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Abstract

With an increasing number of advanced driver assistance systems in cars, it is important to know

how the driver is affected by different kinds of information signals. Many of the systems already

used in cars rely on visual information, and therefore require visual attention. This can lead to an

increase in inattention, as well as in cognitive and visual workload. By the use of other types of

signals, the risk of overloading one sensory modality is reduced. Previous research has shown a

correlation between visual inattention and unsafe driving behaviour, so the use of 3D signal sounds

or spatial multisensory signals may be of importance for improving driver safety.

The first study focused on the question of how driving performance and secondary task performance

are affected by spatial placement of sound signals, and if the position of the sound source plays a

role in the ability to capture attention correctly. Earlier studies indicated that information signals

which were spatially congruent with the visual task improved response times. Furthermore, sound

has been proven to be an effective means of capturing attention and re-orienting people’s attention

to a specific location. The first study compared three cases of sound signals to inform the driver of a

lane change task as well as a visual secondary task. The driving scenario was projected in front of the

driver, and the secondary task was displayed on a computer screen at 45° to the right. In two of the

cases, the sound signals’ position was congruent to one of the tasks, either driving or the secondary

task. In the third case, the lane change signal was congruent with the projected driving and the

secondary task signal was congruent with the secondary task screen. It was found that presenting

signal sounds in front of the driver significantly improved driving performance.

Previous research has shown that combining sensory modalities increases the robustness of percep-

tion. Using a driving simulator and a multisensory secondary task, the second study investigated the

difference in directional attention capture capabilities with different combinations of visual, auditory

and vibrotactile signals. In this study, visual signals alone, or in combination with other modalities,

provided the shortest response time. Interestingly, the auditory and vibrotactile signals gave equally

short response times. No significant differences in localisation error rates were observed between the

different combinations.

As shown in Study 1, spatially congruent signals are important in the driving environment, so can

crosstalk cancellation be used to reproduce 3D sound in a car compartment? The third study evalu-

ated how well we can reproduce 3D sound in a car compartment utilising the crosstalk cancellation

technique in combination with binaural synthesis. Since the main focus is on signal sounds, these can

be processed offline, reducing the need for real time filtering and allowing the use of very detailed

crosstalk cancellation filters. Due to the acoustic properties of car compartments, placement of the

loudspeakers plays an important role in the reproduction quality. In a listening test, the subjects

were requested to judge where the sound was perceived to come from as well as the sound quality of

the reproduction. This was done for three different loudspeaker positions and two distinctly differ-
ent types of sound signals (speech and lane departure warning). The study showed that loudspeakers

placed closely behind the driver correctly reproduced sound sources in the back hemisphere, while

loudspeakers placed in front of or above the listener gave a high number of front/back confusions

for all source angles. It was also found that the loudspeaker placement above the listener received a

significantly higher quality rating for speech signals than the loudspeaker placement behind the ears

or on the dashboard. For a typical warning sound signal, the loudspeaker positions above and behind

the driver were rated equally, but still significantly higher than the dashboard position. Loudspeak-

ers placed close to the ears produce less singularities and thereby higher reproduction quality.

The first main finding from this work is that it is important to consider the placement of signal

sounds in the car compartment, since a well selected signal sound position can help to focus atten-

tion, and thereby enhance driving performance and driver safety. Crosstalk cancellation can be used

for implementation of virtual 3D sound in the car compartment using loudspeakers. Vibrotactile

signals can be as effective in reducing reaction time as auditory signals, but it may be beneficial to

combine the modalities for a more robust perception.
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Chapter 1

Introduction

The driving environment is getting more and more populated with systems designed to interact with

the driver. Examples include entertainment, communication and systems to help the driver such as

navigation or advanced driver assistance systems (ADAS). All of these systems require interaction

with the driver in one way or another, by providing information and/or demanding information.

By loading the driver with more and more information, the driver workload could be increased,

leading to a risk that the driver’s attention and situational awareness may be reduced. With reduced

attention to the surroundings, vital elements or events could potentially be missed by the driver. It is

therefore critical to gain a deeper understanding of how the driver is affected by the information and

interaction with such systems, but also to gain knowledge on how to design good human-machine-

interfaces that can assist the driver.

Recently, there has been a lot of research on how driving performance is affected by cognitive pro-

cessing of secondary tasks (Blanco, Biever, Gallagher, & Dingus, 2006; Cao et al., 2010; Ho &

Spence, 2005; Ho, Tan, & Spence, 2006; Klauer, Dingus, Neale, Sudweeks, & Ramsey, 2006; Lee,

2010; Sodnik, Dicke, Tomazic, & Billinghurst, 2008; Sodnik, Tomazic, Dicke, & Billinghurst, 2008).

One study performed by Blanco et al. (2006) investigated in-vehicle navigation systems that offered
multiple choices of routes to the driver. The study was performed on-road, and the conclusion was

that when presented with multiple choices, driving performance was decreased compared to systems

incorporating a single route option. The cognitive load for multiple options is higher than when pre-

sented with just one route, and the higher cognitive load reduces situational awareness. The same

effect was found both when the route choices were presented visually or audibly, which strengthens

the conclusion that it was the cognitive load that affected driving, not visual distraction. However,

it has been shown that drivers are affected differently by secondary tasks; some become easily dis-

tracted while others do not (Sathyanarayana & Hansen, 2012). The overall workload measure can be

used to obtain an estimate of the workload experienced by a subject (Miller, 2001).

But being visually distracted is still a risk, and the information to the driver is often presented visu-

ally, which may force the driver to glance away from the road on occasions. The visual modality is

the most loaded sense while driving (Sivak, 1996), and sharing this load with other areas might not

be in the best of interests. Klauer et al. (2006) found in an analysis of driving data collected in traffic

that if the secondary task is simple and requires a single short glance, the risk may only be slightly

increased. Klauer et al. also discovered that visual inattention was the main factor behind 78 % of

the crashes that occurred in the on-road study. Since the auditory and vibrotactile senses are far less

loaded, it might be benificial to use these channels. However, Just, Keller, and Synkar (2008) found

that if a person has to understand speech while driving, the “comprehension performed concurrently

with driving draws mental resources away from the driving and produces deterioration in driving

performance”. So it seems that the mental capacity of the human brain has a limit, and even though

one modality is unloaded, the addition of information on that modality can reduce the activity in the

other highly loaded areas, such as those associated with driving. Perhaps if the information is already
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present in the visual domain, it could potentially be moved to the auditory modality if the cognitive

load remains the same. The statement is based on the findings by Blanco et al. (2006), which showed

that cognitive processing is more important than choice of modality for situational awareness and

driving performance.

1.1 Using Sound to Capture Attention

Previous research in psychology claims that sound is effective in capturing attention (Cao et al.,

2010; Ernst & Bülthoff, 2004; Ho & Spence, 2005, 2009; Ho et al., 2006; Ngo & Spence, 2010;

Sekuler, Sekuler, & Lau, 1997; Shams, Kamitani, & Shimojo, 2000, 2002; Shams & Kim, 2010;

Spence, 2010a, 2010b). Sound can draw attention to a specific location in space, as humans turn

their heads to find where the sound is coming from. It is important not to force attention to non-

critical events, in case there is something else very critical that is being missed. Several studies have

been made to measure reaction time in driving scenarios (Ho & Spence, 2005; Ho et al., 2006;

Sodnik, Dicke, et al., 2008; Sodnik, Tomazic, et al., 2008). These studies showed that auditory

cues were indeed effective in reducing reaction times. Ho and Spence (2005) compared whether the

location of the sound source is of importance for attention capture and visual re-orientation. The

study was based on a video clip of a car approaching either in front of the driver or from behind

(seen through the rear view mirror) and a sound was played when the driver was distracted and

looking away from the driving scenario. The sound came either from the front, or behind the driver

at a slight angle. Ho and Spence found that if the auditory warning signals were spatially predictive

and meaningful, they may provide an effective means of capturing attention.

