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ABSTRACT

Take-over is one of the most crucial user interactions in semi-automated vehicles. To make better
communication between driver and vehicle, research has been conducted on various take-over
request displays, yet the potential has not been fully investigated. The present paper explored the
effects of adding auditory displays to visual text. Earcon and speech showed the best performance
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and acceptance with spearcon the least. This study is expected to provide the basic data and
guidelines for future research and design practice.

1 INTRODUCTION

Automated vehicles have been appearing more on the road. Advanced sensing and computing
technologies mainly drive this momentum, but human factors also need to be considered to design
better interaction between a driver and a vehicle. One of the most critical points for human-
automation collaboration in automated vehicles is a take-over scenario. Level 3 automated vehicles
have been already equipped with take-over displays and there has been some preliminary research
[1,2], but more research is still required to validate and optimize the display design and make an
international standard. Multiple Resources Theory [3] predicts using different modalities other
than a single modality would be more effective for doing multiple tasks concurrently as in driving.
Thus, auditory displays are widely used in the vehicle context. Researchers have made novel
auditory cues that can be used for this type of urgent alert, but those cues have not been fully
applied and tested. The present paper evaluated the effects of adding different auditory displays —
speech, spearcon [4], and earcon [5], to visual text for the take-over request while a driver is
playing an online game, compared to text-only. Both take-over time and subjective experiences
were measured.

2 METHODS

2.1 Participants

Forty-four undergraduate students (14 female; Mean age = 20, SD = 1.7; Mean years of driving = 4.0
years, SD = 1.4) participated in this study for course credit. All of the participants had a valid
driving license and more than two years of driving experience to control over novice effects.

2.2 Stimuli

We designed four take-over displays. Male voice, “take over” was recorded for speech. For
spearcon, the wave file of the speech clip went through the spearcon generation program using the
SOLA algorithm [6]. Earcon was designed, including two dominant frequencies (880, 1760 Hz)
repeated four times using sine wave, following NHTSA [7] and I1SO [8] guidelines. The volume and
length of the sounds were controlled to be equivalent (Mean = 70dB, 311ms). Text, “Please take
over” was displayed on the center monitor of the driving simulator in white.

2.3 Apparatus

The simulator used was a mid-fidelity National Advanced Driving Simulator (NADS) MiniSim
(Figure 1). The MiniSim had three 42" plasma displays with a 1280x800 resolution. It included a real
steering wheel, adjustable car seat, gearshift, and gas and brake pedals, as well as a TFT LCD
monitor with a 1280x800 resolution to display the speedometer, etc. Environmental sound effects
and the auditory displays were played through two embedded speakers. For playing the 2048
game, a Dell laptop was used with four-arrow keys on a keyboard to slide numbered tiles to create
a tile (Figure 2).
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Figure 4: Mean of take-over time for each
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2.4 Design and Procedure
This experiment used a within-subjects design with four display conditions (earcon+text,
speech+text, spearcon+text, and text-only). The order of the conditions for each participant was
randomized prior to testing. The driving scenarios were set in a rural area with the car driving on a
two-lane road. There was no oncoming traffic and there was no intersection. The speed limit was
set at 50 miles per hour. Situations on the road that triggered the participant to take over included
deer, a parked car, and a service vehicle, all blocking most or all of the driving lanes (Figure 3).
After the consent form procedure, participants were given an overview of the experiment and
learned how the driving simulator worked. When the participants felt ready, the experiment began
with one of the randomly selected scenarios. After a short driving, a ding noise signaled
participants that the vehicle would take over driving and then, participants had to take their hands
off the steering wheel and their foot off the gas pedal. During the time the vehicle self-drove, the
participants played the game, 2048 (Figure 2) on a laptop placed next to them on the center
console (Figure 1). After a while, one of the four take-over displays was presented for the
participants to take over control of the vehicle due to a situation on the road. The time was
measured from the moment the display was presented to the moment the participants took over
control of the vehicle (grabbing the steering wheel). A few seconds after avoiding (or crashing into)
the hazard on the road, the car made the ding noise again, which told the participants it would
take over control of driving once again. The participants then returned to playing 2048 as
instructed by the researcher. This process continued for three obstacles in the scenario. Once the
scenario was completed, participants completed the subjective questionnaire. This process was
repeated for the four conditions. After all four scenarios were completed, the participants
completed a demographic questionnaire.
3 RESULTS
Literature [9] identified objective measures of the sound-relevant research as efficiency (reaction
time), accuracy (number of errors), and learning rate (as a function of time). In the present study,
we measured all of these objective measures. The number of crashes reflects the accuracy of the
display or errors caused from the display. Take-over time reflects efficiency and take-over times
across the three laps reflect the learning rate of each display. We also used a survey to explore user
experience, which influenced driving performance and provided practical guidelines for take-over
display design.
3.1 Number of Crash

