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As the autonomous vehicle technology advances through the different levels of auto-
mation, it is important to ensure a safe transition from autonomous to manual mode.
Much research has been conducted in studying driver performance for takeover re-
quests in highly autonomous vehicles [1-4]. Gold et al. [2], for example, measured
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Introduction

driver performance for different levels of lead time.
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Studies have also focused on takeover and the effect of non-driving related tasks
(NDRT) performed in the vehicle during the autonomous mode [5-7]. The distraction
from completing NDRT can impair performance [7]. Moreover, higher levels of auto-
mation correspond with higher levels of engagement in non-driving related tasks and
lower situation awareness [1]. Therefore, to increase driver situation awareness and
improve driver response, it is important for the takeover request to be as salient as pos-
sible to the driver. Ho et al. [8] found that multimodal warning signals effectively cap-
tured driver attention in demanding situations. Politis et al. [9] showed that multimodal
displays performed better in takeover situations than unimodal visual displays. Pe-
termeijer et al. [10] confirmed that multimodal displays are preferable over unimodal
displays for takeover requests in autonomous vehicles.

2 Related Work

2.1  Selection of Lead Time

The lead time plays an important role in the effectiveness of takeover requests, espe-
cially in collision avoidance situations. The lead time is defined as the time from take-
over notification offset until the time of collision into the obstacle if the participant
would not perform any action to avoid the collision. Eriksson and Stanton [11] tested
takeover requests in non-critical situations and reviewed other studies of takeover re-
quests in critical situations. Different autonomous vehicle takeover related papers were
reviewed and their details such as lead time and take over time were tabulated. They
found that mean lead time between all 25 papers was found to be 6.37 + 5.36 seconds
having a mean reaction time of about 2.96 + 1.96 seconds. They also noted that 3, 4, 6
and 7 seconds were the most frequently used lead times with 1.14, 2.05, 2.69 and 3.04
seconds as their corresponding reaction times [11].

Dambdck et al. [4] tested lead times of 4,6 and 8 seconds and found that for simpler
conditions of takeover, 4 second lead time was good enough, but drivers required longer
lead times for complex situations. In another study by Gold et al. [12] two lead times
were used, 5 seconds and 7 seconds. The 5 second lead time led to harder stops, swerv-
ing and failure to check blind spots while switching lanes. Although 5 seconds had
better reaction times, 7 seconds led to better braking. A caveat of this better braking
performance for a lead of seconds was that the car was still in accelerating motion, and
thus, it was not fully in control, suggesting even 7 seconds lead time being not entirely
safe for takeover requests. Zeeb et al. [2] showed that the reaction times (1.14 seconds)
were substantially lower than other existing studies but the faster reaction times also
coincided with a higher number of collisions.

Wan et al. [13] used different lead times to measure the optimum lead times for
collision warnings in connected vehicle settings. Although it is not a highly autonomous
vehicle setting, it extensively tested different lead times between 0 and 30 seconds and
used measures indicative of the safe avoidance of obstacles. The study used three major
dependent measures: kinetic energy reduction, minimum time to collision and collision
rate. Kinetic energy reduction was considered most important as it determined if a ve-
hicle can slow down enough to avoid a collision. A major conclusion of this paper was



that a lead time of 4-8 seconds was best for optimal safety benefit and a lead time be-
tween 5-8 seconds gave the best reaction time. It was also concluded that below 2 sec-
onds, even at 45 mph the kinetic energy of the vehicle is too high for collision avoidance
[13]. Mok et al. [14] used 2, 5 and 8 second lead times for their study and showed that
2 second lead time was not enough for drivers to regain sufficient control. Moreover,
drivers rated the 2 second lead time as significantly less trustworthy. This suggests lead
times below 2 seconds may be unsafe for takeover from highly autonomous vehicles.
Mok et al. [14] showed that the 5 second lead time was found to be sufficiently long
enough for drivers to regain control. The 8 second lead time also yielded good perfor-
mance in takeover with higher levels of trust in drivers [14]. Wan et al. [13] found that
lead time above 8 seconds showed a higher collision rate among drivers.