Another aspect is if sound is played from a position which is congruent with the information pre-

sented, or not. Lee (2010) investigated if matching the sound source location to the verbal message’s

semantics for an in-vehicle navigation system would be beneficial. Most of the navigation systems

available today emit sounds from their installed location, often from the centre console. If the verbal

message would tell the driver to turn left, but the sound was coming from the right, there could be a

conflict, or discrepancy. Lee found from their study that the recall accuracy of the information pre-

sented from the navigation system was increased, with shorter response time, when the semantics of

the message were congruent with the sound source location. Thus navigation systems would benefit

from informing about a left turn in the left ear of the driver and vice versa.

The previous research gives reasons to believe that driving performance and driver attention may be

affected solely by the use of sound and furthermore by its location. However, it has been found that

when people experience high visual load they canmore easilymiss auditory information (MacDonald

& Lavie, 2011). This requires further investigation in a less artificial environment. Can we get the

directional attention capture effect while driving, and how large can the effect be? If directional

attention capture effects are found, virtual 3D sound signals may be implemented to provide the

ability to direct the driver’s attention to anywhere inside, or outside, the car compartment. Thus

the results from the study could serve as a baseline for future investigations on how accurate and

efficient virtual 3D sound algorithms would be in the driving environment. The baseline would

allow different virtualisation methods to be differentiated between each other in terms of attention

capture performance. These goals lead to the first research question:

Question 1: How are driving performance and secondary task performance affected by spa-
tial placement of sound signals?

The work is based on the theory discussed by Shams and Kim (2010) that auditory events may increase

visual attention. Is it possible to direct a driver’s attention to specific areas, or will the driving task (or

perhaps some other task) always be prioritised? Furthermore, is it possible to disturb a driver with poor

selection in sound source location so that it negatively affects driving performance?

This question is dealt with in Paper I, Positions of Signal Sounds Alter Driving Performance.
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1.2 Merging the Senses

It seems promising that using sound might help in reducing visual workload and allow the driver to

focus more on the road. The response time needed to interpret the signals might also be reduced, and

the ability to remember the information might be enhanced. This could help the driver to operate

the vehicle more safely. The Human-Machine-Interaction (HMI) between the driver and the systems

is not necessarily only a unimodal interaction. Cao et al. (2010) discovered that for driver alert-

ness warnings one modality was usually not enough for safe warnings. They compared visual and

visual/auditory warnings for a scenario of emergent road obstacles, and found that a verbal signal

alone gave unsafe behaviour and that speech signals combined with visual warnings were preferred

over only visual warnings and visual warnings combined with auditory beeps.

It has been shown that tactile cuing on its own can be an effective means of directing visual atten-

tion, especially when the tactile signal contains location information (Hameed, Jayaraman, Ballard,

& Sarter, 2007). It has also been found that vibrotactile signals can orient a person in the vertical do-

main, when the vibrations are presented on the thigh (Salzer, Oron-Gilad, Ronen, & Parmet, 2011).

Furthermore, tactile modality is not very loaded while driving (Sivak, 1996).

A suggested way of reducing cognitive and visual workload for secondary tasks is to present infor-

mation in multiple modalities, for instance auditory and tactile. Ernst and Bülthoff (2004) suggested

that a robust perception is achieved by a combination and integration of multiple sources of sen-

sory modalities. It has been shown that combining auditory and vibrotactile signals gives rise to an

additional improvement in response time compared to a unimodal approach (Ho & Spence, 2009;

Spence, 2010a). However, it has been shown that the modalities need to be cognitively congruent

in order to strengthen the effect (Spence, 2010a). The experiments done in this area are laboratory

studies and have not involved driving or simulated driving. It is of interest to assess the magnitude

of the effect while driving. This is addressed in the second research question.

Question 2: Towhat extent do response times to directional signals during simulated driving
change with different modalities?

If the effect of spatial sound signals is minor, multimodal signals might provide larger effects. This state-
ment is based upon the research by Ernst and Bülthoff (2004), arguing that several congruent modalities

provide a more robust perception. Furthermore, combining modalities makes it more difficult to miss

critical signals due to the addition of input channels.

This question is addressed in Paper II, Response Times for Visual, Auditory and Vibrotactile Directional Cues

in Driver Assistance Systems.

1.3 Creating the 3D Sound Experience

It is important not to neglect the role of the reproduction system that would be used for implemen-

tation of spatial sound, or multimodal signals. There exist several ways to present spatial audio to a

listener, such as using a loudspeaker array, physically placed loudspeakers at every possible position,

headphones or perhaps even with a surround system. If the focus lies on binaural sound reproduc-

tion, there are further limitations such as that the information arriving at the ears of a listener needs

to be very controlled. Headphones are most often used to reproduce binaural sounds.

Assuming headphones to be as close as we can get to a perfect reproduction, another way to present

spatial sound by binaural synthesis or reproduction of recorded binaural signals is to use loudspeak-

ers and crosstalk cancellation. A perfect crosstalk cancellation system using loudspeakers would give

the same effect as listening through headphones. What is the most convenient way of presenting spa-

tial audio within a car compartment? Headphones are impractical in a driving context for obvious

reasons and loudspeaker arrays need a large number of loudspeaker elements in order to deliver
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accurate reproduction. A basic surround system could work, but is in its basic form incapable of

producing sound sources outside its physical location/span radius.

If we make the assumption that a low number of loudspeakers is preferred, crosstalk cancellation

is a promising candidate. However, the performance of such systems is dependent on the acoustic

environment. The acoustic environment in a car compartment is not ideal for binaural reproduction

using loudspeakers, due to there being many reflective surfaces close to the listener. However, the

positions of driver and passengers are well known (Shively, 1998), and a small sweet spot for the

crosstalk cancellation system might be acceptable. Because of limited space in car interiors, loud-

speakers are located relatively close to the listener. Very closely placed loudspeakers start to resemble

headphone reproduction, and the acoustic transfer functions between the loudspeakers and the ears

become less affected by the environment. The location of the loudspeakers may also affect locali-
sation by the so called “precedence effect” (Kahana, Nelson, & Yoon, 1999), meaning that sound

sources tend to be located based on the direction of the first wavefront. It has previously also been

shown that the position of the loudspeakers affect the performance and size of the sweet spot for a

crosstalk cancellation system (Nelson & Rose, 2005; Parodi & Rubak, 2010; Ward & Elko, 1999).

All this leads to a fundamental question to be answered:

Question 3: Can crosstalk cancellation be used to reproduce binaural audio in a car compart-
ment?

The car compartment is, unlike most regular spaces, filled with many reflecting surfaces. Is it possible to

implement a crosstalk cancellation system with enough performance to reproduce binaural sound? How

does the loudspeaker placement affect the reproduction performance? Since the quality of a reproduction

system could be affected by the environment, the effectiveness of a binaural reproduction system for cars

should be evaluated in the car compartment. Is it possible that crosstalk cancellation filtering problems

could affect the perceived angle of a reproduced sound source?

Paper III, 3D-Sound in Car Compartments Based on Loudspeaker Reproduction Using Crosstalk Cancellation,

addresses some aspects of this question.
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Chapter 2

Perception

Humans have several modalities that form our everyday perception. The visual modality has been

generally seen as dominant for spatial tasks, finding objects and object recognition (Shams & Kim,

2010). Auditory modality on the other hand has generally been seen to dominate temporal tasks such

as determining elapsed time between two events. This is generally true, but Ernst and Bülthoff (2004)

conclude that, when having access to several modalities that share congruent information, perception

becomes more robust. Even if the auditory information is not congruent with the information, or

even totally irrelevant to a visual task, the addition of an auditory event can help a person in finding

an object (Ngo & Spence, 2010). This finding is in line with the statement from Shams and Kim

(2010), that attention in one modality spreads to other modalities. Therefore, visual attention may

be increased just by adding irrelevant sound signals.

