words: their short term learning process seemed to be over by 
then. 

6.1.3 Adaptivity 

Three experiments looked at adaptive Forward Collision Warning Systems. These 
adaptive FCW’s were either adaptive to road condition, to distraction of the driver, or 
to personal driving style. It is concluded that adaptivity does not necessarily lead to 
adjusted or improved driving performance. 

One of the systems tested was adapted to road friction, giving the driver an early 
warning when the road was slippery. The main purpose of this adaptation was to 
increase safety for the driver in critical situations. The results showed a clear 
improvement in safety because there were fewer collisions for the adaptive system 
as well as longer minimum time to collision and minimum headway. The downside of 
the systems being adaptive was that the system had a somewhat lower acceptance 
than the non adaptive system. 

Compared to adapting the system to friction, the adaptation made to personal driver 
style can be considered as an adaptation in the opposite direction: drivers with a 
short reaction time received the warning later than drivers with long reaction time. 
The purpose of this was to increase the acceptance of the system for aggressive 
drivers (high sensation seekers, short followers, fast reactors). Whilst in terms of 
significantly reduced collisions and near-misses compared to the baseline both 
systems demonstrated improved safety to a similar extent, but drivers rated their 
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acceptance of the adaptive system significantly higher than for the non adaptive 
system. Nevertheless, concerns remain that the proven benefits of such system 
might still be in conflict by their annoying features. 

The system that adapted to distraction of the driver (it issued an earlier warning in 
this case), did not show any improvements in terms of driving behaviour or 
acceptance. An explanation may be found in the fact that the warning of this FCW 
lasted for two seconds and then stopped. The system ‘reset’ when the distance 
between the vehicles again exceeded than the warning distance; only then could a 
new warning be given. This led to less warnings and a less “irritating” warning sound 
in general, because the sound stopped automatically, whereas in the other studies 
the sound kept on going until distance to car in front was increased again. 

In conclusion, a forward collision warning system has benefits in terms of safety and 
by adapting the system to the prevailing road condition the benefits are even greater. 
However, extra care has to be taken to improve the driver’s acceptance of the 
system. By adapting the system to personal driving style, the annoying features of 
the system will be reduced. Further work has to be carried out to recognise how the 
number of perceived false or early warnings can be further reduced, fostering 
improved acceptance. 
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7 Contributions to SP1, SP2, and SP3 

The results presented in this deliverable are of use for other work packages in SP1 
as well as the other sub-projects SP2 and SP3. In this chapter we briefly indicated 
the main findings relevant for different sub-projects.  

7.1 SP 1: Behavioural effects and DVE modelling 

The DVE models use a number of parameters. With respect to these parameters 
suggestions or rules are provided based on the experimental results that can be used 
to update the model. The rules and suggestions are presented in Table 59.  

Table 59: Parameters used by the DVE model 

Generic 

 

 road category affects rule 
 type of system affects rule 
 high conformity to speed limit high interference of the system 

(Chapter 2) 
Static parameters 

Experience/Attitudes 

 Use of ACC influences behaviour inducing better compliance with 
speed regulation in motorways and A type Roads (Chapter 3) 

 Use of ACC may influence knowledge of practised distances 
between vehicles putting in concrete time values (Chapter 3). 

 attitude towards speedlimits influences the way the parameters of 
the SL are set (Chapter 2) 

 use of SL influences behaviour better compliance of speed limit en 
reduces large deviations (Chapter 2) 

Dynamic parameters 
Number of 
IVIS/ADAS n.a. 

Number of 
indicators 
/alarms 

 If Information used by the ACC is also directly available for drivers 
inconsistencies may lead trust to fall down. Inversely, concrete 
values of Time Headway may improve the situation knowledge and 
Situation awareness. (Chapter 3) 

Situation 
awareness 

Familiarity 

 IF Familiarity increases  SA may increases too (Chapter 2 and 3) 
 But also IF Familiarity increases  attention devoted to secondary 

tasks may increase too (and situation awareness can be affected 
so; Chapter 3) 

 Depending upon the type of system specific situation awareness 
may increase (Chapter 2; e.g., Speed Limiter causes better 
knowledge of speed limit) 

Complexity 
of traffic 

 IF complexity of Traffic increases  ACC behaviour may create 
ambiguous messages for others vehicles (long TH) increasing task 
demands if drivers misunderstanding arise (Chapter 3) 

 IF Long periods  without target regulation situation awareness 
may decrease and late reactions arise (Chapter 3) 

Task demand 

Speed 
 IF speed of following traffic falls and remains under the deactivation 

threshold  task demands becomes same as task demand when 
manual driving (Chapter 3) 
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Weather 

 IF Weather conditions affects tyre’ grip control of speed adequacy 
needs to increase (Chapter 3) 

 Road conditions have an effect on driver behaviour: in the non-
adaptive systems drivers have to react faster on slippery roads so 
we presume that task demand is higher (Chapter 5). 

