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Executive Summary 
The main aim of the simulator study in INTRO WP 2.3 was to investigate how a low friction 
warning system in vehicles would influence traffic safety, and to identify the interface with the 
highest potential to increase traffic safety in low friction conditions. The stopping distance 
model which was determined in other tasks within WP 2 was used as a base for the low 
friction warnings in the present task. In Deliverable 2.2 the whole architecture for the support 
system is shown (Figure 1 on page 8). 

Method 
The study was conducted in Simulator III at VTI, a high-fidelity moving-based driving simulator 
with linear motion in lateral direction. The simulator has three rear-view mirrors and a frontal 
viewing angle of 120°. 
 
The two main between-subjects factors were the human-machine interface (HMI design) with 
three levels and timing of the warning with two levels. The HMI solutions were designed to be 
rather different from each other (while using the same modalities). One is based on 
presenting the actual and a future stopping distance and therefore leaves the decision on a 
“safe” stopping distance to the driver. The second is based on presenting a “recommended 
maximum speed”, which implies that the maximum safe stopping distance is determined by 
the system (based on posted speed limit), and the resulting recommended speed is 
displayed. The third solution tells the driver only whether there is going to be low friction or not 
without giving more detailed information. A control group drove without any low friction 
warning system. 
 
The warnings appeared with a time headway of either 3 seconds (short timing) or 6 seconds 
(long timing) until the driver reached the position where the recommended speed became 
lower than the posted speed limit. 
 
Altogether 63 drivers participated in the study. In each of the seven groups (HMI design (3) x 
timing (2) + control) at least four women and four men completed the drive. In total six women 
quit the study prematurely due to simulator sickness, replacements were run for them. One 
additional man, who was booked as reserve, was run, too. 
 
All participants passed the same situations both with and without receiving a low friction 
warning (except for the participants in the control group who did not get any warnings). 
 
The route contained 20 km of rural road that were driven twice in a row. The mentioned 
situations contained sections of different friction values. Some also contained traffic events 
like a car-following situation in order to examine headway change in low friction conditions. 
Other events were a car with a breakdown in a curve, a traffic light turning red, and moose 
running into the street (this last situation occurred only once for each participant, in the end of 
the drive, and it was the most time critical). 
 
The participants were instructed that they had a tight schedule in order to avoid their driving at 
very low speeds. They filled in questionnaires both before and after the trial (except for the 
control group participants who only got a questionnaire after), and they compared the three 
different warning systems to each other on paper after the trial. 
 
A host of variables were collected from the simulator itself, such as speed, 
acceleration/retardation, headway, brake pedal and accelerator operation, and others, while 
subjective variables were collected from the participants via questionnaires. 
 
 

Results 
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The recommended speed system led to the lowest travel speed especially on the slippery 
sections. No compensatory speeding on confirmed high friction sections was found. The 
braking behaviour was found to be more favourable for the six-seconds-group. The 
participants in that group braked earlier and released the brake in most cases already before 
they had reached the low friction section. 
 
In a direct comparison on paper most drivers chose the recommended speed system as the 
one they would have wanted in their own car. Generally the drivers had a positive attitude 
towards low friction warning systems, slightly more so before having tested one than after. 
However, many drivers also could see the risk that they would rely too much on such a 
system, and the awareness of such a risk increased significantly from before driving with one 
to afterwards. The driving data show, on the other hand, that the drivers generally choose 
slower speeds in situations in which the road surface looks slippery than in situations in which 
it does not, but a low friction warning is issued and friction is low. 
 
In critical traffic situations when fast situation recognition and fast braking was required the 
systems did not provide the drivers with a measurable advantage, like a significantly reduced 
speed when encountering the situation or an increased preparedness for braking. 

Discussion 
The results indicate quite clearly that the recommended speed display in combination with a 
timing of six seconds leads to the most favourable driving behaviour with respect to traffic 
safety. Speed is reduced both when a warning is given and to a certain extent even when no 
warning is present, which can be seen as carry-over effect. In most cases for the six-seconds 
timing condition the drivers had already released the brake pedal when they reached the 
slippery section, which is positive, as braking on low friction should be avoided. The 
subjective results obtained from the questionnaires go hand in hand with the results derived 
from driving behaviour, which is positive for acceptance issues. 
 
Drivers reduce their speed more when a low friction warning is accompanied by a road 
surface that looks slippery than when the road surface does not change. Even though this is 
an indication for a certain mistrust of the system, drivers test brake only rarely in order to 
check whether the system informed them correctly or not. 
 
No compensatory speeding has been found for confirmed high friction conditions, which is 
positive from a safety point of view. 
 
It has to be kept in mind that long-term effects could not be tested in the present setting, and 
that no data which allow conclusions about visual distraction have been analysed yet. Those 
two aspects are deemed to be the most important to be investigated further.
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Introduction 
Aim of WP 2.3 is to investigate how a low friction warning system in vehicles would influence 
traffic safety, and to identify the human-machine interface (HMI), which has the highest 
potential to lead to safe driving behaviour on dangerous surfaces and in dangerous situations. 
Different interfaces are tested, and system acceptance by the end user is investigated. 
 
Up to now not much research on low friction warning systems in cars has been published – 
an internet search provided the links to some papers that name low friction warning systems 
as potential adaptive driver assistance system (ADAS), but no reference to any controlled 
study has been found. 
 
As with any other ADAS, there are many issues concerned with implementing a low friction 
warning system. They are connected to how the system should look like, under which 
circumstances it should give a warning, what kind of warning it should give, with which timing 
the warning should be given, and so on. Not all issues can be examined within one study, and 
a simulator study like the present one will never be able to allow conclusions about long-term 
effects and connected adaptation effects. For this study it was decided to use only HMI that 
have a visual component, but the three investigated HMI were designed to be fundamentally 
different from each other. Apart from the simulator driving in itself, which yielded data on 
driving behaviour, questionnaires were administered that allowed conclusions about drivers’ 
expectations, experience with the system, acceptance of the system and possible concerns. It 
was also investigated whether the prospect of having a low friction warning system will 
provoke a higher inclination in drivers to use icy roads. 
 
This document is a technical report on the method and the results of the simulator study 
which was conducted in the VTI Simulator III in November 2006. At first an overview is given 
on how participants went through the trial from the beginning to the end. Further down each 
relevant aspect is presented in greater detail. 

Protocol 
Each participant spent approximately one hour in the simulator. Two thirds of the time were 
spent driving, the rest was spent reading instructions and filling in questionnaires. The 
participants drove 43 km in the experimental run, and almost 7 km as training (getting to know 
the simulator and its behaviour on different road surfaces). 
 
The sequence of events for one participant for the HMI condition and the control condition is 
presented in Table 1. For each step a reference to a chapter further down is given, in which 
the topic will be explained in more detail. 
 
Table 1. Sequence of events for one participant in one of the HMI groups and for one 

participant in the control group, together with comments.  

HMI condition control comments 

Participant acquired through ad in 
local paper (refer to chapter 
Participants on page 12). 

same  

Time scheduled. same  
Reminder e-mail sent 2 weekdays 
before. If participant did not have e-
mail, an sms was sent or a phone 
call was made. 

same It has proven to be useful to 
remind the participants of their 
appointment. 

Participant arrived at VTI. same  
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Participant read general instruction 
for simulator (refer to chapter 
Instructions on page 23 ff.). 

same  

Participant entered driving simulator. same  
Participant got used to the simulator 
on a ca. 7 km long stretch which was 
also part of the experimental route 
(refer to chapter Training Route on 
page 13). 

same During the training and while 
the participant read the 
instructions the experimenter 
prepared the profile for gaze 
tracking. 

Participant filled in questionnaire 
about expectations concerning a low 
friction warning system. The 
questionnaire had been placed in 
the simulator beforehand. 

 For comparison of opinion 
before and after driving. 

Participant read general description 
of low friction warning system (refer 
to chapter Instructions on page 23 
ff.). 

  

Participant read an instruction about 
the system with which she was going 
to drive (refer to chapter Instructions 
on page 23 ff.). 

 Each participant drove with 
only one system and in only 
one timing condition. 

Participant got instruction about 
setting and time frame (refer to 
chapter Instructions on page 23 ff.). 

same Tight schedule to force 
participants not to go too 
slowly. 

Participant got a map on paper. Two 
different routes were shown, one of 
them was rather slippery but shorter 
and more straight, another was less 
slippery but longer. “No-data” 
patches existed on both routes. 
Participant had to decide which route 
to use (refer to chapter 
Questionnaires on page 27 ff.). 

same In fact, all participants drove 
the same routes, even though 
they believed that they had had 
a choice. 

Short questionnaire about route 
selection (refer to chapter 
Questionnaires on page 27 ff.). 

same  

The participant was asked a few 
questions as to whether the warning 
system was understood. 

  

Participant drove experimental route. 
In half of the situations the 
participant received a low friction 
warning, in the other half there was 
“no data” information. Locations for 
warnings balanced across 
participants (refer to chapter Design 
on page 23). 

Participant drove 
experimental route. No 
warnings. Both laps 
equal (refer to chapter 
Design on page 23). 

Along the way there were a 
four signs displaying the 
distance to Halby, such that the 
participant could keep track of 
her progress. 

Participant left simulator. same  
Participant filled in a final 
questionnaire (refer to chapter 
Questionnaires on page 27 ff.). 

Participant filled in 
questionnaire on 
expectations concerning 
a warning system. 
(same as for the other 
groups before exp.) 

Compares opinion about low 
friction warning system from 
before driving with a system to 
after driving with a system. 
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Participant compared the three 
tested designs and could make 
suggestions about improvements 
with help of a questionnaire (refer to 
chapter 

same  

Questionnaires on page 27 
ff.). 
Participant got 3 cinema tickets as 
reimbursement. 

same  

Participant left VTI. same  
 

Participants 
Participants were recruited through an advertisement in a local newspaper and by inviting 
drivers who had earlier expressed interest in participating in a study. In total 63 drivers 
participated in the study (34 women and 29 men). Six women quit before completing the drive 
due to simulator sickness. Replacements were scheduled for them, which is the reason for 
the higher number of females participating in the study. One extra male had been scheduled, 
too. In all seven conditions (3 HMI design x 2 timing, plus one control; see Table 7 in chapter 
Design) at least four men and four women completed the drive (in the condition “stopping 
distance”, timing “3 s” one extra male participated). 
 
The mean age across all groups was 39.9 years (std = 11.5 years), and there were no 
significant differences in age between the HMI conditions and the control group (F (3, 58) 
= .58). The women in the study were, however, significantly younger (36.6 years) than the 
men (43.8 years; t (61) = -2.6; p < .05). 
 
Inclusion criteria were an annual mileage above 10 000 km, possession of a driving licence 
for 5 years or more, and being between 25 years and 65 years of age. Almost all participants 
met the inclusion criteria. 

Simulator 
The simulator used was a high-end moving base simulator with lateral motion (VTI Driving 
Simulator III, see Figure 1). The cabin in the simulator was the front part of a Volvo 850. The 
viewing angle was 120°. Three rear-view mirrors were available. 
 
Figure 1. The VTI Driving Simulator III. The arrows indicate possible movements. 
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Route 
Each participant first drove a training in order to get used to the simulator and different road 
conditions. After further instructions and filling in of questionnaires the experimental route was 
driven. 

Training Route 
Before starting the experimental drive the participants drove on a normal rural road in order to 
get used to the simulator in itself. This route was part of the experimental route (distance 
2400 to 9000, see Appendix I). During the first part of the training route the participants were 
told to test driving in different speeds and to try swerving into the opposite lane and back. Part 
of this route had low friction. On the last kilometre (low friction) the experimenter encouraged 
the participant to brake hard in order to understand how the car feels in a situation like this, 
and to get a feeling for the antilock braking system in the car. During the training the 
experimenter talked with the participant via a microphone. 

Experimental Route 
The experimental route was approximately 20 km long and was driven twice, with a junction 
with traffic light in between as connector. In the middle of the 20-km-road a similar junction 
was placed, such that 3 junctions were crossed on the whole trip. The total trip length was 
42.290 km. A top view of the route is given in Figure 2. 
 
The first part of the route was a rural road with some curves leading through a forest in a 
rolling landscape. Each lane was 3.25 m wide, but ploughed snow on the sides narrowed 
down the effective width. There was one lay-by on the right side of the road. The speed limit 
was 90 km/h. The second route was a rural road, too, but the speed limit of the first four 
kilometres was 70 km/h, subsequently the posted speed limit was 90 km/h. Especially the 70-
km/h-part was quite curvy and narrow. Parts of the road led through a forest and parts 
through a more open landscape. The road looked like a rather typical Swedish rural road. 
 
The first and the third traffic light turned red when the participant approached them, the 
second traffic light remained green while the participant passed through it. Along the route 4 
signs showed the distance to the town Halby (which demarcates the end of the drive). They 
were placed at 8 km, 15 km, 24 km and 31 km before the end of the road.  
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Figure 2. Map of the route driven in the simulator. The participants started in the lower left 

hand corner and drove to the upper right hand corner. The route was driven twice. 
The numbers refer to the situations discussed below. 

Situations 
The participant encountered ten different situations in which the low friction warning was 
activated. In all of them the road surface was slippery, in some cases this was visible to the 
driver and in other cases it was not. In six of the situations no additional events occurred 
(“situations without events”), and in four of the situations the drivers had to interact with traffic 
or animals on the road (“situations with events”). A description of the situations is provided in 
Table 2. In Table 3 the different road surfaces are shown. The exact length of the slippery 
sections is presented in Appendix II. A more detailed overview of the whole route can be 
found in Appendix I. 
 
Each participant drove through each situation twice, because the whole route was driven 
twice. Once the participant received a low friction warning when reaching the slippery section 
in the situation, the other time the participant did not receive any low friction warning (= 
simulated insufficient data; reference condition within subjects). The control group drove 
through each situation twice without warning. 
 
The general environment was a snow-covered landscape, the road surface looked like dry 
asphalt in most places, in some places the road surface looked slippery (refer to Table 3 for 
pictures). In almost all cases in which the road surface was not dry asphalt, the friction was 
reduced, and in some cases the road friction was reduced even if the surface looked like 
asphalt. Friction on the road did not vary laterally, but only longitudinally. The curvature of 
each situation is presented in Appendix III. 
 
Table 2. Description of the situations. 
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Sit. # Description 

1 Situation without event. Icy road surface. 
2 Situation without event. Icy road surface with tracks. 
3 Situation without event. Road surface looked like asphalt. 

Situation with event. In this situation a bus was placed on the road. The bus started accelerating with 
2.5 m/s

4 
2 when the participant had reached a TTC of 7 s or the distance to the bus was 200 m, 

whichever happened earlier. The bus accelerated up to a speed of 70 km/h and then continued 
driving at that speed. Oncoming traffic prevented the participant from overtaking the bus. About one 
kilometre after the bus had started driving friction was reduced and the road looked “intermediate”. 
Two kilometres after having started the bus switched on the indicator on the right side and 
decelerated with 2.0 m/s2, it finally stopped in a lay-by 200 m after having switched on the indicator. 

 
Situation with event. The slippery section started 260 m in front of a traffic light, which was placed at 
a four-way junction. The road surface was “intermediate”. The traffic light was green while the 
participant approached the junction, but a car was waiting at the red light on the side road. A hundred 
meters before reaching the traffic light the light turned amber. Three seconds later the light turned 
red. When the participant stopped in front of the traffic light, the car that had waited on the side road 
accelerated and crossed the junction, afterwards the light turned green again for the participant. If the 
participant ran the red light the other car remained where it was. 

5 

 
Situation with event. The slippery section started 80 m in front of a vehicle parked on the road in the 
right lane. The road surface looked like asphalt. The hazard lights of the parked car were on. No 
oncoming traffic. 

6 

 
7 Situation without event. Road surface looked like asphalt. 
8 Situation without event. Icy road surface. 
9 Situation without event. “Intermediate” road surface. 
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Situation with event in second lap only. A hundred meters into the slippery section three moose 
started running across the road. They became visible behind a tree when the participant reached a 
TTC of 6 s to the position where they were to cross the road. The road surface looked like asphalt. 
The second and third moose stayed close together, but kept a small distance to the first. 

10 

 
 
 
Situations 11 to 20 were in exactly the same places in the second lap as Situations 1-10 were 
in the first lap, and they looked exactly the same, except for Situations 10 and 20, which 
contained the moose only in the second lap (i. e. in Situation 20). 
 
There were four different ways how the road surface looked like, ranging from asphalt over 
ice patches and icy surface with tracks to completely icy surface. Examples for those road 
surfaces can be found in Table 3. 
 
Table 3. Visual representation of different road surfaces.  

asphalt (0) ice (1) 

  
intermediate (3) tracks (2) 
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The percentages of the total distance with which a certain road surface and a certain friction 
appeared are presented in Table 4. Low friction occurred in 22.8 percent of the distance and 
high friction in 77.2 percent of the distance. 
 