In total, eleven participants made 17 crashes. As expected seven participants made crashes in the
text-only condition. No participants made a crash in the earcon+text condition. For both
speech+text condition and spearcon+text condition, two participants each made crashes. These
cases were not sufficient to make inferential statistics, but it provided a sense of where
participants made errors and where they did not miss the take-over display. Take-over time was
analyzed with only successful take-over cases without crashes.
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Figure 5: Take-over time across three laps.
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Figure 6: Pleasing rating scores across
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3.2 Take-over Time

In the driving task, reaction time is not just relevant to efficiency, but also directly relevant to road
safety. Figure 4 shows overall mean take-over time for each display type.

Results were analyzed with a 4 (Display type) x 3 (Lap) repeated measures analysis of variance
(ANOVA), which revealed a statistically significant difference among display types in mean take-
over time, F(1.25, 39.84) = 63.61, p < .001, np? = .67 (using Greenhouse-Geisser due to the Sphericity
violation). Lap also showed a statistically significant difference, F(1.32, 42.23) = 9.26, p = .002, n,? =
.22. There was a statistically significant interaction between Display type and Lap, F2.29, 73.29) =
6.17, p = .002, ny? = .16. Figure 5 shows that text-only and spearcon+text have rapidly decreasing
patterns between Lap 1 and Lap 2 but earcon+text and speech+text show a gentle slope across
Laps. This interaction was further validated in the learning rate analysis below. For the multiple
comparisons among display types, we conducted paired-samples t-tests. All pairwise comparisons
in this study applied a Bonferroni adjustment to control for Type-I error, which meant that we
used a more conservative alpha level (critical alpha level: 0.05/6 pairs = .00833). Participants got
back to drive significantly faster in all of the multimodal display conditions than the text-only
condition. Take-over time in the text-only condition (M = 3.61, SD = 1.53) was significantly slower
than that in the earcon+text condition (M = 1.96, SD = 0.74), {(40; there are three missing data
points for text-only) = 9.14, p < .001, the speech+text condition (M = 1.99, SD = 0.74), {40) = 9.63, p
<.001, and the spearcon+text condition (M = 2.17, SD = 0.78), #{(40) = 7.58, p < .001. In addition, the
spearcon+text condition was significantly slower than the earcon+text condition, #(43) = -3.11, p =
.003 and the speech+text condition, #(43) = 2.86, p = .007. In short, all auditory displays decreased
the take-over time compared to visual-only display and earcon and speech even showed faster
take-over time than spearcon.

To check the learning rate of each display type, we conducted repeated measures ANOVA
(Figure 5). Text-only showed a significant difference among the Laps, F(1.39, 48.54) = 12.71, p < .001,
ne? = .27 (using Greenhouse-Geisser due to the Sphericity violation). Take-over time of Lap 1 in the
text-only condition (M = 4.36, SD = 2.13) was significantly slower than that in Lap 2 (M = 3.30, SD =
1.84), #(35; there are 8 missing data points) = 3.85, p < .001 and in Lap 3 (M = 3.19, SD = 1.41), #(35) =
3.75, p = .001. However, Lap 2 and Lap 3 did not show the statistical difference.

Spearcon+text also showed the same pattern. There was a significant difference among the
Laps, F1.33, 54.34) = 11.37, p < .001, np? = .22 (using Greenhouse-Geisser due to the Sphericity
violation). Take-over time of Lap 1 in the spearcon+text condition (M = 253, SD = 1.28) was
significantly slower than that in Lap 2 (M = 1.99, SD = 0.77), #(43) = 3.61, p= .001 and in Lap 3 (M =
2.02, SD = 0.76), #(41; there are two missing data points) = 3.75, p = .001. However, Lap 2 and Lap 3
did not show the statistical difference. There were no significant differences between Laps for the
earcon+text condition and speech+text condition.

3.3 Sound User Experience Questionnaire

- Pleasing: Results were analyzed with a 3 (Sound types) repeated measures ANOVA, which
revealed a statistically significant difference among Sound types in mean “pleasing” rating score,
F(2, 80) = 8.43, p <.001 (Figure 6). Paired-samples t-tests showed that there were statistically
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Figure 8: Urgent rating scores across
conditions.
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Figure 9: Attention capturing rating
scores across conditions.
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Figure 10: Intuitive rating scores across
conditions.

significant differences between speech (M = 3.15, SD = 0.94) and spearcon (M = 222, SD = 1.04),
(40) = -3.82, p < .001 and speech and earcon (M = 2.46, SD = 1.23), #(40) = -3.29, p = .002.