Light n.a. 

 

Number of 
alarms  

 number of alarms too high, alarms are ‘ignored’ (Chapter 4) 
 with more systems, drivers ignore alarms (if number of alarms goes 

up; Chapter 4) 
Duration of 
driving n.a. 

Road 
conditions n.a. 

weather n.a. 

Driver state 

complexity n.a. 

Intentions  

 Communication of driver intentions by informal cues may be 
distorted creating ambiguous messages (Time Headway too long for 
a situation, braking due to interferences in bends and so on; 
Chapter 3)  

 Short changes in road environment (e.g., transitory speed limit 
changes) that involving new task demand and thus require adjusting 
driving behaviour may not be taken into account by the driver 
because of the duration (Chapter 2) 

In general on basis of the experiments described in Chapter 5 we can also conclude 
that safer (adaptive) systems are not necessarily better accepted than non-adaptive 
systems (which presumably are less safe). 

7.2 SP 2: Evaluation and assessment methodology  

The critical situations encountered and elicited by drivers as described in Chapter 3 
may contribute to the definition of tests-scenarios for evaluation. The methodology 
used in this chapter (repeated questionnaires) reveal changes in mental 
representation as use goes on but interpretation may be hard without complementary 
cues. 

An obvious observation will be that before evaluating a system, it is necessary to 
define which level of learning or adaptation the drivers have reached. It is required to 
have several repetition of driving sequences, and if drivers have never driven with the 
system, then two or even three driving periods can be necessary. 

Evaluating one system may lead to a different outcome then evaluating the same 
system in combination with one or more other systems. This outcome was shown in 
Chapter 4. 

For evaluating a system one must not only rely on one type of evaluating method 
(experiment, questionnaires, etc.). The method must encompass the effects of the 
system on behaviour, the interaction with system, and verbal information about the 
use of the system. In this way a good overview is obtained about the use and 
influence of the system. 
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The verbal protocol as used in Chapter 3 is useful to unveil the user knowledge 
(conceptualised and procedural one) in revealing the priorities established in 
information passed. However, this type of protocol is less suited to pinpoint when 
knowledge about the system has been (fully) gained (e.g., knowledge may be built 
earlier than moment of questioning). 

7.3 SP 3: Design and development of adaptive integrated 
driver-vehicle interface 

Identification of driver’s information raises the need to conceive easy understandable 
user’s manuals (explicit use cases) and/or training session or demonstrations. 

The feedback from the system can be adaptive to driver experience with the system 
(hours/km driven) as if more explanations should be convey at the beginning, less 
and less are necessary after prolonged use. Choice of information to display can be 
proposed as a first adaptation to drivers, automatic display management is the most 
sophisticated. Other questions can require more testing: adaptive time headway, 
adaptive speed range (upper limit), earlier warnings to compensate possible 
complacency and distraction, taking care of their relevance, timing and frequency. 
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Appendix A. Questionnaires used in the VTI, ITS Leeds 
and TNO studies 

 
1. Did you think that the warnings were correct? 
 
 Always  

correct  
Mostly  
correct 

Mostly  
incorrect 

Always  
incorrect 

Not applicable 

 
 

 
 

 
 

 
 

 
 

 
2. What did you think of the timing of the warnings?  
 Too 

early 
A bit too 
early 

Exactly in 
time 

A bit too 
late 

Too late 

 
 

 
 

 
 

 
 

 
 

 
 
3. What did you think of the frequency of the warnings? 
        Too 

often 
A bit too 
often 

Exactly 
enough 

A bit too 
few 

Too few 

 
 

 
 

 
 

 
 

 
 

 
 

Acceptance / general questions 

 

4. How do you think the following factors would change when driving with the FCW 
compare to when driving without FCW in your car. 

   
 

 Decrease  
significantly Unchanged Increase 

significantly 
          1 2 3 4 5 

a. Traffic safety      

b. Irritation      

c. Stress      

d. The feeling of being controlled      

e. The joy of driving      

f. Attentiveness in traffic      
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5. If you had this system in your vehicle, where would you use it? 

