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INTRODUCTION
The number of systems in cars that need the driver's attention 
increases from year to year. These can include entertainment, 
communication or systems designed to help the driver, such as 
navigation or advanced driver assistance. All of these rely on 
information and interaction with the driver, which could in turn 
increase driver workload. Previous research has shown that cognitive 
processing of a secondary task has a negative impact on driving 
performance [1, 2, 3, 4, 5, 6, 7, 8]. Hence there is a risk that the driver 
does not have full attention on the road and can thereby miss vital 
elements in the surroundings. Klauer et al. [1] found from an analysis 

tasks can triple the crash risk as compared to an attentive driver. They 
also found that visual inattention was the main factor behind 78 % of 
the crashes that occurred in the study. Blanco et al. [2] discovered 
from three on-road studies that in-vehicle navigation systems which 
present multiple options of possible routes had a negative effect on 
driving performance compared to systems only presenting one route. 
The conclusion was that multiple options increase the required 
cognitive processing from the driver and that it negatively affects 
driving performance by reducing the situational awareness. The effect 
was found both when presenting information visually and audibly.

Shams and Kim [9] stated that the visual modality generally 
dominates for spatial tasks, for instance localization and object 
recognition, while the auditory modality dominates for temporal tasks 
such as timing between two events. However, it has been shown that 
auditory events help in locating spatial objects [10]. Shams and Kim 
[9] found that attention in one modality spreads to other modalities, 
and auditory events could therefore increase visual attention even 
when the sound had no direct meaning for the visual task. It has been 

shown in other studies that auditory cues are effective for reducing 
reaction times in simulated driving environments [3, 4, 7, 8]. Ho and 
Spence [3
sounds and how it could direct the drivers' visual attention for 
situations when a car was rapidly approaching in front of the subject's 
vehicle (or behind, which could be seen through the rear view 
mirror). They concluded that “spatially predictive semantically 
meaningful auditory warning signals may provide a particularly 
effective means of capturing attention”.

Most of the after-market navigation systems available today emit 
sounds from the position where the device is installed, which could 

5] performed a 
study on the effect of congruency between sound source location and 
the message's semantics for in-vehicle navigation systems. The recall 
accuracy of navigation information was increased, and response time 
decreased, when the sound source location was congruent with the 
spatial information presented by sound, for instance when a verbal 
message for a left turn was played at the left ear of the driver.

Previous research gives good reasons to believe that driving 
performance and driver attention may be affected by sound and its 
location. It seems promising that using sound might reduce the 
workload and allow the driver to focus more on the road. Using 
spatially placed sounds for the tasks might also help in drawing 
attention to where it is needed using the attention capture capabilities 
of sound. The response time needed to interpret the signals might also 
be reduced, and could thus help the driver to operate the vehicle more 
safely. This study intends to evaluate the effects that the spatial 
positioning of sound signals has on driving and secondary task 

Signal Sound Positioning Alters Driving Performance

ABSTRACT
Many of the information systems in cars require visual attention, and a way to reduce both visual and cognitive workload could be to 

spatial positions informed the driver when a lane change should be made and when a new secondary task was presented. Driving 

secondary task performance were found. It is recommended that signal sounds are placed in front of the driver, when possible, if the 
goal is to draw attention forward.
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[11, 12 12, 13] as a 
secondary task.

Objective: How are 1) driving performance (measured using LCT) 
and 2) secondary task performance (measured using SuRT) affected 
by spatial placement of two sound signals; a sound informing that a 
lane change shall be made and a sound informing that a new 
secondary task shall be solved.

METHOD
11, 12] which is a 

simple driving scenario and a secondary task based on the Surrogate 
12, 13]. A simple driving simulator was used 

wheel and a secondary task screen (see Figure 1

subjects with a task similar to driving combined with a task similar to 
typical secondary tasks in a car, both allowing easy and controlled 

limits the generalizability of the conclusions to be drawn, but as the 
objective of this study was to investigate how sound can be used to 
direct attention while driving the setup was considered suitable. 

not prove that measureable effects will be reached under real driving 
conditions, it is likely that if positive effects can be shown using this 
laboratory setup there will also be positive effects of proper signal 
sound positioning for real car driving.

Figure 1. Driving simulator in a sound recording studio with the projected 
driving scenario (4 m in front of the subject), secondary task (1 m, 

Lane Change Task (LCT)

of driving performance measures during simulated driving [12, 13, 
14, 15], and is ISO standardized [11

displayed on signs by the side of the road (see Figure 2). A total of 18 

lane changes occur on every track, consisting of 6 different lane 
change types (driving in the left lane; change one or two lanes to the 
right, driving in the right lane; change one or two lanes to the left, 
driving in the middle lane; change one lane to the left or to the right) 
that are repeated 3 times each. The order of the signs is randomized 
between tracks to avoid learning effects. The distances between signs 
varies between 140-188 m (mean distance 150 m), and the length of a 

12].

The lane change information is displayed 40 m before passing the 
sign, and the subject should start the lane change immediately when 
the information has been recognized. Before the information becomes 

removing the blank signs completely, so that the information popped 
up when the car was 40 m in front of the sign's hidden location. This 

more realistic with regard to safety critical events [16]. Furthermore, 
it gives a better measure of driver reaction time than the standardised 
measure. The standardised driving speed of 60 km/h was used in this 
study. Higher speeds would increase the driver workload and lower 
speeds decrease it. However, in pre-tests 60 km/h was shown to give 

crucial for being able to measure effects from the positioning of the 
signal sounds on the tasks. When the workload was too low, the task 
was too simple and no effects were seen. When the workload was too 

manage it.

the left lane, as indicated by the arrow on the signs.

Measuring Driving Performance
The driving performance was measured by comparing the subject's 
location on the road with a reference driving path (see Figure 3). The 
reference path was linear, with all lane changes starting 40 m before 
the sign. The length of each linear lane change was 45 m or 60 m 
when crossing one lane or two lanes, respectively. The standard 
deviation from the reference path is used as a measure of driving 
performance (see Figure 3 Equation 1 and 2:

1
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the subject. The deviation between these curves is used for measuring the driving performance. In this analysis, only the deviation around each sign (40 m before to 55 

2

where ds is the subject deviation in a section, Ys, around a sign, xy is 
the subject lateral position at the longitudinal position y, ry is the 
lateral position of the reference path at the longitudinal position y, 
and Ls is the length of the section. The total deviation is then given 
as the mean value of all sections, see Equation 2, where S is the 
total number of sections (number of lane changes). The analysis 

in Figure 3) which constitutes a section Ys. All lane changes in the 

around the signs, random variations in how the subjects positioned 
themselves within a lane were reduced. This way, the driving 
performance measure became more affected by reaction time than 
lane keeping performance.

Secondary Task

12, 13]. The secondary task was to locate a circle with 
a slightly larger radius on a screen displaying a number of distractor 
circles. For the distribution of circles, the screen was sectioned into a 

circle. Each circle's position was randomized within a section. This 

level and uneven distributions. See Figure 4 for a screenshot of the 
secondary task. The subjects answered on which side of the centreline 
of the screen the larger circle was located by the use of 2 input 
buttons, positioned to the right of the steering wheel. The idle time 
between tasks was randomized between 2-5 seconds so that the 
appearance of a new task could not be predicted. A preliminary study 
was conducted to determine the time interval. It was subjectively 
determined over several trials that 2-5 seconds gave a good balance 
between driving and working on the secondary task. The various 
parameters for the secondary task can be found in Table 1. The 
secondary task performance was measured as response time from that 
a new task was displayed to user input. Error rate and number of 
answers were recorded.

Table 1. Parameters used for the secondary task.

left side of the centerline.

Sound Signals

unchanged; however the engine sound was removed during the 

driving task sound was a composition of 3 repetitions of a click 
sound to give the impression of a turn signal. The second click was 
pitch shifted down 200 Hz. The time signal can be seen in Figure 5. 
The secondary task sound was a Microsoft Windows XP sound 
(ding.wav), commonly used in Windows XP to indicate that there is 
information on the screen. The secondary task triggered the sound 
when a new task was presented, of which the time signal can be 
observed in Figure 6.

Lundkvist et al / SAE Int. J. Trans. Safety / Volume 4, Issue 1 (April 2016) 3
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Figure 5. Time signal of the driving task sound.

Figure 6. Time signal of the secondary task sound.

The sounds were selected with spatial properties in mind so that 
17] 

suggested that signal sounds where the dominant frequency 
components are located between 1500-3000 Hz should be avoided 
if good localization is required. This is mainly because the 
crossover region [18, 19] is located in this area, and thus causes 

sounds are originating from [20]. Blauert [18
region as a region where neither the interaural time difference nor 
interaural intensity difference contain enough information for 
localization of a sound source. Outside this area, the localization 

crossover region (see Figure 7
Withington [21] suggested the use of broadband noise for good 
localization. Since the driving task sound is mainly transient, the 
energy distribution can be compared to broadband noise, which has 
energy outside the crossover region as well.

22] that 
harmonic overtones can be used to enhance spatial localization. 
However, they also said that fundamental tones higher than 1000 Hz 
should be avoided, since it can make the sound aversive. The 
secondary task sound has its fundamental frequency in the 800 Hz 
band and a secondary component at about 3150 Hz (see Figure 8).

Figure 7. A-weighted 1/3 octave band equivalent sound pressure level of the 
driving task sound.

Figure 8. A-weighted 1/3 octave band equivalent sound pressure level of the 
secondary task sound.

17] recommended that the sound signals 
should have duration of at least 500 ms. If the duration is shorter, 
this could be compensated for by an increase in intensity. The 
duration of the secondary task sound was around 650 ms (see 
Figure 6). Since the duration of the driving task sound was shorter 
than 500 ms (see Figure 5), the equivalent sound pressure level was 

A-weighted equivalent sound pressure level for the duration of the 

driving task sound and 70 dB(A) for the secondary task sound. The 

Lundkvist et al / SAE Int. J. Trans. Safety / Volume 4, Issue 1 (April 2016)4
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appropriate sound pressure levels were determined by subjective 
evaluation. The driving task and secondary task sounds were 
distinctly different from each other to avoid confusion in cases 
where the sounds were played at the same time.