It has been shown that a subject can be affected by sound and that sound can even alter visual

perception (Sekuler et al., 1997; Shams et al., 2000, 2002; Shams &Kim, 2010; Spence, 2010b). For

instance, Shams et al. (2000) conducted an experiment that showed that one visual flash accompanied

by a burst of several tones gave the illusion of several visual flashes. This effect is known as the sound-

induced flash illusion (Shams et al., 2000, 2002). Another experiment is the stream-bounce illusion

reported by Sekuler et al. in 1997, where two identical visual objects approach and move away from

each other on a screen. When there was no sound, the two objects were often perceived as streaming

through each other. However, when a brief sound was presented at the time the two objects met, the

perception was often changed to a bouncing motion. The idea that vision would be independent of

the other senses is therefore proven wrong, as the different perception modalities are more connected

than previously expected.

2.1 Spatial Hearing

Signal sounds in a car can be used to alert the driver of various events, such as danger, notification

and other information, which could increase driving safety. To enhance attention further, the signal

sounds can be spatially placed inside, or outside, the car compartment. The anatomy of human

hearing, with two ears, is called binaural hearing. The hearing system allows humans to determine

the angle to a sound based on several components. The two basic components are:

• Interaural Intensity Difference (IID)

• Interaural Time Difference (ITD)

Humans make use of these measures differently depending on the frequency content of a sound. The

intensity difference is more used in high frequencies than time difference, see Figure 2.1. Sounds

directly to the left or to the right (90°) give highest IID due to the maximum shadow between the

ears provided by the head. For low frequences, time (or phase) difference between the ears can be

13



measured more accurately than IID. High frequencies become difficult due to the fact that several

wavelengths can fit between the ears.
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Figure 2.1: Interaural Intensity Difference (IID) for different angles and tone frequencies. Data from

Feddersen et al. (1957).

The frequency range where these two methods overlap (1500 – 3000 Hz) is called the crossover

region (Blauert, 1996). At this area, the ability to discriminate small angle changes from sound

sources weakens since neither IID or ITD provide enough information in this area (Blauert, 1996;

Feddersen et al., 1957). In general, the minimum audible angle (MAA) differ with frequency as well

as initial angle to the sound source, see Figure 2.2. Because of this limitation in angle discrimination,

designing a sound that should be used in localisation should not be solely composed of tones lying

in the crossover region. Outside the crossover region, the minimum audible angle can be as low as

1°. Catchpole, McKeown, and Withington (2004) suggested that broadband noise could be used for

sounds with good localisation properties, and found that reducing the bandwidth would also reduce

the angular accuracy. Transient sounds share common spectral properties with broadband noise,

but due to the limitation in duration, are not as suitable for localisation. Sanders and McCormick

(1993) suggested that a sound should be at least 500 ms long to provide enough time for the listener

to be able to localise the sound. Moore (2003) discovered that increasing the duration up to 700 ms

would decrease localisation blur. Shorter sounds can to a degree be compensated for by an increase in

intensity. Edworthy, Loxley, and Dennis (1991) suggested that harmonic overtones could be included

to further enhance localisation. However, the fundamental frequency should not be above 1000 Hz,

unless the goal is to make an aversive sound.
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Figure 2.2: Minimum Audible Angle (MAA) for different angles and tone burst frequencies. Data

from Moore (2003).
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2.2 Binaural Synthesis

A basic way to achieve binarual signals for playback is to record them with an artificial head (Fig-

ure 2.3), or in-ear microphones. The artificial head allows for practical repeatable measurements,

but lack detail of the head and torso. Typical problems are that the anatomical differences from the

subject and the recording head are too large for good results. In-ear microphones are often recorded

with a blocked ear canal, to avoid influence from ear canal resonances. The in-ear measurements

are often more accurate than an artificial head for an individual subject, but making repeatable and

reproducible measurements is more difficult. It has also been shown that in-ear microphones could

give better results than an artificial head even if the subject who is listening is different from the

subject the signals were measured on (Majdak, Masiero, & Fels, 2013; Møller, Hammershøi, Jensen,

& Sørensen, 1999).

Figure 2.3: An artificial head with microphones in the ears ready for measuring transfer functions

from loudspeakers for crosstalk cancellation filter creation.

Often, the acoustic transfer functions from a point in space to the subject’s ears are determined,

and used to synthesize a sound source virtually. These transfer functions are called head-related

transfer functions (HRTF). A more basic approach is to synthesize a virtual sound source by the two

fundamental methods, IID and ITD, which can be collected from HRTF measurements.

A common phenomenon in binaural synthesis is that the listener can experience the sounds to be in-

side the head. This is often the case for binaural recordings performed in an anechoic chamber, since

the environment lacks reverberation. Without the help of reflections, determining the distance to a

sound source becomes difficult because there are no other clues available than IID, ITD and spectral

colouration. With reverberation, the direct sound can be compared to the reverberant sound, pro-

viding meaningful information. If the reverberant sound is as loud as the direct sound, the distance

is far.
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2.3 Reproduction of Spatial Audio

Binaural audio recordings are often reproduced via headphones. This makes it easy to control the

sounds very close to the ears of the listener. There exist other methods of reproducing spatial audio,

including among others:

• Surround System (5.1, 7.1 etc.)

• Wavefield Synthesis

• Ambisonics

• Crosstalk Cancellation

To generate virtual sound sources however, surround systems are not very suitable. The location of

a sound in a surround system is controlled in the same way as a stereo system, by controlling the

relative amplitude between loudspeakers. Playing a sound at the same level in both loudspeakers

would make it appear between the loudspeakers. This is not exactly true, as a listener can perceive

the sound coming from one of the loudspeakers as well, just by turning the head and listening.

Wavefield synthesis is a method which uses an array of loudspeakers to control the wavefront that

moves towards the listener. This method can potentially create very accurate sound fields in a room

(often designed for living room use, like surround systems), but often requires a lot of loudspeak-

ers to be able to perform the reproduction correctly. This makes it difficult to implement in a car

compartment, and due to its acoustic complexity, makes the required number of loudspeakers high.

Figure 2.4: The general form of a crosstalk cancellation problem. h denotes the acoustic transfer

paths (or plant matrix) between loudspeakers and ears. c is the crosstalk cancellation filter designed

to compensate for h, allowing the original binarual audio x to be reproduced correctly.
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Crosstalk cancellation is a technique that basically tries to mimic the effect of headphone listening,

but using loudspeakers. This could be a viable alternative for a car compartment due to the low num-

ber of loudspeakers required even though the acoustic complexity makes it difficult to implement.

Crosstalk cancellation is used to eliminate the crosstalk between loudspeakers and ears, and at the

same time compensate for the direct path differences, see Figure 2.4. The crosstalk components (h12

and h21) are unwanted since they make the sound that arrives at either ear a mixture of both left and

right sound channels. In the most general form of a crosstalk cancellation system, the block diagram

can be expressed as: [
y1
y2

]
=

[
h11 h12

h21 h22

][
c11 c12
c21 c22

][
x1
x2

]
(2.1)

where:

yn – ear

hnm – acoustic transfer function

cnm – crosstalk cancellation filter for hnm

xn – binaural sound channel

n – binarual channel index

m – loudspeaker index

The goal with crosstalk cancellation is to find the inverse to the acoustic transfer functions H−1 = C.
If H would be a perfect truth of the acoustic transfer paths, and there exists a filter C which is the

exact inverse of H, the system would perfectly reproduce the original binaural recording X at the

listener’s ears.

The first problem is to find the transfer functions. These can be measured with an artificial head, but

due to anatomical differences, the transfer functions will not be entirely accurate, which is the same

as for recording binaural audio. Here, in-ear recordings can improve the transfer function measure-

ments for an individual subject, but individual calibration makes it inappropriate for use in cars.

However, Majdak et al. (2013) found that the lack of individualised HRTFs reduced performance for

virtual sound sources outside the physical loudspeaker positions, and also for sources behind the

listener. Furthermore, Takeuchi, Nelson, and Hamada (2001) found that the poorest localisation was

experienced when the subject’s own HRTFs differed the most to the HRTFs used for the system. This

was also a conclusion by Akeroyd et al. (2007). It is at the same time argued that in-ear recorded

transfer functions work better for anatomically different subjects than artificial heads (Majdak et al.,

2013; Møller et al., 1999).

