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Summary

Driving safety is an extremely crucial aspect and the pressing business to reduce traffic
fatalities has been increasingly highlighted in recent years, as indicated by the World
Health Organization (WHO). This global urgency emphasizes the necessity of solution
technologies to realize safer and more comfortable worldwide driving environments.
Several advanced technologies, such as Advanced Driver-Assistance Systems (ADAS)
and intelligent transportation systems (ITS), assist in safe driving by detecting poten-
tial risks and informing the drivers in advance coordinating between people, vehicles,
and infrastructure. An autonomous driving system has become a reality in recent years
through these technologies by which various functions have been devised to realize safe
and comfortable driving. These latest technologies have been diversifying the infor-
mation conveyed to drivers. Therefore, it is necessary to consider optimal information
presentation methods, which takes into account the driver’s driving situation.

Auditory signals have been taken the advantage of informing users of changes in a
variety of events by hearing cues. The auditory signals have been also utilized in the au-
tomobile classically called in-vehicle auditory signals. However, the use of simple beep
sounds has remained prevalent for a long term without much innovation. Especially,
the in-vehicle auditory signals need to be designed diversely to promote an intuitive
understanding of the content because the increment of electric systems in automobiles
ever-increase the information to convey to drivers. Fundamental innovations based on
various sound elements and human perceptions are required to achieve an in-vehicle
auditory signal that communicates information in intuitive and natural manners.

This dissertation aims to realize a universal design of ideal in-vehicle auditory sig-
nals to present information according to danger levels intuitively with various sound
elements and proposes methodologies that will serve as a foundation for such a univer-
sal design. The research subjects focus on methods of realizing directional perceptions,
tone design based on the danger level of surroundings, and supporting multiple events
in the special acoustic space of driving. Therefore, this dissertation addresses the fol-
lowing points to maximize the potential of intuitive in-vehicle auditory signals.

* How to communicate the direction of dangers by in-vehicle auditory signals

* How to communicate information appropriately according to the level of danger
by in-vehicle auditory signals

* How to communicate multiple simultaneous events by in-vehicle auditory signals
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The in-vehicle auditory signals ought to install directional perception to be intu-
itively aware of the information outside the conscious mind of drivers. Sound reflections
exist inside the car due to several special shapes and materials, which seem to influence
the 3D sound perception of drivers. However, there were no reports of platforms eas-
ily evaluating the effects of sound reflection on 3D sound perception in detail. This
dissertation presents a platform designed to evaluate the impact of synthetic reflection
on 3D sound perception. This proposed platform utilizes Head-Related Transfer Func-
tions (HRTFs) to implement sound reflections by imaginary sound sources as well as
direct arriving sounds from sound sources. This implementation method allows users to
assess the impact of sound reflections on the directional perceptions of sound sources.
The experiment is conducted to verify the usefulness of the proposed platform with an
evaluation of differences in the sense of forward and backward sound sources with and
without sound reflections. The results show the influences of sound reflections varied
according to the direction of sound reflections and the types of sound sources, which
verifies that the proposed platform is expected to reveal how different reflected sounds
including reflections in vehicles affect the perception of sound direction in the future.

The intuitive in-vehicle auditory signals need to provide quick and correct commu-
nication with the hazardous information to drivers since the information to be com-
municated has diversified from low to high risks. On the other hand, the traditional
design of in-vehicle auditory signals with a simple structure as monotonous beeps could
cause misperception and discomfort for drivers. This dissertation explores designs for
in-vehicle auditory signals to enhance driver intuitive awareness via danger perception.
This research classifies in-vehicle auditory signals into three danger levels: warning,
caution, and advisory, and then redesigns several samples of in-vehicle auditory signals
based on musical and acoustic elements for intuitive communication with a driver, espe-
cially caution signals for dangerous situations and advisory signals for potential dangers
with comfortable sounds. The redesigned in-vehicle auditory signals are evaluated by
questionnaire and principal component analysis to demonstrate that the redesigned in-
vehicle auditory signals improve intuitive awareness and to summarize the outline set-
tings of sound elements as a guideline example for global design in designing in-vehicle
auditory signals according to hazard levels.