Experiment Setup
The driving task was projected onto a screen about 4 m in front of the 

the projector was placed inside a sound insulated enclosure. The 

were located to the right of the steering wheel (see Figure 9). 

1. In front of the driver at 1 m distance. 

distance.

The loudspeaker positions can be seen in Figure 9. To account for 
spatially congruent, and incongruent, visual and auditory information, 
4 test cases with different combinations of loudspeaker positions were 
selected (see Table 2). Positions behind the driver were not considered, 
since this is of less importance in real car user interfaces. Positions to 
the left of the driver were not considered either, as secondary tasks are 
typically placed to the right of the driver in a left hand drive car. 
Switching the sound locations completely could possibly affect driving 
and secondary task performance negatively, but this was not considered 
as it would be of no use in a real life scenario.

Subjects
In total, 30 subjects participated in the study, where 5 were female. 
The mean age was 22 years (  = 2.4 years). All subjects had a driver's 
licence at the time of participation, and the mean possession time was 
3 years (
that could not be compensated by eye glasses and all subjects had 
self-reported normal hearing. It has been shown that self-reporting is 

23, 24]. The 
subject population only contained young drivers, and this limits the 
possibilities to draw conclusions on how older people are affected by 
placements of signal sounds.

congruent and incongruent with the visual tasks.

positions.

Driving Test
The driving test consisted of driving while solving the secondary 
task. The subjects trained for the secondary task on its own, followed 
by driving a track without the secondary task. A third training round 
was performed where the subjects drove and carried out the 
secondary task simultaneously. A randomly selected test case 
including sound was used during the combined test round. Training is 

effects [13]. Hence, it is important that the subjects are well 

between the cases to be compared. Each subject was tested for each 
case once (a total of 4 rounds). The order of the test cases (including 
baseline) was randomised for each subject.

RESULTS

Driving Test

performance. The test showed that the different sound positions had 
an effect on driving performance, F(3, 87) = 3.270, p = .025, 2 = 
.101. Mauchly's test indicated that the assumption of sphericity was 
not violated ( 2(5) = 10.003, p > .05). As a post-hoc test, Bonferroni 
corrected pairwise comparisons were made (Table 3), showing that 

better driving performance than the baseline without sound (p < .05).

Secondary Task

secondary task response time, F(3, 87) = .771, p 2 = .026. 
Mauchly's test indicated that the assumption of sphericity was not 
violated ( 2(5) = 1.469, p > .05). The mean response times for the 

Lundkvist et al / SAE Int. J. Trans. Safety / Volume 4, Issue 1 (April 2016) 5
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different cases can be found in Table 5. For the error rate, a repeated-

locations, F(3, 87) = 1.880, p > .05, 2 = .061. The error rate was 

Table 3. Pairwise comparisons of driving performance. Units for mean 
difference, standard error and confidence intervals are meter.

Table 5. Mean secondary task response time for the different test cases.

DISCUSSION

simulator to acquire measurable effects of sound positioning. 

signs with popup signs. The analysis of the driving data was only 

emphasize reaction time. Sound sources that are placed in well 
selected positions can have a positive effect on driving performance. 
By playing all information sounds during the task in front of the 
driver, attention was directed to the front which gave rise to a 

However, no improvement or reduction in performance was found for 
the secondary task. A reason may be that the driving task is still too 
easy, so that the subjects could keep focus on the secondary task 
equally well between test cases. Furthermore, the secondary task was 
positioned so that a new event could be easily detected in the 
peripheral vision. Since the secondary task was not only to detect that 
a new task became visible, but also to solve the task, any peripheral 

took to solve the task.

In real cases, attention to the road is probably stronger. Still, in case 
of distraction in other areas or in case of too high workload, it might 

The reason there was only an effect for the case with both sounds in 
front of the driver compared to no sound may be because of the bias 
towards driving. It may translate to a larger effect or quicker response 
in real driving if the driver is focused elsewhere than on the road. 
Furthermore, if the sound source should be located anywhere else 
than on the road, it might keep the driver focused on the wrong area 
in case of important driving related information.

CONCLUSIONS
This study has shown that playing all information sounds in front of 
the driver oriented attention to the driving task. For this case, the 
driving performance was improved. The reaction time and error rate 
for the secondary task were unaffected by the use of sound, and 
therefore the position of the sound did not matter. It was shown that 
sound has the capacity of drawing attention to where it comes from, 

attention to the secondary task could be seen. Despite the vague 
results, it would be recommended to place signal sounds where 
attention is wanted. The effect of placement is small, but under some 
circumstances it may help. This may lead to less and/or shorter 
off-road glances and contribute to safer driving.
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INTRODUCTION
When driving, it is not only important to keep your eyes on the road. 
Inattention to surrounding areas beside and behind the car can be a 
risk, and systems to aid attention in these areas are being developed. 
The driving environment is also getting more and more populated 
with systems such as entertainment, communication, navigation, and 
advanced driver assistance systems. Examples include Blind-Spot 

(CTA) and Lane Departure Warning (LDW). One possible way to 
increase attention, decrease off-road glance times and decrease 
response times to warnings including spatial information is to 
combine visual signals with other signal modalities, for instance 
auditory or vibrotactile. Auditory or vibrotactile signals alone could 
allow the driver to keep focus on the road, not forcing the driver to 
look anywhere else to get the information. It has also been shown that 
reaction time to an auditory signal is shorter than to a visual signal 
[1], while reaction time for touch is normally somewhere in-between. 
However, visual signals are easier to miss, especially in more 
complex situations. It has been shown that reaction time to a 
peripheral visual signal is extended for an increasing cognitive load, 

environments, peripheral signals are also more often missed [2]. A 
signal combining the senses can lead to reduction of response times 
from the driver when re-orienting their attention [3]. This could allow 
shorter off-road glance times and therefore increasing driver safety. 

In addition, a multisensory system could be more robust by providing 
several information channels instead of only one. This should lead to 
a lower risk that a warning would be missed.

Previous research has shown that cognitive processing of a secondary 
task has a negative impact on driving performance [4, 5, 6, 7, 8, 9, 
10, 11]. Furthermore, visual inattention was the main factor behind 

by Klauer et al. [4]:

“Drivers engaging in visually and/or manually complex tasks have a 
three-times higher near-crash / crash risk than drivers who are 
attentive.”

and that

“in the cases of secondary task engagement, if the task is simple and 
requires a single short glance the risk is elevated only slightly, if at 
all.”

Further, it has been shown that auditory events help in locating a 
visual event [12]. Attention in one modality spreads to other senses, 
and may improve attention even if the event is irrelevant to the main 
task [13]. Ernst and Bülthoff [14] stated that several congruent 

Response Times for Visual, Auditory and Vibrotactile Directional  
Cues in Driver Assistance Systems

André Lundkvist and Arne Nykänen
Luleå University of Technology

ABSTRACT
The number of advanced driver assistance systems is constantly increasing. Many of the systems require visual attention, and a way to 
reduce risks associated with inattention could be to use multisensory signals. A driver's main attention is in front of the car, but 
inattention to surrounding areas beside and behind the car can be a risk. Therefore, there is a need for driver assistance systems capable 
of directing attention to the sides. In a simulator study, combined visual, auditory and vibrotactile signals for directional attention 
capture were designed for use in driver assistance systems, such as blind spot information, parking assistance, collision warnings, 
navigation, lane departure warning etc. An experiment was conducted in order to measure the effects of the use of different sensory 
modalities on directional attention (left/right) in driver assistance systems. Attention was assessed in a driving simulator using Lane 
Change Task together with a secondary task, designed to measure choice response times and error rates to directional (left/right) 
information for multisensory signals. Different combinations of visual, auditory and vibrotactile signals were tested and compared. 
Visual signals alone (when captured by the driver) or in combination with other modalities provided shortest response times (570 ms 
on average). Auditory and vibrotactile signals captured attention equally well in terms of response time (650 ms and 740 ms on 

CITATION: Lundkvist, A. and Nykänen, A., "Response Times for Visual, Auditory and Vibrotactile Directional Cues in Driver Assistance 
Systems," SAE Int. J. Trans. Safety 4(1):2016, doi:10.4271/2015-01-9153.

2015-01-9153
Published 04/05/2016

doi:10.4271/2015-01-9153
saetransaf.saejournals.org
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modalities provide a more robust perception. Cao et al. [9] found that 
visual signals in combination with speech or beep sound signals in an 
alertness warning system, used during simulated driving, provided 
more safe behaviour than only speech, and that it was preferred over 

incorrect reaction to the relevant information, such as changing lane 
instead of breaking, too slow reaction or no reaction at all.

Based on previous research, it is expected that replacing or 
complementing visual signals with auditory signals should decrease 
choice reaction times in response tasks [1]. Combined visual and 
auditory signals have also been shown to result in shorter response times 

3]. However, 
studies have shown that vision is faster and more accurate in spatial 
tasks, such as locating an object, than hearing [13]. How multisensory 

to predict based on previous experiments on choice reaction times [1] 
13]. Data on how different combinations 

of modalities used for presentation of directional information affects 
response times and error rates during driving is missing. This data is 
fundamental for designing good human-machine-interfaces in cars, 

In the present experiment, signals from left or right were presented 
randomly during simulated driving. The subject was requested to 
respond to the signals immediately by telling the direction using 
paddles on the steering wheel. Response times and error rates were 
measured. There is a lot to consider when designing multisensory 
directional information signals. A key aspect is that their direction 
should be easily determined. In this study, the signals were designed 
with that aspect in mind, and the signals should also catch immediate 
attention. Background noise in cars (road vibrations, wind noise etc.) 
were not considered, but should be considered in real 
implementations. The signals were visual, auditory, vibrotactile or 
different combinations of these modalities. The objective was to 
assess whether there are any differences in people's response times 
and abilities to distinguish signal direction between visual, auditory 
and vibrotactile signals, and any combination of these while driving. 
In addition, driving performance was measured using Lane Change 
Task [15] and an estimate of the cognitive workload experienced by 
the driver was measured with the Overall Workload scale [16].

Objective: To 1) measure how human response times and error rates 
for directional (left/right) cues are affected by different combinations 
of signal modalities and 2) assess whether the use of different signals 
affects simulator driving performance.

