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Abstract— Auditory feedback produced by advanced driver
assistance systems is often perceived as annoying, which may
result in misuse of these systems [1] [2]. An intelligent time
headway-based auditory feedback system is designed to improve
user’s acceptance and to improve driving safety. The intelligent
feedback system provides feedback depending on the ’danger
zone’ and the duration of remaining in said danger zone.
Additionally, the intelligent system does not provide feedback
when time headway is increasing in order to reduce the number
of false alarms. An on-road experiment is conducted to investigate
the acceptance and driving safety of the intelligent system
compared to a Mobileye-based system. A Mobileye-based system
is regarded as conventional and uses only one feedback threshold.
20 participants drove two trials on the highway, one with a system
that resembles the Mobileye system and one with an intelligent
system. After the experiment, the participants completed a
questionnaire to assess their opinion about the usefulness and
satisfaction of both systems. Sensory data were collected from
the vehicle and used to evaluate the safety of both systems.
Safety is defined as the percentage that the time headway is
less than 0.6 seconds relative to the time the time headway is less
than 2 seconds. The experiment shows that the trials in which
the intelligent system was used scored better on safety than the
Mobileye-based system. However, the difference in safety between
both systems is not statistically significant. The intelligent system
was also perceived as more satisfying, where the Mobileye-based
system was found to be more useful. The difference between
both systems on usefulness and satisfaction were not statistically
significant. The intelligent system has the potential of being safer
without compromising acceptance, hence more research on this
system could be useful.

Index Terms— Acceptance, Annoyance, Auditory feedback,
Following Distance, On-Road Experiment, Safety, Time Headway,
Vehicle Warning Systems

I. INTRODUCTION

UE to the rise of feedback systems in cars, driving is

safer than ever before [3]. In today’s cars, there are
multiple ways to give feedback to the driver. Some systems
provide either visual, haptic or auditory feedback whereas
other systems use a combination of these three.

On the aspect of auditory feedback, a substantial amount
of research has already been done. Two possible ways to
give auditory feedback are non-speech and speech-based. A
benefit of auditory feedback is that it has the possibility to
transfer messages that convey various urgency levels. For
example, two-tone chimes appeared to be a good sound for

cautionary warnings whereas speech-based feedback was
the best for transferring complex messages according to
Campbell et al. [4]. A benefit of speech-based feedback is
the possibility to communicate semantically rich information
to the driver. It has been found that a woman’s voice is
preferred over a man’s voice when receiving feedback [5].
A potential disadvantage of using auditory feedback is that
it may annoy drivers. Research on this topic has concluded
that an annoyance trade-off should be made when designing
a warning feedback system [6] [7].

Options for improving safe driving are user-initiated
individualisation and system-based individualisation, which
are both forms of personalised feedback. A system-based
personalised feedback system was found to have a favourable
outcome on acceptance compared to a non-personalised
feedback system [8]. Additionally, an Forward Collision
Warning system adapted on the user’s reaction time was
found to have benefits on acceptance when the driver has
an aggressive driving style but provided no significant
advantages for non-aggressive drivers compared to a non-
adaptive feedback system [9].

Intelligent feedback is not standard in present-day cars,
and a multiple state auditory feedback system could improve
safe driving since different urgency levels require different
types of feedback [4]. Therefore, the following research
question is addressed in this paper: ’Is a real-time auditory
feedback system on time headway safer and better accepted if
it adjusts its feedback on headway thresholds and the driver’s
response?’. It has been tested whether such an intelligent
real-time time headway-based auditory feedback system
improves safety in traffic and increases acceptance, compared
to a conventional system. If at least the same acceptance can
be maintained, the system has a chance of getting accepted
in a realistic driving environment.

The hypothesis is that the use of intelligent feedback
concerning headway and the driver’s response to real-time
auditory feedback can improve safe driving in passenger cars
compared to the use of the Mobileye-based system. This is
based on the expectation that the driver is more likely to
accept warnings earlier if the warnings sound more friendly.
Therefore, the first feedback can be given at a greater time



headway, which might improve the safety. The drivers might
then become more aware of headway danger and adapt their
behaviour based on the feedback provided.

To test whether the hypothesis is correct, two experiments
were conducted. In the first experiment, it was tested which
sound is most suitable for giving the first level of feedback and
at which headway time this feedback should be provided. The
results are used in the design of the multiple state feedback
system, which was tested in the second experiment. From the
results of this second experiment, a conclusion could be drawn
on whether the hypothesis is true.