Table 4. Percentage of the different road surfaces and friction indices. 

total for each 
road surface 

type 
percentage of 
whole route road surface 

asphalt (high) 69.4 % 
76.3 % asphalt (low) 6.9 % 

ice (low) 5.2 % 5.2 % 
tracks (low) 4.3 % 4.3 % 
intermediate (high) 7.8 % 

14.2 % intermediate (low) 6.4 % 
 
In Figure 3 the used friction values, the locations in which a switch from “no data available” to 
“data available” or vice versa occurred, and the computed recommended speed in a certain 
location are shown for one lap. These values are equivalent in both laps. 
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Figure 3. In the uppermost graph the low friction level for the vehicle model is presented, the 

second graph shows the μ-index which was used as basis for computing stopping 
distance and recommended speed, the third graph shows whether data was present 
or not (a switch between 1 and 2 indicates a switch in data present or not, 
depending on lap), and the fourth graph displays the computed recommended 
speed. The x-axis is the distance in km. 



 

Deliverable 
2.3 Simulator 
Study 

VTI Date of 
release 
27. Apr. 2007 

Version 
v1.0 

 

 
Contractor : VTI Contract no: ST4-CT-2005-012344 
Author: Dr. Katja Kircher Page 18 of 89 File name: 

INTRO_D2.3_v1.0_PU_27Apr2007.pdf
 

Human-Machine-Interface 
HMI design was the first between-subjects factor in the experiment. The following HMI were 
used in the simulator study. All HMI were located in the speedometer, which was shown on 
an LCD screen.  
 
For all display types there was a clear indication when the low friction warning system did not 
receive enough data to display reliable friction information. This was a circle filled with orange 
colour, which appeared in the lower half of the speedometer. One reason for including a no-
data mode was to be able to let the drivers cross low friction sections without giving them any 
warnings (see also headline Design on page 23). 
 
For all display types there was an indication when the system received enough data and 
friction was high (the “no-data” circle, but filled with green). When a warning was issued 
neither the green nor the orange circle were shown. 
 
For all displays the auditory cues were the same. A chime (three short tones) notified the 
driver when a warning was issued. Another chime (one discreet tone) notified the driver when 
the “no-data reception” mode was entered. 
 
For the simulator study an absolute friction coefficient value (μ = .5) was selected as switch-
on and switch-off criterion. This way all drivers received the warnings for the same spots. 

Stopping Distance 
It was important to consider that the stopping distance should not only include the actual 
stopping distance, but also inform the driver in some way that it is going to change in the 
future. It should not involve the driver’s having to monitor the display for changes over a 
prolonged period of time (which could provoke dangerous distraction incidents). The stopping 
distance was displayed within the speedometer as presented in Figure 4, how the stopping 
distance display changed with changing friction can be deducted from Table 5. 
 

 
Figure 4. Presentation of how the stopping distance warning was placed within the 

speedometer.  
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The length of the yellow bar represents the actual stopping distance, while the length of the 
blue bar represents the stopping distance either 3 or 6 seconds from now (depending on 
timing condition). The length of the bars changed continuously, depending on the friction 
values on the road. The bars indicating the stopping distance did not have a scale. This was 
to avoid that drivers would rely on absolute numbers, but rather let them learn over time which 
stopping distance length feels “comfortable”.  
 
Table 5. Presentation of the stopping distance displays for different situations. These are 

examples on a continuous scale. 

  stopping distance x seconds from now (blue bar) 

  short medium long 
no display (except for 
system status 
indication) 

short 

  
medium 
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In the simulator the μ-values were available with full precision, but for computing the stopping 
distance one μ-value per ten meters was sampled, in order to simulate the way the sampling 
might be done in reality. The needed in-data for this display were the actual vehicle speed, 
the friction coefficients in several locations ahead (how many depended on vehicle speed), 
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and the timing group (whether the current participant belonged to those with short timing or 
long timing). The equation for calculation of the stopping distance is presented below: 
 
 

][ nn sga μ∗=Equation I:   

2

2

1
tatvss nnnn ∗−∗+=+Equation II:   

 
tavv nnn ∗−=+1  Equation III:  

 
with a: acceleration 
 g: g-force 
 μ[s]: friction index as in Figure 3
 v: speed 
 t: time 
 s: distance 
 
An iteration process with a time step of 0.1 s was run until speed equalled 0. In order to obtain 
stopping distance the integral over s was used. In order to obtain recommended speed a 
stopping distance s was defined, then the equation for the integral over s was solved for v = 
0. For 90 km/h the stopping distance s was set to 40 m and for 70 km/h the stopping distance 
s was set to 26 m. 
 
The stopping distance that was presented in the display was a combination of the computed 
stopping distance and the distance that was covered in one second at the current speed, in 
order to incorporate reaction time. 

Maximum Recommended Speed 

 
Figure 5. Presentation of how the recommended maximum speed information was placed 

within the speedometer.  

 



 

Deliverable 
2.3 Simulator 
Study 

VTI Date of 
release 
27. Apr. 2007 

Version 
v1.0 

 

 
Contractor : VTI Contract no: ST4-CT-2005-012344 
Author: Dr. Katja Kircher Page 21 of 89 File name: 

INTRO_D2.3_v1.0_PU_27Apr2007.pdf
 

The representation of a recommended maximum speed (Figure 5) takes the concept of 
stopping distance one step further, because for this case a recommended maximum stopping 
distance has to be decided upon by the experimenters (or, for production, by the system 
designers or users via an interface). This predetermined stopping distance was then used for 
calculating the recommended max speed by solving the equation for the integral for v = 0. An 
advantage with a recommended max speed was, that it was not necessary to present data for 
“just now” and “in a few seconds”, but the recommended speed implied that the driver had to 
adjust his/her speed, such that an adequate speed was reached a few seconds after 
presenting the recommended speed display. 
 
In the simulator study the car was able to get information about the posted speed limit from 
the environment. Therefore it was decided never to display a recommended speed above the 
current speed limit on the road. The presented recommended speed could, however, lie 
above the actual speed. 
 
In order to reduce the incentive to drive exactly at the highest recommended maximum speed 
it was decided to blur the transition between “safe” and “unsafe” speed by letting the colour 
shift smoothely from green to red. This was done to motivate the driver to keep a “safety 
margin” to the red area, bearing in mind that the recommended speed can decrease. The 
blurred area reached from -5 km/h to +5 km/h around the computed maximum recommended 
speed. Different representations of the HMI are shown in Table 6. 
 
Table 6. Different schematic displays of the maximum recommended speed warning.  

    

rec speed > actual speed > actual speed = no low friction 
actual speed rec speed rec speed now or during 

the next x s 

35422
187  

35422
187  

35422
187

35422
187   

 
The recommended speed for the whole route was computed ahead of the trial with the 
following basic parameters: 
 
It was assumed that on high friction (μ = .8) the stopping distance for a speed of 70 km/h is 31 
m and for a speed of 90 km/h the stopping distance is 49 m. Based on this assumption and 
the current friction a certain speed limit was recommended. No special considerations were 
made for curvature, junctions and the like. 
 
In order to avoid displaying a high recommended speed in a situation in which friction is low 
(e. g. when friction is good down the road, but the actual friction is still low) recommended 
speed was computed both for the actual position and for the position further down the road, 
and the lower of the two was presented until a patch with high friction was reached and the 
display was switched off. 
 
The needed in-data for this display were the actual vehicle speed and the recommended 
speed value computed in advance, which was read from a file that served as in-data file to the 
simulator. The timing group (whether the current participant belonged to those with short 
timing or long timing) was another needed in-datum in order to display the appropriate 
recommended speed. 
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Qualitative Warning for Low Friction 
The qualitative warning for low friction was the standard “slippery road” sign, which was 
illuminated x seconds before the driver reached the slippery patch (Figure 6). 
 

 
Figure 6. Presentation of how the qualitative low friction warning was placed within the 

speedometer. 

 
The needed in-data for this display were the actual vehicle speed, the computed 
recommended speed, and the timing group (whether the current participant belonged to those 
with short timing or long timing). When the recommended speed did not equal the posted 
speed limit, which happened in the low friction areas, the low friction warning sign was 
switched on. 

Timing 
The timing of the warning was the second “between-subjects” factor. Two levels of this factor 
were used. The timing was based on the idea of a maximum recommended speed based on 
stopping distance and was computed the following way: 
 
The recommended speed for each location along the road was computed according to 
Equation I, Equation II and Equation III. For each low friction section the first location in which 
the recommended maximum speed did not equal the posted speed limit was determined. This 
depended on the μ-values and on the posted speed limit, but not on vehicle speed. In case 
that the μ-values decreased further down the road, the recommended speed sank below the 
posted speed limit, too. 
 
The participants in the “short timing” condition received a warning when they at their current 
speed had a “time headway” of 3 seconds left until they would reach the point where the 
recommended speed decreased. The groups with the “long timing” received the warning 
when the time headway to this point was 6 s. The different timing groups will be called the 3-
second-group and the 6-second-group. 
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Design 
The 57 participants were distributed into the seven different groups according to Table 7. A 
complete factorial design was used with one three-level between-subjects factor (HMI design) 
and one two-level between-subjects factor (timing). 
 
Table 7. Distribution of participants for the different conditions. 

 early warning late warning 

 female male female male 
stopping distance 4 5 4 4 
max rec. speed 4 4 4 4 
qualitative 4 4 4 4 
     
control 4 4   

 
Each participant of the HMI groups drove through each situation once with receiving a low 
friction warning and once without receiving a warning. At that time the system was in “no 
data” mode. All participants drove the route twice, and the situations came in the same order. 
In order to control for learning effects as much as possible within the given design, half of the 
participants within each system group (stopping distance, maximum recommended speed, 
qualitative) received the warnings for one half of the situations in the first lap, while the other 
half of the participants received the warnings for the other half of the situations in the first lap. 
 
It should be noted that situation 10 occurred only once per participant, in the second lap, 
yielding a between-subjects design for this situation for warning mode. This situation was 
meant to be a surprise and was designed to have small margins, therefore it was not 
appropriate to present it more than once and before all of the other situations were passed. 

Instructions 
The instructions for the experimental groups were different from those for the control group. 
First the instructions for the experimental group are presented, and further down the 
instructions for the control group are listed. 

Experimental Group 
At first the participants got an instruction for the training, including some safety issues 
regarding the simulator. They read this instruction in Swedish before entering the simulator. 
 

 
Hello and welcome to VTI. 
 
Thank you that you are willing to participate in this study. Its purpose is to 
examine an information system. You will hear more about it later on. First you 
will get the chance to test the driving simulator with different road conditions. You 
will drive along a normal road for a little while, and then you will make some 
manoeuvring tests. The experimenter will explain in more detail how this is going 
to work. When you are done with the training, you will get more instructions. 
 
The experimental leader is able to hear you throughout the whole simulator 
study. It is important that you tell him/her as soon as something does not feel 
right. If you want to quit please tell the experimenter. The experimenter takes you 
to the simulator and comes to help you out of the simulator again, just remain 
seated when the trial is finished. Please do not open the door to the simulator 
and do not roll down the window. Please do not reverse or make a u-turn while 
driving. 
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The training was driven. The participant was told to try to brake as hard as possible on an icy 
patch during the training in order to get a feeling for the car on low friction. After the training 
the participants of the experimental groups got the following instruction: 
 

 
The car is equipped with a low friction information system. The information will 
be shown integrated in the speedometer. While you are driving the system 
receives data on the current road condition on line, both from measuring stations 
installed on the road and from normal cars, which are equipped with a special 
device which measures friction in the current location while driving. The system 
informs you in the integrated display in the speedometer whether or not it has got 
reliable data for the stretch of road on which you are presently driving. If good 
data are present the system will inform you about the prevailing road condition. 
 
You can look at the speedometer now. Then you will get an explanation on how 
the system works. 
 

 
The participant got an instruction on paper on how the warning system in the car worked. 
Several screen shots of the system with which the participant was about to drive were shown, 
together with explanatory text (as found below). The rows that reach across all columns were 
presented to all participants in the experimental groups, for the rows that are split into three 
columns only the column for the currently used system was presented. For the stopping 
distance display the X was replaced by either 3 or 6, depending on the timing condition. 
 
There is a low friction warning system in your car. 

   
When there is risk for low 
friction the recommended 
speed is shown as green 
area in the speedometer. 

When there is risk for low 
friction two bars will be 
shown in the speedometer. 

When there is risk for low 
friction this symbol will be 
shown in the speedometer. 

 

The yellow bar in front 
shows the stopping distance 
you have now, the blue one 
behind shows the stopping 
distance you have in X 
seconds. 

 

It looks like this when you 
drive faster than 
recommended.  

 

It looks like this when the 
stopping distance X 
seconds from now is longer 
than now. 



 

Deliverable 
2.3 Simulator 
Study 

VTI Date of 
release 
27. Apr. 2007 

Version 
v1.0 

 

 
Contractor : VTI Contract no: ST4-CT-2005-012344 
Author: Dr. Katja Kircher Page 25 of 89 File name: 

INTRO_D2.3_v1.0_PU_27Apr2007.pdf
 

 

  
It looks like this when your 
stopping distance X 
seconds from now is much 
shorter than now.  

It looks like this when you 
drive within the 
recommended speed area. 

 

 
It looks like this when there are friction data available and the friction is high. 

 
It looks like this when there are no friction data available. Here it can be slippery without the 
system’s presenting such information. 

 
Then the participant read the following instruction. 
 

 
Now you will soon start to drive. Imagine that you are in the following situation: 
Winter has just begun. You are on your way to a meeting in Halby. 
Approximately 40 km of rural road are still ahead of you, and you have two 
different roads to choose from. You have got a system in your car that can show 
you how the current road conditions are. You stopped in order to access that 
information. In this study you get it on paper. On the next page you see a map 
with the two roads leading to your goal. The grey patches on the road indicate 
good friction, while blue patches indicate low friction. The red markings indicate 
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that the system did not get any reliable data for the area in question, thus, it is 
unknown whether the friction is low or not. You have 35 minutes until the 
meeting starts. Please choose now which of the two roads you want to drive. 
Please tell the experimenter which choice you have made and answer the 
questions underneath the map. 
 
 

The participant looked at the map (see Figure 7) and chose one route. The experimenter 
recognised the selection verbally. Then the participant read the following instruction. 

 
 
You are now going to drive on the road that you selected. Please remember that 
you should arrive at the latest at 11 o’clock. Traffic regulations and signs have 
the same meaning as in real traffic. Please drive in the simulator as you would 
do under similar circumstances in real traffic. You are supposed to drive straight 
on in junctions. Do you have any questions? 
 

 
If the participant had questions they were answered by the experimenter, then the trial 
started. All participants drove along the same route, regardless of whether they chose A or B. 
In order to arrive on time an average speed of 72.5 km/h was necessary. 

Control Group 
At first the participants got an instruction on the training and on some safety issues regarding 
the simulator. They read this instruction before entering the simulator. 
 

 
Hello and welcome to VTI. 
 
Thank you that you are willing to participate in this study. Its purpose is to 
examine driver behaviour on different road conditions. First you will get the 
chance to test the driving simulator on different road conditions. You will drive 
along a normal road for a little while, and then you will make some manoeuvring 
tests. The experimenter will explain in more detail how this is going to work. 
When you are done with the training, you will get more instructions. 
 
The experimental leader is able to hear you throughout the whole simulator 
study. It is important that you tell him/her as soon as something does not feel 
right. If you want to quit please tell the experimenter. The experimenter takes you 
to the simulator and comes to help you out of the simulator again, just remain 
seated when the trial is finished. Please do not open the door to the simulator 
and do not roll down the window. Please do not reverse or make a u-turn while 
driving. 
 

 
The training was driven. The participant was told to try to brake as hard as possible on an icy 
patch during the training in order to get a feeling for the car on low friction. After the training 
the participants of the control group got the following instruction: 
 

 
Now you will soon start to drive. Imagine that you are in the following situation: 
Winter has just begun. You are on your way to a meeting in Halby. 
Approximately 40 km of rural road are still ahead of you, and you have two 
different roads to choose from. On the next page you see a map with the two 
roads leading to your goal. The grey patches on the road indicate good friction, 
while blue patches indicate low friction. The red markings indicate that the 
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system did not get any reliable data for the area in question, thus, it is unknown 
whether the friction is low or not. You have 35 minutes until the meeting starts. 
Please choose now which of the two roads you want to drive. Please tell the 
experimenter which choice you have made and answer the questions 
underneath the map. 
 
 

The participant looked at the map (see Figure 7) and chose one route. The experimenter 
recognised the selection verbally. Then the participant read the following instruction. 
If the participant had questions they were answered by the experimenter, then the trial will 
start. All participants drove along the same route, regardless of whether they chose A or B. 
 

 
 
You are now going to drive on the road that you selected. Please remember that 
you should arrive at the latest at 11 o’clock. Traffic regulations and signs have 
the same meaning as in real traffic. Please drive in the simulator as you would 
do under similar circumstances in real traffic. You are supposed to drive straight 
on in junctions. Do you have any questions? 
 