METHOD

Driving Scenario
Lane Change Task (LCT) [15] is a simple driving scenario for 
measuring driving performance, see Figure 1. It is commonly used to 
measure the impact of different types of secondary tasks [17]. While 
there exist several other types of simulators, LCT was selected since 

evaluation. LCT is a laboratory test which provides the subject with a 

task similar to driving, allowing easy and controlled measurement of 

of this study was to investigate how sounds, vibrations and visual 
cues can be used to capture attention while driving the setup was 
considered suitable. The simple driving scenario does not fully 
represent real car driving and interaction with active safety systems 
and HMI designs. However, effects from using different sensory 
modalities for giving directional cues were expected to be fairly 
small, and therefore an experimental setup giving sensitive and 
controlled measures was required. Even though this experiment does 
not prove that measureable effects will be found for real driving 

this laboratory setup there will also be differences in driver 
performance for real car driving. A more sophisticated setup that 
corresponds well to real car driving would be important for validation 
of the results.

In LCT the task is to change lane when instructed by signs on the side 
of the road. Mean deviation between a normative model and the 

a measure of driving performance. A simple driving simulator was 

driver seat, see Figure 2. To allow for good control over the sound, 
the experiment was carried out in a sound recording studio at Luleå 
University of Technology.

Figure 1. Screenshot from LCT. In this example, the subject should change to 
the left lane, as indicated by the arrow on the signs.

Figure 2. The driving simulator in a sound recording studio with the projected 
driving scenario (3.7 m in front of the subject), visual and auditory indicators 
and the modified driver seat with vibration generators.
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To get a measure of driving performance, the recorded driving path 
is compared to a reference driving path. According to the ISO 
standard [15], the mean deviation from the reference path can be 
used as a measure of driving performance. The measure takes 
lane-keeping performance into consideration, as well as reaction 
time to sign information. Furthermore, failing to identify a sign and 
changing lanes give a large impact on driving performance. Since 
the driving task in LCT is relatively easy, the subjects drove at 100 

more demanding test.

Choice Response Time Task
This experiment measured response time and error rate for attention 
to a signal indicating direction (left/right). The task was designed to 
resemble the layout of a visual Blind Spot Information System 
(BLIS) currently used in series-produced vehicles. The subject was 
requested to respond on which side the information was coming, left 
or right, by pressing a corresponding paddle on the steering wheel. 
There was one paddle located on each side. The signals were 
triggered from a list of 10 delay times used in random order. The 
delay times were uniformly distributed in the range 5580 - 16020 ms. 
Each delay time was used once and the order of the delay times was 

of the track when travelling at 100 km/h.

In addition to visual signals, auditory and vibrotactile signals were 
also presented in different combinations. Sound was presented to the 
driver by loudspeakers placed at the same positions as the visual 
indicators, see Figure 3. Vibrotactile signals were presented by 
vibration shakers mounted in the back of the driver seat. The 
mounting can be observed in Figure 4. The diameter of the circular 
area of excitation was 37.5 mm.

Figure 3. Placement of the loudspeakers close to the visual light signals.

Figure 4. Mounting of shakers in the back of the driver seat for presenting 
vibrotactile signals to the subject. The seat padding and upholstery were in 
place during the experiment.

Multisensory Signals
The signals used in the experiment were designed over a set of 
workshops with two interaction designers from Volvo Car 
Corporation and the two authors. The two resulting signals were 
designed to primarily use vibration (Signal A) or sound (Signal B) as 
the main attention capture feature. The signals were designed as 
combined sound and vibration signals, but their sub-signals (sound 
and vibration parts) could be and were also used independently. 
Transient sound has been proven to be an effective means of 
capturing attention [18]. However, due to the short time a transient 
sound is audible, they lack in providing the ability to accurately 
determine the spatial position of the sound. Sanders and McCormick 
[19] recommended that sound signals should have duration of at least 

was used to capture attention and a longer sound signal was added to 

B, where sound was used to capture attention, and vibration was used 
for spatial resolution.

The vibration signal was always presented also as low frequency 
components in the sound, played via subwoofers. This was done in 
order to make the two different modalities more integrated, and to 
form what in design theory is called a gestalt. Figures 5, 6, 7, 8 show 
the time signals for the different signals. The pause in the beginning 
of Signal B (vibration sub-signal) was removed when only using 
vibration, see Figure 8. Figures 9 and 10 show the spectrum for each 

tonal components, because it is more transient than Signal A, and the 
vibration component is less protruding in higher frequencies than for 
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The complex sound component of Signal A has features comparable to 
triangular and sawtooth waveforms which are modulated. There are 
also sinusoidal-like tones that repeat continuously. The vibration 
component of Signal A is a kick drum with an additional transient 
click. The complex sound component of Signal B has characteristics 
similar to tubular drums, several transient tones that are repeated three 
times. The vibration component of Signal B is based on sinusoid-like 
waveforms which are highly modulated to produce high roughness.

The overall sound pressure level of Signal A was adjusted to 75 
dB(A). The loudness level for Signal B was subjectively matched to 
the level of Signal A by 6 people. Each subject listened to both Signal 
A and B in sequence and then adjusted the amplitude of Signal B. 
This process was repeated until the subject considered the signals to 
be at the same perceived loudness. The subjects did the same 
procedure to match the perceived levels of the vibrotactile signals. To 
avoid that the subjects could hear the vibrations when presented 
alone, a masking sound was presented during all trials. The sound 
was a binaural recording at the driver's position in a car travelling at 
70 km/h, which was played via loudspeakers very close to the ears of 
the subject, see Figure 2. The sound pressure level of the background 
masking sound was 53 dB(A) at the subject's ear position, which 
masked the audible noise generated by the shakers.

Figure 5. Time signal of Signal A's sound component.

Figure 6. Time signal of Signal A's vibration component.

Figure 7. Time signal of Signal B's sound component.

Figure 8. Time signal of Signal B's vibration component.

Figure 9. Spectrum of Signal A's components.

Figure 10. Spectrum of Signal B's components.

Experiment Setup
The driving task was projected onto a screen 3.7 m in front of the 

The left audio-visual indicator was positioned based on the location 
of the left BLIS indicator inside a left hand drive Volvo XC90. The 
right indicator was symmetrically mirrored to the right of the median 
plane of the subject; see Figure 11. The symmetric layout deviates 
from real left or right hand drive BLIS indicator positions. This 
layout was chosen in order to have a setup that should give equal 
possibilities for detection of signals coming from the left and from 
the right. The BLIS indicator and position were chosen because of the 
well approved function in series produced cars.

The directional information was given in the following combinations 
of modalities:

1. Only visual (static light) 
2. Only auditory (Signal A & Signal B) 
3. Only vibrotactile (Signal A & Signal B) 
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4. Auditory and visual (Signal A & Signal B) 
5. Vibrotactile and visual (Signal A & Signal B) 
6. Auditory, Vibrotactile and visual (Signal A & Signal B)

The pure visual signal consisted of static light only. All other 
combinations were used for both Signal A and Signal B (see Figures 
5, 6, 7, 8, 9, 10), resulting in a total of 11 trials. Failing to provide a 
response within 2 seconds was interpreted as a missed signal. The 
visual signal was turned off immediately after a response from the 
subject, or remained visible at most for 2 seconds.

Figure 11. Experiment layout overview. Visual indicators together with 
loudspeakers (AV) were symmetrically placed to the left and right side of the 
subject. Subwoofers (S) were placed behind the audio-visual indicators. 
Dimensions are in centimeters.

Experiment
A total of 17 subjects participated in the experiment, 11 men and 6 
women. All subjects were naïve to the purpose of the experiment. The 
mean age was 26 years (  = 9.5 years). All subjects had self-reported 
normal hearing and normal, or corrected-to-normal, vision. It has 

determination of hearing loss [20, 21]. A total of 9 subjects wore 
vision correction in the form of either glasses or lenses. All 
participants were licensed drivers.

All subjects started the experiment by determining a comfortable level 
of the vibration signals on their back. This was made since the choice 
of clothing could affect the sensation of the vibrations. At the same 
time, they made sure that they could feel both sides of the vibration 
signal (left and right), and made necessary seating adjustments.

The subjects trained on all 11 signals over 11 training rounds. The 
same signal combination was used throughout each round. The 
training rounds were shorter in length compared to a full track, 1/3 of 
the full length, allowing each signal to be presented 3 - 4 times. The 
duration for each training round was around 45 seconds. The order of 

subjects got a short pause after completing the training to avoid 

fatigue. The main test was performed the same way as the training, 

full length tracks, which allowed 10 - 11 signals to be repeated during 
the drive. Each complete test round took around 2 minutes to 
complete. In addition, the subjects rated an overall workload [16] for 
each signal. The subjects received a cinema ticket as compensation.

RESULTS

response times, F(10, 160) = 38.492, p < .05, 2 = .706. Mauchly's test 
indicated that the assumption of sphericity was not violated ( 2(54) = 
48.014, p > .05). A Bonferroni corrected pairwise comparison was 
performed which showed that signal combinations containing visual 
information gave shorter response times compared to those without 
visual information (p < .05), see Table 1. The case where only 

than all other conditions. The mean response times (on group level) can 
be observed in Figure 12

Table 1. Pairwise comparisons of signals containing a visual signal component 
against signal without a visual component. The signal combination variants 
compared are A) Auditory, T) Vibrotactile, AV) Auditory & Visual, TV) 
Vibrotactile & Visual, ATV) Auditory, Vibrotactile & Visual.

Figure 12. Means and 95% confidence intervals for response times to 
directional cues on group level for the different signals. The signal 
combinations are: V) Only Visual, A) Auditory, T) Vibrotactile, AV) Auditory 
& Visual, TV) Vibrotactile & Visual, ATV) Auditory, Vibrotactile & Visual.

Mauchly's test indicated that the assumption of sphericity for the 
error rate of the choice response time task had been violated ( 2(54) = 
0, p < .05), therefore the degrees of freedom were corrected using 
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Greenhouse-Geisser estimates of sphericity (  = .382). The results did 

different modalities, F(3.823, 61.168) = .749, p > .05, 2 = .045. The 
error rate was around 1 % for all test signals.

were found (repeated measures ANOVA, F(10, 160) = 1.085, p > .05, 
2 = .063). Mauchly's test indicated that the assumption of sphericity 

was not violated ( 2(54) = 83.584, p > .05).

driving performance for the different signal combinations, F(10, 160) 
= 1.686, p = .088, 2 = .761. Mauchly's test indicated that the 
assumption of sphericity was not violated ( 2(54) = 68.472, p > .05).