In an ever-changing driving environment, different levels of hazard occur simul-
taneously. In-vehicle auditory signals are required to convey multiple risks to drivers
according to the level of hazard in the driving environment. This dissertation proposes
an in-vehicle auditory signal to distinguish among multiple potential collision risks due
to focusing on pedestrians. Conventionally, the methods including 3D sound local-
ization and tone designs for various hazards allow drivers to distinguish among multi-
ple sounds easily and recognize risks from various angles simultaneously. However, if
several sounds reach drivers to convey multiple risks from almost the same direction,
drivers cannot judge multiple risks, such as pedestrians. The proposed methods tackle
this problem by shifting the frequency and onset timing of the in-vehicle auditory sig-



nals enabling drivers to differentiate among multiple pedestrians in the blind spot of
drivers based on Time-To-Collision (TTC) — the time remaining before a potential col-
lision such as a pedestrian. The experiment evaluates the ability to decompose multiple
signals with and without proposed methods. The results of experiments demonstrate
a notable improvement in the proposed methods compared to conventional in-vehicle
auditory signals, primarily due to the onset timing adjustments rather than frequency
changes.
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Chapter 1

Introduction

The advent of automobiles has profoundly revolutionized human society by enriching
lives in countless ways. The ability to travel to previously unreachable places within
a short period all while being safely enclosed in a sturdy and attractive exterior has
transformed mobility domains. Driving is no longer merely a means of transportation
and has become a source of leisure racing through natural landscapes or participating
in motorsports. However, alongside these advancements lies the grim reality of count-
less lives lost in automobile accidents. Humanity has continually strived to combat
this major challenge and produced numerous safety technologies. To hold driving plea-
sure while mitigating the risks of accidents, innovative driver assistance systems have
been brought to life that engage various human senses. Among these techniques, audi-
tory cues play a particularly important role in improving driving safety and awareness,
known as in-vehicle auditory signals. Various research including this dissertation aims
to alert drivers to surrounding dangers without disrupting their visual focus on driving
operation by conveying critical information through auditory cues while simultaneously
enhancing the sense of immersion that is feasible for driving pleasure. Consequently,
this chapter introduces the background of a wide range of automotive safety technolo-
gies and then discusses in-vehicle auditory signals with their challenges and ideal ver-
sions. Above this description, the research scope of this dissertation is stated as research
questions.

1.1 Background

Safety has always been one of the top priorities in the development of automotive tech-
nology. In fact, Fig. 1.1, in which horizontal and vertical axes indicate years and the
number of fatalities from vehicle accidents respectively, shows more than a million peo-
ple have been dead in traffic accidents each year [1,6]. The World Health Organization
(WHO) also reported that the global goal to halve road traffic deaths by the Decade of
Action for Road Safety 2011-2020 was unfortunately not archived at the end of 2021,
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Figure 1.1: Annual deaths from road incidents in the world [1].

whereas some few countries accomplished the goal with results of great efforts [7]. On
the contrary, death rates from traffic accidents increased in many low-income countries
over the last decade such as African regions [8]. Moreover, developments in automated
driving technology underscore the importance of safety these days [9]. For these rea-
sons, further attempts are required across various disciplines to decrease death rates
from traffic accidents and to realize safer and more comfortable worldwide driving en-
vironments.