 
If the participant had questions they were answered by the experimenter, then the trail 
started. All participants drove along the same route, regardless of whether they chose A or B. 
In order to arrive on time an average speed of 72.5 km/h was necessary. 

Questionnaires 
The participants in all groups got a map with two routes to choose from (Figure 7). The only 
difference between the experimental groups and the control group was, that the control group 
did not receive the second alternative in question 2 (“if you did not have a low friction warning 
system”). The purpose was to examine whether people would be willing to drive on more 
slippery roads when they had a low friction warning system than when not. 
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Figure 7. Route choice and questionnaire. 

 
Figure 8The following questionnaire ( ) was administered to the experimental groups before 

the training, the control group received this questionnaire after the drive. 
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Figure 8. Questionnaire before driving for experimental groups, after having driven for 

control group. 

 
The following questionnaire (Figure 9) was administered to the experimental groups after the 
training, the control group did not receive this questionnaire at all. The questionnaires for 
before and after the drive were relatively similar to each other, which was meant to help 
determining whether the participants changed their attitude about low friction warning systems 
after having had the chance to test one. 
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Figure 9. Questionnaire after having driven for experimental groups. 

 
In the end all participants evaluated all three low friction warning systems by ranking them 
according to different scales. The questionnaire is presented in Figure 10. 
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Figure 10. Comparative questionnaire on low friction warning systems.  

 
Those participants that end up in the ditch will go through a short interview before they 
continue driving (in case they feel like doing so). The interview will cover the following 
questions: 
 

1. Can you describe what happened? 
2. Could you have avoided driving off the road? If yes, how? 
3. Do you think you would have been able to avoid driving off the road if you 

… had received a warning (in cases without warning)? yes/no 
… had received another type of warning (in cases with warning)? yes/no 
… had received the warning earlier (in cases with warning)? yes/no 
… had received the warning later (in cases with warning)? yes/no 
… something else? 

 

Dependent Variables 
The dependent variables in this study came from different sources. The main source was the 
log of the driving simulator, additionally there are data from the questionnaires. 

Simulator 
Not all of the variables presented below (Table 8) are dependent variables strictly speaking, 
but they are all variables that were logged from the simulator. The sampling rate was 50 Hz. 
All variables were collected for all participants. 
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Table 8. All dependent variables which were collected from the simulator. 

variable name comment 

speed  
acceleration/deceleration  
lateral position  
time to collision in bus-ahead situation and in traffic light situation 
headway in bus-ahead situation 
gas pedal position  
brake force (Newton)  
steering wheel movements  
chronological time  
friction coefficient  
computed recommended speed (3 s) out-variable for all participants to simplify 

comparisons across groups 
computed recommended speed (6 s) out-variable for all participants to simplify 

comparisons across groups 
current stopping distance out-variable for all participants to simplify 

comparisons across groups 
stopping distance in 3 s from current location out-variable for all participants to simplify 

comparisons across groups 
stopping distance in 6 s from current location out-variable for all participants to simplify 

comparisons across groups 
warning information warning given to driver or “no data” information 

provided to driver 

Questionnaires 
Before and after comparisons were possible. Comparisons on route choice between groups 
with and without low friction warning system were possible. 

Statistical Analyses 
If not indicated separately, analyses were performed on the data of the 57 participants who 
completed the drive. For all analyses the significance level was set to .05. If applicable, 
Bonferroni corrections were made on post-hoc tests. 

Results Questionnaires 
The results are based on the answers to the questionnaires and the log data collected from 
the simulator. In the first section the results from the questionnaires will be presented. Then 
some results that describe the driving behaviour in general terms are shown and set in 
relation with the results from the questionnaires. Afterwards situation specific results are 
presented. 
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Expectations and Experiences 
The participants’ subjective opinions before and after trying a low friction warning system are 
presented. 

Before Driving 
Most participants stated that they were slightly (2 on a scale from 1 to 5) to moderately (3) 
anxious when driving on slippery roads (median: 3). Women were significantly more anxious 
when driving under these conditions than men were, according to their own statements 
(Mann-Whitney U = 162.5). Generally drivers were quite positive towards a low friction 
warning system with a median at 4 and a mode at 5 on a scale from 1 to 5. There is a trend 
that women generally score higher on questions that ask about whether a low friction warning 
system can support them and whether they trust the system, whereas men score higher on 
questions that address problems with the system (e. g. whether it would be disturbing and 
whether the warnings would be unnecessary). Not all differences were statistically significant, 
however. Of the 48 participants who answered the question whether they could see a risk 
with a low friction warning system 14 said “no” before trying such a system, while 34 said 
“yes”. The mainly named that overtrust in the system could be dangerous. 

After Driving 
After having tried a low friction warning system the answers (this time focused on experience 
instead of expectation) differed less between the genders. Generally the participants gave 
lower ratings for the experienced benefit than for the expected benefit of a low friction warning 
system (Wilcoxon Signed Ranks Test; Z = 2.73). The answers were also examined with 
respect to which system the participants had driven with. The group with the system 
presenting recommended speed experienced significantly more than the other groups that 
driving with a system increased travel time (Kruskal-Wallis Test; χ2 = 6.57). Before driving 
there had been no differences between the HMI design groups with regard to that question. 
Timing did not significantly influence the participants’ answers with respect to their experience 
with the system.  
 
Perceived risk (yes or no) changed significantly from before to after (McNemar’s exact Test; 
χ2 = 12.7; p < .05). More participants saw a risk with the system after having tested it than 
before. 
 
It was found that the factor timing did not significantly influence whether the warnings were 
considered to be on time, too early or too late (χ2 = 3.1). Most of the participants considered 
the warnings to come with a good timing in both groups. In the 3-seconds-group the variance 
was larger, with more participants judging the warnings as coming too late and also more 
judging the warnings as coming too early, as compared to the 6-seconds group (Figure 14). 
 
Table 9. The number of participants in each timing group that considered the warnings as 

having come too early, in time or too late. 

 too early timing ok too late 

3 seconds 3 15 8 
6 seconds 1 21 4 
Total 4 36 12 

 
The qualitative warning system received the best judgements with respect to ease of 
understanding, closely followed by the recommended speed system. The stopping distance 
presentation was seen as most difficult to understand by far (χ2 = 6.4). The drivers who had 
used the recommended speed system said that the system would rather prolong their travel 
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time, whereas the drivers who had used the other two systems rather expected their travel 
time to decrease (χ2 = 8.4).  
 
The drivers were asked how often they test braked in order to check whether friction was low 
or not on a scale from 1 (never) to 5 (each time). When the display showed a green dot the 
participants did not test brake at all or only very rarely, according to their own statements. 
When the system showed that no data were available most participants stated that they did 
not test brake at all, but some said that they test braked more often. When a warning was 
given the distribution was quite similar to that when no data were available. A Friedman test 
for related variables showed that the participants stated that they test braked significantly less 
often when a green dot was shown than in the other conditions (χ2 = 12.8). From Figure 11 it 
can be seen that there are no large differences between HMI design groups in how the 
drivers rate the frequency of their test brakes. 
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Figure 11. Bar graphs denoting how often the participants in the different HMI conditions 

stated that they had test braked in the different display conditions.  

System Comparison 
Each participant ranked the three systems, which had been presented to her or him on paper 
after having driven the route, with respect to five different questions. Overall the stopping 
distance presentation received the worst rankings for all questions, while the recommended 
speed system and the qualitative warning system obtained quite similar ratings, except for the 
question with which system it would be easiest to see that there is a risk for low friction. Here 
the qualitative warning system was judged to be best. On average the participants would 
choose the recommended speed system for their own car. 
 
The rankings were also analysed separately depending on which system had been tested in 
the experiment. The qualitative warning group always ranked the qualitative warning system 
on top, followed by the recommended speed system. The stopping distance group ranked the 
stopping distance system lowest, just like the other groups did, but relatively speaking this 
group was more favourable towards the system than the other groups were. This group ranks 
the recommended speed system and the qualitative warning system to be almost equal with 
respect to all questions except for the one how quickly one can see that there is risk for low 
friction. Here the qualitative warning system received the highest ratings. The group that 
drove with the recommended speed system would choose this system for the own vehicle 
and judges this system to be more trustworthy. The recommended speed system and the 
qualitative warning system are judged to be equally easy to understand, and the qualitative 
warning system is rated to disturb least while driving.  
 
There was no influence of the factor timing on how the systems were ranked. There was no 
effect for gender, either, except for a tendency that women were slightly more positive 
towards the recommended speed system than men were. 
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Results Driving Behaviour – Total Route 
In this section driving behaviour as measured across the entire route is presented, partly in 
combination with answers to some questions in the questionnaire. 

Route Choice and Trip Duration 
Of the 57 participants who completed the drive 30 chose Route A (the longer but less icy 
route) and 27 chose Route B. Of 28 women 17 favoured Route A while 16 out of 29 men 
favoured Route B, but the difference was not significant (χ2 = 1.4, Figure 12). There were no 
significant differences in route choice for the factor HMI design either (χ2 = 1.3). In the control 
group, however, six participants selected Route A while two selected Route B. No significant 
relationships were found between route choice and anxiousness on low friction (Mann-
Whitney U = 324.5). 
 
Only the minority of the participants arrived on time (36 %). A bifactorial analysis of variance 
(full model significant with F (3, 53) = 2.9) revealed that the influence on trip duration of both 
main factors gender (F (1, 53) = 3.84) and route choice (F (1, 53) = 3.4) approached 
significance. There was no interaction effect. On average the participants that had selected 
Route A (the longer and curvier, but less icy road) needed more time to complete the trip 
(0:36:55 h) than those that had selected Route B (0:35:15 h), even though they actually drove 
the same route. Analyses showed that they mainly drove more slowly on the icy parts of the 
road. Women needed more time (0:37:01 h) to complete the route than men did (0:35:16 h). 
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Figure 12. Mean trip duration in seconds for route choice and gender (left diagram) and for 

different HMI design conditions (right diagram). Observe that the y-axis does not 
start at 0. 

 
A oneway analysis of variance with the factor HMI design showed that the participants who 
drove with the recommended speed display needed significantly longer (0:37:54 h) to 
complete the route than the other groups did (stopping distance: 0:35:33 h; qualitative 
warning: 0:35:32; control group: 0:34:59 h; F (3, 53) = 2.93). Neither the factor timing nor age 
nor years in possession of a driver’s licence had a significant influence on trip duration. 
 
All participants except for those in the control group were asked whether they would have 
chosen the other route if they had not received a low friction warning system. Of those 25 
drivers who had selected Route B four drivers said that they would have selected the other 
route in that case. Of those 24 drivers who had selected Route A seven drivers said that they 
would have selected the other route without a low friction warning system. 
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Speed 
It was investigated with which percentage of the distance of the complete route the drivers 
exceeded the recommended speed limit. The same analysis was made for the posted speed 
limit. The percentage with which the drivers exceeded those speed limits by more than 10 
km/h was analysed, too. 
 
A trend was observed that men speeded more than women (36.7 % of the distance the men’s 
speed lay above the recommended speed, for women the value was 28.6 %). The trend was 
still there but weaker for the percentage of the distance for which the speed of the car 
exceeded the recommended speed by more than 10 km/h (men: 15.6 %; women: 11.7 %). 
When looking at speeding above the posted speed limit the same trend showed (men: 22.5 % 
of the distance above posted speed limit, women 15.6 % of the distance, t = -1.6). The 
direction was the same for exceeding the speed limit by more than 10 km/h (men: 5.2 %; 
women: 3.0 %), but the trend was weaker (t = -1.1). 
 
With regard to HMI design it was found that the control group, the “qualitative warning group” 
and the “stopping distance group” lay on average 35 to 36 % of the distance above the 
recommended speed level. The “recommended speed group” lay on average 25 % of the 
distance above the recommended speed. This difference was not statistically significant, 
however (F (3, 53) = 1.5). No significant differences were found for speeding more than 10 
km/h either (F (3, 53) = 1.1). 
 
The factor timing did not have any significant influence on speeding with regard to the total 
route. 

Lane Keeping 
It was also investigated with which percentage of the complete distance the drivers crossed 
the centre line. Both cases in which the line was crossed at all and cases in which the line 
was crossed by at least half the car were analysed. 
 
Men were significantly more likely to drive into the opposing lane (14.7 % of the distance as 
compared to women: 8.2 % of the distance; t = -2.2). When considering a protrusion into the 
opposing lane with more than half the car, the difference was significant, too (men: 6.1 % 
versus women: 2.5 %; t = -3.0).  
 
The factor HMI design and the factor timing did not have any significant influence on how 
much the drivers steered into the opposite lane. 

Interaction Speed and Lane Keeping 
A significant correlation was found between the percentage of speeding with more than 10 
km/h and the percentage of driving with more than half the car in the opposing lane (r = .341). 

Headway 
Headway could only be analysed in Situations 04 and 14, when the participant was following 
a bus. Those participants that arrived on time kept a significantly shorter headway than those 
participants that did not arrive on time (F(1, 90) = 5.4). Gender had a significant influence on 
headway, too, with females keeping around 30 to 40 m longer headways than males (F (1, 
90) = 6.7). In the second lap the participants kept significantly shorter headways than in the 
first lap (F (1, 90) = 7.7). Neither HMI design nor timing influenced headway. All results come 
from one GLM on headway with the factors lap number, HMI design, timing, availability of 
data, gender and being on time. 
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Results Driving Behaviour – Road Sections 
As described above, the low friction warnings were only shown when friction was low and 
reliable data from the simulated database were available to the system. Therefore analyses of 
the same variables as above were performed for those portions of the road where the driver 
received a warning for slippery road conditions. Furthermore, the analyses were made for 
those portions were the driver was informed that road friction was high (green dot in the 
display, meaning that reliable data are available that indicate high friction). 

Confirmed Low Friction 
In this condition (11.5 % of the whole route) the surface of the road looked either icy (70 % of 
the distance) or like asphalt (30 % of the distance), but was always slippery. With respect to 
gender there was a trend that men tended to speed more (54 % of the distance above 
recommended speed limit versus 45 % of the distance for women). The trend was weaker for 
exceeding the speed limit with more than 10 km/h (32 % of the distance for men, 25 % of the 
distance for women). No significant differences appeared for driving into the opposing lane 
(9.4 % of the distance for which low friction and a warning was present for men, 6.6 % of the 
distance for women).  
 
It was found, that the “recommended speed group” drove to a significantly lesser extent faster 
than recommended speed than the other groups (F (3, 53) = 7.9; post-hoc tests with 
Bonferroni-correction; rec. speed group: 35 % of the distance; other groups: 53 % to 61 % of 
the distance, cf. Figure 13c). The same pattern showed for speeds more than 10 km/h higher 
than recommended speed. 
 
The effect of the different HMI design on how much the drivers speeded above the posted 
speed limit was examined, too (cf. Figure 13b). The “recommended speed group” drove faster 
than the posted speed limit for 3.6 % of the distance (control group: 7.6 % of the distance; 
qualitative warning group: 9.7 % of the distance; stopping distance group: 9.2 % of the 
distance). There was no significant difference between these values (F = 1.1). 
 
The factor HMI design did not have any significant influence on lateral position for this road 
condition. 

Confirmed High Friction 
In this condition (38.5 % of the whole route) the surface of the road looked like asphalt 90 % 
of the distance and was covered with intermittent ice for 10 % of the distance. Friction was 
always high. 
 
Men speeded more often than women did, but the difference was not significant (men: 31 % 
of the distance, women: 22 % of the distance; t = -1.6).  
 
A t-test with the factor gender revealed that men drove significantly more into the opposing 
lane (17 % of the distance versus 9 % for women, t = -2.1). The difference was significant for 
a protrusion into the opposite lane with more than half of the car, too (t = -2.2).  
 
An analysis of variance did not show any significant differences for the factor HMI design with 
respect to both lateral position and speeding (cf. Figure 13a for speeding). 



 

Deliverable 
2.3 Simulator 
Study 

VTI Date of 
release 
27. Apr. 2007 

Version 
v1.0 

 

 
Contractor : VTI Contract no: ST4-CT-2005-012344 
Author: Dr. Katja Kircher Page 40 of 89 File name: 

INTRO_D2.3_v1.0_PU_27Apr2007.pdf
 

 
 
confirmed high friction (= green 
dot); speed above posted 
speed limit (= rec. speed) 

confirmed low friction (= 
warning); speed > posted 
speed limit 

confirmed low friction (= 
warning); speed > 
recommended speed limit 

a b c 

stopp. 
dist.

rec. 
speed

qual. 
warn.

ctrl

60 %

40 %

20 %

0 %
stopp. 
dist.

rec. 
speed

qual. 
warn.

ctrl

60 %

40 %

20 %

0 %
stopp. 
dist.

rec. 
speed

qual. 
warn.

cntrl

60 %

40 %

20 %

0 %

  
Figure 13. Average percentage of distance driven at a speed higher than the posted speed limit 

(a and b) respectively the recommended speed limit (c), split into the four groups (3 
HMI design and one control group). For high friction conditions (a) the 
recommended speed equals the posted speed. The black line in each graph shows 
the average value across all participants. 