DISCUSSION
In this test, the use of visual signals for providing directional 
information (left/right) gave the shortest response times. The 

when adding sound and/or vibrations to the visual information. 
However, adding a visual signal to an either auditory or vibrotactile 

the fact that the subjects were focused on the task and therefore the 
risk of missing a visual signal was small, thus the attention capturing 
properties of sound and vibration signals did not affect the results in 
this study. A visual signal is probably easier to miss during higher 
cognitive and visual loads, so the differences could be bigger in 
reality. It is known that vision is faster and more accurate in spatial 
tasks, such as locating an object [13], which may be a reason why the 
shortest response times were found when a visual signal was present. 
Furthermore, the difference in reaction times between the visual and 
the auditory modalities is in general around 100 ms [1], which is 
fairly small in comparison to the response times measured in the 

either response time or direction error rate between only using sound 
compared to only using vibrations. Therefore, both auditory and 
vibrotactile signals may be equally good candidates for providing 
directional information.

As mentioned, there were no differences in response times or error 
rates for various combinations of modalities when the visual signal 
was present. An explanation for this could be that the vibrotactile 
signal was presented at the back/side of the subject, while the 
auditory was presented from the front/side. Spence [22] discusses a 
theory that crossmodal signals will only be more effective if the 
different modalities are spatially congruent in a cognitive sense. The 
visual and auditory signals were spatially congruent to their exact 
location. The vibrotactile signals were correctly perceived on either 
left or right side, even though they were presented to the back of the 
subjects. Since the visual/auditory signals were presented from the 
front, the signal positions may not be cognitively spatially congruent, 
and may therefore not give rise to improvement when combined.

The use of different modalities or combinations of modalities (visual, 
auditory and vibrotactile) did not alter driving performance. 
Differences in attention caused by the different signals in the choice 
response time task were not large enough to induce measurable 

differences in performance of the lane change task. Neither did the 

overall workload.

However, since the combination of modalities affected the 
performance on the choice response time task, it might have an effect 
in another scenario. Driver assistance systems are designed to help 
with attention, or reduce inattention, to what is happening around the 
car. This study shows that the error rate is the same, no matter which 
modality, or combination of modalities, are used to provide the driver 
with this directional information. The lowest response time is 
achieved with visual signals, or a combination containing a visual 
signal. The choice response time task resembles the Peripheral 
Detection Task (PDT), and it has been shown that response times 
increase when the driver is more cognitively loaded [2]. During the 
experiment, the subjects' cognitive load was probably low, allowing 
for fast responses to the visual peripheral signal. In reality, visual 
signals are easier for the driver to miss when exposed to higher 
cognitive and visual demands. During high cognitive load, for 
instance in complex driving environments, the miss rate of and 
reaction time to peripheral signals increase [2]. Therefore, sound and 
vibration help to assure that signals will not be missed, even though it 
has not been shown in this study.

CONCLUSIONS
Human response times and error rates for directional (left/right) cues 
were measured for different combinations of signal modalities 
(visual, auditory and vibrotactile). Signal combinations containing 

compared to those without visual information (p < .05). The mean 
response time for signals containing visual cues was 570 ms and the 
mean response time for signals with only auditory was 650 ms and 
vibrotactile cues was 740 ms. The overall mean for the signals with 

were found between the different combinations of signal modalities 
(p
observed (p
differences in their self-assessed overall workload (p > .05).

In this study, visual signals resulted in the shortest response times in 
the choice response time task. Therefore, visual signals should be 
included in signals when short reaction time is of importance. Even 
though response times were not shortened by adding auditory and 
vibrotactile signals to the visual signal, it is assumed that adding 
sounds and vibrations help to assure that signals will not be missed, 
especially during high cognitive load. Pure auditory or vibrotactile 
signals may be used in cases where reaction time is less important, 
still providing directional information with low error rate. Transient 
auditory and vibrotactile signals achieve equal response times.
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Abstract

The objective of this study was to investigate if 3D auditory 
displays could be used to enhance parking assistance systems 
(PAS). Objective measurements and estimations of workload 
were used to assess the benefits of different 3D auditory 
displays. In today’s cars, PAS normally use a visual display 
together with simple sound signals to inform drivers of 
obstacles in close proximity. These systems rely heavily on the 
visual display, as the sound does not provide information about 
obstacles' location. This may cause the driver to lose focus on 
the surroundings and reduce situational awareness. Two user 
studies (during summer and winter) were conducted to 
compare three different systems. The baseline system 
corresponded to a system normally found in today’s cars. The 
other systems were designed with a 3D auditory display, 
conveying information of where obstacles were located through 
sound. A visual display was also available. Both normal 
parking and parallel parking was conducted. Time taken for 
parking and the number of obstacles/curb hits were recorded. 
Participants answered a NASA TLX questionnaire after 
evaluating each PAS for estimation of their experienced 
workload. Most participants enjoyed the additional information 
provided by the 3D auditory displays. The winter trial showed a 
significant reduction in perceived effort when using a 3D 
auditory display compared to the baseline. The summer trial 
showed tendencies of higher mental demand and frustration 
with the baseline compared to the 3D auditory displays. The 
results suggest that 3D auditory displays can be appreciated 
and useful in difficult parking situations.

Introduction

At first, Parking Assistance Systems (PAS) only used sound to 
inform the driver of obstacles behind the car. This evolved over 
time to include visual markers on a display and camera
images. Today, PAS normally utilise both a visual indicator 
together with sound signals to provide the driver with proximity 
warnings for objects around the car while parking. In general, 
the sound signals are simple beeps with varying repetition rate 
depending on distance, and generally played from one or two 
locations within the car. This means that the driver needs to 
use visual information to find out where an obstacle is located. 
This increases the risk that the driver may accidentally hit an 
obstacle if moving slowly while focusing on the visual display, 
and it could also contribute to higher mental workload in order 
to maintain situational awareness. Sound can be an effective 
means of capturing attention [1, 2], so it may be wise to use 3D 
sound to guide the driver’s attention to the closest obstacle. 

Studies have shown that keeping congruence between the 
sound source location and the information provided is
beneficial [3]. It is however important that the sounds are easy 
to locate in space. Therefore, several parameters such as 
frequency content and duration need to be taken into
consideration [4, 5, 6, 7].

In analogy with visual displays, an auditory display is a device 
that provides information using sounds [8]. Commonly, auditory 
displays use simple alerts and notifications [9]. It is purely a 
way to inform a user that something has happened which 
requires their attention. The amount of information provided 
through sound in these types of displays is very limited. By
using 3D sound, more information can be conveyed to the 
user. The idea behind using 3D sound is to unload the visual 
modality, producing lower workload and increase the level of
comfort.

This paper investigates the effect of two implementations of a 
3D auditory display for parking assistance systems, compared 
to a generalised basic “factory” system similar to the ones used 
in today’s series produced cars. Two trials were conducted, 
one during summer and one during winter. The winter trial was 
more difficult due to the mixed road surface (ice, snow and 
asphalt). In order to compare the different systems, parking 
and drive-off times were recorded as well as the number of 
times the participant hit obstacles such as “simulated” parked 
cars or the curb. In addition, a NASA TLX test [10, 11] was 
conducted after evaluation of each system. The NASA TLX 
questionnaire is based on ratings of 6 attributes, describing 
mental demand, physical demand, temporal demand, how well 
the participant performed, their effort to reach that degree of 
performance and frustration. The ratings are weighted based 
on relevance to the task, and then used to estimate the 
participant’s overall workload.

The results show tendencies to benefits of using a 3D auditory 
display as a parking assistance system when the parking task 
is difficult. During the winter test, the 3D auditory display 
system required significantly less effort from the participants.

Method

Parking Assistance System Implementation

Information about obstacles around the car was extracted from 
8 ultra-sound sensors located around the car. The system was 
designed to read sensor data and trigger sound signals based
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on the distances to identified obstacles. Three systems were 
designed that translated sensor information differently, 1) 
Baseline, 2) 3D Priority, 3) 3D All Active. The latter two were 
designed to create a 3D auditory display. An array of 8 
loudspeakers was placed inside the car compartment, 
surrounding the driver. Due to space constraints, the distance 
between the driver and the loudspeakers varied depending on 
loudspeaker placement. In general, the loudspeakers in the 
rear were farther away than the front loudspeakers. The 
sensors were able to report distance from 30 cm to 60–150 cm 
depending on sensor placement. For all systems, the sound 
repetition rate varied depending on distance. The different 
threshold distances for each sensor can be observed in Table 
1. Closer obstacles generated a faster repetition rate than far 
obstacles. When an obstacle came within 30 cm from the 
sensor, the sound was changed to a constant tone.

Table 1. Repetition rates for the pulsed tones for the different sensor 
locations. See Figure 1 for information about the locations of the 
sensors.

Distance Front (mm) Distance Rear (mm)

Inner (A) Outer (B) Inner (C) Outer (D) Rate (Hz)

300 300 300 300 4.0
350 330 420 330 2.0
370 370 580 370 1.3
500 420 780 420 1.0
550 450 900 450 0.8

The Baseline System

The Baseline system (see Figure 1) was designed to resemble 
PAS commonly used in today’s series production cars, where 
all front sensors trigger sound signals from the front left
loudspeaker and all rear sensors trigger sound signals from the 
rear right loudspeaker. In this design, the sensor with the 
closest detection distance takes priority, meaning that front left 
and rear right loudspeaker never output sound simultaneously.

Figure 1. Standard “factory” design of a PAS, where front sensors are 
used to trigger sound from the front-left loudspeaker, and rear sensors 
are used to trigger sound from the rear-right loudspeaker. A/C are the 
inner front/rear sensors and B/D are the outer front/rear sensors. Refer 
to Table 1 for their respective distance detection thresholds.

For the Baseline system, a pulsed sinusoidal tone with 
fundamental frequency of 527.3 Hz was used for the front 
sound and 386.7 Hz was used for the rear sound, see Figure 
5. The envelopes differ slightly between front and rear sounds, 
see Figure 2. Both signals had a duration of about 125 ms. 
When an obstacle entered the “near-zone” closer than 30 cm, 
a constant sinusoidal tone at 521.5 Hz was used in the front 
and a tone at 392.6 Hz was used in the rear, see Figure 6.