II. METHODOLOGY

Prior to the main experiment, a lab experiment was
conducted to determine the feedback signal for the first
headway warning and the preferred time headway (THW) at
which the first headway warning is given. The lab experiment
was an online survey with 67 participants. The resulting
preferred time headway for the first feedback was the shortest
of the three options, namely 0.5 seconds. Taking literature
on safe following distances into consideration [10], it was
decided to give the initial feedback at a time headway of 0.8
seconds. A more extensive description of the lab experiment
can be found in the supplementary information, together
with a more elaborate explanation of the analysis of the results.

The main experiment is constructed to measure the safety
and acceptance of an intelligent system and a conventional
system. This is done by letting a group of 20 volunteers take
a drive in a test car with both systems. Only the participants
that received feedback from both systems will be considered in
the analysis. Of the 11 participants that received feedback, two
were female, and 9 were male. All participants were between
18 and 26 years old. 1 out of the 11 useful participants drives
less than 1000 km per year, 8 drive 1001 to 5000 km per year
and 2 participants drive 5001 to 15000 km per year.

A. Hardware

A Volvo C30 equipped with a Mobileye camera was used
as the test car and a Nissan Micra was used as the leading
car. The auditory feedback was given using a speaker. The
raw data were processed on a Raspberry Pi with software,
converting the raw Mobileye data to numeric values, provided
by SD-Insights [11].

B. The systems

a) The conventional system: The conventional system
(System C) gives a feedback sound if the driver is in a situation
where the time headway is below 0.6 seconds.

b) The intelligent system: The intelligent system (System
I) uses different states for three situations.

1) 0.5 s < THW < 0.8 s: The sound resulting from the
lab experiment (Sound 1) will be played the first time
the driver arrives under the threshold of 0.5 seconds.
After that first feedback instance, if the driver remains

in the time headway interval between 0.8 s and 0.5 s,
every 8 seconds a friendly female voice saying in Dutch
’volgafstand te kort’ (Voice 1) will be played. This phrase
translates to: ’following distance too short’.

2) 0.3 s < THW < 0.5 s: A more urgent variant of Sound 1
(Sound 2) will be played the first time the driver arrives
under the threshold of 0.5 seconds. If the driver remains
in the time headway interval between 0.5 s and 0.3 s for
more than 5 seconds, a less-friendly female voice saying
in Dutch ’neem meer afstand’ (Voice 2) will be played
every 5 seconds until the time headway becomes larger
than 0.5 seconds. This phrase translates to: ’increase
distance’.

3) THW < 0.3 s: The most urgent sound (Sound 3) will
be played continuously until the driver increases his time
headway above 0.3 seconds.

System I also calculates a ’reaction’-value, which aims to
recognise the drivers’ response to their situation and tries to
reduce the false positives that occur for merging traffic. The
system only gives feedback if the drivers do not react to their
situation. The reaction value uses the relative speed between
the vehicle and the vehicle in front. It also uses the first
difference, with a sampling frequency of approximately 10 Hz,
of the time headway itself. If both these values are positive,
Sound 1 and Sound 2 will be suppressed, and the voices and
Sound 3 will not be suppressed. Further explanation of the
feedback algorithm and the sound files can be found in the
supplementary information.
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Fig. 1: A visualisation of System I. A sound is played once
when the car comes within a time headway of 0.8 s. When the
car stays in the state between 0.5 s - 0.8 s THW, Voice 1 is
played. When the car crosses the 0.5 s THW threshold, Sound
2 is played once. When the car stays in the state between 0.5
s - 0.8 s THW, Voice 2 is played. When the car crosses the
0.3 s THW threshold, Sound 3 is played continuously until
the car is out of this zone.
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C. Procedure

After signing a form of consent, the participants first
completed a questionnaire consisting of a DBQ and questions
to determine their driving background. The participants then
took place in the test car, provided by SD-Insights, together
with two observers. A given route was driven, of which
a map is provided in the supplementary information. The
driver was not informed about the route but was instructed
to follow a leading car driven by one of the authors. Half of



the experiments started with System I enabled and the other
half started with System C enabled. Halfway, the feedback
system was changed from System I to System C or vice
versa. The driver was notified of the system change. When
the car had returned to its starting location, the driver was
asked to complete a questionnaire to measure acceptance [12].