To overcome these challenges, several technologies have been developed to gener-
alize safe driving in recent days, called Advanced Driver-Assistance Systems (ADAS)
[10-12]. These advanced technologies are prevailing systems that support safe driving
by detecting potential risks and informing the drivers beforehand. The field of ADAS
has developed significantly into more complex assistive functions that are applied to a
wider range of applications. It has matured with a significant increase in its user base
due to market penetration. Even personalization methods of ADAS have been proposed
to achieve optimal driving experiments [13]. Such systems can work in conjunction with
the surrounding infrastructure and feedback of driver’s operations to achieve even more
safety features to reduce the burden on the driver, as illustrated in Fig. 1.2 which repre-
sents an example of vehicle systems, infrastructure, and feedback of driver’s operations
in coordination with each other to present information to the driver by a display. For
instance, the information detected by sensors or other means in the surrounding infras-
tructure can provide positions of vehicles and pedestrians that are difficult for drivers
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to see. This coordination between people, vehicles, and infrastructure are collectively
known as intelligent transportation systems (ITS) [14], and it constantly utilizes state-
of-the-art communicating information and control technologies to optimize road traffic,
while at the same time eliminating accidents and traffic congestion, saving energy, and
coexisting with the environment [15]. The destination of such a story with these driving
assistant systems is an autonomous driving system [16, 17].

Autonomous transport of people by vehicles was a dream in the past, but it has be-
come a reality in recent years. There are six levels of automated driving ranging from
0 (no automation) to 5 (full automation) according to the Society of Automotive Engi-
neers (SAE) [5], and various studies are underway to realize each level depending on
situations and technologies. Table 1.1 categorizes automation levels with a main opera-
tor based on the description of the driver and system’s role. These roles can be divided
into three categories: (1) primary tasks involve direct vehicle control, such as steering
and braking; (2) secondary tasks are related to maintaining essential safety features, like
using turn signals and windshield wipers; and (3) tertiary tasks encompass other func-
tions that contribute to comfort [18]. The primary responsibility for vehicle operation
remains with the human driver up to level 2, the vehicle itself takes on the main opera-
tional tasks from level 3 onward. The driving assistant systems including ADAS apply
to levels 1 to 2 in which the main operation remains with the human driver. In level 3,
passengers need to intervene in driving operations when any troubles occur suddenly,
which is called a Take-Over Request (TOR). As inadequate TOR indication can cause
accidents due to delayed transitions, many researchers have been exploring appropriate
methods for TOR [19, 20]. At levels 4 and 5, occupants are expected to have a ba-
sic understanding of the autonomous driving system rather than the skills required for
manual driving operation. As a result, it is anticipated that traditional driver’s licenses
may no longer be necessary. On the other hand, fully automated driving has various
challenges and it is also said that not all activities can be replaced by fully automated
driving because of factors such as sensor and camera performance, regulatory and safety
restrictions, the long-standing use of level 2 and lower technologies in the market, and
driving itself becoming a hobby. Manual driving will not disappear anytime soon, and
autonomous and manual driving will coexist on public roads or be restricted to des-
ignated areas. In these circumstances, the continued development of driver-assistance
technologies at levels 1-2, such as ADAS, which primarily supports the human driver,
is expected to remain crucial.

When considering driver assistance, it is essential to establish information presenta-
tion methods for drivers to improve their safety and comfort in driving. Currently, re-
search is being conducted on various presentation methods, such as using visual, aural,
tactile, and olfaction senses, with balance and preconception as well as combinations
thereof [21]. Table 1.2 summarizes the types of human perceptions and examples of
methods to present information to drivers. Visual information, for instance, is presented
through displays mounted at the steering wheel [22] and dashboard [23]. Head-Up Dis-
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Table 1.1: Levels of autonomous driving [5].

Automation level \ Name \ Description Operator
0 No automation The driver is responsible | Driver
for all vehicle control as-
pects.
1 Driver assistance The driver has full con- | Driver

trol of the vehicle, and the
automated driving system
provides functions such as
lane-keeping assist.

2 Partial automation The automated system can | Driver
take control of vehicle
functions including accel-
erating, braking, and steer-
ing. The driver is required
to constantly monitor the
possibility of intervention
by the automated driving
system.

3 Conditional automation | The automated system | System
takes over the vehicle’s
functions.  The driver’s
presence is required, how-
ever, no need to constantly
monitor the automated
driving system.

4 High automation Automated driving sys- | System
tems can perform all
driving functions under
certain conditions.  The
driver’s control of the
vehicle will be optional.