To summarize, the minimum value for lead time has been suggested as 2 seconds
and maximum has been suggested as 8 seconds [13]. Many papers have used 7 seconds
as their lead time [7, 9, 11,15]. Optimum lead time in a connected vehicle setting has
been suggested as between 5 and 8 seconds [13]. Based on this data, we used the fol-
lowing lead times, 3 seconds, 5 seconds, 7 seconds and 9 seconds; two falling within
the "optimum range" and two outside. Moreover, with previous studies already testing
5 and 7 seconds, it was of interest to see if the present study could get similar reaction
time values for those levels of lead times. Testing the two outside the optimum range
of lead times would also help compare the results with the study by Wan et al. [13] and
help define the optimum lead times within the autonomous vehicle setting in a collision
avoidance setting.

2.2 Spatiality of Auditory Warnings

Research has shown that the presentation of relevant spatial cues can help facilitate
responses to target events, whether it be as the driver or pedestrians on the road [8, 16].

Driving research on collision spatial warning signals found out that the recognition
of auditory warnings for threats from the front and back of the vehicle was more effec-
tive than vibrotactile ones, and provided a meaningful facilitatory effect on response
time to events [8]. A closer look to spatial auditory warning cues also indicated how
meaningful such warnings can be at providing locational data and capturing attention
[17]. Research on auditory perception for pedestrians also indicated significant effects
from spatiality, with users detecting the direction of traffic coming at a speed greater
than 12mph at around 90% accuracy, indicating the importance and information pro-
vided from spatiality [16].

As drivers make similar decisions when evaluating obstacles on the road, research
on directional warnings for drivers at intersection has also proven that driver behavior
is improved by directional information in auditory warnings, significantly reducing
drivers’ brake time and deceleration rate [18]. Additionally, research on spatiality and
display modality showed that spatially congruent auditory displays significantly im-
proved drivers’ performance as a unimodal display, with the hybrid visual-auditory
performing better [19].



2.3 Selections of Subjective Characteristics

Marshall et al. [20] stated that it was important to consider the annoyance of an alert
as annoyance can undermine the influence of warning systems. They also noted that the
alert characteristics of warning signals affect perceived urgency and annoyance in dif-
ferent degrees. They also state that people judge highly urgent results as more appro-
priate while also being annoying. Auditory alerts having a high level of urgency may
help drivers respond more effectively [20]. Studies have also shown that people respond
to auditory alerts more quickly if they sound urgent [21, 22]. Therefore, annoyance and
urgency were considered important parameters to measure the effectiveness of an au-
ditory alert. Intuitiveness, the immediacy of recognizing cues and their relation to the
users' mental model [23], was also considered an important characteristic as it would
allow us to measure the effectiveness of the spatiality of the auditory warning.

2.4 Our Research Contribution

The main goal of our research is to revisit and extend some open questions related to
suggested lead time in auditory displays for semi-automated driving mainly as previous
reported results are not entirely coherent with each other. Additionally, we also studied
the directionality of sound in this type of warning systems as it has shown to be very
efficient in other HMI domains, but has not been extensively studied for takeover re-
quest displays.

Our main research questions are, therefore, the following:

e What is the optimal lead time in visual and auditory displays for takeover request?
e What are the main benefits and drawbacks of directional information in auditory
displays for takeover request?

Both properties of auditory displays are studied through a wide combination of de-
pendent variables, which reflect drivers’ performance, safety related issues, mental
workload and subjective preferences. This enabled us to draw comprehensive conclu-
sions and provide some concrete guidelines for auditory takeover displays for semi-
automated driving.

3 Experimental Setup

The experiment was conducted in a motion-based driving simulator by Nervtech [24].
It consisted of a racing car seat, a steering system and sport pedals. The visuals were
displayed on a triple-screen configuration, which covered 120° horizontal field of view
and consisted of three equal curved 48’ HD TVs. The driving scenarios were developed
using AV Simulations software [25], which run on a computer with an i7 - 8086K CPU
and Nvidia GTX 1080 graphics card. The driving scenarios involved driving on a three-
lane highway with 110 km/h (70 miles/h) speed limit. The visibility was lowered to
approximately 100 meters using fog (see Fig. 1).