 
For confirmed high friction conditions (Figure 13a) the speed limit was exceeded for 26.7 % of 
the distance on average across all groups. For low friction conditions this value lies at 6.9 % 
(Figure 13b). The recommended speed was exceeded for 49.7 % of the distance on average 
(Figure 13c). A repeated measures GLM showed that the three percentages are significantly 
different from each other (F (2, 48) = 417.5). 

Appearance of Road Surface 
For the following analyses only the low friction sections of the road were considered. 
Behaviour was compared for the sections in which the road surface looked like it was dry 
asphalt and for sections in which the road surface looked slippery. 
 
Speed. When the system showed that no data were available and the road looked like 
asphalt there was a trend that men exceeded the recommended speed more than women did 
(59 % as compared to 54 % of the distance; F (1, 49) = 3.4). The factor timing had a 
significant effect on how much of the time the drivers exceeded the recommended speed, 
even though no warning was given in the present condition (control group: 64 %, 3-seconds-
group: 62 %; 6-seconds-group: 49 %; F (1, 49) = 20.4). No other effects were significant for 
this condition. 
 
When the road surface looked slippery, however, the factor HMI design was significant in the 
condition in which the low friction system showed that no data were available (F (2, 49) = 4.9). 
The recommended speed group exceeded the recommended speed 40 % of the distance, 
while all other groups including the control group exceeded the recommended speed 55 % of 
the distance when the road looked slippery and friction was reduced, but no warning was 
given. 
 
In those cases in which warnings were given, that is, data were available, the factor gender 
had a significant influence in how much the drivers exceeded the recommended speed when 
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the road surface looked like dry asphalt (men: 59 % of the distance; women: 49 % of the 
distance; F (1, 49) = 6.2). A trend in the same direction was found when the road looked 
slippery (men: 51 % of the distance; women: 43 % of the distance; F (1, 49) = 3.9). The factor 
HMI design was significant for both road appearances, and in both conditions the 
recommended speed group exceeded the recommended speed limit the least (F (2, 49) = 3.7 
for an asphalt road surface appearance and F (2, 49) = 11.6 when the road surface looked 
slippery). When the road did not look slippery the recommended speed group drove faster 
than recommended speed for 44 % of the distance, and for 29 % of the distance when the 
road looked slippery. All other groups exceeded the recommended speed for more than 50 % 
of the distance in both conditions, and only marginally more often when the road did not look 
slippery. The control group always had the highest values. Timing only had a significant 
influence on how much the drivers speeded when the road surface looked dry (F(1, 49) = 
12.9), with the 6-seconds-group exceeding the recommended speed limit for 45 % of the 
distance while the 3-seconds-group lay at 59 % of the distance. 
 
Generally those people who speeded in one condition also speeded in the other conditions, 
which is shown by the high correlations between the different examined conditions. They lay 
between .59 and .84 and are all statistically significant. It was also found that the participants 
exceeded the speed significantly less often when they received warnings as compared to 
when they did not receive warnings and that they exceeded the recommended speed less 
often when the road looked slippery as compared to when it did not, even though it was (t (56) 
between 2.1 and 3.5 for the four tests). 
 
Lane Keeping. Within the four conditions examined for speed no significant effects on lane 
exceedance were found for the factors HMI design, timing and gender. However, between 
those conditions significant differences were found depending on road surface appearance, 
but not on data availability. When the road surface appeared to be dry the drivers drove more 
into the opposing lane than when the road surface looked slippery (15 % when no data were 
available, 14 % when data were available as compared to 5 % for no data and 4 % of the 
distance when data were available; t (56) = 7.9 for no data, t (56) = 8.2 for data available). 
The percentage with which drivers enter the opposing lane under dry conditions equals the 
percentage found here for low friction conditions with a road surface that looks dry. Generally, 
those drivers who tended to exceed their own lane more did so in all conditions, which is 
shown by the significant correlations between all four conditions (r = .71 to .88). 

Results Driving Behaviour – Situations Without Events 
Speed diagrams for the 20 situations are presented below. The two corresponding situations 
from the two laps are always presented together (i. e. Situations 01 and 11, Situations 02 and 
12, and so on). First the situations without special events and then the situations with events 
are presented. Top views depicting the curvature of the road within the situations are provided 
in Appendix III, and a selection of mean values for certain subgroups are provided in 
Appendix IV. 
 
Situations without events are those that do not involve other traffic or animals on the road. 
They always include one slippery section; in Situations 03/13 and 07/17 there is no visual 
indication for reduced friction. 

Situations 01 and 11 
In these situations the road looked icy where friction was low. The icy patch lay between 
distance 1670 m and 2370 m. All groups reduced their speed when they approached the low 
friction area, regardless of whether they had received a warning or not. This behaviour 
occurred both for the first passage (Situation 01) and the second passage (Situation 11), but 
when the participants passed through the situation a second time (Figure 15) their average 
speed was significantly higher than for the first passage (covariate in GLM including both 
situation 01 and 11: F(1, 99) = 15.2). There were no interaction effects between the variables 
timing, HMI design and data availability. The main effect for HMI design was significant (F (2, 



 

Deliverable 
2.3 Simulator 
Study 

VTI Date of 
release 
27. Apr. 2007 

Version 
v1.0 

 

 
Contractor : VTI Contract no: ST4-CT-2005-012344 
Author: Dr. Katja Kircher Page 42 of 89 File name: 

INTRO_D2.3_v1.0_PU_27Apr2007.pdf
 

99) = 5.8). The plots show that the recommended speed group kept the slowest speed on 
average, driving around 60 km/h on the icy patch. In Situation 01 there is a tendency that the 
subgroups who received the warnings (data available) drove more slowly than the groups 
who did not receive warnings (no data available), but this phenomenon disappeared during 
the second passage for all groups except the recommended speed group. 
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Figure 14. Speed profile through Situation 01 for the control group and the three HMI design 

groups (sd: stopping distance; rs: rec. speed; qw: qualitative warning; c: control), 
split into subgroups according to whether the participants had received a warning 
(1) or not (0). Between the vertical blue bars the road looked icy and friction was 
low.  

 
In Situation 11 the speed profiles of all subgroups except the recommended speed group with 
available data are similar to each other. The average speed of the recommended speed 
group lies between 10 and 15 km/h below the average speed of the other subgroups. In this 
situation the recommended speed group approached the icy section with the slowest speed of 
all groups, which was not the case in Situation 01. In both situations it can be observed that 
all subgroups except for the recommended speed group (rs1) with available data slow down 
before reaching the icy section and then continue slowing down on the first 100 to 200 m of 
the icy section. Then they accelerate again, and when they leave the icy section they 
accelerate back to their initial speed. The recommended speed group with available data, 
however, does not accelerate at all during Situation 01 and only marginally during Situation 
11, except for on the last 100 m when the end of the icy section is already visible. 
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Figure 15. Speed profile through Situation 11 for the control group and the three HMI design 

groups (sd: stopping distance; rs: rec. speed; qw: qualitative warning; c: control), 
split into subgroups according to whether the participants had received a warning 
(1) or not (0). Between the vertical blue bars the road looked icy and friction was 
low. 

In total 27 out of 57 participants braked at least once in Situations 01 and 11 before reaching 
the slippery section after they had received the warning (data available) or would have 
received the warning (no data available). Of these, 9 braked in both situations, while 20 
braked only once, thus, the total number of braking manoeuvres performed in Situations 01 
and 11 is 38. Two braking manoeuvres occurred in the control group, the drivers in the 
stopping distance group braked 11 times of which 8 brake manoeuvres were performed after 
having received a warning for low friction. The recommended speed group braked 16 times in 
total, 12 times after a warning and 4 times while the “no data available” symbol was visible. 
The qualitative warning group performed 9 brake manoeuvres, 5 of which were preceded by a 
warning for low friction. Thus, 11 braking manoeuvres were performed in the “no data 
available” condition and 25 were performed after an issued warning. 
 
The behaviour of the participants who braked after having received a warning is visualised in 
Figure 16. The 12 participants in the 6-seconds-group let an average of 2.55 s pass before 
braking after having received the warning. The 13 participants in the 3-seconds-group 
pressed the brake 1.8 seconds after having received the low-friction warning. This difference 
is not significant, but there is a trend that indicates that the 3-seconds-group pressed the 
brake sooner after the warning. Both the 3-second-group and the 6-second-group released 
the brake before reaching the low friction patch of the road, however, the 3-second-group 
released the brake significantly later than the 6-seconds-group (18 m before the slippery 
patch as compared to 60 m before the slippery patch; t (23) = 3.74). All participants who 
braked reached their maximum retardation before they arrived on the slippery patch. Two 
participants in the 3-second-group let go of the brake only after having reached the slippery 
area, while in the 6-second-group all participants had stopped braking before arriving on the 
slippery patch. The average maximum retardation was -3.3 m/s2 for the 3-seconds-group and 
-3.5 m/s2 for the 6-seconds-group for those who braked. The difference is not significant. 
There was no significant difference in minimum speed between the groups, either. Of those 
participants who braked, around 80 % reached their minimum speed in the first half of the 
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slippery area. A comparison of the braking-related values for all situations without events can 
be found in Table 11 and Table 12. 
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Figure 16. Situations 01 and 11. Speeds and positions for the appearance of the warning, the 

first press of the brake pedal, the maximum retardation, releasing the brake pedal 
and the minimum speed while the warning was on for those participants who 
braked and who had received a warning, for the two timing conditions. The blue 
reference lines demarcate the slippery area. 

 

Situations 02 and 12 
In these situations the road looked icy when friction was low, and tracks were visible. The low 
friction area lay between distance 3920 m and 4820 m. All participants who had received a 
warning for low friction in the previous situation were presented with the orange dot for “no 
data available” in this situation, and vice versa, except for the control group who did not 
receive any low friction information at all.  
 
Also in this situation all groups reduced their speed significantly when the low friction area 
was approached (F (19, 81) = 8.0; cf. Figure 17 and Figure 18). In this situation there was no 
significant difference in speed between the first and the second passage (F (1, 99) = 2.1). 
HMI design had a significant influence on speed (F (2, 99) = 7.1), but neither data availability 
nor timing had an effect on speed choice for the Situations 02 and 12. 
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Figure 17. Speed profile through Situation 02 for the control group and the three HMI design 

groups (sd: stopping distance; rs: rec. speed; qw: qualitative warning; c: control), 
split into subgroups according to whether the participants had received a warning 
(1) or not (0). Between the vertical blue bars the road looked icy with tracks and 
friction was low. 

Both in Situation 02 and in Situation 12 the recommended speed group kept the lowest speed 
throughout the low friction area. This is true both for the group that received a warning and 
the group that did not receive a warning but instead was shown the orange dot for “no data 
available” (rs0 in the figures). 
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Figure 18. Speed profile through Situation 12 for the control group and the three HMI design 

groups (sd: stopping distance; rs: rec. speed; qw: qualitative warning; c: control), 
split into subgroups according to whether the participants had received a warning 
(1) or not (0). Between the vertical blue bars the road looked icy with tracks and 
friction was low. 

 
For Situations 02 and 12 altogether 39 braking manoeuvres were observed, which were 
executed by 28 participants. Of those, 23 had also braked in Situations 01 and 11, which 
indicates that the same individuals tend to brake when approaching a visibly slippery surface. 
In the current situations 16 braking manoeuvres were performed while the low friction 
information display showed that no data were available, while 20 braking manoeuvres 
occurred after an issued warning. Drivers in the control group braked three times. For 
Situations 02 and 12 the factor timing did not have a significant effect on the distance from the 
slippery area at which the brake was pressed (3 s: 38 m before; 6 s: 68 m before), on the time 
that elapsed from the warning until the brake was pressed (3s: 2.8 s; 6 s: 4.5 s), on the 
location where the brake was released, on the maximum retardation, or on the minimum 
speed while the warning was on (cf. Figure 19). As compared to Situations 01 and 11 more 
drivers still had their feet on the brake when entering the low friction area, and five of the 
drivers reached their maximum retardation first in the low friction area. 
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Figure 19. Situations 02 and 12. Speeds and positions for the appearance of the warning, the 

first press of the brake pedal, the maximum retardation, releasing the brake pedal 
and the minimum speed while the warning was on for those participants who 
braked and who had received a warning, for the two timing conditions. The blue 
reference lines demarcate the slippery area. 

 

Situations 03 and 13 
In these situations the road looked like asphalt, but friction was low. The low friction area lay 
between distance 5820 m and 6220 m, but there was no visual indication in the environment 
for the reduced friction. 
 
There was no significant difference in speed for the first passage (Situation 03) and the 
second passage (Situation 13). The speed profiles for the different groups are shown in 
Figure 20 and Figure 21. Speed was not significantly lower for those groups that received a 
warning as compared to the groups with the information that no data was available (F (1, 99) 
= 3.1). Both for Situation 03 and Situation 13 the control group, the stopping distance group 
with no data available and the qualitative warning group with no data available crossed the 
low friction area at the highest average speeds of all groups, at about 85 to 90 km/h. The 
recommended speed group with no data available kept approximately the same speed as the 
qualitative warning and the stopping distance group when they received a warning. During 
both passages their speed lay at about 80 km/h. The recommended speed group with data 
available (rs1 in the figures) kept the lowest average speed of 70 km/h and below throughout 
the situation. The factor HMI design had a significant influence on the speed in the situation 
(F (2, 99) = 9.6). 
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Figure 20. Speed profile through Situation 03 for the control group and the three HMI design 

groups (sd: stopping distance; rs: rec. speed; qw: qualitative warning; c: control), 
split into subgroups according to whether the participants had received a warning 
(1) or not (0). Between the vertical blue bars friction was low, even though the road 
surface looked like asphalt. 
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Figure 21. Speed profile through Situation 13 for the control group and the three HMI design 

groups (sd: stopping distance; rs: rec. speed; qw: qualitative warning; c: control), 
split into subgroups according to whether the participants had received a warning 
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(1) or not (0). Between the vertical blue bars friction was low, even though the road 
surface looked like asphalt. 

 
In Situations 03 and 13 altogether 23 participants braked altogether 26 times. Two of those 
had not braked in either situation 01 and 11 or 02 and 12. In the current situations 4 braking 
manoeuvres were performed while the low friction information display showed that no data 
were available, while 22 braking manoeuvres occurred after an issued warning. No drivers in 
the control group braked, 14 braking manoeuvres occurred in the recommended speed group, 
8 in the stopping distance group and 4 in the qualitative warning group. Of those participants 
who brake in these situations where the road surface does not indicate that friction is low, 
many participants in the 3-seconds-group still have their foot on the brake when entering the 
low friction area, and more than half reach their maximum retardation first after having 
entered the low friction zone. For the 6-seconds-group only one participant reaches maximum 
retardation first on the low friction area when braking a second time.  
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Figure 22. Situations 03 and 13. Speeds and positions for the appearance of the warning, the 

first press of the brake pedal, the maximum retardation, releasing the brake pedal 
and the minimum speed while the warning was on for those participants who 
braked and who had received a warning, for the two timing conditions. The blue 
reference lines demarcate the slippery area. 
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Situations 07 and 17 
In these situations the road looked like asphalt, but friction was low. The low friction area lay 
between distance 15490 m and 15940 m, but there was no visual indication in the 
environment for the reduced friction. 
 
There was no significant difference in speed for the first passage (Situation 07) and the 
second passage (Situation 17). The speed profiles for the different groups are shown in 
Figure 23 and Figure 24. Even though the difference in speed between the groups receiving a 
warning and the groups not receiving a warning did not reach statistical significance, a clear 
trend in that direction could be observed (F (1, 99) = 3.8). The average speed of the different 
groups showed the same pattern as for Situations 03 and 13, even though not quite as 
clearly. Again, the recommended speed group with data available kept the lowest speed 
throughout the situation, and the influence of the factor HMI design on speed was significant 
(F (2, 99) = 3.8). The difference in mean speed between this group and the fastest groups lies 
at about 20 km/h. 
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Figure 23. Speed profile through Situation 07 for the control group and the three HMI design 

groups (sd: stopping distance; rs: rec. speed; qw: qualitative warning; c: control), 
split into subgroups according to whether the participants had received a warning 
(1) or not (0). Between the vertical blue bars friction was low, even though the road 
surface looked like asphalt. 
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Figure 24. Speed profile through Situation 17 for the control group and the three HMI design 

groups (sd: stopping distance; rs: rec. speed; qw: qualitative warning; c: control), 
split into subgroups according to whether the participants had received a warning 
(1) or not (0). Between the vertical blue bars friction was low, even though the road 
surface looked like asphalt. 