(A) (B)
Figure 2. Time plots of the pulsed front (A) and rear (B) sounds for the 
Baseline version of PAS.

The 3D Auditory Display Systems

The other two cases, 3D Priority and 3D All Active, were based 
on a 3D auditory display approach; where each sensor 
triggered sound signals from a loudspeaker at the sensor’s
corresponding location, see Figure 3. The 3D All Active system 
allowed any sensor that detected an obstacle to report it via its 
loudspeaker, meaning that multiple sound sources may be 
active at once. This created auditory information about 
obstacles surrounding the car. The 3D Priority system was 
equal to the 3D All Active system in all regards except that only 
the sensor reporting the closest distance to an obstacle was 
allowed to report the object’s location by the use of sound.

(A) (B)
Figure 3 (A) 3D All Active version of the 3D auditory display, where 
each sensor detecting an obstacle triggered sound from their 
corresponding loudspeaker simultaneously. (B) 3D Priority version of 
the 3D auditory display, where the sensor detecting the closest 
obstacle triggered sound from the corresponding loudspeaker.

For both the 3D auditory display systems, for any frontal 
obstacles, a pulsed sound with a fundamental pitch of 586.8 
Hz was used. The rear obstacle sound had a lower pitch than 
the front sound, at 263.8 Hz, see Figure 7. The initial decay 
time was similar between the front and rear sounds, but the 
rear sound had a longer low amplitude tail, see Figure 4. 
Similarly as the Baseline system, obstacles in close proximity 
to the car (< 30 cm) produced a constant tone. However, in the 
3D auditory display systems, the tone was slightly more 
complex, including a richer overtone spectra compared to the 
Baseline sound. The front sound had a fundamental frequency 
of 522.2 Hz and a fundamental frequency of 393 Hz was used 
for the rear sound, see Figure 8.

(A) (B)
Figure 4. Time plots of the pulsed front (A) and rear (B) sounds for the 
3D auditory display version of the parking assistance system.
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Sound Design and Calibration

The Baseline system used sinusoidal beeps and tones, while 
the 3D auditory display systems had a more complex 
information sound, designed to be easier to locate than pure 
sinusoidal tones. The same sounds were used in both 3D 
auditory systems. The fundamental frequencies for the sounds 
can be seen in Table 2. One noticeable difference between the 
systems is the wider difference in fundamental frequency of the 
pulsed sound for the 3D auditory display systems compared to 
the Baseline system. They were designed in this way in order 
to enhance performance. Larger differences in frequency are 
easier to hear and should make it easier to distinguish sounds 
coming from the front from sounds coming from behind.

Table 2. Sound composition.

Baseline 3D Auditory Display
Front Pulsed 527.3 Hz 586.8 Hz
Rear Pulsed 386.7 Hz 263.8 Hz

Difference 140.6 Hz 323.0 Hz

Front Constant 521.5 Hz 522.2 Hz
Rear Constant 392.6 Hz 393.0 Hz

Difference 128.9 Hz 129.2 Hz

(A) (B)
Figure 5. Spectra of the pulsed front (A) and rear (B) sounds used in 
the Baseline system.

(A) (B)
Figure 6. Spectra of the constant front (A) and rear (B) sounds used in 
the Baseline system.

(A) (B)
Figure 7. Spectra of the pulsed front (A) and rear (B) sounds used in 
the 3D Auditory Display systems.

(A) (B)
Figure 8. Spectra of the constant front (A) and rear (B) sounds used in 
the 3D Auditory Display systems.

The sound pressure levels for all signals were calibrated based 
on the background level inside the car when driving at low 
speeds (max 10 km/h). The background noise level was
measured using an artificial head (Head Acoustics HMS IV). 
The background noise (mean value between left and right ear) 
was converted to effective masking threshold levels according 
to ISO-7731 [12]. The effective masking threshold levels can 
be observed in Figure 9.

Figure 9. Effective masking threshold calculated from the background 
noise level when the car was running on idle.

The effective masked threshold ( ) was calculated octave by 
octave, where the first octave band (16 Hz) is directly the same 
as the background noise level ( ) in the same frequency 
band:

, = , (1)

The other octave bands were calculated by:

, = , , ( ), 7.5 (2)

The levels of the signals were adjusted to be 10 dB louder than 
the effective masking threshold level at the signal’s most 
prominent octave band. The sound signal’s sound pressure
level was measured with one microphone positioned at ear 
level between the two front seats. Two octave bands were 
prominent for the sounds, 250 Hz and 500 Hz. Each sound, 
played from each loudspeaker, had the level adjusted to be 72 
dB in the 250 Hz band or 64 dB in the 500 Hz band, depending 
on which octave band was most prominent for that specific 
sound and location. This made all sounds clearly audible.

User Study

Two trials were conducted, one during summer and one during 
winter. The winter trial had the ground partially covered with 
snow and ice, compared to asphalt during summer. Two
parking situations were designed: a regular parking spot and 
parallel parking. The sizes of the parking spots were 5 × 3 m 
and 6.4 × 2.3 m, respectively. Cardboard boxes were placed 
around the spots to simulate already parked cars. For the 
parallel parking, a curb was also in place. Refer to Figure 10 
for an overview of the parking situations.
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Regular Parking Parallel Parking
Figure 10. Schematic overview of the two parking situations conducted 
in the user study. During winter testing, those boxes were replaced 
with a wall due to space constraints.

For the regular parking, the participants were instructed to park 
the car, and then reverse out of the parking spot in the 
opposite direction. For the parallel parking, the participants 
were instructed to approach the spot in reverse and perform 
the parking manoeuvre. When parked, the participants 
continued to drive out from the parking spot and returned to the 
starting position. Elapsed time was recorded for each drive in 
and drive out of the parking spots. Participants were allowed to 
take the time they needed to be happy about how they were 
placed inside the spot. The number of times a cardboard box 
was hit, and the number of times the curb was hit, was
recorded for each parking. Each parking situation was 
repeated 4 times for each system.

Before starting the timed parking manoeuvres, the participants 
were asked to freely drive around the simulated parking space 
to get familiar with the car and get a feeling for the size of the 
car. When they were confident and comfortable with the car, 
the timed tests were initiated. There was no time constraint on 
the familiarisation phase.

After both parking situations had been repeated four times for 
one parking assistance system, the system was evaluated with 
a NASA TLX questionnaire [10, 11]. NASA TLX let the
participant rate 6 keywords associated with workload; mental, 
physical and temporal demand, performance, effort and 
frustration. The rating scale is a 21 point scale between very 
low to very high, or perfect to failure for the performance
keyword. After rating each keyword, the participant was 
presented with a number of paired keywords where they were 
asked to select which keyword in the pair that was most 
relevant to the task. This formed a list of keyword weights 
which were applied to the ratings, used to calculate an 
estimated workload. One questionnaire was filled out for each 
system.

Participants

In total, 24 subjects participated, 12 in each trial. All had self-
reported normal hearing and normal or corrected-to-normal 
vision. For the summer trial, the mean age was 25.2 years 
( = 2.8 years). In average, the participants had possessed a 
driver’s license for 6.7 years ( = 3.1 years). The mean 
distance they drove each year was 6675 km (varying between 
100 km and 25000 km). No females participated in the summer 
trial, and no participant had a car with a built-in PAS. The 
winter trial featured a population with a mean age of 23.5 years 
( = 3.1 years). They had had a driver’s license for 4.9 years 
( = 3.1 years) in average. The population of the second trial 

drove between 200 km and 35000 km per year (9350 km in 
average). Three participants were female. Two participants 
had a car with a built-in PAS at the time of the trial.

Results and Discussion

Workload

In accordance to the procedure described in the NASA TLX 
test [10, 11], all keywords were ranked using a list of word 
pairs, where the participant would select the keyword that was
considered more relevant to the task than the other. This 
resulted in a ranking of the keywords, which can be observed 
on the group level in Figure 11 for the summer trial and Figure 
12 for the winter trial. For both trials, physical demand was 
weighted to be not as important/relevant as the other 
keywords. Frustration was ranked slightly above physical
demand. The most relevant keywords were mental demand, 
performance and effort.

Figure 11. Keyword rankings from the summer trial. The group total of 
the rankings are displayed.

Figure 12. Keyword rankings from the winter trial. The group total of 
the rankings are displayed.

The group mean of the weighed ratings of the NASA TLX 
keywords can be observed in Figure 13. The Baseline system 
had worse rating for mental demand and frustration during the
summer trial, compared to the winter trial. Generally, the two 
3D auditory systems were rated similar during the summer 
trial, but not during the winter trial. The performance keyword,
describing how much of a failure the task had felt, was rated 
generally higher during the winter trial. This may be due to the 
different road surface, which made the car more unpredictable.

The weighted keywords were combined and scaled by a factor 
of 15 (total number of weights) to form an overall workload 
rating for each system. The result on group level can be
observed in Figure 14. While the workload order was the same 
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for both trials, it is clear that the workload was estimated to be 
generally much higher during the winter trial. Again, this may
be due to the different road surface, making the task more 
difficult. In the summer trial, the difference between overall 
workload for the Baseline system and the other systems was 
larger than in the winter trial. This is due to the larger 
differences for mental demand and frustration, see Figure 13.

(A) (B)
Figure 13. Group mean of weighted NASA TLX ratings from the 
summer trial (A) and the winter trial (B).

(A) (B)
Figure 14. Group mean of calculated workloads from the summer trial 
(A) and the winter trial (B).

A repeated-measures ANOVA was performed on all weighted 
keywords and estimated overall workload. The results can be 
viewed in Table 3 for the summer trial and Table 4 for the
winter trial. In the summer trial, Mauchly’s test of sphericity had 
been violated for the Frustration keyword, therefore the results 
show the adjusted Greenhouse-Geisser estimates of
sphericity. In the winter trial, Mauchly’s test of sphericity had 
been violated for both Physical Demand and Temporal 
Demand keywords, therefore the results show the adjusted
Greenhouse-Geisser estimates of sphericity.

Table 3. Repeated-measures ANOVA results on weighted keywords 
for the summer trial.