Not only are the acoustic transfer functions difficult to estimate on a general scale, but the acoustic

environment affects the behaviour of these as well. A very dampened environment like a recording

studio or an anechoic chamber produces smoother transfer functions than those measured in a car

compartment. But in all cases, there is a fundamental problemwith converting the transfer functions

to crosstalk cancellation filters. The inverse of the transfer functions can be calculated with:

H−1 = 1

h11h22 −h12h21

[
h11 −h12

−h21 h22

]
(2.2)

For low frequencies, the product of the direct paths (h11h22) and the crosstalk paths (h12h21) can

be very similar, because of long wavelengths compared to the difference in travel distances for the

sounds. This gives rise to singular values and forms an ill-conditioned problem since:

lim
Δp→0

H−1 =∞ (2.3)

where Δp is defined as:

Δp = h11h22 −h12h21 (2.4)
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For a complex acoustic environment, the transfer functions can be similar at high frequencies as

well. There are methods to reduce the effect of singularities in inversions. One of the most common

methods is to use a least mean square estimation to determine a finite impulse response (FIR) filter

that corresponds as closely as possible to the required inverse. This method is often used in real

time applications (Akeroyd et al., 2007; Jie, Qing-hua, Cheng, & Xiao-dong, 2010; Mouchtaris,

Reveliotis, & Kyriakakis, 2000; Orduña, Lopez, & Gonzalez, 2000), such as reproducing music and

voice. The problem is that the filters will not be very exact due to the FIR length when used in real

time. Although fast digital signal processors exist, extremely long FIR filters are still problematic

in real time applications. It has been shown that long FIR filters (around 131072 taps) can produce

a very accurate solution (Kahana et al., 1999). Since signal sounds are the topic of interest, the

signals can be pre-defined and do not need to be changed in real time. Therefore, the signals can be

processed offline before use. This reduces the need for short FIR filters, and it is possible to use very

long and exact filters. However, the singularity problem needs to be taken into consideration anyway.

More loudspeakers can be added to make the filters more robust, but using more loudspeakers than

ears makes the transfer functionmatrix non-square and impossible to invert directly (Jie et al., 2010).

Reproducing binaural audio with crosstalk cancellation faces another problem as well. The system

is very sensitive to head movements, and it becomes increasingly sensitive with an increase in filter

resolution. Since the driver is often fairly stationary (Shively, 1998), the sweet spot for the repro-

duction system is not as critical as for example a living room situation. It has also been shown that

loudspeaker positions affect performance (Nelson & Rose, 2005; Ward & Elko, 1999). Also, increas-

ing the angle between the loudspeakers gives larger sweet spots (Parodi & Rubak, 2010), however

this is not entirely applicable in a car. Head tracking is often used in conjunction with crosstalk

cancellation, to provide a more robust system for when the listener is less stationary. Adaptive real

time algorithms can be used to calculate and update the filters on the fly. With offline processing, a

workaround could be to create a soundbank of pre-processed sounds and interpolate between these

based on head position. Changes in the acoustic environment also affect the acoustic transfer func-

tions and can completely eliminate the crosstalk cancellation effect if a door is opened for instance.

Artefacts in the reproduction filters can be compensated for. Acoustic treatment can dampen the

effects, and sound signals can be designed to work around the limitations. It is however important to

know where and what the artefacts are in order to work around them. If, for example, a problematic

area is known in the frequency range 2000 – 3000 Hz, the signal sound can be designed to not contain

any information there. Limitations become less important when they are known and compensated

for.

2.4 Multisensory Signals

Adding vibrotactile signals in a car could have practical complications due to road vibration, dif-

ferences in what drivers wear, etc. However, Spence (2010a) has shown that combining auditory

and vibrotactile cues can improve reaction time in a driving scenario, so the topic should not be ne-

glected. Spence claims that it is important that the signals in different sensory modalities are placed

in the same cognitive space. However, using vibrations that are not cognitively congruent can still

benefit in a sensory priming event. A commonly used vibration frequency for accurate localisation

performance is 250 Hz (Salzer et al., 2011; van Erp, 2008; Verrillo, 1966). Continuous signals seem

to be more effective in shortening reaction times than pulsed vibrations (Salzer et al., 2011). Vibra-

tion thresholds on (hairy) skin have been found to decrease in direct proportion to the transducer

area with a slope of -3 dB per doubling of area (Verrillo, 1966). Vibrotactile feedback has also been

shown to reduce reaction times and improve collision avoidance when used in a forward collision

warning system (Chun et al., 2012).
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Chapter 3

Driver Performance Measures

Driver attention, distraction and inattention can be measured in different ways. One of the more

commonways to measure driving performance is by the use of a simulator of various fidelity, and can

range from simple desktop simulators to full moving platform simulators with surrounding vision,

vibration and audio feedback. Measurements can also be obtained from on-road studies, either in

real traffic or on test tracks, depending on what is of interest to find. However, driving simulators are

often preferred due to their simplicity and safety, making them an ethical choice for measuring driver

performance in dangerous situations. Occlusion tests can also be performed to obtain measurements

of how a secondary task works, for instance a new type of radio station selector. Occlusion tests

mimic off-road glance times and turn the vision on and off at specific intervals, providing information

as to whether the secondary task can be performed safely while driving.

3.1 Measuring Driving Performance

There are several ways of measuring driving performance. One well defined method is Lane Change

Task (ISO 26022:2010; Mattes, 2003), which is a simple driving scenario consisting of three straight

lanes. Signs are placed by the side of the road, and the task is to change lane immediately when

information appears on the sign, see Figure 3.1. The LCT standard makes the sign information

visible 40 m before passing a sign. There are 18 signs placed along each track. Lane changes can

be done from lane to lane, or across two lanes (full road width). The distance between the signs is

varied between 140 – 188 m with a mean distance of 150 m. The standard Lane Change Task uses

a fixed speed of 60 km/h, and since one track is approximately 3 km long, one track takes about 3

minutes to complete.

Figure 3.1: Screenshot of Lane Change Task. In this screenshot, the subject should make a lane

change to the left lane, as indicated by the arrows and crosses on the signs.
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The mean deviation from a reference driving path is measured and thereby differences between

driving cases can be compared, see Figure 3.2. It is often used in conjunction with secondary tasks

to determine how a particular type of secondary task affects driving performance.
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Figure 3.2: A driving performance analysis of LCT data. The dashed line is the reference driving

path and the solid line is the path driven by the subject.

Lane Change Task has been shown to suffer from learning effects (Petzoldt, Bär, Ihle, & Krems, 2011),

but they can be avoided by allowing the subjects to train on the task beforehand. It has been sug-

gested that the subjects should train on at least ten tracks when LCT is used together with a single

task (Heumer & Vollrath, 2012). Once the subject is familiarised with the task, the test procedure

normally include measuring a baseline at the begining and at the end of the test. A baseline is in the

standard defined as a round without any secondary tasks, only driving. Between the baselines, the

conditions to be investigated are tested. The difference between the first and last baselines could in-

dicate some learning effect not eliminated by training. In the two studies in this thesis in which LCT

was used (Paper I and Paper II), another approach was adopted. Instead of using two baselines, one

baseline was used and was regarded as just another test case. This made the baseline appear not only

at the beginning or at the end of the test, but was included in the random order of all test rounds.

While the ISO standard defines the baseline as only driving, in this work, the baseline represented a

reference case in which both driving and secondary tasks were performed simultaneously.

When investigating how signals affect the driver, Lane Change Task could be seen as too easy in

the standardised form since it is more suitable for measuring the impact of different secondary task

loads. In order to make Lane Change Task more demanding, the stationary signs could be replaced

by pop-up signs, so lane changes are harder to predict. This introduces a “higher level of realismwith

regard to relevant safety critical events” (Petzoldt, Graichen, & Krems, 2013). While one approach

to make it more difficult is to remove the signs as suggested (Paper I), another is to increase the travel

speed to make handling more demanding (Paper II).