 
In Situations 07 and 17 altogether 33 braking manoeuvres were performed by 28 drivers. Five 
of those 28 drivers braked for the first time in a situation without event, three of them were 
presented with the orange dot for “no data available” at that time, and one was in the control 
group. Altogether 11 braking manoeuvres occurred with “no data available”, four of those in 
the qualitative warning group, three in the recommended speed group and four in the 
stopping distance group. Of the 19 drivers that stepped on the brake after a warning had been 
given, four were in the qualitative warning group, 10 were in the recommended speed group 
and five in the stopping distance group. In the control group three drivers braked in Situations 
07 or 17. 
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Figure 25. Situations 07 and 17. Speeds and positions for the appearance of the warning, the 

first press of the brake pedal, the maximum retardation, releasing the brake pedal 
and the minimum speed while the warning was on for those participants who 
braked and who had received a warning, for the two timing conditions. The blue 
reference lines demarcate the slippery area. 

 
As can be seen in Figure 25 in the 3-seconds-group the brake was in many cases first 
released when the low friction area was reached. In four cases the brake was not even 
pressed before reaching the slippery area. This means that the retardation takes place on low 
friction for these cases. In the 6-seconds-group one person braked first after having reached 
the low friction area, and for two cases the maximum retardation occurred on low friction. The 
other drivers in this group had already released the brake before reaching the low friction 
area.  

Situations 08 and 18 
In these situations the road looked “intermediate” when friction was low. The low friction area 
lay between distance 16650 m and 17450 m. 
 
There was no significant difference in speed for the first passage (Situation 08) and the 
second passage (Situation 18). The speed profiles for the different groups are shown in 
Figure 26 and Figure 27. In these situations the presence of a warning did not have a 
significant effect on speed (F (1, 99) = 1.8). A significant influence of the factor HMI design on 
speed was found (F (2, 99) = 6.7), with the recommended speed group keeping the lowest 
speed on average. The speed profiles of all groups are quite similar to each other for both 
passages. All groups start accelerating substantially after having reached distance 17000 m. 
The average speed has increased with 15 km/h to 20 km/h at distance 17300 m. At distance 
17000 the road changed from being rather curvy to being rather straight. 
 
In these situations there is no significant difference of the factor “availability of data” on speed. 
There are several occasions where the groups that had received a warning drove with slightly 
higher speeds than the groups that had not received a warning.  
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Figure 26. Speed profile through Situation 08 for the control group and the three HMI design 

groups (sd: stopping distance; rs: rec. speed; qw: qualitative warning; c: control), 
split into subgroups according to whether the participants had received a warning 
(1) or not (0). Between the vertical blue bars the road looked “intermediate” and 
friction was low. 
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Figure 27. Speed profile through Situation 18 for the control group and the three HMI design 
groups (sd: stopping distance; rs: rec. speed; qw: qualitative warning; c: control), 
split into subgroups according to whether the participants had received a warning 
(1) or not (0). Between the vertical blue bars the road looked “intermediate” and 
friction was low. 

 
The number of drivers who braked in Situations 08 and 18 is 43. Of those, 29 braked in both 
situations, therefore 72 braking manoeuvres were performed altogether. The drivers in the 
control group braked 11 times, the drivers in the stopping distance group braked 19 times of 
which 11 brake manoeuvres were performed after having received a warning for low friction. 
The recommended speed group braked 23 times in total, 12 times after a warning and 11 
times while the “no data available” symbol was visible. The qualitative warning group 
performed 19 brake manoeuvres, 9 of which were preceded by a warning for low friction. 
Thus, 29 braking manoeuvres were performed in the “no data available” condition and 32 
were performed after an issued warning. As compared to the other situations without events, 
the number of brake manoeuvres was approximately twice as big, and exactly half of the 
manoeuvres were performed when no warning was given (control group members excluded). 
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Figure 28. Situations 08 and 18. Speeds and positions for the appearance of the warning, the 

first press of the brake pedal, the maximum retardation, releasing the brake pedal 
and the minimum speed while the warning was on for those participants who 
braked and who had received a warning, for the two timing conditions. The blue 
reference lines demarcate the slippery area. 

In these situations approximately 30 % of the maximum retardations after issued warning 
were measured on the low friction area, some of them far into the slippery section. Three of 
the participants in the 6-seconds-group and two of the participants in the 3-seconds-group did 
not brake before reaching the low friction section. Less than 10 % of the participants who 
braked after having received a warning reached their lowest speed after distance 17000 (cf. 
Figure 28). 

Situations 09 and 19 
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In these situations the road looked icy when friction was low. The low friction area lay 
between distance 18480 m and 18880 m. 
 
There was no significant difference in speed for the first passage (Situation 09) and the 
second passage (Situation 19). The speed profiles for the different groups are shown in 
Figure 29 and Figure 30. In these situations the presence of a warning did not have a 
significant effect on speed (F (1, 99) = .09). A significant influence of the factor HMI design on 
speed was found (F (2, 99) = 7.3), with the recommended speed group keeping the lowest 
speed on average. Also in this situation the speed profiles of all groups resemble each other. 
Speed is reduced when approaching the icy surface, and about 100 m before friction returns 
to being good the drivers start accelerating. 
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Figure 29. Speed profile through Situation 09 for the control group and the three HMI design 

groups (sd: stopping distance; rs: rec. speed; qw: qualitative warning; c: control), 
split into subgroups according to whether the participants had received a warning 
(1) or not (0). Between the vertical blue bars the road looked icy and friction was 
low. 

 
In Situation 19 the part recommended speed group that had received a warning (rs1) kept a 
speed that lay about 10 km/h under the average speed of the other groups. 
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Figure 30. Speed profile through Situation 19 for the control group and the three HMI design 

groups (sd: stopping distance; rs: rec. speed; qw: qualitative warning; c: control), 
split into subgroups according to whether the participants had received a warning 
(1) or not (0). Between the vertical blue bars the road looked icy and friction was 
low. 

 
The number of drivers who braked in Situations 09 and 19 is 34. Of those, 13 braked in both 
situations, therefore 47 braking manoeuvres were performed altogether. The drivers in the 
control group braked 8 times, the drivers in the stopping distance group braked 14 times of 
which 8 brake manoeuvres were performed after having received a warning for low friction. 
The recommended speed group braked 15 times in total, 9 times after a warning and 6 times 
while the “no data available” symbol was visible. The qualitative warning group performed 10 
brake manoeuvres, 4 of which were preceded by a warning for low friction. Thus, 18 braking 
manoeuvres were performed in the “no data available” condition and 21 were performed after 
an issued warning. 
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Figure 31. Situations 09 and 19. Speeds and positions for the appearance of the warning, the 

first press of the brake pedal, the maximum retardation, releasing the brake pedal 
and the minimum speed while the warning was on for those participants who 
braked and who had received a warning, for the two timing conditions. The blue 
reference lines demarcate the slippery area. 

In the 3-seconds-group three participants reached their maximum retardation while on the low 
friction section, while all participants in the 6-seconds-group had already released the brake 
pedal before entering the low friction section. The minimum speed of 0 km/h at a distance of 
approximately 18800 m in the 3-seconds-group indicates that one driver who had got into a 
skid started again with 0 km/h after a simulator safety stop (cf. Figure 31). 

Comparison Situations Without Events 
Above each situation without event has been presented individually. Here a few comparisons 
across situations are made. In Table 10 the results of six General Linear Model analyses 
(GLM) on speed are presented both for within- and between-subjects factors. The within-
subjects analyses always indicate the effect of a certain variable on the speed development 
through the situation, while the between-subjects analyses indicate whether a certain variable 
influenced the average speed in the situation. 
 
Only in Situations 03 and 13 no significant speed change could be found within the situation. 
In all other situations speed was significantly reduced somewhere across the situation. The 
road was curvier in Situations 07 and 17, the other situation with an asphalt surface, than in 
Situations 03 and 13. Only in Situations 01 and 11 the average speed was lower during the 
first passage of the situation than during the second passage. The significant within-groups 
effect of lap number on speed in Situations 03/13 indicates that speed changed significantly 
across the situation only in one lap. 
 
The factor HMI design is significant between subjects in all situations. Each time the average 
speed is lowest for the recommended speed group. For the asphalt situations (03/13 and 
07/17) and the ice with tracks situation (02/12) the within-subjects effect of HMI design on 
speed was significant, indicating that significant speed changes across the situation occurred 
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only for certain HMI designs. The biggest changes in speed in those situations were 
measured for the recommended speed display. The factor timing was not significant between 
subjects in any of the situations. The significant results for Situations 02/12, 03/13 and 07/17 
indicate that speed was affected differently for the different timing groups. Availability of data 
did not have any significant effect on average speed in any of the situations, it did, however, 
affect the development of speed through the situation for all situations. In each case speed 
was reduced more for the groups that received a warning than for those that did not receive a 
warning. 
 
For the between-subjects factors no interactions on any level were found. For two asphalt 
situations, however, two higher-level interactions appeared. In both cases the factors HMI 
design and data availability interacted in their influence on speed development. The same is 
true for the factors data availability and timing. 
 
Table 10. Comparative presentation of F-values for within- and between-subjects effects of a 

GLM on speed (within subjects through a situation) with the between-subjects 
factors lap number (2 levels), HMI design (3 levels), timing (2 levels) and 
availability of data (2 levels) for all situations without event. All within-subjects 
tests are done with Huynh-Feldt correction. Significant differences are marked with 
yellow. 

situ-
ation 01 & 11 02 & 12 03 & 13 07 & 17 08 & 18 09 & 19 

surface ice ice with 
tracks asphalt asphalt intermediate ice 

speed 
limit 90 km/h 90 km/h 90 km/h 90 km/h 90 km/h 90 km/h 

effects bw wi bw wi bw wi bw wi bw wi bw wi 

speed 
change  10.2  24.0  1.4  4.5  11.6  14.4 

lap 
number 15.2 4.4 2.1 .31 .23 3.6 3.0 .66 2.5 .24 2.8 .49 

HMI 
design 5.8 3.8 7.1 5.9 9.6 4.3 3.8 3.6 6.7 1.1 7.3 1.8 

timing .38 2.4 .33 2.8 1.6 6.0 1.9 3.0 .54 1.1 .32 1.2 

avail. of 
data 1.1 9.4 1.2 7.5 3.1 25.1 3.8 25.0 1.8 2.9 .09 2.4 

inter-
actions no no no no no yes no yes no no no no 

Interactions 03, 13: speed * HMI * avail; speed * timing * avail 
Interactions 07, 17: speed * HMI * avail; speed * timing * avail 
 
 
The influence of timing on several variables related to longitudinal control of the vehicle are 
presented in Table 11. Here only data for those drivers who braked after having received a 
warning are presented. The distance from receiving the warning until the slippery section 
started was obviously significantly longer for the 6-seconds-group. The two different timing 
groups did not differ in average speed when they received the warning. In all situations the 
participants in the 6-seconds-group started braking further away from the slippery zone than 
the 3-seconds-group participants. In four of the cases the difference was significant. The 6-
seconds-group released the brake earlier than the 3-seconds-group, too. Also this difference 
was significant in four of the cases. In half of the situations the position for releasing the brake 
lay in the slippery section for the 3-seconds-group. This did not occur at all in the 6-seconds-
group. The participants in the 6-seconds-group reached the position for their maximum 
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retardation earlier than the 3-seconds-group, and before entering the slippery zone. The 
difference in position was significant for four situations. There were no significant differences 
in maximum retardation or in the time that elapsed between receiving the warning and 
stepping on the brake. The speed at which the brake was released did not differ between the 
two timing-groups either, nor did the minimum speed while the warning was on. 
 
 
Table 11. Comparative presentation of variables describing the longitudinal control of the 

vehicle for the two timing groups for all situations without event for those drivers 
who braked after having received a warning. Significant differences are marked 
with yellow. The 0-point for the distances in metres lies at the beginning of the low 
friction section. 

situation 01 & 11 02 & 12 03 & 13 07 & 17 08 & 18 09 & 19 

surface ice ice with 
tracks 

asphalt asphalt intermediate ice 

speed limit 

tim
in

g 

90 km/h 90 km/h 90 km/h 90 km/h 90 km/h 90 km/h 
3 12 12 11 11 17 9 n 
6 13 8 11 8 15 12 
3 100 m 105 m 105 m 98 m 94 m 90 m position for 

warning on 6 169 m 184 m 177 m 166 m 160 m 147 m 
3 87.7 km/h 91.4 km/h 90.1 km/h 82.3 km/h 77.6 km/h 71.7 km/h speed at 

warning on 6 85.2 km/h 92.3 km/h 89.4 km/h 81.9 km/h 77.9 km/h 70.6 km/h 
3 60 m 38 m 19 m 13 m 44 m 46 m position for 

first brake 
after 
warning on 

6 112 m 68 m 84 m 90 m 48 m 92 m 

3 85.8 km/h 89.1 km/h 87.0 km/h 80.5 km/h 75.9 km/h 70.0 km/h speed at 
brake on 6 83.1 km/h 88.1 km/h 87.0 km/h 78.7 km/h 76.0 km/h 68.1 km/h 

3 1.8 s 2.8 s 3.5 s 3.9 s 2.3 s 2.2 s time warning 
on to brake 
on 6 2.5 s 4.5 s 2.8 s 3.5 s 5.5 s 3.0 s 

3 18 m - 7 m -29 m -28 m 12 m 15 m position for 
brake off 6 60 m 12 m 64 m 38 m 14 m 61 m 

3 69.7 km/h 72.8 km/h 78.1 km/h 68.7 km/h 63.7 km/h 56.9 km/h speed at 
brake off 6 64.1 km/h 75.3 km/h 68.9 km/h 64.2 km/h 64.1 km/h 56.2 km/h 

3 -3.4 m/s2 -3.6 m/s2 -1.9 m/s2 -2.3 m/s2 -3.1 m/s2 -3.0 m/s2max 
retardation 6 -3.6 m/s2 -3.1 m/s2 -3.2 m/s2 -2.7 m/s2 -3.2 m/s2 -3.0 m/s2

3 38 m 6 m -13 m - 7 m -24 m 16 m position for 
max 
retardation 6 74 m 28 m (one 

outlier 
excluded) 

76 m 45 m -37 m 76 m 

3 60.2 km/h 62.6 km/h 67.8 km/h 59.8 km/h 53.9 km/h 45.7 km/h min speed 
while 
warning on 6 53.5 km/h 58.5 km/h 60.2 km/h 55.5 km/h 56.2 km/h 49.7 km/h 

 
 
In Table 12 most of the position variables are excluded, because n is small in most cases, 
and it depends significantly on the timing group where a certain position is reached for certain 
variables. If there happen to be many 6-second-subjects in one HMI design, for example, that 
might have an effect on the value that does not depend on the HMI design itself. 
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In each situation the largest number of participants who braked belonged to the 
recommended speed group. The groups did not differ in speed when they received a warning 
or when they hit the brake. Their maximum retardations did not differ, either, and their speed 
at the time when they released the brake differed significantly only in Situations 03/13, with 
the recommended speed group arriving at the lowest speed. In all situations except for 
Situations 09/19 the recommended speed group reached the lowest minimum speed while 
the warning was on. This speed was significantly lower in the asphalt situations 03/13 and 
07/17. 
 
Table 12. Comparative presentation of variables describing the longitudinal control of the 

vehicle for the three HMI groups for all situations without event for those drivers 
who braked after having received a warning. Significant differences are marked 
with yellow. 

situation 01 & 11 02 & 12 03 & 13 07 & 17 08 & 18 09 & 19 

surface ice ice with 
tracks 

asphalt asphalt intermediate ice 

speed limit 

H
M

I 

90 km/h 90 km/h 90 km/h 90 km/h 90 km/h 90 km/h 
sd 8 6 6 5 11 8 
rs 12 10 13 10 12 9 

n 

qw 5 4 3 4 9 4 
sd 90.8 km/h 91.7 km/h 99.1 km/h 80.7 km/h 78.8 km/h 72.3 km/h 
rs 82.6 km/h 91.8 km/h 85.0 km/h 81.5 km/h 76.0 km/h 67.6 km/h 

speed at 
warning on 

qw 88.5 km/h 91.7 km/h 91.4 km/h 85.7 km/h 78.9 km/h 76.3 km/h 
sd 88.4 km/h 90.6 km/h 97.1 km/h 80.9 km/h 77.3 km/h 70.2 km/h 
rs 81.0 km/h 88.7 km/h 81.8 km/h 77.4 km/h 74.8 km/h 65.3 km/h 

speed at 
brake on 

qw 86.3 km/h 85.7 km/h 88.8 km/h 84.2 km/h 76.0 km/h 74.5 km/h 
sd 2.5 s 2.5 s 2.2 s 2.3 s 3.0 s 2.4 s 
rs 2.1 s 3.1 s 3.7 s 4.2 s 4.0 s 3.1 s 

time 
warning on 
to brake 
on qw 2.0 s 6.1 s 2.5 s 4.4 s 4.4 s 2.1 s 

sd 73.8 km/h 78.3 km/h 82.9 km/h 63.3 km/h 61.3 km/h 57.5 km/h 
rs 61.3 km/h 71.7 km/h 66.5 km/h 66.5 km/h 62.1 km/h 52.6 km/h 

speed at 
brake off 

qw 69.0 km/h 72.5 km/h 85.3 km/h 71.5 km/h 69.6 km/h 63.4 km/h 
sd -2.9 m/s2 -4.1 m/s2 -2.7 m/s2 -3.1 m/s2 -3.4 m/s2 -3.2 m/s2

rs -3.7 m/s2 - 3.4 m/s2 -2.8 m/s2 -2.2 m/s2 -3.3 m/s2 -2.9 m/s2

max 
retardation 

qw -3.3 m/s2 -2.5 m/s2 -1.5 m/s2 -2.5 m/s2 -2.6 m/s2 -2.5 m/s2

sd 63.4 km/h 65.7 km/h 73.8 km/h 59.8 km/h 54.8 km/h 44.7 km/h 
rs 49.6 km/h 56.2 km/h 57.9 km/h 53.5 km/h 53.5 km/h 47.2 km/h 

min speed 
after 
warning on 

qw 63.2 km/h 65.8 km/h 70.5 km/h 66.8 km/h 57.3 km/h 56.6 km/h 
 
It was investigated whether those drivers who brake tended to drive at higher speeds 
previous to braking, or whether they tended to reach lower speeds after having braked, or 
both. It turned out that in all cases in which warnings were given the initial speed did not differ 
between those drivers who braked and those who did not, but that the speed after braking 
was significantly lower for the group that had braked (Table 13). 
 