Within-Subjects Effects Mauchly’s Test

Keyword F Sig. Chi-Square Sig.
Mental 
Demand (2,22) = 3.246 = .058 (2) = 4.946 > .05
Physical 
Demand (2,22) = 0.254 = .778 (2) = 1.330 > .05
Temporal 
Demand (2,22) = 0.127 = .881 (2) = 2.962 > .05
Performance (2,22) = 0.085 = .919 (2) = 3.903 > .05
Effort (2,22) = 0.157 = .856 (2) = 0.041 > .05
Frustration (1.254,13.796) = 2.284 = .151 (2) = 9.030 < .05
Estimated 
Workload (2,22) = 1.763 = .195 (2) = 0.712 > .05

Table 4. Repeated-measures ANOVA results on weighted keywords 
for the winter trial.

Within-Subjects Effects Mauchly’s Test

Keyword F Sig. Chi-Square Sig.
Mental 
Demand (2,22) = 1.524 = .240 (2) = 3.549 > .05
Physical 
Demand (1.171,12.885) = 1.329 = .278 (2) = 12.291 < .05
Temporal 
Demand (1.161,12.776) = 0.413 = .562 (2) = 12.800 < .05
Performance (2,22) = 1.562 = .232 (2) = 1.176 > .05
Effort (2,22) = 4.518 = .023 (2) = 0.901 > .05
Frustration (2,22) = 1.836 = .183 (2) = 3.212 > .05
Estimated 
Workload (2,22) = 0.368 = .697 (2) = 1.422 > .05
No significant difference was found in estimated workload 
between the systems for any of the trials. No keyword in the 
summer trial showed any significant differences on the 95%
significance level. In the winter trial, effort was shown to have 
significant differences between the systems, (2,22) = 4.518,< .05, = .291. Mauchly’s test indicated that the 
assumption of sphericity had not been violated ( (2) = .901,< .05). A pairwise comparison showed a significant 
difference between the Baseline and the 3D All Active 
systems, see Table 5.

Table 5. Pairwise comparisons between systems for the Effort
keyword, during the winter trial.

95% Confidence Interval
for Difference.

A B Mean Diff 
(A-B)

Std. 
Err. Sig. L. Bound U. Bound

Baseline 3D Priority 8.000 4.815 0.125 -2.597 18.597

3D All Active 17.167* 6.214 0.018 3.489 30.844

3D Priority Baseline -8.000 4.815 0.125 -18.597 2.597

3D All Active 9.167 6.016 0.156 -4.075 22.408

3D All Active Baseline -17.167* 6.214 0.018 -30.844 -3.489

3D Priority -9.167 6.016 0.156 -22.408 4.075

Parking Performance

For each participant, the drive-in (park) and drive-out times 
were added for a total time for each parking manoeuvre. 
Median and standard deviation was calculated from the 4 
total times for each parking manoeuvre and subject. These 
formed an outlier threshold =   ±  . Any total time being 
outside the outlier threshold was removed (drive-in and drive-
out times of the same repetition was also removed), to allow 
for a fair comparison between the systems. The reasoning 
behind this was that sometimes a parking manoeuvre could 
extend over several minutes when trying one system, due to 
some circumstance that may not occur while testing the other 
systems. As an example, for one time only a participant may 
enter the parallel parking with a wrong angle and would then 
need to readjust several times to succeed with the parking, 
prolonging the time by several minutes compared to their 
normal time needed.
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With the outliers removed, the remaining times were used to 
form a mean time for the particular parking manoeuvre for 
each participant. The group mean for all participants of the
drive-in and drive-out times can be observed in Table 6 for the 
summer trial and Table 7 for the winter trial.

Table 6. Group means of parking times during the summer trial.

Parking Spot Parallel Parking

Mean (s) Std. Dev. Mean (s) Std. Dev.

System In Out In Out In Out In Out

Baseline 23.3 36.5 6.3 11.6 35.9 22.1 16.9 8.3

3D Priority 21.6 35.7 5.2 15.6 36.3 21.2 15.2 5.5

3D All Active 23.7 33.0 6.8 11.6 37.5 21.6 28.6 7.3

Table 7. Group means of parking times during the winter trial.

Parking Spot Parallel Parking

Mean (s) Std. Dev. Mean (s) Std. Dev.

System In Out In Out In Out In Out

Baseline 35.1 35.1 15.6 11.2 46.5 24.1 14.5 7.1

3D Priority 35.2 39.2 15.5 13.1 43.7 23.1 10.6 7.2

3D All Active 32.6 36.2 11.5 10.2 46.8 23.8 12.0 5.1

A repeated-measures ANOVA was performed on all measured 
parking times, which can be observed in Table 8 for the 
summer trial and Table 9 for the winter trial. No significant
differences between the systems were found at the 95% 
significance level in any of the trials.

Table 8. Repeated-measures ANOVA results on parking times for the 
summer trial.

Within-Subjects Effects
Measured Time F Sig.

Drive-In Parking Spot (2,22) = 14.319 = .060
Drive-Out Parking Spot (2,22) = 0.590 = .563
Total Time Parking Spot (2,22) = 0.416 = .665
Drive-In Parallel Parking (2,22) = 0.032 = .968
Drive-Out Parallel Parking (2,22) = 0.119 = .888
Total Time Parallel Parking (2,22) = 0.023 = .977

Table 9. Repeated-measures ANOVA results on parking times for the 
winter trial.

Within-Subjects Effects
Measured Time F Sig.

Drive-In Parking Spot (2,22) = 0.563 = .578
Drive-Out Parking Spot (2,22) = 3.274 = .057
Total Time Parking Spot (2,22) = 1.094 = .352
Drive-In Parallel Parking (2,22) = 0.471 = .630
Drive-Out Parallel Parking (2,22) = 0.149 = .862
Total Time Parallel Parking (2,22) = 0.411 = .668

A repeated-measures ANOVA was performed on number of 
obstacles hit. No significant differences were found between 
the systems for any of the parking manoeuvres during any of
the trials. The group mean number of hits per participant varied 
between 0 and 0.5 for each system. A repeated-measures 
ANOVA was also performed on the number of times the curb 
was hit during parallel parking. Again, no significant difference 
was found for any of the trials. The group mean number of hits 
per participant was approximately 1 for each system and 
parking manoeuvre.

Discussion

Three different parking assistance systems were evaluated 
over two separate trials. The first trial occurred during summer 
with asphalt road surface, while the second trial ran during
winter with the road surface consisting of a mixture of snow, 
ice and asphalt. Time taken for a successful parking and drive-
out was larger during the winter trial compared to the summer
trial. This could be expected since the road surface made the 
car less predictable at low speeds, and it could sometimes “get 
hung up” on ice ridges. This required a larger effort from the
participants in order to perform a successful parking, and may 
also explain the large additional bias level of the estimated 
workload during winter testing. The ranking in overall estimated 
workload between the systems is however the same for both 
trials, but there are larger differences between the systems 
during summer testing. The differences between the systems 
could therefore have become masked by the increased 
difficulty of the parking tasks.

Looking at the rated keywords for all systems, there was a 
significant difference in effort rating between the systems 
during winter testing ( < .05). The pairwise comparisons
showed that the 3D All Active system required significantly less 
effort than the Baseline system in order to perform a
successful parking. During summer testing, the effort rating 
was similar between the different systems. Based on these 
differences, it may be argued that providing more information 
via sound is beneficial when the parking task is more difficult.

Physical demand was highly regarded as a non-relevant 
parameter for this test. This is understandable since driving a 
car does not require high physical effort. Mental demand 
shows an interesting increase for the Baseline system during 
summer testing, while the other systems were rated equal. 
During winter testing, the Baseline system and the 3D All 
Active system were rated almost equal while the 3D Priority 
system was given a lower rating. The frustration parameter 
also had a higher rating for the Baseline system during 
summer testing compared to the ratings given during winter 
testing, where the 3D All Active system was given the highest
rating. This may be explained by the difference in road surface. 
During winter testing, there was occasionally more noise (for 
example the sound of ice cracking and snow crumbling)
present due to the mixed road surface, which could potentially 
mask some aspects of the sound used in the Baseline system. 
A lot of participants during the summer trial said that the sound
used in the Baseline system was very annoying. During winter 
testing, most participants found the 3D All Active system more 
annoying than the sound used in the Baseline system.

Temporal demand was rated equal during both trials, and all 
systems were rated equally. It could be said that the different 
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type of PAS did not make the participants feel more or less
stressed. Most participants found the 3D Priority system to be 
the most acceptable in terms of sound design and practicality. 
They felt more comfortable when given the position of the
closest obstacle via the sound, instead of being required to 
guess and/or look at the visual display for information.

Conclusions

Generally, the 3D auditory display system with prioritisation, 
allowing only the closest obstacle around the car to be 
reported to the driver, was well received. Most participants 
found that they felt more comfortable using such a system
compared to the regular system, even though the statistical 
analysis of the estimated workload did not show significant 
results. The 3D auditory display system that allowed all 
obstacles in close proximity to the car to be reported by sound 
at once, was not well received. By introducing too many sound 
sources the participants either experienced an increased 
frustration, stress or annoyance. These results were based on 
comments from the participants during evaluation.

By introducing more information in the sound of a parking 
assistance system, parking can require less effort from the 
user in some situations. The ability to hear where obstacles are
located around the car provide the driver with a sense of 
comfort and enjoyment, but it is important to not create too 
complicated 3D auditory information as this can cause 
irritation, stress and frustration. The study indicated that a 3D 
auditory parking assistance system may reduce the driver’s 
mental workload in some situations.
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ABSTRACT
One way to enhance driving safety is to use signal sounds. Driver attention may further be improved by
placing sounds in a 3D-space, using binaural synthesis. For correct loudspeaker reproduction of binaural
signals, crosstalk between the channels needs to be cancelled out. In this study, a crosstalk cancellation
algorithm was developed and tested. The algorithm was applied in a car compartment, and three loudspeaker
positions was compared. A listening test was performed to determine the subjects’ ability to correctly localise
sounds. It was shown that loudspeakers placed behind the listener correctly reproduced sound sources in the
back hemisphere. Loudspeakers located in front and above the listener gave a high number of front/back
confusions for all angles.