- Annoying: Repeated measures ANOVA showed a statistically significant difference among Sound
types in mean “annoying” rating score, A2, 80) = 3.16, p < .05 (Figure 7). Paired-samples t-tests
showed that there was a statistically significant difference between speech (M = 2.63, SD = 1.10)
and spearcon (M = 3.22, SD = 1.18), #(40) = -2.50, p = .00832. Earcon (M = 2.70, SD = 1.04) and
spearcon (M = 3.22, SD = 1.18), #{40) = -1.85, p = .036 tended to be different, but not significantly
different.

- Urgent: ANOVA showed a statistically significant difference among Sound types in mean
“urgent” rating score, A2, 80) = 5.17, p < .001 (Figure 8). Paired-samples t-tests showed that there
was a statistically significant difference between earcon (M = 3.93, SD = 1.02) and spearcon (M =
3.15, SD = 1.28), {(40) = 2.92, p = .00285.

- Attention capturing: Repeated measures ANOVA showed a statistically significant difference
among Sound types in mean “attention capturing” score, F(2, 80) = 6.68, p < .05 (Figure 9). Paired-
samples t-tests showed that there were statistically significant differences between earcon (M =
4.02, SD = 1.09) and spearcon (M = 3.22, SD = 1.14), {(40) = -3.73, p < .001 and between speech (M =
3.98, SD = 1.12) and spearcon, #40) = -2.78, p = .0042.

- Intuitive: Repeated measures ANOVA showed a statistically significant difference among Sound
types in mean “intuitiveness” rating score, A2, 80) = 8.94, p < .001 (Figure 10). Paired-samples t-
tests showed that there were statistically significant differences between earcon (M = 3.83, SD =
1.15) and spearcon (M = 3.12, SD = 1.17), #(40) = -3.41, p < .001 and between speech (M = 3.95, SD =
1.17) and spearcon, #40) = -3.67, p < .001.

- Startling: Spearcon showed the highest “startling” rating score, but there was no statistically
significant result.

- Commanding: Earcon showed the highest “commanding” rating score, but there was no
statistically significant result.

- Would Turn off this audio in my own vehicle: Repeated measures ANOVA showed a statistically
significant difference among Sound types in mean “would turn off” score, A2, 80) = 4.41, p < .05
(Figure 11). Paired-samples t-tests showed that there was a statistically significant difference
between speech (M = 2.46, SD = 1.06) and speearcon (M = 3.20, SD = 1.27), {(40) = -3.19, p < .0027.

4 DISCUSSION

We evaluated take-over time and subjective measures for four types of take-over displays for semi-
automated vehicles in the presence of an engaging secondary task (online game). The results
showed that adding the auditory cues for take-over displays can significantly improve take-over
time compared to the visual-only (text) display. However, not all auditory displays are similarly
applicable. Among the auditory displays, the earcon and the speech conditions showed the best
performance (lowest take-over time) from the first lap when combined with visual text, indicating
that no learning is required for these displays. In contrast, the spearcon+text and text-only
conditions showed significantly worse takeover times. Their performance was enhanced per laps,
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but this means that these displays require users’ learning. Based on the data from the subjective
questionnaire, we can infer the application directions of multimodal take-over displays. Among the
cues, the speech display was rated the most pleasing and least turned off. As expected, earcon
showed highest urgency and commanding effect compared to other displays. Both speech and
earon was rated as more attention-capturing and intuitive than spearcon. Because spearcon is
compressed speech, it was expected to show higher urgency, but it did not show such a trend.
Spearcon showed the highest annoying, startling, and would turn off rating scores. Its annoying
and startling ratings seemed to lead to faster reaction time than text-only, but it was still slower
than earcon or speech. Research shows that the auditory warning should include urgency, but it
could/should avoid startling [10]. More importantly, spearcon showed the highest rating score for
“would turn off this display”. This result is in line with literature showing that aesthetic and
annoyance issues are more important in auditory displays than in visual displays [11]. In sum,
earcon and speech seem to work best when combined with text for take-over displays,
guaranteeing performance and user experience. More research can be done with specific
parameters of earcons (e.g., pulse duration and interburst interval) and speech (e.g., gender and
tone) with additional measures.
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