Fig. 1. Reduced visibility using fog.

4 Methodology

A simulation of a SAE Level 3 [26] automated vehicle was used for the study. The
automated driving system (ADS) was engaged at all times, except during unexpected
situations (for example, car accident, deer on the road, construction work, etc.). When
the ADS was on, the vehicle would always drive in the middle lane of the road with a
fixed speed of 110 km/h. The ADS system could be disengaged and reengaged at any
time with a simple pull up of the left lever on the steering wheel. The unexpected situ-
ation always resulted in closing two out of the three high-way lanes — the center and
either the left or the right lane — so that the driver would have to perform a lane-change
in order to avoid an accident.

The experiment involved a test drive and four 9-minute-long trials. The test drive
lasted 3 minutes and was intended for the participants to get familiar with the driving
simulator, the ADS system, the auditory display and the NDRT. In each of the four
trials, the participants were exposed to 3 critical situations in which they had to take
over control of the vehicle. The event time and location of the free lane was randomized
to try to avoid learning and anticipation effects.

To ensure consistency of the use of the ADS system, approximately 150 meters after
the obstacle on the road, a pre-recorded sound notification asked the participant to re-
engage the ADS system and continue with the NDRT.



4.1  Participants

Twenty-four participants (20 male), aged from 20 to 42 years old (M = 26.5, SD = 5.13)
participated in the study. Only participants with valid driving licenses were asked to
participate in the study.

4.2  Tasks

During the experiment, the participants were asked to perform two tasks with the same
level of priority:

e Non-driving-related task (NDRT),
e Take control of the vehicle in case of a takeover request.

The non-driving-related task was 2048 - a single-player sliding block puzzle game,
whose objective is to slide and combine numbers on a grid with the purpose of achiev-
ing a sum of 2048.

Since the vehicle had a high level of automation, participants had to perform the
takeover task only in case of disabled automation of the vehicle due to an unexpected
situation or obstacle. When an obstacle appeared, the driver was given an auditory and
visual takeover request, consisting of text and warning icon, as shown in Figure 2. The
visual notification was presented at the same with the auditory notification, on the dash-
board display in the simulator (see Fig. 2). Upon the takeover request, the autonomous
vehicle switched over to the non-autonomous mode. This allowed the driver to take
control of the vehicle. When operated manually, the vehicle had an automatic transmis-
sion system.

TAKE OVER
CONTROL
OF THE VEHICLE!

Fig. 2. Visual notification used for takeover request.

4.3  Lead Times and Spatiality

Lead times and spatiality were the two independent variables primarily observed in the
study. Lead times were assigned within-subject, whereas spatiality was observed be-
tween-subjects.

Based on previous research, lead times were set as 3s, 5s, 7sand 9s (LT3, LT5, LT7
and LT9). The lead time was defined as the time from takeover notification offset until



the time of collision into the obstacle if the participant would not perform any action
(brake or steer). Each lead time was observed in a separate trial, where the participant
had to take over control of the vehicle three times.

Two types of auditory displays for takeover notifications were used in the study:
non-directional and directional sound. The non-directional auditory display played the
takeover notification from the front center of the vehicle. For the trials with the direc-
tional sound, the notification always came from the direction of the free lane, where the
participant should drive in order to avoid collision. Using the Nervtech simulator sur-
round sound system, the sound would be played from direction of the left and right
front side of the simulated vehicle.

A non-speech auditory display was designed, including two dominant frequencies
(880, 1760 Hz) repeated four times using sine wave, following 1SO [27] guidelines.
The sound was played at 65 dB, whereas the ambient environment sound was played at
60 dB.

4.4  Dependent variables
We observed three groups of dependent variables:

o takeover reaction time and reaction type (steering or braking),
o takeover success rate and driving performance, and
o self-reported data (perceived workload and a sound questionnaire).

Reaction times and reaction types were recorded for all takeover situations varying
in lead time and sound direction. Reaction time was measured from the moment of the
auditory-visual takeover request until the driver regained control by breaking or steer-
ing the wheel. Breaking was initiated by pressing the brake pedal for at least 10% while
steering was detected as turning the steering wheel for more than 2°, based on similar
experimental data reported by Gold et al. [2]. As reaction type, we detected which of
these two operations the participants would perform first, steering or braking.