1. INTRODUCTION
Signal sounds in a car can be used to alert the driver
of various events, such as warning sounds, which
can increase driving safety. To enhance attention
further, the signal sounds could be spatially placed
inside, or outside the car compartment. The acous-
tical environment in a car compartment is not ideal
for binaural reproduction using loudspeakers. This
is due to many reflective surfaces close to the lis-
tener. However, the positions of driver and passen-

gers are well known [1], and a small sweet-spot for
the crosstalk cancellation system might be accept-
able. Because of limited space in car interiors, loud-
speakers are located relatively close to the listener.
This affects localisation by the so called ’precedence
effect’ [2], meaning that sound sources tend to be
located based on the first wavefront. Previous re-
search have mostly focused on real-time application
using finite length approximations [3, 4, 5, 6].
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Using very long FIR filters, such as 217 taps and a
regularisation parameter of about 10−6, makes it is
possible to get a very accurate solution [2]. Since
this study focused on signal sounds that can be pre-
processed, high resolution crosstalk cancellation fil-
ters could be used.

The placement of loudspeakers has been shown to
play an important role for crosstalk cancellation per-
formance [7, 8]. In this study, several loudspeaker
positions were tested in an anechoic chamber us-
ing an artificial head, to investigate the effect of
loudspeaker placement. The crosstalk cancellation
system was then transferred to a car compartment,
where three different loudspeaker placements were
tested. The objective of the experiments was to
find out if a detailed crosstalk cancellation can per-
form well inside a car compartment and correctly
reproduce spatial information in sounds to the lis-
tener. The loudspeaker pairs were placed on the
dashboard, behind and above the driver. The se-
lection of placements is based on practical solutions
inside a car compartment. Dashboard speakers are
currently used in many cars and loudspeakers placed
behind the driver could be mounted inside the head-
rest. The speakers above the ears could be mounted
inside the ceiling of the car compartment.

2. CROSSTALK CANCELLATION
Reproducing binaural signals using loudspeakers
introduces crosstalk between the two channels.
Crosstalk destroys the binaural reproduction since
the signals at the listeners ears will be a mixture of
both channels. To ensure that the signals are cor-
rectly reproduced, the crosstalk has to be cancelled
out. For two loudspeakers and one pair of ears (Fig-
ure 1), the block diagram can be expressed as Equa-
tion 1 [3],

[
y1

y2

]
=

[
h11 h12

h21 h22

] [
c11 c12

c21 c22

] [
x1

x2

]
(1)

If there exist a filter, C which is exactly the inverse
of the plant matrix, H, the binaural signals X would
in theory be perfectly reproduced at the ears of the
listener. However, in a binaural reproduction sys-
tem created using an artificial head, there will be
signal errors in the plant matrix due to anatomical
differences between the artificial head and the lis-
tener. [9]. The use of in-ear recordings can reduce

the error due to the anatomical differences, but the
system needs to be calibrated for each individual.

Fig. 1: Transfer paths and filters for a crosstalk
cancellation system

The inverse of the plant matrix can be calculated
according to Equation 2.

H−1 =
1

h11h22 − h12h21

[
h11 −h12

−h21 h22

]
(2)

For low frequencies, the product of the direct paths
(h11h22) and the crosstalk paths (h12h21) can be
very similar, because of long wavelengths com-
pared to the difference in travel distances for the
sounds. This gives singular values and forms an ill-
conditioned problem since,

lim
Δp→0

H−1 = ∞ (3)

where Δp is defined as,

Δp = h11h22 − h12h21 (4)

Using crosstalk cancellation for loudspeaker repro-
duction, inversion problems due to singular values
in the filter design can contribute to a greater er-
ror, compared to headphone reproduction. A com-
mon way to avoid singular value problems during
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inversion is to use some sort of approximation, for
instance a LMS (Least Mean Squares) method. Fil-
ter approximations will introduce errors in the filters
due to loss of spectral information, reducing the spa-
tial information and accuracy in the filtered sounds.
Approximations have not been used in this study.

3. CROSSTALK CANCELLATION IN AN
ANECHOIC ENVIRONMENT

3.1. Method
For the initial test, the setup was a standard stereo
layout (equilateral triangle; 2 m distance, ±60o) in
an anechoic environment. The plant matrix was
measured with white noise on one loudspeaker at
a time, using the H1 estimator. The signals were
recorded using a Head Acoustics HMS IV artificial
head connected to a B&K Pulse LAN-XI, using 6400
spectral lines with a frequency resolution of 2 Hz.
The crosstalk cancellation filters were calculated as
the direct inverse of the plant matrix, to find the
best possible cancellation results. This however in-
troduced some resonance artifacts in the filters, and
for a real application the filters need some correc-
tion. The plant matrix and filters can be seen in
Figures 2 and 3.
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Fig. 2: Plant matrix, showing h11 (blue), h12

(green), h21 (red) and h22 (magenta)

The filtered sound was high pass filtered at 500 Hz
with a 4th order filter since the small loudspeakers
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Fig. 3: Crosstalk cancellation filters, showing c11

(blue), c12 (green), c21 (red) and c22 (magenta)

did not radiate much in the low frequency range.
Some problematic areas can be observed around
7 – 12 kHz. However, these were not compen-
sated for. The crosstalk cancellation was measured
by sending a binaural sound signal which was pre-
processed with the developed filters using short-time
Fast Fourier Transform processing [10], with 75 %
overlap. The sound file contained white noise on the
left channel and silence on the right channel. The
level of crosstalk cancellation is a frequency depen-
dent measure of the sound pressure level difference
between the left and right ear signals of the artificial
head.

An evaluation of how loudspeaker positions affected
the crosstalk cancellation performance was done.
The loudspeaker positions can be seen in Table 1,
where 0o is defined straight in front of the artifi-
cial head. The variation in distance between trials
1 – 4 was due to limited space. Trials 5 – 8 were
performed to see the effect of loudspeakers placed
close to the head. For the evaluation of loudspeaker
positions, the sounds were filtered with a highpass
filter (300 Hz cutoff) to avoid problems due to the
loudspeaker response in the low frequency range. A
lowpass filter with a cutoff at 8 kHz was used to avoid
some of the problematic inversion areas discovered
during the filter creation process.
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Table 1: Loudspeaker positions for evaluation of
crosstalk cancellation

Trial Distance (m) Angle (±o)

1 2.0 5

2 2.0 60

3 1.0 90

4 0.6 135

5 0.2 5

6 0.2 60

7 0.3 90

8 0.2 135

3.2. Results
The crosstalk cancellation was measured to be about
30 dB for the frequency range 300 – 6000 Hz, see
Figure 4. A comparison of the cancellation for all
positions was made for the frequency interval where
there was a minimum number of singular points
(1600 – 3200 Hz). The results can be seen in Fig-
ure 5. The algorithm provided up to 50 dB channel
separation for trial 8, when the loudspeakers were
placed behind and at a distance of 20 cm from the
centre of the head and at an angle of ±135o. For
this position, the mean cancellation was ≈ 36 dB.
The performance was best in the upper frequency
range, 2500 – 4000 Hz.
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Fig. 4: Measured crosstalk cancellation. The top
plot shows the autospectrum of left and right chan-
nels. The bottom plot shows the difference between
the channels.
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Fig. 5: Measured crosstalk cancellation compari-
son between different loudspeaker positions (1600 –
3200 Hz)

3.3. Discussion
For the initial test using the stereo layout (±60o

from the center line straight in front of the artificial
head), the high frequency area (7000 – 12000 Hz)
was problematic, see Figure 4. This can be explained
by the same area in the crosstalk cancellation filters
(Figure 3). At these frequencies, the system provides
negative cancellation, meaning that the ’silent’ ear
registers more amplitude than the ’active’ ear. This
must be avoided.

When comparing different loudspeaker positions, the
results show a large variation in cancellation be-
tween the positions. An explanation for the results is
probably due to that the close loudspeaker positions
has strong natural channel separation (due to strong
head shadowing of the loudspeakers), and there-
fore produces more cancellation. Loudspeaker place-
ments close to the head resembles headphone repro-
duction. The problematic areas for closely placed
loudspeakers are mainly in the low frequency range.

4. CROSSTALK CANCELLATION IN A CAR
COMPARTMENT

4.1. Method
The crosstalk cancellation system developed in the
anechoic environment was tested in a SAAB 9-3

AES 130th Convention, London, UK, 2011 May 13–16

Page 4 of 11



Lundkvist et al. 3D-Sound in Car Compartments Using Crosstalk Cancellation

Sport Combi. The loudspeakers were mounted in
three different positions; 1) In front of the driver
(mounted on the dashboard), 2) behind the driver,
and 3) above the driver. Both positions 2 and 3
were mounted on the headrest on the driver’s seat,
see Figure 6. The frequency response functions from
each loudspeaker to the ears were measured with
white noise using the H1 estimator.

Fig. 6: Loudspeaker placement behind and over the
head in the car compartment

Since ill-conditioned matrices must be avoided in a
real application [11], and singular points strongly
appeared in the car compartment, a correction filter
algorithm was created to compensate for erroneous
singularities from the inversion process. The cor-
rection filter compensates by reducing the filter am-
plitude gain at singular points by an amount based
on the size of a singular value cluster found in the
neighbourhood. The size of the neighbourhood is
based on an inversion condition treshold. The cor-
rected crosstalk cancellation filters are the products
of the original crosstalk filters and the correction
filter. The correction filter has adjustable param-
eters for strength and width of the reduction curve
notches. The use of the correction filter reduces ring-
ing at these frequencies, but also introduces some
artefacts.

The filters were created from the inverse of the plant
matrices. All parameters (inversion condition tresh-
old, correction filter strength and removal width)
were adjusted in an attempt to maintain the best so-
lution regarding singular value removal. The natural
channel separation for each loudspeaker setup was
measured, i.e. the level difference between the ears

achieved without the use of crosstalk cancellation
filters. For each loudspeaker position, the crosstalk
cancellation performance was measured. All sounds
throughout the experiment were low and highpass
filtered at 250 Hz and 10 kHz after crosstalk cancel-
lation filtering, to avoid infinite gain due to singular
values.