3.2 Measuring Secondary Task Performance

Surrogate Reference Task (SuRT) (Mattes, 2003) is often used in conjunction with Lane Change Task

to analyse different types of secondary task loads, and to investigate their effects on driving. The

SuRT is then calibrated to give the same load on the driver as for example changing radio station, or

handling the navigation system. Many times, the performance of the secondary task is not analysed,

but simply used as a tool to distract the driver to a certain degree. In this work, the secondary task

performance is of importance, since we want to investigate how 3D signal sounds could be used to

capture attention. The most basic measurement to get from the secondary task is response time. The

error rate is also of interest, since there is a possibility that correctly placed signals could enhance

driver attention, leading to improved accuracy.
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Chapter 4

Summary of Papers

This licentiate thesis consists of three papers, which address the questions set out in the introduction.

This chapter is a summary of the key methodology and findings in these papers.

4.1 Paper I: Positions of Signal Sounds Alter Driving Performance

The first paper investigated how driving performance and secondary task response time are affected
by the signal sound location. The paper was inspired by the work of Shams and Kim (2010) and Ho

and Spence (2005), with the goal of finding how large the effects could be during simulated driving.

This study serves as a baseline for future research regarding virtual 3D signal sounds.

4.1.1 Methodology

In paper I, sound was presented either in front of the subject (congruent to the visual driving task)

or 45° to the right of the subject (congruent to the visual secondary task). The sounds were played

during simulated driving with Lane Change Task (LCT). LCT was modified to use pop-up signs that

only showed when a lane change should be performed, since it makes the task more realistic with

regard to safety critical events. Two sounds were used, one informed the driver of a lane change task

and the other about a new secondary task. The subjects were asked to respond to the information

immediately, either by changing lane or providing an answer to the secondary task. Three cases were

investigated, 1) both signal sounds from the front, 2) spatially separated (lane change sound from

the front and secondary task sound 45° to the right), or 3) both from the right.

4.1.2 Results and Conclusions

An effect was found on driving performance. If both signals appeared from the front, the driving

task was prioritised and the driving performance enhanced, compared to not using sound. The other

signal sound positions did not make a difference to driving performance. No significant effects were

found on response times or error rate for the secondary task.

4.2 Paper II: Response Times for Visual, Auditory and Vibrotactile Directional

Cues in Driver Assistance Systems

Paper II investigated how different combinations of signal modalities affect response times to a sec-

ondary task while driving. This paper was inspired by the review article by Spence (2010a) in which

the author concludes that combining auditory signals with vibrotactile signals can greatly enhance

attention capture and reduce reaction times. The goal was to find how large effects one can expect

while actually driving (in a simulator) as opposed to watching a video of driving. The workload
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experienced by the subject between these studies could differ.

4.2.1 Methodology

Several combinations of signal modalities were investigated. The combinations were visual and au-

ditory, visual and vibrotactile, a combination of all modalities or each modality on its own. The task

consisted of a visual light and loudspeaker on the left and right side of the driver, and the driver

was asked to respond, as quickly as possible, as to on which side the signal appeared. In addition

to the visual and auditory signals, vibrotactile signals were presented on the drivers’ back, either on

the left or right side. Two different signals were investigated. One signal used sound as the primary

means of capturing attention while vibration was used to prolong the signal and allow the driver to

determine its direction. The other signal had the roles of auditory and vibrotactile cues reversed.

The task was performed in combination with Lane Change Task to simulate a driving scenario.

4.2.2 Results and Conclusions

The visual signal alone (or in combination with other modalities) provided the shortest response

time. One reason for this may be the nature of the experiment. The subjects were engaged in the task

and it was difficult to miss any of the visual signals. However, there was no difference in response

time between only auditory and vibrotactile. If short response time is needed, visual signals should

be included. Auditory and/or vibrotactile signals could be added to the visual signal to create a more

robust perception (more difficult to miss information), but the signals must be spatially congruent,

both physically and cognitively. The mean response time when a visual signal was included was

570 ms. For pure auditory or vibrotactile signal the mean response time was 700 ms. The error rate

was consistent in all cases.

4.3 Paper III: 3D-Sound in Car Compartments Based on Loudspeaker Repro-

duction Using Crosstalk Cancellation

This paper investigated how well a crosstalk cancellation filter could work in its most basic form (no

approximations). The first part of the paper is about the crosstalk cancellation in anechoic environ-

ment, which created a baseline on how good the system could be. The second part is built around

implementation in a car compartment, where different loudspeaker positions were used and com-

pared in terms of the magnitude of channel separation, reproduction quality, directional accuracy

and number of front/back confusions.

4.3.1 Methodology

Since the goal was to reproduce information signal sounds in a car, the sound signals were processed

by the filters offline, removing the need for a real time system. This allowed for high resolution

crosstalk cancellation filters (2 Hz resolution, 0 – 12.8 kHz bandwidth). A total of 8 loudspeaker

positions were tested with the system in the anechoic chamber (two distances at 5°, 60°, 90° and

135°, where 0° is straight ahead), where the channel separation could be compared. Three different
loudspeaker positions (dashboard, above the driver and closely behind the driver) were implemented

in the car compartment. The amount of crosstalk cancellation was measured for all three positions.

Due to a high number of singular points in the filter creation, these were removed from the filter

spectrum. A listening test was performed in order to find how well the binaural reproduction was

for each loudspeaker setup with regard to directional accuracy and perceived sound quality. The

binaural sounds (speech and lane departure warning) used in the experiments were recorded with

an artificial head in an anechoic chamber for several angles.
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4.3.2 Results and Conclusions

The crosstalk cancellation system provided an overall channel separation of 30 dB in the frequency

range 500 – 6000 Hz. The channel separation was the same for each loudspeaker position in the

car compartment except at the singular points which were removed from both channels. For some

frequencies, the channel separation was as high as 50 dB. The best quality of reproduction was found

for the loudspeaker placement above the listeners’ ears. For the rear hemisphere, the loudspeakers

located behind the ears did not result in any front/back confusion for the speech sound. This may

be caused by the precedence effect. Surprisingly, the loudspeakers located in front of the subject

resulted in 60 % front/back confusions for the front hemisphere and the same speech sound. The

precedence effect is not seen in this case, and it may be due to the high number of singular points

in the filters produced from the front loudspeaker position. All loudspeaker positions gave a mean

front/back confusion rate of 35 % when using a speech sound signal. When using a lane depar-

ture warning sound signal however, the mean front/back confusion rate was lower (32 %) for the

dashboard and behind the ears placements. The dashboard speakers provided the least variation of

front/back confusion rates for the different sound source angles. The slight differences in front/back

confusion rates were however not significant.
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Chapter 5

Conclusions

The work has provided the following answers to the stated research questions:

— How are driving performance and secondary task performance affected by spatial placement of sound
signals?

Placement of signal sounds plays an important role in attention capture for driving. Paper I showed

that if both driving related sound signals and secondary task sound signals appeared from the front,

the driving task was prioritised and the driving performance was improved. Splitting the attention

between the task or playing both sound signals from the right of the driver did not yield any sign-

ficiant differences. To make signal sounds helpful for driving, they should be placed in front of the

driver.

— To what extent do response times to directional signals during simulated driving change with different
modalities?

Paper II showed a significant difference between multisensory signals with or without a visual com-

ponent. Response time for signals containing visual cues was measured at 570 ms while the mean

response time for signals consisting of only auditory and/or vibrotactile cues was 700 ms. Interest-

ingly, there was no difference in response time between pure auditory and pure vibrotactile signals.

The combination of different modalities did not affect the error rate. Even though the response times

did not change when adding more information to a visual signal, it should still improve the robust-

ness of the system. In the case of real driving, it may be easier to miss a visual signal due to external

distraction, while missing an auditory signal is less probable. If the goal is to add robustness to a crit-

ical warning system, the visual information should not be neglected, but auditory and/or vibrotactile

signals may be added for improved robustness.