Table 13. Comparative presentation of two speed variables for the group that received a 

warning (data available), split into those who braked and those who did not brake. 
Significant differences are marked with yellow. 
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situation 01 & 11 02 & 12 03 & 13 07 & 17 08 & 18 09 & 19 

surface ice ice with 
tracks 

asphalt asphalt intermediate ice 

speed limit 

br
ak

in
g 

90 km/h 90 km/h 90 km/h 90 km/h 90 km/h 90 km/h 
no 24 29 27 30 17 28 n 
yes 25 20 22 19 32 21 
no 81.9 km/h 93.5 km/h 85.8 km/h 76.9 km/h 73.8 km/h 66.8 km/h speed at 

warning on yes 86.4 km/h 91.8 km/h 89.7 km/h 82.1 km/h 77.8 km/h 71.1 km/h 
no 68.7 km/h 72.1 km/h 76.6 km/h 65.4 km/h 61.5 km/h 56.1 km/h min speed 

while 
warning on yes 56.7 km/h  60.9 km/h 64.0 km/h 58.0 km/h 55.0 km/h 48.0 km/h 

Sit 07/17 speed at warning on very close to significance 
 
For those drivers who had not received a warning but were presented the orange dot for “no 
data available” the initial speed did not differ either in any of the situations, but the speed after 
braking was lower in all situations, and significantly so in four of them. 
 
Table 14. Comparative presentation of two speed variables for the group that did not receive 

a warning (no data available), split into those who braked and those who did not 
brake. Significant differences are marked with yellow. “Warning on” is set in 
quotation marks, because no warning was given, but only the position where a 
warning would have been given was marked. 

situation 01 & 11 02 & 12 03 & 13 07 & 17 08 & 18 09 & 19 

surface ice ice with 
tracks 

asphalt asphalt intermediate ice 

speed limit 

br
ak

in
g 

90 km/h 90 km/h 90 km/h 90 km/h 90 km/h 90 km/h 
no 38 33 45 38 20 31 n 
yes 11 16 4 11 29 18 
no 81.3 km/h 85.8 km/h 83.3 km/h 75.4 km/h 69.1 km/h 67.5 km/h speed at 

“warning 
on” yes 80.5 km/h 85.5 km/h 81.2 km/h 78.7 km/h 73.2 km/h 66.5 km/h 

no 72.5 km/h 71.3 km/h 79.8 km/h 70.7 km/h 58.9 km/h 57.2 km/h min speed 
“while 
warning 
on” 

yes 60.4 km/h 61.5 km/h 68.4 km/h 69.8 km/h 52.4 km/h 52.0 km/h 

 
There were eight participants who did not brake in any of the situations without events, and 
eight participants who braked only once. One participant braked in each situation without 
events (Figure 32). The participants in the recommended speed group braked on average 6.3 
times of 12, the stopping distance braked 4.1 times on average, the qualitative warning group 
3.6 times and the control group 3.4 times. An analysis of variance showed a trend that the 
recommended speed group braked more often than the other groups (F (3, 53) = 2.4; p 
< .10). 
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Figure 32. Count of participants according to how often they braked in the 12 situations 

without events. The colour indicates the HMI design with which the participant 
drove. 

No relationship could be found between the number of braking manoeuvres per participant 
and variables like gender, age, years in possession of a driver’s licence or anxiousness when 
driving on slippery roads. The number of braking manoeuvres was not related to trip 
completion time or a tendency to speed, either.  

Results Driving Behaviour – Situations With Events 
In the situations described in this section certain traffic related events occurred. Therefore in 
most cases the variables analysed differ from those that were analysed for the situations 
without events. 

Situations 04 and 14 
In these situations the bus was placed at distance 6950 m. The bus kept a constant speed of 
70 km/h until it started decelerating at a distance of approximately 9000 m. The slippery 
section lay between distance 8000 m and 9000 m, and on this section the road looked 
“intermediate”. 
 
In all groups the participants braked considerably upon seeing the bus, on average the speed 
was reduced with around 30 km/h. The speed profiles show that the drivers then accelerated 
again, and they caught up with the bus by driving faster than the bus did. Before reaching the 
slippery section they started slowing down again, and on the slippery section the average 
speed of the participants lay below the speed of the bus (cf. Figure 33 and Figure 34). 
 
In this situation headway was also analysed. The plots in Figure 33 and Figure 34 show that 
in both cases the recommended speed group that did not receive a low friction warning (rs0) 
kept the largest headway while the road was slippery. Otherwise the headway profiles differ 
somewhat for the first and the second passage of the situation. During the first passage 
(Situation 04) all groups except for the recommended speed group reduced their headway to 
the bus with approximately 50 m over a distance of 1 km. The shortest average headway was 
measured for the stopping distance group that did not have any data available (sd0). It lay at 
100 m when reaching the slippery section. This equals a time headway of 5 s. The longest 
headway at this position was measured for the stopping distance group that received a 
warning (sd1) and the recommended speed group that did not receive a warning (rs0). It lay 
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at 150 m, which corresponds to a time headway of almost 8 s. When the low friction section 
started the recommended speed groups (rs0 and rs1) and the stopping distance group that 
received a warning (sd1) increased their headways considerably with 50 m and more on the 
first 800 m of the slippery section. The other four groups did not markedly increase their 
headway when the road turned slippery. 
 
A GLM on headway with the between-subjects factors HMI design, timing and availability of 
data and the covariate lap number was performed for the values between distance 7000 m 
and 8900 m, that is, when the bus was present and drove at a constant speed. The headway 
changed significantly through this part of the situation (F (26, 2574) = 6.7). The factor HMI 
design had a significant influence on how the headway changed on the way through the 
situation (F = 4.1, Huynh-Feldt correction was used). 
 
Between subjects the factor lap number had a significant influence on the average headway 
(F (1, 99) = 6.1). A larger average headway was found for the first lap. No other factor had a 
significant influence on headway. 
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Figure 33. Speed (above) and headway (below) profile through Situation 04 for the control 

group and the three HMI design groups (sd: stopping distance; rs: rec. speed; qw: 
qualitative warning; c: control), split into subgroups according to whether the 
participants had received a warning (1) or not (0). Between the vertical blue bars 
the road looked “intermediate” and friction was low. The black bars enclose the 
area in which the bus was present and had not yet started slowing down. 

 
There was no significant difference in how much the drivers slowed down when they 
encountered the situation a second time as compared to the first time. The second time they 
decreased the headway with 25 m to more than 50 m on the first kilometre. The 
recommended speed groups show the largest increase in headway when the road turns 
slippery, and the profile of the recommended speed group without warning differs from the 
profiles of the other groups. A general linear model on headway showed that the only 
significant influence between subjects comes from the factor HMI design (F (2, 99) = 6.3). 
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Figure 34. Speed (above) and headway (below) profile through Situation 14 for the control 

group and the three HMI design groups (sd: stopping distance; rs: rec. speed; qw: 
qualitative warning; c: control), split into subgroups according to whether the 
participants had received a warning (1) or not (0). Between the vertical blue bars 
the road looked “intermediate” and friction was low. The black bars enclose the 
area in which the bus was present and had not yet started slowing down. 

 
 



 

Deliverable 
2.3 Simulator 
Study 

VTI Date of 
release 
27. Apr. 2007 

Version 
v1.0 

 

 
Contractor : VTI Contract no: ST4-CT-2005-012344 
Author: Dr. Katja Kircher Page 66 of 89 File name: 

INTRO_D2.3_v1.0_PU_27Apr2007.pdf
 

The number of drivers who braked in Situations 04 and 14 after the low friction warning had 
been given or would have been given is 37. Of those, 14 braked in both situations, therefore 
51 braking manoeuvres were performed altogether. The drivers in the control group braked 2 
times, the drivers in the stopping distance group braked 15 times of which 9 brake 
manoeuvres were performed after having received a warning for low friction. The 
recommended speed group braked 21 times in total, 10 times after a warning and 11 times 
while the “no data available” symbol was visible. The qualitative warning group performed 13 
brake manoeuvres, 8 of which were preceded by a warning for low friction. Thus, 22 braking 
manoeuvres were performed in the “no data available” condition and 27 were performed after 
an issued warning. Neither the factor timing nor the factor HMI design influenced significantly 
any of the variables associated with braking that were investigated for the other situations. 

Situations 05 and 15 
The slippery section lay between distance 10000 m and 10350 m, even though the road 
surface looked “intermediate” from distance 9870 m to distance 10670. At distance 9920 m a 
sign was posted denoting the new speed limit of 70 km/h, at distance 9970 a traffic light 
warning sign was placed. At position 10260 m a traffic light was placed in front of a four-way 
junction (marked with a black reference line in Figure 35 and Figure 36) which turned amber 
when the driver reached distance 10160 m. After further three seconds the traffic light turned 
red. 
 
The average speed profiles of all groups look similar to each other. The drivers reduced their 
speed before entering the section that looks slippery, and they continued decelerating at 
approximately the same rate until the traffic light turned amber. A slight dip can be observed 
in front of the 70-km/h-sign, and behind the sign the average speed in all groups lay around 
70 km/h. When the light turned amber the average group speeds lay at 50 km/h ± 5 km/h. 
After the light had turned amber the participants slowed down markedly and then started 
accelerating again when the light turned green. 
 
Three participants ran the red light – two of them in the first lap and one in the second lap. 
Their speeds when passing the junction were 50.6 km/h (recommended speed group; no data 
available), 56.0 km/h (control group) and 67.1 (qualitative warning group; data available). The 
participant in the recommended speed group and the participant in the control group did not 
brake at all previous to running the red light and after the traffic light had turned amber, and 
the participant in the qualitative warning group braked 20 m in front of the traffic light, but 
released the brake again before reaching the traffic light and accelerated through the junction. 
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Figure 35. Speed profile through Situation 05 for the control group and the three HMI design 

groups (sd: stopping distance; rs: rec. speed; qw: qualitative warning; c: control), 
split into subgroups according to whether the participants had received a warning 
(1) or not (0). Behind the dark blue bar the road looked “intermediate”, behind the 
light blue bar the road was slippery, the amber line demarcates at which position of 
the driver the traffic light turned amber and the black line demarcates the position 
of the traffic light. The speed limit changes to 70 km/h at the sign. 

 
A GLM analysis on speed showed that the lap number had a significant influence on how 
speed changed while the participants drove through the situation (F = 3.5), and that there was 
a trend that both timing (F = 1.7) and HMI design (F = 1.5) influenced the development of 
speed through the situation (Huynh-Feldt-correction used). There were no significant 
between-subjects effects on speed except for a trend indicating that the recommended speed 
group drove more slowly on average than the stopping distance group (F (2, 99) = 2.5). 
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Figure 36. Speed profile through Situation 15 for the control group and the three HMI design 

groups (sd: stopping distance; rs: rec. speed; qw: qualitative warning; c: control), 
split into subgroups according to whether the participants had received a warning 
(1) or not (0). Behind the dark blue bar the road looked “intermediate”, behind the 
light blue bar the road was slippery, the amber line demarcates at which position of 
the driver the traffic light turned amber and the black line demarcates the position 
of the traffic light. The speed limit changes to 70 km/h at the sign. 

 
Whether the participants received a warning or not did not influence at which position they 
braked for the first time after the warning would have been switched on. For those that 
received a warning, the participants in the 6-seconds-group braked 99 m earlier than those in 
the 3-seconds-group, and they released the brake 99 m earlier, too, which is a significant 
difference in both cases (t (47) = 3.4 in both cases). The participants in the 3-seconds-group 
waited on average 8.1 s before they stepped on the brake after the warning had been turned 
on; thus their complete braking manoeuvre took place in the slippery section. The participants 
in the 6-seconds-group, on the other hand, waited 5.9 s before starting to brake and released 
the brake again before they reached the slippery section. 
 
There were no significant influences of the factor HMI design on any of the variables 
associated with braking. 
 
There were no differences between timing, HMI design and data availability groups with 
respect to the position at which one braked after the traffic light had turned to amber (F (27, 
84) = .59 for the complete model). On average the pedal was pressed 23 m after the light had 
turned amber). There were no effects on the speed at which the brake pedal was pressed 
either (F (27, 84) = 1.4 for the complete model). 

Situations 06 and 16 
The slippery section lay between distance 13740 m and 13940 m in a curve to the right. The 
road surface looked like asphalt. At distance 13820 m a car with the hazard lights on was 
parked on the right roadside. The posted speed limit was 70 km/h. No oncoming traffic was 
present. 
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The speed profiles for the different HMI design groups follow the same pattern through the 
situations (Figure 37 and Figure 38). In Situation 16 the average minimum speed at the point 
when the car was passed was significantly higher than in Situation 06 (t (112) = -4.5). 
 
A GLM on speed with the factors HMI design, availability of data and timing and the covariate 
lap number showed that lap number had a significant within-subjects influence on how the 
speed developed through the situation (F = 4.4; Huynh-Feldt correction used). During the 
second passage the drivers braked both later and with less force than during the first 
passage. Lap number was also the only factor that had a significant influence as a between-
subjects factor. The overall mean speed was higher in the second lap than in the first lap. 
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Figure 37. Speed (above) and headway (below) profile through Situation 06 for the control 
group and the three HMI design groups (sd: stopping distance; rs: rec. speed; qw: qualitative 
warning; c: control), split into subgroups according to whether the participants had received a 
warning (1) or not (0). Between the vertical blue bars friction was low, but the road surface 
looked like asphalt. The black bar demarcates the position of the car with a breakdown. 
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Figure 38. Speed (above) and headway (below) profile through Situation 06 for the control 

group and the three HMI design groups (sd: stopping distance; rs: rec. speed; qw: 
qualitative warning; c: control), split into subgroups according to whether the 
participants had received a warning (1) or not (0). Between the vertical blue bars 
friction was low, but the road surface looked like asphalt. The black bar demarcates 
the position of the car with a breakdown. 

 
All drivers braked in both laps in this situation. In Figure 39 different variables related to 
braking behaviour are presented for those participants that had received a warning. T-tests 
showed that timing had a significant influence on the location at which the warning was 
presented (78 m before the road turned slippery vs. 137 m before, t (46) = 18.4); the position 
at which the brake was pressed (33 m before vs. 56 m before, t (46) = 3.8); the time that 
passed between the onset of the warning and the moment the driver pressed the brake (2.9 s 
vs. 4.4 s, t (46) = -3.2); the average position for releasing the brake (15 m after the road had 
turned slippery vs. 22 m before the road turned slippery, t (46) = 3.2); and the position for the 
maximum retardation (6 m after the road had turned slippery vs. 13 m before the road turned 
slippery, t (46) = 2.4). The fact that for the 6-seconds-group the average position for the 
maximum retardation lies behind the average position for releasing the brake after having 
pressed it for the first time indicates that several participants pressed the brake more than 
once at least in this group. As can be seen from Figure 39 in the 3-second-group there are 
more occurrences of reaching one’s maximum retardation on the slippery section as for the 6-
seconds-group.  
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Figure 39. Situations 06 and 16. Speeds and positions for the appearance of the warning, the 

first press of the brake pedal, the maximum retardation, releasing the brake pedal 
and the minimum speed while the warning was on for those participants who 
braked and who had received a warning, for the two timing conditions. The blue 
reference lines demarcate the slippery area, the black reference line demarcates the 
position of the vehicle with the breakdown. The road surface looked like asphalt. 