4.2. Results
Position 2 (behind the ears) and 3 (above the head)
both gave more natural channel separation than the
loudspeakers located on the dashboard, probably
due to the close distance (similar to headphones),
see Figure 7. The position above the head provides
a similar amount of natural channel separation as
the position behind the head. The crosstalk cancel-
lation performance results can be seen in Figure 8.
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Fig. 7: Comparison between the natural chan-
nel separation from loudspeaker position one (dash-
board) and two (behind the ears)

4.3. Discussion
It was found that the frequencies of the singular val-
ues corresponded to low coherence from the plant
matrix measurements. At the singular points, there
was no cancellation since the correction filter almost
completely removed those frequency lines from the
output spectra. It can be seen that the loudspeaker
position on the dashboard resulted in more singular
points than the other two positions. This is proba-
bly because the greater distance to the loudspeakers
is affected more from the acoustical environment in
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(1) Dashboard loudspeakers
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(2) Loudspeakers behind the ears
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(3) Loudspeakers above the head

Fig. 8: Crosstalk cancellation filter performance
for the different loudspeaker positions, showing the
sound pressure level difference between the left and
right ear, when the left ear should be silent.

the car compartment (reflective windows, dashboard
etc.). As expected from the natural channel sepa-
ration, both loudspeaker position two (behind the
head) and three (above the head) measured higher
crosstalk cancellation than the loudspeakers located
on the dashboard (position one). This is probably
due to the close range of the loudspeakers.

5. LOCALISATION PERFORMANCE IN A CAR
COMPARTMENT

5.1. Method
Virtual sound sources were produced using artificial
head recordings of sources in an anechoic environ-
ment. A selection of two different sound types was
made with respect to the frequency range in which
the crosstalk cancellation algorithm gave a perfor-
mance around 30 dB. The selected sounds were a
swedish male, speaking the sentence ”Warning, de-
viation from travel direction”1, and a warning sound
sample provided from Volvo (Lane Departure Warn-
ing). Each sound source was placed at a distance of
2.5 m from the head. In between each recording, the
head was rotated and the sound source was station-
ary. The angle to the sound source was varied in
steps of 45o, where 0o was straight in front of the
head. The height of the sound sources were about
0.2 m below the artificial head. All binaural signals
were pre-processed with the crosstalk cancellation
filters using a short-time Fast Fourier Transform fil-
tering method [10], with 75 % overlap. The sounds
were adjusted in amplitude to give the same average
sound pressure level at the ears inside the car com-
partment, independent of which loudspeaker pair be-
ing used.

A listening test was performed to evalute the differ-
ent loudspeaker positions’ ability to reproduce the
spatial information in the sounds. A written de-
scription of the task was presented to each sub-
ject. They were informed that they should deter-
mine from where a sound was percieved, by marking
a spot in an interface. The interface had a sketch
of the car used for the experiment, both from the
top and from the side, see Figure 11. The subjects
selected the percieved position of the sound source
by placing a mark in the sketch. From this, an-
gle, distance and elevation was extracted. During

1On Swedish: Varning, avvikelse fr̊an färdriktning
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the listening test, the subjects were also asked to
rate the sound quality on a continuous scale rang-
ing from ’very bad’ to ’very good’. The results were
normalised with respect to mean and standard de-
viation. The subjects were allowed to listen to the
sound as many times they wanted. 10 subjects per-
formed the listening test, five male and five female.
All subjects had self-reported normal hearing and all
subjects had a drivers licence. The mean age of the
subjects was 25 years, with a standard deviation of
3 years.

An analysis of variance (ANOVA) was performed
using the quality rating as dependent variable and
three factors; sound type (speech and lane depar-
ture warning), sound angle (0o – 315o, in steps of
45o) and loudspeaker position (dashboard, behind
and above). Second order interaction effects were
included.

5.2. Results
Front-back confusion occurs often, and many of the
subjects placed sounds inside the head. Refer to
Table 2 for the percentage of front/back confusions
that occured for each sound type and loudspeaker
position. The localisation error for each loudspeaker
position and virtual sound source is presented in Fig-
ure 10. The results are compensated for front/back
confusion by moving the position to the correct
hemisphere, where applicable. The back speakers
(behind the ears), had no front/back confusions for
the angles 90o – 270o for the speech sound. How-
ever, 60 % of the subjects had a front/back confu-
sion for the warning sound located behind the head
(180o). This might be because of the limited specral
content of the warning sound. The dashboard speak-
ers had about 60 % front/back confusions for the
sounds located in front of the subject. This was
not expected since the precedence effect should be
strong in the limited space of the car compartment.
The subjects tend to place most sounds behind the
head, even when the dashboard speakers were used.

The ANOVA showed that all factors had a statis-
tically significant effect on the preference ratings at
the 95 % confidence level (see Table 3). Interaction
between sound type and loudspeaker position was
also significant (p < 0.05). Means and 95 % Tukey
HSD intervals are found in Figure 9. Loudspeak-
ers placed above the listener resulted in best rated
quality both for lane departure warnings and speech.

Loudspeakers placed behind the listener were rated
equally good as loudspeakers above for lane depar-
ture warnings, but significantly worse for speech.
Loudspeakers placed on the dashboard were rated
worst for both kinds of sounds.

5.3. Discussion
Most subjects placed the sound sources inside the
car. A possible reason could be that they tend to
map the sound experience to the physical environ-
ment. This could explain why the distances were
quite close to the head. The short distance might
also be explained by the anechoic environment in
which the virtual sound sources were recorded. Ane-
choic recordings tend to have very little information
about distance, and the angular position is mainly
achieved due to level and phase differences between
the ears.

The perceived sound quality seems to depend on the
number of singular values in the filters, as the dash-
board speakers has more than three times the num-
ber of singular values than the behind and above
speakers. The crosstalk cancellation algorithm in-
troduced artefacts such as ringing and slight col-
oration of the sounds by an amount determined by
the number of singular values in the filters. The
singular values also introduced distortion problems,
probably because of information loss in the filters.
More than 70 % of the subjects chose the speech
sound when asked to select which sound type was
the most disturbing. However, most subjects felt
that the warning sound was very irritating, but with
better quality than the speech sound.

6. CONCLUSIONS
In this study, a crosstalk cancellation frequency do-
main filter algorithm was developed, investigated
and tested in an anechoic environment to find out
if high resolution pre-processing gives enough chan-
nel separation. The crosstalk cancellation system
was shown to provide up to 50 dB cancellation
at some frequencies, both in anechoic environment
and in the car compartment, when selecting a loud-
speaker placement close to the head. This is proba-
bly because of the high natural cancellation achived.
The mean crosstalk cancellation achived for all loud-
speaker positions inside the car compartment was
about 30 dB for the frequency range 500 – 6000 Hz.

Different loudspeaker positions’ ability to reproduce
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Table 2: Amount of front/back confusions (percentage of all answers) for each sound and loudspeaker pair
in respect to the virtual sound source angle

Virtual Sound Source Angle
Sound Type Loudspeaker Position -135 -90 -45 0 45 90 135 180

Speech Dashboard 0 % --- 50 % 60 % 50 % --- 10 % 40 %

Speech Behind 0 % --- 40 % 80 % 90 % --- 0 % 0 %

Speech Above 0 % --- 50 % 50 % 70 % --- 0 % 40 %

LDW Dashboard 20 % --- 40 % 50 % 30 % --- 20 % 30 %

LDW Behind 0 % --- 20 % 60 % 50 % --- 0 % 60 %

LDW Above 20 % --- 10 % 90 % 50 % --- 10 % 30 %

Table 3: Analysis of Variance for Preference - Type III Sums of Squares

Source SS Df Mean Square F-Ratio P-Value

Main Effects

A: Type 8697.74 1 8697.74 50.07 0.0000

B: Speaker 37717.4 2 18858.7 108.55 0.0000

C: Angle 3522.52 7 503.216 2.90 0.0057

Interactions

AB 4119.38 2 2059.69 11.86 0.0000

AC 1825.12 7 260.731 1.50 0.1649

BC 3036.29 14 216.878 1.25 0.2368

Residual 77481.3 446 173.725

Total (Corrected) 136400 479

All F-ratios are based on the residual mean square error.

Fig. 9: Interactions on subjective sound quality with respect to sound type and loudspeaker position
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the spatial information in the sound signals was
evaluated through a listening test. Signal sounds
were difficult to place in front of the listener due
to front/back confusion. The speakers located be-
hind the head seems to be a good option for placing
sounds behind the driver when using sound sources
with fairly wide frequency content. Since there is a
high risk of front/back confusion for all loudspeaker
positions and sound types, a standard stereo system
might be a better technique for placing sounds in
front of the listener.

The quality of the reproduced sounds seems to be
highly affected by the number of singular values,
which occured during the filter inversion process.
Sounds which have information over a wide fre-
quency range seems to be affected more by singu-
lar values than sounds with a limited bandwidth.
By selecting more optimal loudspeaker positions, the
number of singular values may be reduced, and ar-
eas still inflicted by bad conditions could be com-
pensated for by approximations. Also, by choosing
or designing sounds with no spectral information in
problematic areas may increase robustness.

7. FUTURE WORK
A suggestion to enhance the localisation perfor-
mance is to individually calibrate the system for each
subject by using in-ear recordings. Further, loud-
speakers located behind the listener, but at a far-
ther distance need to be tested. The virtual sound
sources should also be recorded in a normal room,
or even inside the car. This could give more realistic
spatial information in the sounds, and could there-
fore give a better distance to the percieved sound
sources.
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Localisation errors for the speech sound
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Fig. 10: Box-and-Whisker plots of virtual sound source localisation errors for the different sound types
for each loudspeaker layout, with compensation for front/back confusion. Circled dot indicates the median,
circles are outliers. The whiskers are set to ±2.7σ and extends to the most extreme data value that is not
an outlier.
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Fig. 11: The interface used to evaluate virtual sound source localisation and sound quality
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χ2

p < .05

p < .05

p > .05

0.5
11.6
5.0

χ2

p < .05

p > .05

×

175 17 192
91.1 8.9 100.0

192 0 192
100.0 0.0 100.0

191 1 192
99.5 0.5 100.0

χ2

p < .05

×

120 72 192
62.5 37.5 100.0

162 30 192
84.4 15.6 100.0

141 51 192
73.4 26.6 100.0

χ2 p < .05



p > .05

×

109 83 192
56.8 43.2 100.0

142 50 192
74.0 26.0 100.0

146 46 192
76.0 24.0 100.0
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