Afterwards, an interview covering design parameters
(thresholds, sounds and voices) to validate the design of the
system was conducted. In this interview, the participants were
asked to compare the two systems and tell which one they
preferred. It was also asked what they thought of the set-up of
System I and whether they liked this system. The data from
the drive were collected from the car to determine safety. The
form of consent, the DBQ and the acceptance-questionnaire
can be found in the supplementary information.

It was decided to let the participant drive themselves, be-
cause people may react differently to their own mistakes than
to other peoples mistakes. This could alter their acceptance of
the feedback. Driving in reality, compared to a simulation, is
preferred because participants are known to drive somewhat
differently in road situations as compared to a simulator [13].

D. Foreseen pitfalls

A possible problem could be that the participants want
to leave a good impression and therefore maintain a time
headway that is bigger than usual. This could pose a problem
when the driver spends too little or no time in an increased
risk zone to get feedback. When drivers do not get any
feedback, their drives are not useful for this research. For
this reason, the driver needs to follow a leading car, since in
general, this lowers the average time headway [14]. Following
a car has the effect that drivers spend more time at an unsafe
distance [3] [15] [16] [14]. This means more useful data can
be obtained in a shorter amount of time.

A disadvantage of an on-road experiment is the uncontrolled
environment in which the experiment is conducted. An exam-
ple of this is that there could be a traffic jam. This could cause
irritation for the driver along with other changed parameters.
To minimise the chance of getting in a traffic jam, alternative
routes were made and used 7 times in the experiment.

E. Analysis

To express danger, a danger factor is computed for each par-
ticipant for both systems. The danger factor is the percentage
of the time the driver spends with less than 0.6 seconds time
headway out of the time the driver spends under 2.0 seconds
time headway (eq. 1). A lower danger factor represents a
participant driving safer.

THW < 0.6 s

T~ 1
THW < 2.0 s 00% M

Danger Factor =

The danger factor indicates how much danger the driver has
been in during their driving time. The averages for the intelli-
gent and the conventional feedback systems can be compared,

which could be used to draw conclusions about safety. The
acceptance questionnaire gives insight in acceptance of the
two systems by the drivers.

III. RESULTS

During the experiments, 11 out of the 20 participants got
feedback from both systems. Only the results of these 11
participants will be considered here.

A. Time headway data analysis

The gathered time headway data for both systems is plotted
in a normalised histogram in Figures 2 and 3. As can be seen,
the mean time headway for System C is 1.47 s, whereas the
mean time headway for System I is 1.55 s.

Mean
0.9 ) - Median

c o o
o N

Normalized frequency
o ©
EN)

Thw [s]

Fig. 2: A normalised histogram of the THW for System C
with mean (THW = 1.47 s) and median (THW = 1.31 s).
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Fig. 3: A normalised histogram of the THW for System I with
mean (THW = 1.55 s) and median (THW = 1.36 s).

For System C, the percentage of time that the time headway
was less than 2.0 seconds relative to the total driving time,
was 53%. For System I, this value is 49%. The time headway
that was greater than 2 seconds is not used for the analysis.
The assumption is that the vehicle is following a vehicle if
the time headway is less than 2.0 seconds.

In Table I, the distribution of different percentages of time
the time headway was below 2.0 seconds is shown in three
bins together with the danger factor. Between 2.0 seconds and



1.2 seconds, between 1.2 seconds and 0.8 seconds and a time
headway less than 0.8 seconds.

TABLE I: Distribution of all THW values < 2 s for System

C and System I

THW [s] System C [%] | System I [%]
> 1.2 46.8 48.2
1.2-0.8 34.2 38.1

< 0.8 19.0 13.6

< 0.6 (Danger Factor) | 5.3 4.1

Furthermore, plots are made of all the instances the danger
threshold of 0.8 seconds and 0.6 seconds were crossed,
together with an average time headway development after
crossing this threshold for both systems. These plots can
be found in Figures 4, 5, 6 and 7. For these plots, it was
assumed that the time between the data points is 0.1 seconds
and equal for each step. There were 30 instances for which
the 0.8 s threshold was crossed for System C and 27 for
System I. The 0.6 s threshold was crossed with system I at
5 instances and with system C at 28 instances. All the lane
changing manoeuvres are filtered because only approaches
were considered.