Furthermore, the takeover success rate, and logs of speed, acceleration and jerk were

observed. Each of these variables was observed from the auditory takeover request until
the pre-recorded notification asking the participant to reengage the ADS.
After completing each trial (with a different lead time), participants were asked to eval-
uate the takeover task using the NASA TLX questionnaire. For each trial, the score of
the 2048 (task success rate) was also recorded. At the end of the experiment, partici-
pants were further asked to evaluate their user experience with the auditory display
using a sound questionnaire.

5 Results

Levene’s test was used to assess the equality of variances and Shapiro-Wilk test for
exhibiting the normal distribution of each group of data. Based on these results, appro-
priate parametric and non-parametric tests were used for analyzing the data.



5.1 Reaction Time and Reaction Type

All groups (lead time and sound display type) did not have a normal distribution. The
between-subjects design results (sound direction) were analyzed with the independent-
samples Mann-Whitney U test 4. The within-subject design results (lead time) were
analyzed with the related-samples Friedman test and post-hoc Wilcoxon-signed ranks
test. For all pairwise comparisons a Bonferroni adjustment was applied to control for
Type-I error, resulting in adjusted alpha levels (critical alpha level = .0083 (0.05/6)).

Reaction time. Fig. 3 shows the mean reaction times for each of the tested lead time
for trials with directional and non-directional sound display. Reaction times for the di-
rectional sound (M = 1857.24 ms, SD = 1161.94 ms) were significantly faster than the
reaction times for the non-directional sound display (M = 1977.83 ms, SD = 1079.06
ms), U = 7843, p = .030.
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Fig. 3. Mean reaction times and SE to takeover requests with different lead times for non-direc-
tional and directional display

The results for different lead times showed that there was a statistically significant
difference in reaction times to the takeover request, ¥2(3) = 50.961, p < .001 (Figure
4). The reaction times to takeover requests with LT3 were significantly faster than re-
action times for takeover requests with LT5 (p < .001), LT7 (p <.001) and LT9 (p <
.001). Furthermore, the reaction times to takeover request with lead time of LT5 were
significantly faster than LT7 (p = .002) and LT9 (p = .004). There were no statistical
differences between reaction times lead LT7 and LT9 (p = .305). Table 1 reports on
the mean reaction times for each display type takeover request for all four observed
lead times.
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Fig. 4. Mean reaction times and SE to takeover requests for different lead times

Table 1. Mean reaction times to takeover requests for different lead times

Display type Lead time

3 sec 5 sec 7 sec 9 sec
Non-directional 1296.71 ms 2006.27 ms 2165.18 ms 2430.71 ms
Directional 1233.82 ms 1604.29 ms 2348.21 ms 2245.66 ms

We also observed the reaction times for different types of reaction, steering or brak-
ing. These results showed that the reaction times for breaking (M = 1857.24 ms, SD =
1240.37 ms) were significantly faster compared to steering (M = 1977.84 ms, SD =
1079.06 ms), U = 11 960, p <.001 (see Fig. 5).
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Fig. 5. Mean reaction times and SE for different types of takeover
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Reaction Type. In 68.1 % of takeovers, the participants’ first reaction to the takeover
notification was breaking, and in 31.9 % it was steering. These ratios are similar for all
lead times as shown in Table 2 and Fig. 6.

Table 2. Reaction type frequency for different lead times

Reaction type Lead time

3 sec 5 sec 7 sec 9 sec
Brake 66.7% 69.4 % 68.1% 68.1%
Steer 33.3% 30.6% 31.9% 31.9%

The frequency of reaction types to takeover requests with different lead time, how-
ever, indicated that there is no statistically significant association between the reaction
type and the lead time, (1) = 0.064, p = .800; that is, the reaction type preference was
not influenced by the lead times (see Fig. 6).

Lead time

3 sec
EA5 sec
N7 sec
Mo sec

G0

40

Count

20

N

Brake Steer

Reaction type

Fig. 6. Reaction type frequency for different lead time

5.2  Takeover Success Rate and Driving Performance

Takeover Success Rate. Each participant performed 12 takeover requests (3 with all

four lead times). Out of all of the 288 takeover requests in this study, 99.986% were
successful.