 

Situations 10 and 20 
The slippery section lay between distance 20100 m and 20500 m. The road surface looked 
like asphalt. In the second lap at distance 20200 m three moose started running out of the 
woods when the driver had reached a time headway of 6 s to the moose. The posted speed 
limit was 90 km/h. No oncoming traffic was present. 
 
In Situation 10 the speed development through the situation resembles those of Situations 
03/13 and 07/17. The groups that received a warning tended to drive at slower speeds than 
the other groups, but the difference was not significant between subjects. Within subjects, 
however, data availability significantly influenced the way in which speed changed throughout 
the situation (F (15, 645) = 19.4). The participants that received a warning slowed down after 
having received the warning, while the participants that did not receive a warning did not slow 
down at all. The factor timing was significant, too, within subjects. The participants in the 6-
seconds-group started to slow down earlier than those in the 3-seconds-group (F (1, 645) = 
2.8), a fact which is valid only for those participants that actually received a warning 
(significant interaction between timing and data availability; F (15, 645) = 4.3). 
 
Between subjects the factor HMI design was close to significance and indicated that 
participants in the recommended speed group tended to drive more slowly than those in the 
control group and the qualitative warning group (F (2, 43) = 3.1; p = .057). 
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Figure 40. Speed (above) and headway (below) profile through Situation 10 for the control 

group and the three HMI design groups (sd: stopping distance; rs: rec. speed; qw: 
qualitative warning; c: control), split into subgroups according to whether the 
participants had received a warning (1) or not (0). Between the vertical blue bars 
friction was low, but the road surface looked like asphalt. 

 
When the same location was passed a second time three moose were running out of the 
forest and across the road when the driver had reached a time headway of 6 s to the location 
where the moose would cross. As can be seen in Figure 41 the participants arrived with an 
average speed between 80 and 90 km/h. For the recommended speed group with data 
available (rs1) a speed reduction is visible between distance 20000 m and 20050 m, after the 
low friction warning had been issued. 
 
A GLM showed that within subjects speed was significantly influenced by the factors timing 
and data availability in interaction (F (15, 645) = 3.9; Huynh-Feldt-correction applied). When 
data were available, the 6-seconds-group drove approximately 6 km/h more slowly than the 3-
seconds-group before the moose appeared. They already did so, however, before the low-
friction warning was issued. Between subjects there was a trend that the recommended 
speed group drove more slowly on average than the other groups (F (2, 43) = 2.6). 
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Figure 41. Speed (above) and headway (below) profile through Situation 20 for the control 

group and the three HMI design groups (sd: stopping distance; rs: rec. speed; qw: 
qualitative warning; c: control), split into subgroups according to whether the 
participants had received a warning (1) or not (0). Between the vertical blue bars 
friction was low, but the road surface looked like asphalt. The black bar demarcates 
the position where the moose crossed the road. 

 
Braking behaviour was examined, too. The participants in the 6-seconds-group drove at a 
significantly lower speed than those in the 3-seconds-group when they pressed the brake for 
the first time after the warning had been issued (t (23) = 2.6). The time that passed on 
average between the warning’s being switched on until the drivers pressed the brake for the 
first time was about 3 seconds longer for the 6-seconds-group (t (23) = -5.4). 

Discussion 
Generally the results were consistent and they point in one common direction. The 
recommended speed system received good ratings by the participants, and it led to significant 
speed reductions not only on the slippery sections but also in between. Increased headways 
could also be measured for this system. The earlier warning was found to be more 
advantageous than a late warning, because drivers braked less on the slippery section when 
receiving the low friction warning earlier. No negative effects could be found for an early 
warning in this study. Even though the recommended speed system generally led to reduced 
speeds, no special advantages of this type of system could be found in critical situations with 
the analyses done so far. 

Results 
The answers to the questionnaires show that drivers were generally quite positive towards a 
low friction warning system, even though many drivers were aware of the risk that they might 
trust the system too much. This awareness became even larger after having tried a low 
friction warning system, and the enthusiasm with which the participants welcomed such a 
system before having tried it was dampened a bit after the trial. Still, the participants in the 
study saw the system as an asset. 
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The participants rated the qualitative warning system as the one indicating most clearly that 
there was a risk for low friction. The fact that the majority of the participants would prefer the 
recommended speed design over the other designs anyway indicates that the participants do 
not only want to get a warning about what the road situation is like, but that they also want a 
recommendation on how to act. Drivers are used to following speed limits, and the 
speedometer makes the comparison between recommended speed and actual speed easy. 
The stopping distance display, on the other hand, only provides the driver with information on 
how long the current and the future stopping distance is calculated to be, but the driver does 
not have any reference stopping distance at hand. On a given road surface the only means 
that a driver has to change his or her stopping distance is to change speed, therefore it 
appears to be right to provide the driver with a recommended speed. Another way to present 
the stopping distance in a more direct way to the driver would be to project it into the 
environment via a head-up display. This would show the driver immediately whether the 
current stopping distance is dangerously long or not. A presentation of a future stopping 
distance could not be provided in a similarly straightforward manner, and technical limitations 
in combination with environmental circumstances render it difficult to present even the current 
stopping distance in an accurate manner in a head-up display. The layout and the slope of the 
road ahead would influence the head-up presentation of the stopping distance, for example. 
 
Of those 26 drivers that had selected the shorter and icier road four said that they would have 
selected the other route had they not had the low friction warning system. It is assumed that 
they refer to the system that actually provides the warnings while driving when they say that. 
This means that 15 per cent of the drivers choose to drive on a more slippery road as they 
would have without a system, indicating that they are willing to take greater risks and put 
much trust in the system. On the other hand, seven of the 24 drivers who selected Route A 
said they would have selected the more slippery road had they not had the information 
system. Here it is assumed that they refer to the map with the indications for low friction 
sections as the warning system. The answer is interpreted such that those drivers reasoned 
that they would not have known about the friction status of the road without the information 
system beforehand, and therefore they would have driven the shorter and straighter route. 
This behaviour indicates that some people try to avoid slippery roads even though they have 
a warning system in the car, which would be beneficial for traffic safety. Here especially, 
however, it has to be kept in mind that only the very first reaction of the participants to the 
system was monitored, and that behaviour can change significantly over time when the 
drivers get to know the system. Additionally, the question was asked in a way that it seems 
like not all drivers refer to the system in different ways. 
 
The fact that those drivers who selected Route A also needed more time to complete the trip 
than those that selected Route B shows that the more cautious drivers tend to select the 
longer, but less slippery road. They might be afraid of driving on low friction, or they might be 
aware of the fact that they reduce their speed substantially when driving on low friction, and 
hence they wanted to reduce their exposure to low friction sections on their way. Generally 
women needed more time to complete the route than men did, which supports the theory that 
more cautious people select the less icy road, since women generally scored higher on the 
question how anxious one was to drive on low friction. Anxiousness on low friction is not the 
only motivator for selecting Route A, however, since road selection was not significantly 
related to this variable. 
 
Driving behaviour data show clearly that the recommended speed system leads to 
considerable speed reduction, as compared to the other systems. This is especially true for 
the situations without events. The answers to the questionnaires do not give an indication that 
coincidentally the 16 participants in the recommended speed group were more careful than 
the others. Therefore it is assumed that the recommended speed display does not only 
reduce speed when the warning actually is displayed, but that it also has a carry-over effect 
and reduces speed in between, both when the display shows “no data available” and when 
there is a confirmation for high friction (green dot). It is interesting and promising that the 
recommended speed system is the one that was rated as the most positive by the drivers and 
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that led to the most desirable behaviour from a safety point of view. As was already 
speculated above, drivers are used to following speed limits and the behavioural data show 
that they are able to do so, even though they tend to use the recommended speed limit “with 
a grain of salt”, meaning that they reduce their speed, but not as much as the system 
recommends them to do. This behaviour can be observed in many instances, like when 
drivers negotiate curves slightly faster than recommended by traffic signs, or when drivers 
keep a speed that lies slightly above the posted speed limit. 
 
Additionally, higher speed reductions can be found when the road surface looks icy as 
compared to when it does not, but is slippery anyway. This contradicts the fact that the 
participants said that they would put much trust in the system, possibly even too much trust. 
Rather it seems that a warning is viewed as a confirmation of what is seen outside, and when 
the road does not look slippery the drivers do not believe the system instead of suspecting 
“black ice” on the road. However, only very few drivers braked in order to test whether the 
road really was slippery or not, both when the system warned for low friction and especially 
when the system guaranteed high friction (green dot). Of course it is not advantageous to 
brake on low friction in an uncontrolled manner, but the fact that drivers seem to rely on the 
system especially when it indicates high friction is potentially detrimental to traffic safety. If 
drivers take high friction for granted when the system indicates it, then occasional misses of 
the system can be especially hazardous. It has to be kept in mind that no long-term effects 
could be tested in the present study, but the results obtained so far indicate that the system 
must be improved in a way that drivers take the warnings for black ice more seriously. 
 
With respect to timing the six-seconds-group yielded more favourable results with respect to 
traffic safety. There were no differences between the groups concerning the subjective 
ratings, therefore driving behaviour is the only determining factor. It is important that the 
drivers avoid braking on low friction sections when possible, and the longer timing of the 
warning supported this behaviour. At the same time the drivers had more time to plan their 
action and did not need to react in a reflex-like manner. It is not clear from the study whether 
the six-seconds-timing is the optimum one, or whether an even longer timing would lead to 
better results, but six seconds are definitely enough in order to plan one’s behaviour and to 
react appropriately. 
 
As mentioned above, no compensatory speeding has been found for the sections in which the 
drivers were presented with a confirmed high friction information. This can be seen from the 
fact that there was no significant difference between the control group and the HMI groups 
with respect to the percentage of speeding under confirmed high friction conditions. It is 
important, however, to investigate whether drivers will learn to abuse the confirmed high 
friction information and speed more on those sections in the long run. 
 
Those drivers that tended to brake after having received a warning were neither those that 
were particularly anxious according to their own judgement, nor those that drove exceptionally 
fast. There is a trend that participants in the recommended speed group braked more often 
than participants in the other groups, but there was a large variance in the number of braking 
manoeuvres in situations without events within each HMI design group. As there are some 
drivers that brake after each warning and others that do not brake at all if no special traffic 
situation demands braking, it is assumed that there could be some underlying trait that 
influences the likelihood to brake, which was not uncovered by the questions asked.  
 
It is considered to be advantageous that the recommended speed is presented in the same 
location as the actual speed, namely in the speedometer. This does not require the driver to 
monitor further displays. Whether a warning integrated into the speedometer provokes more 
glances toward the speedometer than in normal driving has not been investigated yet, though. 
Data on eye movements exist, however, and can be analysed in the future. An alternative to 
presenting the warnings in the speedometer or dashboard could be to use either a head-up 
display or to present warnings in the road infrastructure via dynamic signs or similar 
approaches. The former could prevent an intolerably high number of glances or too long 
glances to an in-car display, and the latter would not restrict the low friction information to 
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those drivers that have such a system in the car, but would be able to warn all drivers in a 
similar manner. 
 
Eye movements have not been analysed yet, but data exist. By analysing glance behaviour 
distracting effects of the low friction warning system both in comparison to the control group 
and for the different HMI designs can be examined. Further, it can be analysed whether the 
acoustical warning compels the driver to look down immediately, or whether drivers first 
consider the current traffic situation. 
 
Further analyses are also necessary for those drivers that got into a skid, and those that ran 
the red light and hit the moose. More in-depth analyses of lateral position and analyses on 
yaw and yaw rate are of interest. 

Method 
This study was conducted in a high fidelity simulator, which is one of the most advanced 
existing today. Many participants commented that the impression was very realistic, and that 
they really felt like they were driving on a winter road. These subjective statements were 
supported by the behaviour of several participants while driving the simulator. One who ran a 
red light looked around nervously as if to check for others who might have seen him, and one 
swore to himself. When the moose appeared many of the participants showed genuine 
expressions of surprise and alarm. The present study could not have been conducted in the 
real world for several reasons. Firstly, it would not have been ethical to let people drive on 
slippery roads and expose them to potentially dangerous traffic situations. Secondly, it would 
not have been possible to keep those situations constant across participants. It would not 
have been possible, either, to keep the road friction constant across participants. Another 
important aspect is that the technology behind the tested system was not yet implemented in 
the real world, which means that it would not have been possible technically to warn the 
drivers in they way they were in the study. Furthermore, it is both easier, cheaper and faster 
to build the system prototypes in a simulator than for a real car. These are some of the 
reasons why the study was conducted in a driving simulator. 
 
Still, it has to be kept in mind that a simulator study will never completely replicate driving in 
the real world. It was found in several studies that the driving speed in the simulator lay a little 
bit above the measured speed on the same road in the real world, even though variations in 
speed along the road and between different conditions were replicated well in the simulator. 
This phenomenon has been attributed both to the fact that drivers might be less afraid in the 
simulator, and that it is more difficult to judge one’s speed. 
 
An advantage with conducting a study in the simulator is the fact that one has full control over 
the environment. The friction was set by the experimenters and known along the whole route. 
It was decided to provide the participants with completely accurate information as long as 
they were provided with friction information at all (the condition in which data were available). 
By doing this, possible behavioural changes under ideal conditions could be investigated, 
which were not disturbed by possible effects which could occur due to a malfunctioning or 
unreliable system. It is, however, of paramount importance to investigate effects of false 
alarms, misses and also of a sudden system failure on driver behaviour and traffic safety in 
order to be able to judge whether such a system will be beneficial or not. 
 
Another important point is that a study like this one cannot provide results on long-term 
behaviour. The participants used the system for less than an hour, and their very first 
experiences with a system of this kind were recorded. It is likely that drivers do not exhibit 
“normal” behaviour with respect to the system during this phase. They might either explore 
the functions and limits of the system and test whether it lives up to the expectations, or they 
might trust it completely and only after a while change their behaviour due to certain 
limitations that they might find out about the system over time. Long-term studies are also 
important in order to find out how drivers might abuse the system when they got to know it 
better. With a system like this one it is thinkable that drivers might drive faster than they would 
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normally when the system tells them that friction is good (confirmed high friction condition). 
This is especially critical if a system does not work completely correctly, but even under high 
friction conditions an increased speed is not desirable. The present results do not show an 
indication for increased speed under confirmed high friction conditions with a low friction 
warning system present as compared to the control group, but long-term effects have to be 
investigated. Other long-term effects might be that drivers choose to drive more in general in 
adverse weather conditions, which can lead to an increase in the number of crashes. Drivers 
might also drive more on roads which are more prone to low friction due to their location or 
their maintenance level, instead of choosing roads with a lower risk for low friction. 
 
Even though long-term behaviour could not be investigated in the present study, and the 
results should be taken with a grain of salt on the absolute level, the relative results are 
deemed to be reasonable, because they are consistent and logical. With relative results it is 
meant that people drive faster with one system than with another, and that they brake earlier 
in one timing group than in the other, for example. 
 
In the present study the number of participants per subgroup was relatively small, as there 
were only eight participants per subgroup. For most analyses, however, combinations of 
subgroups were used, such that in most cases at least 16 participants were aggregated into 
one factor level, except for the control group. In total 57 participants completed the trial, which 
is a relatively number of participants for a simulator study of this kind. 
 
Some issues regarding the design of the warnings have to be taken up as well. All 
investigated HMI designs were similar with respect to their placement and their general 
function. It was deemed important to inform the participants about the data status of the 
system. Auditory cues were given both when a warning was issued and when the data status 
changed from “data available” to “no data available”. The participants did not complain about 
the auditory warnings, but there is a definite risk that in the long run people might become 
irritated when too many auditory signals are played. A further problem with an auditory cue, 
followed by a visual warning, might be that the chime invariably leads to a glance toward the 
speedometer, and thus, away from the road, even in inauspicious moments. 
 
During system design it had been discussed whether it was problematic or not from a safety 
point of view to extend the green part of the recommended speed warning above the actual 
speed chosen by the driver, because this might encourage drivers to go faster than they 
would without a system. It was decided, however, to allow the recommended speed field to 
exceed the actually selected speed, because otherwise the driver could never be sure about 
the actual recommended speed limit except by accelerating and thus testing the limit. The 
recommended speed was not allowed to exceed the posted speed limit, however, which 
requires a system that knows about the speed limit on all roads. 
 
In the present study the investigated warning system was integrated in the vehicle and the 
warnings were only accessible for the driver who owned such a system. This can lead to a 
larger variance in traffic flow, and some reactions by a driver with a system might be 
unpredictable for a fellow road user who does not have access to the same information. 
Therefore it can be of interest to test warnings that are implemented in the environment 
instead of in the car. This will also keep the drivers’ gaze out of the window instead of 
directing it to in-car displays. 
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Future Research 
A very important question is how drivers will adapt their behaviour to a low friction warning 
system in the long run. Special emphasis should be put on an investigation of possible 
compensatory speeding in locations with confirmed high friction, but other aspects, like 
whether drivers tend to drive more on low friction roads, or whether they drive more in general 
in adverse weather conditions, have to be examined, too. 
 