The development has been plotted from 1 second before
to 5 seconds after crossing the threshold for both the 0.8
seconds and the 0.6 seconds approach. The difference between
the mean values of the two systems, 5 seconds after the
threshold is crossed, is not statistically significant at the 0.8
seconds approach. A t-test for unpaired samples on these
values gives that System I scored higher (M=0.88, SD=0.19)
than System C (M=0.79, SD=0.14), #(55)=-1.89, p=0.064, 95%
CI [-0.17, 0.01]. The 0.6 seconds approach does also not show
a statistically significant result. A t-test for unpaired samples
on these values gives that System C scored higher (M=0.82,
SD=0.26) than System I (M=0.62, SD=0.094), #(31)=1.62,
p=0.116, 95% CI [-0.05, 0.44]
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Fig. 5: In this figure, time headway developments for all
approaches with System I are plotted. At time = 0 s, the 0.8
s threshold is crossed.
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Fig. 6: In this figure, time headway developments for all
approaches with System C are plotted. At time = O s, the
0.6 s threshold is crossed.
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Fig. 4: In this figure, time headway developments for all
approaches with System C are plotted. At time = O s, the
0.8 s threshold is crossed.
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Fig. 7: In this figure, time headway developments for all
approaches with System I are plotted. At time = O s, the 0.6
s threshold is crossed.



B. Danger factor calculation

In Figure 8, box plots are shown for the two systems.
System I scores better on the danger factor, with some outliers,
while the danger was generally higher with less outliers with
System C. A statistical t-test with Hy : pu;y = pc and
Hy : uy # pe over the danger factors gives that System
C scored higher (M=5.8, SD=4.9) than System I (M=4.3,
SD=8.0), 1(10)=0.706, p=0.496, 95% CI [-3.09, 5.95].
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Fig. 8: A box plot of the danger factors for both systems.

C. Acceptance

1) Questionnaire: The acceptance questionnaire measures
two parameters, namely the satisfaction and the usefulness of
the systems. The average results together with the standard
deviations and Cronbach’s alphas are presented in Table
II. By doing a t-test for paired samples, the difference in
satisfaction and usefulness between the two systems were
calculated. For the usefulness System C was found larger than
System I with #(10)=0.978, p=0.351, 95% CI [-0.33, 0.83].
For the difference in average satisfaction System I scored
higher than System C with #(10)=-1.177, p=0.266, 95% CI
[-1.18, 0.37].

2) Interview: In the interview, contradictory opinions came
forward. For example, the participants disagreed on the help-
fulness of the repeating voices and Sound 1. There were only
two items that came back more frequently for System I. Voice
1 was found to be hard to understand by 4 people and the first
threshold for the provided feedback was found to be too early.
The majority of participants would like to receive feedback at
a shorter time headway. This corresponds with the results of
the lab experiment.

TABLE II: The average usefulness and satisfaction for both
System C and System I on a scale from -2 to 2 based on the
acceptance questionnaire.
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System C | 0.22 | 0.90 | 0.83 | -0.34 | 1.01 | 0.89
System I | -0.04 | 0.98 | 0.46 | 0.07 | 0.97 | 0.89

IV. DISCUSSION

This study was conducted to find out whether the intelligent
system performs better on safety and acceptance than the
conventional system. To verify this, an on-road experiment
was conducted, as explained in the methodology section.

Two histograms were made to analyse the results, as can
be seen in Figures 2 and 3. The mean and median of the time
headway differ little for System C and System I. This implies
that there is no big difference between the two systems. The
histogram of System C, however, shows a drop round 0.6
seconds time headway, where the histogram of System I
shows a drop around 0.8 seconds. This might be the result of
the different time headway at which the two systems provide
the first feedback.

In Table I, the percentage the driver spends in a certain
time headway interval is given, when only taking into account
the amount of time the driver had a time headway less than 2
seconds. An observation that can be made from this table is
that participants spend a lower percentage of time with a time
headway smaller than 0.8 seconds when driving with System
I. This could indicate that System I is safer than System C,
because the participants spend less time in the dangerous
zone of a time headway under the 0.8 seconds. The fact that
System I already gives feedback at 0.8 seconds and System
C only gives feedback at 0.6 seconds could be the cause of
this difference.