Speed. The results on speed showed that the average speed during the takeover (manual
driving of the vehicle) was higher in trials with the takeover request with non-
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directional sound display (M = 92.26, SD = 18.02) compared to trials with the direc-
tional sound display (M = 88.31 km/h, SD = 17.69 km/h), U = 8979, p = .049 (Fig. 7).
When observing the average speed for trials with different lead times, the analysis did
not reveal any statistically significant differences, x2(3) = 2.050, p = .562 (Fig. 8).
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Fig. 7. Mean speed and SE during takeover for trials with non-directional and directional dis-
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Fig. 8. Mean speed and SE during takeover for trials with different lead times

Deceleration (braking). The results for deceleration (braking) did not show any statis-
tical differences in the takeover situations with directional sound display (M = 0.65



12

km/h2, SD = 0.59 km/h2) compared to trials with non-directional sound display, U =
10674, p = .665.

Significant differences in deceleration were, however, revealed for different lead
times (see Fig. 9), y2(3) = 67.223, p <.001. The pairwise comparisons showed that the
average deceleration for trials with LT3 was higher compared to LT5 (p < .001), LT7
(p<.001) and LT9 (p <.001). Furthermore, the average deceleration for trials with LT5
was significantly higher than LT7 (p <.001) and LT9 (p <.001). There were no statis-
tical differences in deceleration for trials with lead time of LT7 and LT9 (p = .053).
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Fig. 9. Mean deceleration during takeover for different lead times

Jerk. Additionally, we observed also jerk — a time derivative of acceleration, which
gives us the information of the rate of change of acceleration. Jerk has been used to
determine the driving comfort experience, with (absolute) values more than 0.6 m/s3
indicating uncomfortable maneuvers [28].

The results did not reveal any statistical differences in mean jerk in the takeover
situations with the directional sound display (M = 0.086, SD = 0.236) compared to trials
with the non-directional sound display (M =0.031, SD = 0.256), U = 11577.5, p = .068.
There were, however, significant differences in mean jerk for takeover situations when
comparing trials with different lead times, ¥2(3) = 8.561, p = .036 (see Fig. 10). The
post-hoc test showed that the average jerk was statistically higher for LT3 compared to
LT5 (p =.003).
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Fig. 10. Mean jerk during takeover for different lead times

Fig. 11 and Fig. 12 were created to give a visualization of the steering maneuvers
performed after the request to takeover. The first steering directions, swerving and
faster maneuvers that resulted into higher jerk can be seen for each lead time for both
non-directional (see Fig. 11) and directional sound displays (see Fig. 12) to avoid the
road obstacle.

L5

L9

Fig. 11. Vehicle trajectories for takeover situations with non-directional display
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Fig. 12. Vehicle trajectories for takeover situations with directional display

5.3  Questionnaires

Sound questionnaire. Table 3 and Fig. 13 show the results of subjective rating scores
on a 0-100 scale for the non-directional display and the directional sound display. The
directional sound display received a numerically higher score in “intuitiveness” and
lower scores in both “identification” and “annoying” than the non-directional display.
Results were analyzed with an independent-groups t-test for each question showing
differences in scores (Questions 2, 3, and 5). None of them revealed statistically signif-
icant differences among display types in mean “identification” rating score (t(22) = -
0.890, p = .384), in mean “intuitiveness” rating score (t(22) = 0.127, p = .900), and in
mean “annoying” rating score (t(22) = -1.538, p =.139).

Table 3. Sound questionnaire rating scores in different display types

Questions Non-directional Directional
How helpful was the sound? 6.50 6.50
Did the sound help you identify which

A 2.00 1.58
direction you are supposed to go?
How intuitive was the sound? 5.25 5.33
How urgent was the sound? 6.75 6.75

How annoying was the sound? 2.92 2.00
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Fig. 13. Sound questionnaire rating scores of post-questionnaires

NASA-TLX Rating Score. The results were analyzed with a 4 (Lead time) x 2 (Dis-
play) repeated measures analysis of variance (ANOVA) for each subscale including
mental, physical and temporal demand, performance, effort, and frustration.