— Can crosstalk cancellation be used to reproduce binaural audio in a car compartment?

An offline processed crosstalk cancellation system provided around 30 dB channel separation in the

car compartment, which is enough to reproduce binarual audio. However, the loudspeaker place-

ment played a significant role in the performance of the crosstalk cancellation system. This is due to

the acoustic properties of the space, containing many hard and reflective surfaces. Placements not

carefully selected may give rise to a significant increase in transfer function singularities. This in

turn makes the transformation to a filter difficult, and singular points turn into extremely high gain

at these frequencies. Even when this is compensated for by removing the gain peaks, the perceived

quality of reproduction is significantly lowered.

The reproduction system using crosstalk cancellation provided roughly the same expected result

in front/back confusion as usual headphone listening. Even with excellent crosstalk cancellation,

there will be risks associated with front/back confusion. This is a fundamental problem of binaural

hearing. Problems with front/back confusion should be addressed, especially if localisation critical

signals would be presented.
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Chapter 6

Future Research

Virtual 3D Sound

Paper I showed that driving performance is affected by the placement of signal sounds. This baseline

can be used for investigating the effects of different types of 3D signal sounds in cars. The next

step is to see if the effect is maintained when using virtual 3D sound instead of physically placed

loudspeakers. Furthermore, the reproduction system should be investigated further to make it less

sensitive towards singularities. A detailed comparison between approximative methods and full

spectrum crosstalk cancellation should be performed. The front/back confusion problem needs to

be reduced, either at the reproduction stage or the binaural synthesis stage.

Comparison of Crosstalk Cancellation Methods

Singularities and ill-conditioned crosstalk cancellation filters are unwanted. Could approximations

be more suitable than fine resolution direct inversion filters in a car compartment? It would be of

interest to compare different methods and how they perform in the car compartment. Do approxi-

mations enhance, or limit, reproduction of spatial resolution?

Binaural Synthesis – A Crossmodal Approach

What are the different options for improvement on the binaural synthesis of virtual sound signals? A

crossmodal approach could be reasonable, since the merging of senses should provide a more robust

experience. Visual or vibrotactile feedback could be added to virtual 3D sound. But can it help

in reducing front/back confusions? Does reverberation and movement of a sound source help in

reducing such problems, or are more cues needed in order to determine if sounds are coming from

the front or from the back?

Multisensory Signals

Where are humans most sensitive and receptable for decoding of information from vibrotactile sig-

nals? How could vibrations be implemented in a car to avoid problems with clothing and road

vibrations? Vibrations can be presented in the chair, in the steering wheel or in the seat belt. The

different places could give different effects. Perhaps using vibrations in the steering wheel when sig-

nals should appear in front of the driver and in the chair when sound should be coming from the

back could reduce front/back confusion. What methods can be applied when designing combined

multisensory signals, and what should be taken into consideration in the design process?
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Abstract

Many of the information systems in cars require visual attention, and a way to reduce both visual and cog-

nitive workload could be to use sound. An experiment was designed in order to determine how driving and

secondary task performance are affected by the use of information sound signals and their spatial positions.

The experiment was performed in a driving simulator utilizing Lane Change Task as a driving scenario in

combination with the Surrogate Reference Task as a secondary task. Two different signal sounds with differ-
ent spatial positions informed the driver when a lane change should be made and when a new secondary task

was presented. Driving performance was significantly improved when the lane change sound was presented

in front of the driver compared to not using any sound. No significant effects on secondary task performance

were found.

1 INTRODUCTION

The number of systems in cars that need the driver’s attention increases from year to year. It can be entertain-

ment, 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 an impact on driving perfor-

mance (Blanco, Biever, Gallagher, & Dingus, 2006; Cao et al., 2010; Ho & Spence, 2005; Ho, Tan, & Spence,

2006; Klauer, Dingus, Neale, Sudweeks, & Ramsey, 2006; Lee, 2010; Sodnik, Dicke, Tomazic, & Billinghurst,

2008; Sodnik, Tomazic, Dicke, & Billinghurst, 2008). A risk will then be that the driver does not have full

attention on the road and can thereby miss vital elements in the surrounding. Klauer et al. (2006) found from

an analysis of driving data collected in traffic that drivers engaging in complex tasks can be exposed to three

times higher crash risk than attentive drivers. They also found that visual inattention was the main factor

behind 78 % of the crashes that occured in the study. Blanco et al. (2006) discovered from three on-road stud-

ies 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 perfor-

mance by reducing the situation awareness. The effect was found both when presenting information visually

and audibly.

Shams and Kim (2010) stated that the visual modality generally dominates for spatial tasks, for instance lo-

calization 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 (Ngo

& Spence, 2010). Shams and Kim (2010) 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 (Ho & Spence, 2005; Ho et al., 2006; Sodnik, Dicke, et al., 2008;

Sodnik, Tomazic, et al., 2008). Ho and Spence (2005) examined this by comparing spatial and non-spatial

signal sounds and how it could direct the drivers’ visual attention for situations when a car was rapidly ap-

proaching in front of the 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 be in conflict with the message’s semantics. Lee (2010) performed a study on the effect
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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 give good reasons to believe that driving performance and driver attention may be affected
by sound and its location. It seems promising that using soundmight 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 spatial positioning of sound signals have on driving and secondary

task performance for simulated driving using Lane Change Task (LCT) (ISO 26022:2010; Mattes, 2003) and

Surrogate Reference Task (SuRT) (Mattes, 2003; Petzoldt, Bär, Ihle, & Krems, 2011) 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.

2 METHOD

This experiment used Lane Change Task (LCT) (ISO 26022:2010; Mattes, 2003) which is a simple driving

scenario and a secondary task based on the Surrogate Reference Task (SuRT) (Mattes, 2003; Petzoldt et al.,

2011). A simple driving simulator was used for the driving scenario, consisting of LCT, a projector, a steering

wheel and a secondary task screen, see Figure 1. The experiment was carried out in a sound recording studio

at Luleå University of Technology.

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, approximately 45° to the right of the subject) and loudspeaker setup.

2.1 Lane Change Task (LCT)

LCT has been successfully used for repeatable and accurate retrieval of driving performance measures during

simulated driving (Bruyas et al., 2008; Lundberg & Strålin, 2005; Mattes, 2003; Petzoldt et al., 2011),

and is an ISO standard (ISO 26022:2010). LCT consists of a straight road with 3 lanes. The task in LCT is to

change lane when information is 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 (to the left or to the right, across one
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lane or across two lanes) 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 track is approximately 3000 m (Mattes, 2003). 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. Since driving LCT in its default settings is quite easy, the difficulty of the driving scenario

was increased by limiting the visibility of the signs right until the lane change should be performed, 40 m in

front of the sign. The change of settings have been suggested to make LCT more realistic with regard to safety

critical events (Petzoldt, Graichen, & Krems, 2013). 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.

Figure 2: Screenshot from LCT. In this example, the subject should change to the left lane, as indicated by the

arrow on the signs.

2.1.1 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, for across one lane or two lanes respectively. The

standard deviation from the reference path is used as a measure of driving performance, see Figure 3. The

analysis was only performed in proximity to the signs, starting 40 m before the sign until 55 m after the sign

(example showed as a red square in Figure 3). This was repeated for each of the 18 lane changes (signs). By

only doing the analysis around the signs, random variations on how the subjects positioned themselves within

a lane was reduced. This way, the driving performance measure became more affected by reaction time than

lane keeping performance.

Figure 3: Example of a driving performance analysis. The linear dashed curve is the reference driving path,

while the black curve is the driving path performed by the subject. The deviation between these curves is

used for measuring the driving performance. In this analysis, only the deviation around each sign was used

to measure performance. An example of the area used in the analysis is marked with a translucent red square

(showed for 1 sign only).