Also, when comparing the two plots in Figures 4 and 5,
it can be seen that the mean after 5 seconds is higher for
System I, than for System C. Although these results are not
statistically significant, it suggests that System I results in a
larger time headway after feedback is given than System C.
The reason for this difference could be that feedback from
System I is given at 0.8 seconds, while the feedback from
System C is given at 0.6 seconds.

This could also explain that when comparing the two plots
in Figures 6 and 7, the mean of System C is higher after
5 seconds in comparison with the mean of System I. The
results are however not statistically significant. This suggests



that the participants react to the feedback given by System C
by increasing their time headway, while the time headway of
System I does not increase after reaching the threshold of 0.6
seconds.

When considering the danger factors, shown in Figure 8§,
a paired sample t-test was conducted to check the difference
between the danger factors. Since the p-value is large, it
cannot be concluded that one of the systems works better
than the other with respect to safety.

On acceptance, in terms of perceived usefulness and satis-
faction as displayed in Table II, a t-test for paired samples was
used. The results showed that it could not be concluded that
there was a difference between the two systems.

A. Potential pitfalls

Since the sample consisted mostly of students, the results
might not be representative of the whole population. However,
the beneficial effects of time headway feedback seem to be
quite stable across gender and age [3]. So, the participant
group might still give representative results for all gender and
ages categories.

Another reason why the result might not be representative
of the whole population is the fact that only a small
participant group received feedback from both systems.
There was one outlier with respect to the danger factor
as can be seen in Figure 8. For both systems, the same
participant was responsible for very high values in the
danger factors, although no unexpected events occurred
during the experiment. Since only 11 participants were taken
into account during the analysis, the results were heavily
influenced by this exceptional individual.

Another potential problem could be the length of the drive
in the experiment. All the participants drove approximately
8 minutes on the way to the turning point and also
approximately 8 minutes on the way back. If they made
a longer drive with both systems, their perceptions of the
systems might have been different because of habituation and
possible irritation.

Also, the busyness on the road could have influenced the
participants’ opinions on the systems. This is not just about
the difference in busyness for different participants, but also
about the difference in busyness on the way back and forth
for one participant. The percentage of time the participant
drove with a time headway less than 2.0 seconds relative
to the total drive time, differs only by 4 percentage points
between the two systems. This might suggest that the effect
of busyness on the road on the way back and forth did not
have a large influence. Although this effect is expected to
be small, the difference in busyness on the road between
participants could still have influenced the opinion of the
participants on the systems.

Another factor regarding the drive is that not everybody has
driven an equal distance with both systems. Since sometimes
there was heavy traffic, alternative routes were driven in these
time-slots.

Lastly, there is a possibility that the participants drove differ-
ently, because they possibly wanted to please the researchers,
felt watched during driving, or actively looked for the sound
signals. The fact that they drove in a different car for the first
time could also have caused different driving behaviour.

B. Future research

Although the p-values generated by the conducted t-test
on the results are not statistically significant, the results do
imply potential improvements for real-time auditory feedback
systems. For future research on this topic, we advise using
a large group of participants to minimise the probability that
the sample of the population is not representative. It might
also be better to make longer drives with the systems so the
participants can shape their opinion on the long run. One way
to achieve this, is by implementing the system in their own
cars, so they can test how the systems work without taking
any of their time. This would also immediately eliminate the
pitfall that people might drive differently in a new car to
them. This way of testing also minimises the effect that people
might drive differently when investigators are in the car as
well. Another benefit of having the system built in in people’s
own cars, would be that traffic jams will have less impact
on their opinions. After the experiment was conducted, an
improvement on the intelligent system has been made which
can be found in the supplementary information. Using this
version in a future experiment would be interesting.

V. CONCLUSION

All in all, the results from this research are slightly in favour
of System I, although this cannot be proven to be statistically
significant by t-tests. The gathered data on acceptance does not
show one system to be the most useful or satisfying. From
the approach figures and histograms, it could, however, be
seen that people react to melodious feedback at either 0.8
seconds and 0.6 seconds time headway. Providing feedback
at 0.8 seconds compared to 0.6 seconds means that the driver
is warned earlier and therefore it has the potential of being a
safer system. Since no significant difference in the acceptance
was found, this could mean that it could be done without
compromising the acceptance. More research on this system
should be done to draw a definite conclusion.
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