Mental Demand. The analysis showed that there were no statistically significant differ-
ences among display types in mean “mental demand” rating score, F(1, 22) = 1.309, p
=.265 and lead times, F(1, 22) = 2.368, p = .079. There was no significant interaction
between Display and Lead time, F(3, 66) = 0.080, p =.970.

Physical demand. The analysis showed that there were significant differences among
lead times in mean “physical demand” rating score, F(3, 66) = 3.802, p = .014. How-
ever, there were no statistically significant differences found among display types, F(1,
22) = 1.309, p = .191. There was no significant interaction between Display and Lead
time, F(3, 66) =0.366, p =.778.

Temporal demand. The analysis showed that there were significant differences among
lead times in mean “temporal demand” rating score, F(3, 66) = 8.255, p < .0001. How-
ever, there were no statistically significant differences found among display types, F(1,
22) = 2.344, p = .140. There was no significant interaction between Display and Lead
time, F(3, 66) =2.143, p = .103.

Performance. The analysis showed that there were no significant differences among
lead times in mean “performance” rating score, F(3, 66) = 0.334, p = .801 and display
types, F(1, 22) = 0.037, p = .849. There was no significant interaction between Display
and Lead time, F(3, 66) = 1.1820, p =.323.

Effort. The analysis showed that there were significant differences among lead times in
mean “effort” rating score, F(3, 66) = 4.113, p = .010. However, there were no
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statistically significant differences found among display types, F(1, 22) = 1.746, p =
.200 or between Display and Lead time, F(3, 66) = 0.308, p = .819.

Frustration. The analysis showed that there were no significant differences among lead
times in mean “frustration” rating score, F(3, 66) = 2.488, p = .068 and display types,
F(1, 22) = 0.035, p = .853. There was no significant interaction between Display and
Lead time, F(3, 66) = 1.423, p = .244.

NASA-TLX rating scores vs. Lead time

Fig. 14 and Table 4. NASA-TLX Rating scores in different lead times show NASA-
TLX rating scores of each six subscales over different lead times. It shows that physical
demand and temporal demand decrease as a lead time increases. However, the highest
rating score of “performance” and the lowest rating score of “effort” were observed
when the lead time was 7 seconds. For the multiple comparisons among lead times
(LT3, LTS, LT7, and LT9) in “physical demand”, “temporal demand”, and “effort”
rating scores, a paired-samples t-tests were conducted. All pairwise comparisons in this
study applied a Bonferroni adjustment to control for Type-I error, which meant that we
used more conservative alpha levels (critical alpha level = .0083 (0.05/6)).

Oleadtime=3sec BAS5sec R7sec M9 sec

100
90
80
70
60
50
40
30

Rating score [0-100 scale]

20
10

Mental Demand Physical Demand Temporal Performance Effort Frustration
Demand

NASA-TLX Subscales

Fig. 14. NASA-TLX Rating scores of subscales

In “physical demand”, participants showed significantly higher temporal demand in
LT3 (M =23.123, SD = 18.928) than LT9 (M = 15.417, SD = 11.508), t(66) = -3.170,
p =.002. In “temporal demand”, participants showed significantly higher temporal de-
mand in LT3 (M = 37.500, SD = 22.554) than both LT7 (M = 25.417, SD = 18.053),
t(66) =-3.670, p=.005and LT9 (M =22.083, SD = 17.126) , t(66) = -4.682, p <.0001.
In “effort”, participants showed significantly a higher temporal demand in LT3 (M =
34.375, SD = 26.716) than LT5 (M = 25.000, SD = 22.458), t(66) = -2.881, p = .005.
Also, it was significantly higher than LT7 (M = 24.167, SD = 18.278), t(66) = -3.138,
p = .003.
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Table 4. NASA-TLX Rating scores in different lead times

Lead time
Subscale 3 sec 5 sec 7 sec 9 sec
Mental Demand 26.67 21.04 23.33 20.63
Physical Demand 23.13 17.08 17.50 15.42
Temporal Demand 37.50 30.21 25.42 22.08
Performance 21.46 19.58 21.88 20.00
Effort 34.38 25.00 24.17 26.67
Frustration 21.25 25.00 23.13 17.92