Further research is necessary in order to investigate how false alarms and misses influence 
system acceptance and driving behaviour. Misses are probably more safety critical than false 
alarms, but if the drivers do not trust the system acceptance will be low, and then even correct 
warnings will not be heeded. 
 
As suggested above, warnings that are located in the environment or infrastructure as 
opposed to inside of the car might be an alternative. This aspect will probably be analysed as 
part of a Swedish national project on low friction warnings (SRIS: Slippery Road Information 
System). 
 
Here an adaptive speed warning inside the car has only been tested for low friction. In the 
infrastructure there are already implementations of dynamic speed limits depending on traffic 
flow and weather conditions. They work well and are widely accepted, because the drivers 
usually can understand the motivation for the set speed. Often explanatory signs are added to 
the currently imposed speed limit. More intelligent roads and a development in technology 
motivates a further expansion of dynamic speed limits. One possibility is to investigate 
whether the approach tested here, with a dynamic in-car speed limit presentation is a legal 
possibility and can possibly used complementary to speed limits in the infrastructure. If so, 
there is the potential to include reduced recommended speeds for other hazards than low 
friction, and when the recommended speed display and the qualitative warning display are 
combined an explanatory effect is reached for low friction conditions. Other symbols could be 
added for other adverse conditions that demand decreased speed. 

Conclusions 
From the results obtained so far the HMI design leading to the most favourable driving 
behaviour is the recommended speed display in combination with a timing of six seconds. 
This design can be taken as benchmark when other designs are tested. One drawback with 
this presentation is the fact that it demands most information about the infrastructure, namely 
the posted speed limit for the current road section. This is not only important in order not to 
present a recommended speed that exceeds the posted speed limit, but also for computing a 
recommended speed in the first place. Developments in technology and more “intelligent 
roads” should render this obstacle conquerable, however.  
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APPENDIX I 
 
List of the situations in which low friction warnings can be activated, their position along the 

route, type of road surface, event and information about oncoming traffic. 

Situation 
(nr & 

length) 
At 

Position 
Road 

Surface Friction Event Oncoming 
Traffic at 

 0 asphalt (0) high (4) start of Route 1  
 50   traffic sign “90” on both 

sides 
 

 960   start of first lap  
 1000   traffic sign “90” on right 

hand side 
 

 1160   start of logging  
1670 ice (1) low (1)   1 

700 m 2370 asphalt (0) high (4)  2200 
3000 

3920 tracks (2) low (1) -
medium (2) 

 4600 2 
900 m 

4820 asphalt (0) high (4)  5000 
5350 

5820 asphalt (0) low (1)   
5990   sign “Halby 15” in 

second lap 
 

6000   sign for passing 
prohibited, from here on 
solid line in middle 

 

3 
400 m 

6220 asphalt (0) high (4)   
6950 asphalt (0) high (4) bus starts 
8000 inter-

mediate (3) 
low (1) -
medium (2) 

 

8965   bus starts to decelerate 
9000 asphalt (0) high (4)  

4 
2200 m 
(1000 m 
halt) 

9150 asphalt (0) high (4)  
bus stops 

7000 
7100 
7250 
7450 
7600 
7800 
7950 
8100 
8220 
8450 
8670 
8850 

 9870 inter-
mediate (3) 

high (4) start of “junction 
segment” 

 

 9920   traffic sign “70”  
 9970   warning sign for traffic 

light 
 

10000 inter-
mediate (3) 

medium (2)   5 
350 m 

10160   traffic light turns yellow 
(3 s later: red) 
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10260   traffic light (one car 
from the side) 

 

10290   traffic lights for other 
direction 

 

10350 inter-
mediate (3) 

high (4)   

 10670 asphalt (0) high (4) after traffic light passing 
ok again 
start of “Route 2” 

 

 10720   traffic sign “70” on both 
sides of the road 

 

     10800 
11000 

 11060   sign for S-curve with 
additional sign “6 km” 

 

 11170   sign for S-curve  
     12000 
 12400   sign “Halby 31” in first 

lap 
 

 12860   sign for S-curve  
 13450   sign “Halby 8” in second 

lap 
 

13740 asphalt (0) medium (2)   
13820   car with breakdown  

6 
200 m 

13940 asphalt (0) high (4)   
     14600 
 14630   traffic sign “90”  
 14810   sign for S-curve  

15490 asphalt (0) low (1)   7 
450 m 15940 asphalt (0) high   
     16200 

16650 inter-
mediate (3) 

low (1) -
medium (2) 

 17000 
17200 

8 
800 m 

17450 asphalt (3) high (4)   
     17900 
 18170   sign for S-curve  

18480 ice (1) low (1)   9 
400 m 18880 asphalt (0) high (4)   
 19600   sign “Halby 24” in first 

lap 
 

20100 asphalt (0) low   
20200 asphalt (0) medium (2) moose (only in the 

second lap) 
 

10 
400 m 

20500 asphalt (0) high (4)   
 21050   sign “Halby” in second 

lap 
 

 21100   approx. end of route 
(lap 2) 
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 21550 inter-
mediate (3) 

high (4) start of “junction 
segment” 

 

 21940   traffic light (green)  
 22350 asphalt (0) high (4) end of “junction 

segment”, start of 
“Route 1” 
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APPENDIX II 
 

 from pos. to pos. length lap 1 length lap 2 total 

asphalt high 
friction (0) 

0 
1160 
2370 
4820 
6220 
9000 

10670 
13940 
15940 
17450 
18880 
20500 
20500 

1160 
1670 
3920 
5820 
8000 
9870 

13740 
15490 
16650 
18480 
20100 
21100 
21550 

 
510 

1550 
1000 
1780 

870 
3070 
1550 

710 
1030 
1220 

 
1050 

1160 
510 

1550 
1000 
1780 

870 
3070 
1550 

710 
1030 
1220 

600 

 

subtotal asphalt high friction 14340 15050 29390 
asphalt low 
friction (0) 

5820 
13740 
15490 
20100 

6220 
13940 
15940 
20500 

400 
200 
450 
400 

400 
200 
450 
400 

 

subtotal asphalt low friction 1450 1450 2900 
subtotal asphalt 15790 16500 32290 
ice low friction 
(1) 

1670 
18480 

2370 
18880 

700 
400 

700 
400 

 

subtotal ice low friction 1100 1100 2200 
tracks low 
friction (2) 

3920 4820 900 900  

subtotal tracks low friction 900 900 1800 
intermediate 
high friction (3) 

9870 
10350 
16650 
21550 

10000 
10670 
17450 
22350 

130 
320 
800 
800 

130 
320 
800 

 

subtotal intermediate high friction 2050 1250 3300 
intermediate 
low friction (3) 

8000 
10000 

9000 
10350 

1000 
350 

1000 
350 

 

subtotal intermediate low friction 1350 1350 2700 
subtotal intermediate 3400 2400 6000 
Total 21190 21100 42290 
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APPENDIX III 
 

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

-0.3

-0.2

-0.1

0

0.1

0.2

0.3

INTRO: Curvature for Situation n:o 1

Distance [km]

D
is

ta
nc

e 
[k

m
]

 

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

-0.5

-0.4

-0.3

-0.2

-0.1

0

0.1

0.2
INTRO: Curvature for Situation n:o 2

Distance [km]

D
is

ta
nc

e 
[k

m
]

 



 

Deliverable 
2.3 Simulator 
Study 

VTI Date of 
release 
27. Apr. 2007 

Version 
v1.0 

 

 
Contractor : VTI Contract no: ST4-CT-2005-012344 
Author: Dr. Katja Kircher Page 84 of 89 File name: 

INTRO_D2.3_v1.0_PU_27Apr2007.pdf
 

0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5 0.55

-0.2

-0.15

-0.1

-0.05

0

0.05

0.1

0.15

INTRO: Curvature for Situation n:o 3

Distance [km]

D
is

ta
nc

e 
[k

m
]

 
 

0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

-0.2

0

0.2

0.4

0.6

0.8

1

1.2

INTRO: Curvature for Situation n:o 4

Distance [km]

D
is

ta
nc

e 
[k

m
]

 
 



 

Deliverable 
2.3 Simulator 
Study 

VTI Date of 
release 
27. Apr. 2007 

Version 
v1.0 

 

 
Contractor : VTI Contract no: ST4-CT-2005-012344 
Author: Dr. Katja Kircher Page 85 of 89 File name: 

INTRO_D2.3_v1.0_PU_27Apr2007.pdf
 

0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5

-0.15

-0.1

-0.05

0

0.05

0.1

0.15

0.2

INTRO: Curvature for Situation n:o 5

Distance [km]

D
is

ta
nc

e 
[k

m
]

 
 

0.05 0.1 0.15 0.2 0.25 0.3

-0.2

-0.15

-0.1

-0.05

0

INTRO: Curvature for Situation n:o 6

Distance [km]

D
is

ta
nc

e 
[k

m
]

 
 



 

Deliverable 
2.3 Simulator 
Study 

VTI Date of 
release 
27. Apr. 2007 

Version 
v1.0 

 

 
Contractor : VTI Contract no: ST4-CT-2005-012344 
Author: Dr. Katja Kircher Page 86 of 89 File name: 

INTRO_D2.3_v1.0_PU_27Apr2007.pdf
 

0.1 0.2 0.3 0.4 0.5 0.6

-0.25

-0.2

-0.15

-0.1

-0.05

0

0.05

0.1

0.15
INTRO: Curvature for Situation n:o 7

Distance [km]

D
is

ta
nc

e 
[k

m
]

 
 

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

-0.3

-0.2

-0.1

0

0.1

0.2

0.3

0.4
INTRO: Curvature for Situation n:o 8

Distance [km]

D
is

ta
nc

e 
[k

m
]

 
 



 

Deliverable 
2.3 Simulator 
Study 

VTI Date of 
release 
27. Apr. 2007 

Version 
v1.0 

 

 
Contractor : VTI Contract no: ST4-CT-2005-012344 
Author: Dr. Katja Kircher Page 87 of 89 File name: 

INTRO_D2.3_v1.0_PU_27Apr2007.pdf
 

0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5 0.55
-0.15

-0.1

-0.05

0

0.05

0.1

0.15

0.2

0.25

INTRO: Curvature for Situation n:o 9

Distance [km]

D
is

ta
nc

e 
[k

m
]

 
 

0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5 0.55

-0.25

-0.2

-0.15

-0.1

-0.05

0

0.05

0.1

0.15
INTRO: Curvature for Situation n:o 10

Distance [km]

D
is

ta
nc

e 
[k

m
]

 
 



 

Deliverable 
2.3 Simulator 
Study 

VTI Date of 
release 
27. Apr. 2007 

Version 
v1.0 

 

 
Contractor : VTI Contract no: ST4-CT-2005-012344 
Author: Dr. Katja Kircher Page 88 of 89 File name: 

INTRO_D2.3_v1.0_PU_27Apr2007.pdf
 

APPENDIX IV 
 
Some variables describing the longitudinal control of the vehicle are presented for the two 
timing groups for the conditions data available (Table 15) and no data available (Table 16).  
 
Table 15. Comparative presentation of variables describing the longitudinal control of the 

vehicle for the two timing groups for all situations without event for those drivers 
who received a warning (data available). Significant differences are marked with 
yellow. 

situation 01 & 11 02 & 12 03 & 13 07 & 17 08 & 18 09 & 19 

surface ice ice with 
tracks 

asphalt asphalt intermediate ice 

speed limit 

tim
in

g 

90 km/h 90 km/h 90 km/h 90 km/h 90 km/h 90 km/h 
3 25 25 25 25 25 25 n 
6 24 24 24 24 24 24 
3 100 m 106 m 103 m 86 m 94 m 87 m position for 

warning on 6 169 m 184 m 175 m 149 m 158 m 145 m 
3 84.2 km/h 92.1 km/h 87.4 km/h 80.0 km/h 76.4 km/h 68.5 km/h speed at 

warning on 6 84.2 km/h 93.4 km/h 87.8 km/h 77.8 km/h 76.4 km/h 68.8 km/h 
3 3.7 s 7.3 s 4.3 s 4.3 s 10.5 s 4.0 s time warn on 

– max 
retardation 6 5.4 s 14.2 s 7.0 s 5.6 s 14.4 s 3.8 s 

3 64.1 km/h 67.0 km/h 72.8 km/h 63.6 km/h 56.6 km/h 51.9 km/h min speed 
while 
warning on 6 61.0 km/h 68.1 km/h 68.9 km/h 61.4 km/h 57.9 km/h 53.4 km/h 

 
 
Table 16. Comparative presentation of variables describing the longitudinal control of the 

vehicle for the two timing groups for all situations without event for those drivers 
who did not receive a warning (no data available). Significant differences are 
marked with yellow. 

situation 01 & 11 02 & 12 03 & 13 07 & 17 08 & 18 09 & 19 

surface ice ice with 
tracks 

asphalt asphalt intermediate ice 

speed limit 

tim
in

g 

90 km/h 90 km/h 90 km/h 90 km/h 90 km/h 90 km/h 
3 25 25 25 25 25 25 n 
6 24 24 24 24 24 24 
3 97 m 101 m 100 m 94 m 90 m 85 m position for 

“warning on” 6 165 m 171 m 167 m 155 m 147 m 144 m 
3 80.9 km/h 85.6 km/h 83.9 km/h 77.1 km/h 72.6 km/h 66.0 km/h speed at 

“warning on” 6 81.2 km/h 85.8 km/h 82.3 km/h 75.2 km/h 70.4 km/h 68.3 km/h 
3 5.3 s 12.9 s 9.4 s 9.8 s 11.6 s 5.8 s time “warn 

on” – max 
retardation 6 8.0 s 10.6 s 13.8 s 12.6 s 19.0 s 5.0 s 

3 68.6 km/h 69.1 km/h 78.4 km/h 71.0 km/h 54.3 km/h 56.1 km/h min speed 
while 
“warning on” 6 71.0 km/h 67.0 km/h 79.4 km/h 70.0 km/h 55.7 km/h 54.4 km/h 

 
 
warning 



 

Deliverable 
2.3 Simulator 
Study 

VTI Date of 
release 
27. Apr. 2007 

Version 
v1.0 

 

 
Contractor : VTI Contract no: ST4-CT-2005-012344 
Author: Dr. Katja Kircher Page 89 of 89 File name: 

INTRO_D2.3_v1.0_PU_27Apr2007.pdf
 

situation 01 & 11 02 & 12 03 & 13 07 & 17 08 & 18 09 & 19 

surface ice ice with 
tracks 

asphalt asphalt intermediate ice 

speed limit 

H
M

I 

90 km/h 90 km/h 90 km/h 90 km/h 90 km/h 90 km/h 
sd 17 17 17 17 17 17 
rs 16 16 16 16 16 16 

n 

qw 16 16 16 16 16 16 
sd 85.8 km/h 92.0 km/h 88.8 km/h 79.8 km/h 76.9 km/h 71.9 km/h 
rs 82.9 km/h 90.4 km/h 86.2 km/h 78.2 km/h 73.9 km/h 64.3 km/h 

speed at 
warning on 

qw 83.7 km/h 95.9 km/h 87.7 km/h 78.8 km/h 78.4 km/h 69.6 km/h 
sd 65.5 km/h 71.3 km/h 74.8 km/h 65.6 km/h 57.3 km/h 53.1 km/h 
rs 53.7 km/h 59.7 km/h 61.6 km/h 55.9 km/h 54.5 km/h 48.8 km/h 

min speed 
while 
warning on 

qw 68.3 km/h 71.3 km/h 76.2 km/h 65.8 km/h 59.9 km/h 56.1 km/h 
 
 
no warning 

situation 01 & 11 02 & 12 03 & 13 07 & 17 08 & 18 09 & 19 

surface ice ice with 
tracks 

asphalt asphalt intermediate ice 

speed limit 

H
M

I 

90 km/h 90 km/h 90 km/h 90 km/h 90 km/h 90 km/h 
sd 17 17 17 17 17 17 
rs 16 16 16 16 16 16 

n 

qw 16 16 16 16 16 16 
sd 79.8 km/h 87.4 km/h 84.7 km/h 76.4 km/h 73.6 km/h 67.8 km/h 
rs 78.2 km/h 84.1 km/h 79.1 km/h 73.2 km/h 67.4 km/h 63.6 km/h 

speed at 
warning on 

qw 84.4 km/h 85.4 km/h 85.5 km/h 78.9 km/h 73.3 km/h 69.9 km/h 
sd 70.4 km/h 71.3 km/h 80.8 km/h 70.9 km/h 54.9 km/h 57.4 km/h 
rs 66.0 km/h 61.4 km/h 74.3 km/h 67.7 km/h 51.2 km/h 53.1 km/h 

min speed 
while 
warning on 

qw 73.0 km/h 71.4 km/h 81.5 km/h 72.8 km/h 58.9 km/h 55.1 km/h 
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