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Abstract— To investigate the full potential of non-speech 

sounds, this study explored the use of spatial sound displays for 

takeover requests in semi-automated vehicles. The study was 

conducted in a motion-based driving simulator with 72 

participants in two locations – Slovenia and Virginia. All 

participants were engaged in four 9-minute driving tasks in 

level-3 automated vehicle. Each driving session contained three 

hazardous events with takeover request (in total 12 requests per 

user).  The results showed shorter reaction times to the 

directional sound displays compared to the non-directional 

sound display. Regardless of the sound display, the participants 

in Slovenia had statistically significantly shorter reaction times 

compared to participants in Virginia. While in Slovenia in 77% 

of the trials the participants’ first reaction was braking and 23 

steering, all of the Virginia participants’ first reaction was 

braking. 

I. INTRODUCTION 

The autonomous vehicle technology has taken a center 
role in the automotive research in the past decade. The 
reason behind the great interest in this field are 
undoubtedly all of the foreseen advantages and safety 
features autonomous vehicles are expected to have 
compared to today’s manually operated vehicles. Many 
studies have indicated the human factor as the primary 
contributor for road accidents with up 95% of the explored 
cases [1-3], justifying the urge to minimize, and 
eventually eliminate, the human control of the vehicle. 
While a fully autonomous vehicle (SAE level 5 [4]) is yet 
to be released, semi-automated vehicles are constantly 
advancing through the different levels of automation. 
However, as these systems (although significantly lower 
than the manually operated vehicles) still require the 
presence and attentiveness of the driver in specific driving 
situations. It is therefore important to ensure a safe and 
fast transition from autonomous to manual mode for the 
driver, a drive that also motivated this research. A lot of 
research has already been conducted in this field, mainly 
concentrating on the driver’s performance for takeover 
requests [5-9]. In this study, we explore the use of spatial 
sound and compare it with the most commonly used non-
spatial sound notifications for a driver’s effective and safe 
takeover control from a semi-automated vehicle. 

II. RELATED WORK 

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 

[10],[11]. 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 effective than vibrotactile ones, and 

provided a meaningful facilitatory effect on response time 

to events [10]. A closer look to spatial auditory warning 

cues also indicated how meaningful such warnings can be 

at providing locational data and capturing attention [12]. 

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 19 km/h (12 mp/h) at around 90% accuracy, 

indicating the importance and information provided from 

spatiality [11]. 

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 [12]. Additionally, research on 

spatiality and display modality showed that spatially 

congruent auditory displays significantly improved 

drivers’ performance as a unimodal display, with the 

hybrid visual-auditory performing better [13]. 

Furthermore, Marshall et al. [14] 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 different degrees. They also state that people judge 

highly urgent results as more appropriate while also being 

annoying. Auditory alerts having a high level of urgency 

may help drivers respond more effectively [15]. Studies 

have also shown that people respond to auditory alerts 

more quickly if they sound urgent [16], [17]. Therefore, 

annoyance and urgency were considered important 

parameters to measure the effectiveness of an auditory 
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alert. Intuitiveness, the immediacy of recognizing cues 

and their relation to the users' mental model [18], was 

also considered an important characteristic as it would 

allow us to measure the effectiveness of the spatiality of 

the auditory warning. 
 

The positive results of using spatial sounds for in-
vehicle information systems motivated the design of 
study, which focused on exploring the main benefits and 
drawbacks of directional information in auditory displays 
for takeover request. We further explored also the cultural 
effect on the acceptance and use of semi-automated 
vehicles. With the general greater acceptance rate of semi-
automated vehicles in the USA compared to Europe, we 
decided on completing the study in Virginia and Slovenia 
and compare the results on driving performance and 
subjective evaluation of use of spatial sounds for takeover 
requests. 

III. METHODOLOGY 

The experiment was conducted in a motion-based 
driving simulator provided by Nervtech [19]. 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 [20], 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 (Figure 1). 

 

  Figure 1. Reduced visibility using fog. 

 
A simulation of a SAE Level 3 [4] 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 
situation 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 or brake and stop the vehicle in order to avoid an 
accident.  