2.2 Secondary Task

The secondary task software was based on the Surrogate Reference Task (SuRT) (Mattes, 2003; Petzoldt et al.,

2011). 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 matrix and 66 randomly

selected sections out of 130 contained a circle. Each circle’s position was randomized within a section. This

distribution scheme was utilized to avoid drastic changes in difficulty level and uneven distributions. See
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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, located 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. 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.

Depending on which experiment case was performed, sound was played, or not played, when a new task was

displayed.

Table 1: Parameters used for the secondary task.

Parameter Value

Number of Distractors 65

Distractor Radius 14 px

Target Radius 20 px

Circles’ Thickness 2 px

New Task Delay Time 2-5 s

Screen Resolution 1280 × 1024 px

Screen Size 19 in

Figure 4: Secondary task example screen. The larger circle is located on the left side of the centreline.

2.3 Sound Stimuli

A custom software was written for real-time analysis of output data from LCT to allow sounds to be played

simultaneously when new sign information was displayed. The LCT software remained unchanged. 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 oberserved in Figure 5.

The sounds were selected with spatial properties in mind so that they should be easy to locate. In 1993,

Sanders and McCormick suggests 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 (Blauert, 1996; Feddersen, Sandel, Teas, & Jeffress, 1957) is located in this area, and thus provide high
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Figure 5: Time signal of the (A) driving task sound and (B) secondary task sound.
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Figure 6: A-weighted 1/3 octave band equivalent sound pressure levels of the (A) driving task sound and (B)

secondary task sound.

localization blur (Moore, 2003). Blauert (1996) defined the crossover region as where neither the interau-

ral time difference nor interaural intensity difference contain enough information for localization of a sound

source. Outside this area, the localization blur can go down to as little as 1°. The driving task sound had

its energy peak at approximately 1600 Hz, which is just inside the crossover region, see Figure 6. Catchpole,

McKeown, and Withington (2004) suggested the use of broadband noise for good localization. Since the driv-

ing task sound is mainly transient, the energy distribution can be compared to broadband noise, which has

energy outside the crossover region as well.

It has been suggested by Edworthy, Loxley, and Dennis (1991) 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 6.

Sanders andMcCormick (1993) recommended that the sound signals should have a duration of at least 500ms.

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 5. Since the duration of the driving task sound was

lower than 500 ms (see Figure 5), the equivalent sound pressure level was increased as suggested by Sanders

and McCormick (1993). The A-weighted equivalent sound pressure level for the duration of the sound signal

used during the experiment was 72 dB(A) for the driving task sound and 70 dB(A) for the secondary task

sound. The 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.
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2.4 Experiment Setup

The driving task was projected onto a screen about 4 m in front of the subject. To reduce the background

noise level during the experiment, the projector was placed inside a sound insulated enclosure. The secondary

task screen was located approximately 1 m away from the subject, 45° to the right. Response buttons for the

secondary task were located to the right of the steering wheel, see Figure 7. Loudspeakers were placed at 2

positions:

1 In front of the driver at 1 m distance.

2 Under the secondary task display, 45° to the right, at 1 m distance.

The loudspeaker positions can be seen in Figure 7. 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.

Figure 7: Layout of the simulator setup, with two different loudspeaker positions.

Table 2: Experiment test cases containing both sound source locations congruent and incongruent with the

visual tasks.

Case Driving Task Secondary Task

Baseline No Sound No Sound

1 In Front (1 m) In Front (1 m)

2 In Front (1 m) Secondary Task (45°, 1 m)

3 Secondary Task (45°, 1 m) Secondary Task (45°, 1 m)
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2.5 Subjects

In total, 30 subjects participated in the study, where 5 were female. The mean age was 22 years (σ = 2.4
years). All subjects had a driver’s licence at the time of participation, and the mean possession time was 3

years (σ = 2.6 years). No subject reported any visual impairment that could not be compensated by eye

glasses and all subjects had self-reported normal hearing.

2.6 Driving Test

The driving test consisted of driving while solving the secondary task. The subjects trained on the secondary

task on its own, followed by driving a round on its own. A third training round was performed where the

subjects did both driving and secondary task simultaneously. A randomly selected test case including sound

was used during the combined test round. Training is important since it has been shown that LCT can suffer
from learning effects (Petzoldt et al., 2011). 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.

3 RESULTS

3.1 Driving Test

A repeated-measures ANOVA was performed on the driving performance. The test showed that the differ-
ent sound positions had an effect on driving performance, F(3,87) = 3.270, p = .025, η2 = .101. Mauchly’s

test indicated that the assumption of sphericity was not violated (χ2(5) = 10.003, p > .05). A Bonferroni

corrected pairwise comparison (Table 3) of the repeated-measures ANOVA results showed that lane change

signals played in front of the driver gave significantly better driving performance than the baseline without

sound (p < .05).

Table 3: Pairwise Comparisons of Driving Performance.

95% Confidence Interval
for Difference1

(I) Performance (J) Performance Mean Diff. (I-J) Std. Error Sig.1 Lower Bound Upper Bound

Baseline 1 .0852 .027 0.024 .008 .162
2 .052 .028 0.417 −.026 .131
3 .030 .034 1.000 −.067 .127

1 Baseline −.0852 .027 0.024 −.162 −.008
2 −.033 .020 0.636 −.088 .023
3 −.055 .031 0.507 −.142 .032

2 Baseline −.052 .028 0.417 −.131 .026
1 .033 .020 0.636 −.023 .088
3 −.022 .026 1.000 −.097 .053

3 Baseline −.034 .034 1.000 −.127 .067
1 .055 .031 0.507 −.032 .142
2 .022 .026 1.000 −.053 .097

1Adjustment for multiple comparisons: Bonferroni.
2The mean difference is significant at the 0.05 level.

3.2 Secondary Task

A repeated-measures ANOVA showed no significant differences on secondary task response time, F(3,87) =
.771, p > .05, η2 = .026. Mauchly’s test indicated that the assumption of sphericity was not violated (χ2(5) =

1.469, p > .05). The mean response times for the different cases can be found in Table 4. For the error rate,

a repeated-measures ANOVA showed no differences between the sound locations, F(3,87) = 1.880, p > .05,
η2 = .061. The error rate was maintained at approximately 1 %.

7



Table 4: Mean secondary task response time for the different test cases.
Case Mean (ms) STD (ms)

Baseline 1090 184

1 1087 190

2 1076 192

3 1062 174

4 DISCUSSION

This study showed that LCT can be used as a simple driving simulator to acquire measurable effects of sound
position. However, in this study, the difficulty level of the simulator was adjusted from the default values in

LCT by replacing the stationary signs with popup signs. The analysis of the driving data was only performed

in close proximity of the signs (40 m before to 55 m after), to avoid drastic variations in lane-keeping perfor-

mance. The change in analysis gave more focus on reaction time to lane change information than lane-keeping

performance. Sound sources that are placed in well selected positions could 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 significant improvement of driving compared to not using any sound. How-

ever, 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.

5 CONCLUSIONS

This study showed that playing 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 different positions of the sound source, and by the use of sound overall. The conclusion is

that sound can be used to direct attention to driving. The opposite, that sound could potentially be used to

draw attention away from driving, could not be seen in this study.
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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. In a simulator study, combined visual, auditory and vibrotactile signals for directional attention

capture were designed for use in driver assistance systems. An experiment was conducted in order to measure

the effects of the use of different sensory modalities on attention to driver assistance systems. Attention

was assessed in a driving simulator using Lane Change Task together with a secondary task, designed to

measure response times for multisensory signals. Different combinations of visual, auditory and vibrotactile

signals were tested and compared. Visual signals alone or in combination with other senses provided shortest

response time. Auditory and vibrotactile signals captured attention equally well in terms of response time.

No significant differences in localization error rates were observed.