     Not at all    All the time 

          1 2 3 4 5 

a. In built-up areas?      

b. On rural roads?     

c. On motorways?     

d. Day time driving?      

e. Evening and night time driving?      

f. On slippery roads?     

g. In fog?     

h. In peak traffic?     

i. In off-peak traffic?     

          

 

6. How justified do you think FCW would be for different categories of drivers? 

   
 

 
Not 
justified at 
all 

   Highly 
justified 

          1 2 3 4 5 

a. Private drivers     

b. Professional drivers      

c. Taxi drivers      

d. Truck drivers      

e. School bus drivers      

f. Bus drivers      

g. Young drivers      

h. Elderly drivers      

i. Novice drivers     

j. Drivers who repeatedly get speeding tickets     

k. Drivers who often uses mobile phones when 
driving     

j. Others:……………………………………………     

          
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7. Would you be interested in having a FCW in your own car? 
a. Yes  No  Maybe   

b. If yes, how much would you be prepared to pay for a FCW? 

 

  Nothing    
  Less than € 100  
  € 100 – 500   
  € 500 – 1000   
  € 1000 – 1500   
  € 1500 – 2000   
  € 2000 – 2500   
  € 2500 – 3000   
  more than € 3000 

 If no or maybe, why? 

……………………………………………………………………………………………….. 

………………………………………………………………………………………………….. 

………………………………………………………………………………………………….. 

………………………………………………………………………………………………….. 
 
 
8. What do you think of the FCW? 
Useful  |__| __| __| __| __| Useless  
Pleasant  |__| __| __| __| __| Unpleasant  
Bad  |__| __| __| __| __| Good  
Nice  |__| __| __| __| __| Annoying  
Effective  |__| __| __| __| __| Superfluous  
Irritating  |__| __| __| __| __| Likeable  
Assisting  |__| __| __| __| __| Worthless  
Undesirable  |__| __| __| __| __| Desirable  
Raising Alertness  |__| __| __| __| __| Sleep-inducing  
 
 
9. Trust 
Please indicate how must trust you have in the frontal collision system used. 
No                                         Complete 
trust                                    trust   
          

0%                                  50%                                100% 
 
 
Do you have any additional comments? 

………………………………………………………………………………………………….. 

………………………………………………………………………………………………….. 

………………………………………………………………………………………………….. 
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Appendix B. Interview guidelines used in the INRETS-
RENAULT study 

Guideline for the first interview: prior representation of the systems (Interview 
1) 

We have outlined the characteristics of the SL/CC systems to you and handed over 
the user manual. We would like to have your opinion about these systems after this 
initial presentation. This will necessarily be an a priori view, since you have not yet 
used them. If there are any questions you have trouble answering before having 
used it, don’t hesitate to tell us. 

 Have you consulted the user manual you were given? 
 How would you generally define the systems I have just described to you? 

What do they do and what are they for? 
 What, in your view, are their main characteristics? 
 What, in your view, are the benefits of these systems? 
 What, in your view, are the drawbacks of these systems? 
 Do you already have an idea of how you would use these systems in your 

driving? 
 Do you have any questions about the way in which to use these systems in 

your driving? 
 According to you, in what situations would you prefer to use them? 
 According to you, for what types of situation do these systems seem most 

suitable? 
 Do you already have an idea about the way in which these systems might help 

you in your driving? 
 Do you already have an idea of the things these systems might not help you 

do? 
 

Guideline for the familiarisation phase with the SL/CC systems 

You are now going to try the SL/CC systems, which will enable you to familiarise 
yourself with its use and operation before undertaking a longer journey.  During this 
phase, you will be able to try anything you deem useful to help you familiarise 
yourself with the use of the system and to feel at ease when you undertake the 
longer journey. For example, you will be able to learn how to select a speed, or 
increase speed, or again how to deactivate the system.  

During this familiarisation phase, we ask you to tell us out loud your comments and 
reactions concerning the operation of the system, or the questions you are asking 
yourself about switching it on and using it. Do not hesitate to tell us all your reactions 
during this initial tryout of the system. 

What we are interested in are your comments and reactions during this initial trial of 
the SL/CC system. You will understand that, in the interests of the study, we will not 
be able to reply directly to your questions. The user manual is at your disposal, and if 



   

 

     
171

need be, you can consult it.  

Of course, if you think some additional information is vital, we will give it to you 
immediately. 

Guideline for the interview following the first trial with the SL/CC systems 
(Interview 2) 

Experience of using the systems 

 You have just driven for about three hours with the SL and CC, and I should 
like you to tell me about this initial experience. How did it go? 