A. Tasks 

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. 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 
takeover request. Two types and three auditory displays 
for takeover notifications were used in the study: one non-
directional and two directional sounds. The non-
directional auditory display played the takeover 
notification from the front center of the vehicle. For the 
trials with the directional sound, we used both congruent 
and incongruent notifications – sound from the direction 
of the hazard lane or the free lane.  

 

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 
dashboard display in the simulator (Figure 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 transmission system. 

 

Figure 2. Visual notification used for takeover request. 

 

B. Participants 

72 participants completed the study – 36 in Slovenia 
and 36 in Virginia. This was a between subject study, with 
24 participants completing the study with the non-
directional display, 24 with the incongruent and 24 with 
the congruent display.  

Only participants with valid driving licenses were asked 
to participate in the study. None of the participants did not 
report any hearing problems.  
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The observed dependent variables were driving 
performance (reaction time, reaction type (steering or 
braking) takeover successes rate, speed) and subjective 
data (questionnaire on the used sound notifications). 

IV. 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, 

appropriate parametric and non-parametric tests were 

used for analyzing the data. 

The analysis showed more favorable results for the 

directional sound notifications compared to the non-

directional sound. The reaction times were shortest for 

spatial incongruent display (M = 1950.104 ms, SD = 

1004.661 ms) followed by the non-directional display (M 

= 2068.981 ms, SD = 1101.520 ms), whereas longest 

reaction times were found for the directional congruent 

display (M = 2133.903 ms, SD = 1095.874 ms). However, 

the differences in the compared mean reaction times for 

the different display types were not statistically 

significant F(2, 819) = 2.002, p = .136 (Figure 3). 

 
Figure 3. Mean reaction times to different display 

sounds for take-over requests 

 

The analysis for Slovenia showed there is a statistically 

significant decrease in mean reaction times for the 

directional displays (mean of all reactions to both the 

incongruent and congruent display) (M = 1648.420 ms, 

SD = 853.631 ms) compared to the non-directional 

display (M = 1902.183 ms, SD = 815.688 ms), F(1, 395) 

= 7.851, p = .005 (Figure 4). However, although there 

was a similar trend as in Slovenia, the results from 

Virginia showed that there were no statistically 

significant differences in mean reaction time between the 

non-directional display (M = 2220.291 ms, SD = 

1292.417 ms) and the directional displays (M = 2419.051 

ms, SD = 1163.945 ms), F(1, 423) = 2.543, p = .112 

(Figure 5).  

In 88.3 % the participants' first reaction was braking 

compared to 11.7 % for steering. The mean results were 

very similar for all of the lead times. However, after 

looking at the data for the different locations, it was 

revealed that 76.6 % braked and 23.4 % steered in 

Slovenia, whereas the first reaction of all of the 

participants in Virginia was braking.  

 
Figure 4. Mean reaction times to different display 

sounds for take-over requests in Slovenia 

 

 
Figure 5. Mean reaction times to different display 

sounds for take-over requests in Virginia 

 

Furthermore, regardless of the sound display, the 

participants in Slovenia had statistically significantly 

shorter reaction times compared to participants in 

Virginia (Figure 6). 

 

 
Figure 5. Mean reaction times to different display 

sounds in Slovenia and Virginia 
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V. DISSCUSSION AND CONCLUSSION  

To design more optimized takeover request displays in 

automated vehicles, we evaluated three spatial sounds 

while our participants performed a non-driving related 

task. The directional displays evoked faster reaction times 

compared to the non-directional. We did not find any 

differences in reaction times between the two directional 

displays. 

Regardless of the sound display, the participants in 

Slovenia had statistically significantly shorter reaction 

times compared to participants in Virginia. These 

differences between the two observed sites reveal the 

cultural factor to be an important contributor to the 

driver’s behavior in semi-automated vehicles. This 

indicates that identifying and incorporating such 

culturally defined features in driving behavior should be 

an important step in the design and implementation of 

semi-automated vehicles for a safer and more user-

friendly use across different sites in the world. 
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