5 Full automation Automated driving sys- | System
tems are fully automated
under all circumstances.
The driver intervention is
not required.
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Figure 1.2: A schematic picture of driving assistant technologies.

Table 1.2: Presentation methods with human perceptions.

Types of perceptions || Examples of presentation methods |
Visual Head-Up Display (HUD), Head-Mounted Display (HMD)
Aural Speech, Auditory icons, Earcon

Tactile Vibration of steering wheels and driver’s seats

Olfaction Smell associated with presentation information

play (HUD) [24] and Head-Mounted Display (HMD) with Augmented Reality (AR)
techniques [25] are used to communicate information efficiently to drivers. In the case
of aural cues, short sounds are used with the composition of parts of existing sounds rep-
resenting objects and arbitrary synthetic sounds, which are called Auditory icons [26]
and Earcon [27]. The tactile methods reach out to drivers with such vibrations of steer-
ing wheels and driver’s seats [28,29]. Some studies attempt to utilize olfaction to convey
information [30].

Among various information presentation methods, visual or aural cues are predom-
inant because other methods are not sufficiently clear about how much information can
be transmitted reliably and properly perceived by the stimuli. For this aspect, visual and
aural cues are often compared to which method is proper according to the driving situ-
ation [31,32]. These studies mentioned that visual cues assist drivers more accurately,
whereas aural cues support quicker notifications and responses. On the other hand, ex-
cessive trust in visual-based systems can overwhelm drivers by adding too many visual
tasks as the drivers concentrate on the driving operation with their eyesight [33,34]. This
can lead to driver fatigue, especially if they are required to monitor their surroundings
continuously and follow visual cues simultaneously. In fact the work in [35] pointed
out that visual information could lead to accidents by guiding the driver’s eyesight to
the display mounted in the cars. Moreover, novice drivers may be more susceptible to
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distractions from visual guidance, as they might focus more on the system’s sugges-
tions rather than the road itself. As a result, visual-based ADAS supports may not be
ideal for drivers during driving. It is important to prioritize only essential monitoring
tasks and propose alternative methods of assistance that reduce the reliance on visual
input, particularly for less experienced drivers, to alleviate their cognitive load. From
these points, aural cues are featured in driving situations as a safe and intuitive means of
presenting information in driving. Additionally, there is an aural cue using brief speech
messages. However, these methods are not critical for in-vehicle safety systems because
the speech messages take a long time to concentrate on the contents until the end of the
messages, which causes strong stress and no time to take action to avoid danger [36].
Therefore, this dissertation focuses on the aural cues of brief synthetic sounds such
as Auditory icons and Earcon to communicate information in driving, which is called
in-vehicle auditory signals.

1.2 In-Vehicle Auditory Signals

This section describes the background of in-vehicle auditory signals, which are aural
cues featured as a safe and intuitive means of presenting information in driving situa-
tions, and proposes ideal in-vehicle auditory signals called intuitive in-vehicle auditory
signals in this dissertation. First, challenges of in-vehicle auditory signals are intro-
duced. Next, a flow of information transmission by auditory signals is introduced to
consider ideal in-vehicle auditory signals. Then, the functions needed to achieve intu-
itive in-vehicle auditory signals are discussed.

1.2.1 Challenges for In-Vehicle Auditory Signals

Auditory signals have been taken advantage of informing users of changes in events
by hearing cues in a variety of situations. For familiar instance, home appliances emit
audible cues [37] when a control button is pressed, or provide an audible warning of
an abnormality in the equipment. Then the auditory signals have been utilized in the
automobile classically [38], called as in-vehicle auditory signals. However, the use of
simple beep sounds has remained prevalent in consumer electronics and user interfaces
for at least a decade without much innovation by 2016 according to the surveys of
[39]. Their work introduced the use of melodies, voice prompts, and synthetic tones to
provide users with more diverse auditory cues, intending to improve user awareness and
create a richer auditory experience.