5.4  NDRT performance

The results for the average score of 2048 were analyzed with a 4 (Lead time) x 2 (Dis-
play) repeated measures analysis of variance (ANOVA). The analysis showed that there
were no significant differences among lead times in average score of 2048, F(3, 66) =
0.346, p =.792 and display types, F(1, 22) = 2.618, p = .120. There was no significant
interaction between display and lead time, F(3, 66) = 2.313, p = .084. There was nu-
merically higher average score of 2048 with the directional sound display (675M =
7321.396, SD = 4758.245) than the non-directional display type (M = 5068.063, SD =
3143). However, there were no statistically significant differences between display

types.

6 Discussion and conclusions

To design more optimized takeover request displays in automated vehicles, we evalu-
ated takeover time and type, driving performance, perceived workload, and subjective
experience measures for two spatial sounds with four lead times, while our participants
performed a non-driving related task. The results for all of the observed variables did
not show a consistent pattern for one specific lead time or display type. However, when
observed together, it is possible to differentiate which lead time and display type offer
safest takeover and to some extent better takeover experience.

The shortest (3 sec) lead time evoked fastest reaction times, which is in line with
previous research [13, 14]. However, based on the jerk results, this lead time resulted
in the takeover maneuver surpassing the threshold of 6 m/s3, which suggests unpleasant
maneuvers in driving. Fig. 11 and Fig. 12 further support these results as it can be seen
that the L3 resulted in most sharp swearing when avoiding the road obstacle. Further-
more, the results from the NASA-TLX showed that participants reported high perceived
workload in terms of physical demand, temporal demand and effort. By extending the
lead time to 5s and 7s, the reaction time decreased but the perceived workload and
subjective preferences of users increased significantly. The avoiding maneuver also im-
proved suggesting the 7s lead time as the optimal choice among the tested signals. This
is coherent with previous results reported in [13].

The reaction times for braking were significantly faster than steering, and in almost
two thirds of all takeover request situations, the participant’s first reaction was braking.
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This is probably due to the fact that the NDRT was manually operated. However, when
explored the frequencies, the results revealed that the length of the lead time did not
affect the first reaction type. Although not statistically significant, it is interesting to
notice that in the 3-sec lead time condition majority of the participants decide to steer
instead of break. Due to the proximity of the road obstacle, which at this point was
already visible in comparison to the situations with longer lead times, participants could
have found braking as not efficient (not enough time to stop). In real life situations,
such decisions for sudden lane changes without reducing the speed can be dangerous
and less comfortable.

Furthermore, we observed the influence of spatiality and directionality of auditory
signals. Regardless of the reaction type, the directional display evoked faster reaction
times. Interestingly, the directional display showed lower average vehicle speed during
the takeover. We can cautiously infer that the participants might be slower with the
directional sound because they recognized the direction and so, prepared for changing
the direction of the vehicle.

When observing the self-reported ratings, there was no significant difference in the
sound experience questionnaire. However, at least, the annoyance question favored the
directional sound (directional: 2.00 vs. non-direction: 2.92), which bodes well for fur-
ther investigation of display directionality in this domain. Annoying sounds have been
shown to have a positive correlation with alertness and urgency, but research has also
suggested that too much annoying and startling sound will discourage users to use au-
ditory displays. Given that our directional sound performed better and received lower
annoyance, it seems desirable. Research with more participants will clarify whether
there is different preference for either display type.

Finally, when observing the NDRT results, it can be noticed that all of the partici-
pants achieved high scores suggesting a high engagement in the task. Although previ-
ous research has indicated that higher engagement in NDRT can affect the takeover
success rate, we could not find any evidence of such effect in this study. This could be
further explored with different NDRT tasks and different durations of the trials.

As for multimodality, in this study we tested only auditory variables with a fixed
visual display. Future research can include variations of other modalities (visual and
tactile) and spatiality of visual and tactile displays. Planned research includes making
a mathematical model and validating it with empirical research outcomes to formalize
takeover procedure in automated vehicles.
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