1 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. These systems could potentially increase inattention

to driving. One way to possibly increase attention and decrease off-road glance time is to combine visual

signals with other 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. A signal combining the senses can lead to reduction of response times from the driver when

re-orienting their attention, as shown by Ho and Spence (2009). 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 (Blanco, Biever, Gallagher, & Dingus, 2006; Cao et al., 2010; Ho & Spence, 2005; Ho, Tan,

& Spence, 2006; Klauer, Dingus, Neale, Sudweeks, & Ramsey, 2006; Lee, 2010; Sodnik, Dicke, Tomazic,

& Billinghurst, 2008; Sodnik, Tomazic, Dicke, & Billinghurst, 2008). Furthermore, visual inattention was

the main factor behind crashes found in a study of driving data collected in traffic, as stated by Klauer et al.

(2006):

“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.”
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Previous research has shown that auditory events help in locating a visual event (Ngo & Spence, 2010). At-

tention in one modality spread to other senses, and may improve attention even if the event is irrelevant to the

main task (Shams & Kim, 2010). Ernst and Bülthoff (2004) stated that several congruent modalities provide a

more robust perception. Cao et al. (2010) 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 only visual warnings. Unsafe behaviour was defined as either an

incorrect reaction to the relevant information, such as changing lane instead of breaking, too slow reaction or

no reaction at all.

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 auditory, vibrotactile, visual 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. In addition, driving performance was measured using Lane Change Task (ISO 26022:2010).

Objective To 1) measure how human response times and error rates for directional cues are affected by dif-

ferent combinations of signal modalities and 2) assess whether the use of the different signals affect
simulator driving performance.

2 METHOD

2.1 Driving Scenario

Lane Change Task (LCT) (ISO 26022:2010) 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 (Mattes, 2003).

The task is to change lane when instructed by signs on the side of the road. Mean deviation between a norma-

tive model and the subject driving course, a standardized measure for LCT, was used as a measure of driving

performance. A simple driving simulator was used consisting of LCT, a projector, a steering wheel and a mod-

ified 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.

To get a measure of driving performance, the recorded driving path is compared to a reference driving path.

According to the standard (ISO 26022:2010), 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, missing to identify a sign and change lane gives a larger

impact on driving performance.

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

arrows on the signs.
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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.

2.2 Multisensory Response Time Task

This experimentmeasured 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 randomly from an even distribution of 10 delay times. All delay times were

linearly distributed in the range of 5580 ms to 16020 ms, in steps of 1160 ms. Each delay time was used once

and the order of the delay times was random for each trial.

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 lights.
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Figure 4: Mounting of shakers in the back of the driver seat for presenting vibrotactile signals to the subject.

The seat padding and clothing were in place during the experiment.

2.3 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

sound (signal B) or vibration (signal A) 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

(Chengalur, Rogers, & Bernard, 2004). 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

(1993) recommended that sound signals should have duration of at least 500 ms for easy localization. In signal

A, a transient vibration signal was used to capture attention and a longer sound signal was added to provide

better localization ability. The opposite was used for signal B, where sound was used to capture attention, and

vibrations for spatial resolution.

The vibration signal was always presented also as low frequency components in the sound, played via sub-

woofers. This was done in order to make the two different modalities more integrated, and to form what in

design theory is called a gestalt. Figure 5 shows the time signals for the different signals. The pause in the

beginning of signal B (vibration sub-signal) was removed when only using vibration.

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 six 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.
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Figure 5: Sound (left column) and vibration (right column) sub-signals of signal A (top row) and signal B

(bottom row)

2.4 Experiment Setup

The driving task was projected onto a screen 3.7m in front of the subject. The projected display was 55” in a 4:3

aspect ratio. The audio-visual indicators were positioned based on the location of the left BLIS inside a Volvo

XC90. The indicators were placed symmetrically mirrored around themedian plane of the subject; see Figure 6

for a drawing of the layout. This allowed for fewer discrepancies of the sound level calibration, and also the

viewing angle to the visual lights. 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)

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)

Throughout the rest of the paper, the case of an only visual indication is considered to be the baseline. The

pure visual signal consisted of static light only. All other combinations were used for both Signal A and Signal

B (see Figure 5), 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.
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Figure 6: Experiment layout overview. Visual indicators together with loudspeakers were symmetrically

placed to the left and right side of the subject. Subwoofers were placed behind the audio-visual indicators.

Dimensions are in centimetres.

2.5 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 (σ = 9.5 years). All subjects had self-reported normal

hearing and normal, or corrected-to-normal, vision. A total of 9 subjects wore vision correction in the form of

either glasses or lenses.

All subjects started the experiment by determining a comfortable level of the tactile 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 through-

out 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 order of the signal combinations was randomized for

each subject. The subjects got a short pause after completing the training to avoid fatigue. The main test was

performed the same way as the training, except for a new randomized signal combination order and driving

full length tracks, which allowed 10 – 11 signals to be repeated during the drive. In addition, the subjects rated

an overall workload (Miller, 2001) for each signal. The subjects received a cinema ticket as compensation.

3 RESULTS

A repeated-measures ANOVA showed significant differences in response times, F(10, 160) = 38.492, p < .05,
η2 = .706. Mauchly’s test indicated that the assumption of sphericity was not violated (χ2(54) = 48.014, p >
.05). A Bonferroni corrected pairwise comparison was performed which showed that all signal combinations

containing visual information gave shorter response times compared to those without visual information (95%

confidence level). The case where only vibrotactile signal B was used gave significantly longer response times

than all other conditions. The mean response times (on group level) can be observed in Figure 7.

Mauchly’s test indicated that the assumption of sphericity for the error rate had been violated (χ2(54) = 0,

p < .05), therefore the degrees of freedom were corrected using Greenhouse-Geisser estimates of sphericity

(ε = .382). The results did not show any significant differences in error rate by the use of different modalities,

F(3.823, 61.168) = .749, p > .05, η2 = .045. The error rate was around 1 % for all test signals.
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Figure 7: Mean secondary task response times on group level for the different signals. Units are in millisec-

onds.

No significant differences in self-assessment of overall workload were found (repeatedmeasures ANOVA, F(10,

160) = 1.085, p > .05, η2 = .063). Mauchly’s test indicated that the assumption of sphericity was not violated

(χ2(54) = 83.584, p > .05).

A repeated-measures ANOVA showed no significant differences on driving performance for the different sig-
nal combinations, F(10, 160) = 1.686, p = .088, η2 = .761. Mauchly’s test indicated that the assumption of

sphericity was not violated (χ2(54) = 68.472, p > .05).

4 CONCLUSION

In this test, the use of visual lights as an indicator provided the shortest response times. The response times

did not change significantly (95 % confidence level) when adding sound and/or vibrations to the visual in-

formation. The subjects were focused on the task and therefore the risk of missing a visual signal was small,

and therefore the attention capturing properties of sound and vibration signals did not affect the results. In-

terestingly, there were no significant differences in either response time or direction error rate between only

using sound compared to only using vibrations. It seems that both auditory and vibrotactile signals are good

candidates for directional information. There were no difference 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 vi-

brotactile feedback was presented at the back/side of the subject, while the auditory was presented from the

front/side. Spence (2010) 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 congru-

ent to their exact location. However, while the vibrotactile signals were correctly perceived on either left or

right side, they were presented to the back of the subjects, while the visual/auditory were presented from the

front. These 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, vibrotactile) did not alter driv-

ing performance. Differences in attention caused by the different signals in the multisensory response time

task were not large enough to induce measurable differences in performance of the lane change task. Neither

did the subjects experience any significant differences in their self-assessed overall workload.
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However, since the choice of modalities affected the performance on the multisensory 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. Sounds and vibrations have potential to help in assuring that signals will not be missed, even though it

has not been shown in this study. Since visual signals are most effective in reducing response times, it should

be included in a signal if reaction time is of importance. The mean response time for signals containing visual

cues was 570 ms and the mean response time for signals with only auditory and/or vibrotactile cues was

700 ms. Error rates were the same for all signal modalities, so unless short reaction time is important, pure

auditory or vibrotactile signals may be used for providing directional information.
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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
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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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