 What struck you during this initial experience? 
 What went well? (In what respect? In what circumstances?) 
 What proved more difficult? (In what respect? In what circumstances?) 
 Are there any things (other things) that surprised you? (In what respect?) 
 Would you say the operation of the SL/CC systems corresponds to the idea 

you had of them? (In what respect?) 
 According to you, were the information and explanations you were given 

sufficient for understanding the device and using it? If not, how did you 
overcome this difficulty? What was missing, in your opinion? 

 Do you still have any questions about how to use these systems? 
 After this first use, would you say you feel relaxed about driving with the 

SL/CC systems? 
 After how long did you feel at ease? 
 Do you feel more at ease with one system than another? 
 In your opinion, did the fact of using the SL (or CC) during an initial trip affect 

your use of the SL (or CC) during the second journey? (In what respect and 
how?) 

 During this first use of the SL/CC system, was there something you would 
have liked to do and was unable to do? 

Representations after using the systems 

 Now you have tried the systems, what would be your general definition of what 
they do and what use they are? 

 In your opinion, what are their main characteristics? 
 What are the benefits of these systems in your view? 
 What are the drawbacks of these systems in your view? 
 According to you, does the use of these systems change something in the way 

you drive? 
 In your opinion, for what types of situation are these systems particularly 

suitable? 
 In what types of situation would you prefer to use them? 
 After this initial use, do you think that SL/CC systems could help you in your 

driving? In what way? 
 
 
 
 



   

 

     
172

Intentions as regards the use of the systems 

 After driving with the SL/CC systems during this journey, what in particular 
would induce you to use them during the week when you will be provided with 
an equipped vehicle? 

 Do you have an idea of the way in which you are going to use the SL and CC 
during the week you will have an equipped vehicle? 

Guideline for the interview following the week of free use (Interview 3) 

You have had the possibility of using the SL/CC system for a week and I would like to 
talk to you about how it went? 

 What went well? (In what respect? In what circumstances?) 
 What was more difficult? (In what respect? In what circumstances?) 
 Are there things (other things) that surprised you? (In what respect?) 
 Would you say that the operation of the SL/CC system corresponds to the 

idea you had of it? (In what respect?) 
 During the past week, did you prefer one or other of the systems? In what 

situations/conditions? Why? 
 Do you have any questions about the way these systems are used? 
 Would you say that this week of using the SL/CC systems enabled you to 

learn new things about the operation of the systems and how to use them? 
 In your view, did your manner of using the SL/CC systems change during the 

week you were free to use them? In what way? 
 After this week of using them, would you say you feel more relaxed about 

driving with the SL/CC systems? 
 During this initial use of SL/CC systems, is there anything you would have 

liked to do and were unable to do?  
 In your view, did the use of the SL/CC systems change your way of driving? In 

what way? 

Guideline for the interview following the second trial with the SL/CC system 
(Interview 4) 

Experience with the systems 

 You have just driven another three hours with the SL and CC and I would like 
you to speak to me about your latest experience. How did it go? 

 What struck you about this latest experience? 
 What went well? (In what respect? In what circumstances?) 
 What was more difficult? (In what respect? In what circumstances?) 
 Are there any things (other things) that surprised you? (In what respect?) 

More general experience with the systems 

 With hindsight, do you think the information and explanations we gave you 
were sufficient for understanding the systems and using them? 

 If not, how did you overcome this difficulty? 
 What was missing, in your opinion? 
 Do you still have questions as to how to use these systems? 
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 Would you say that you feel completely relaxed about driving with SL/CC 
systems? 

 Do you feel more at ease with one system than with another? 
 As of now, in what situations/conditions would you prefer to use the systems 

(type of journey, type of road, traffic conditions, knowledge of the route, 
weather conditions, day/night)? Why? 

 In your view, did using the systems change the way you drive in general? In 
what way (the level of your speed, for example)? 

 What would you have liked to do but were unable to do with these systems? 

Representations after using the systems 

 How would you generally describe the systems today? What do they do and 
what use are they? 

 In your view, what are their main characteristics? 
 What are the advantages of these systems, in your view? 
 What are the drawbacks of these systems, in your view? 
 According to you, has using these systems changed something in the way you 

drive? 
 In your opinion, for what types of situation are these systems particularly 

suited? 
 In what types of situation would you prefer to use them? 
 Do you think SL/CC systems could help you in your driving? In what way? 
 If you were to change just one aspect of these systems, what would it be? 
 Would you say you have a preference for one or other of the systems (for what 

reasons)? 

 