The in-vehicle auditory signals are recommended to be complex tones and less
monotonous sounds [40]. Especially, the information to convey to drivers has been
increasing gradually due to the increment of electric systems in automobiles, which is
an ever-increasing trend according to the work in [2] as illustrated in Fig. 1.3 show-
ing a pie chart of the increasing of electronic systems in the cost of a vehicle. For this
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Figure 1.3: The trends of the percentage of electronic systems in the cost of automobiles

[2].

factor, the in-vehicle auditory signals ought to be designed diversely from the simple
beep sounds for an intuitive understanding of the content of information accurately and
immediately. Moreover, in-vehicle auditory signals consisting of mainly beeps that are
strongly focused on attracting the driver’s attention can cause stress by the impression
of great danger, even though the danger is of low level. This also creates the problem
of turning off the function of the in-vehicle auditory signals itself by drivers. Thus,
in-vehicle auditory signals require a fundamental re-innovation and a next-generation
framework based on various sound elements, such as acoustic characteristics and music
theory to cope with the context of driving scenarios in which the level of danger in the
surroundings varies frequently [41]. However, composing sounds based on the percep-
tion of sound requires a great deal of experience and knowledge, as well as knowledge
of automobiles. It is not easy to train such personnel on a site-by-site basis. Therefore,
the above problems could be solved if there were some kind of guidelines for in-vehicle
auditory signals that anyone could easily use to present information according to the
degree of danger intuitively. In fact, several studies such as [42] have even emphasized
the requirement for universal designs of in-vehicle auditory signals, which focused on
the effectiveness of various sound elements.

1.2.2 A Flow of Information Transmission by Auditory Signals

Aural cues have been used since ancient times to understand information about human
surroundings. To consider ideal in-vehicle auditory signals, a basic flow of information
transmission by aural cues is introduced here. Fig. 1.4 shows a summary of the flow
of information transmission by auditory signals, divided into three parts: sound envi-
ronments, human perception, and behavior induced by sound. Based on each part, the
factors that affect sound transmission are discussed.

Sounds generally travel from sound sources to human ears through various media-
tors such as air. During this transmission, these mediators influence the sound features
by the time they reach human ears. If obstacles exist between the way of sound sources
and human ears, diffraction [43] will occur by the obstacles, which may result in the
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Figure 1.4: A flow of information transmission by auditory signals.

volume level of sound decreased and the sound waves changed by the phenomenon. In
addition, as sounds do not only reach human ears directly, it is necessary to consider
sound reflections and absorption caused by surrounding substances such as walls and
ceilings [44]. As if the number of sound sources would increase by sound reflections,
it is also needed to analyze the influence between directly reached sound and reflected
sounds. Reflective mediums also could vary volume attenuation and change in sound
shape with each reflection and absorption. Additionally, no sound exists alone in this
real world, which can express that there are many sounds all around in other words. In
this plenty-of-sound space, humans try to focus on the target sound source. However,
sound identification might be difficult if the volume of background sounds is too large
than the target sound, which is known as the masking phenomenon [45]. Thus, it is nec-
essary to design auditory signals to take into account the surrounding sound, or noise,
to deliver the desired sound to listeners. The ratio of the target sound and noise is also
called the signal-to-noise (S/N) ratio, many researchers and sound designers have been
working on improving the S/N ratio to situations [46,47].

After the auditory signals reach human ears to overcome the factors in sound envi-
ronments mentioned above, the sound is collected by the auricle as air vibrations and
transmitted through the ear canal to the eardrum. The air vibrations cause the eardrum
to vibrate, which is amplified by the ossicles of the ear, and the cochlea in the inner ear
converts the vibrations into electrical signals that are then transmitted to the brain [48].
At this time, humans do not always accurately perceive the physical sounds occurring
in the external world. Humans constantly create shortcuts to understanding information
by adding interpretations to what they hear and aligning things based on past experi-
ences and memories in addition to information from other sense organs [49]. This is a
necessary cognitive mechanism for the brain to perceive the external world as quickly
as possible. In ohter words, even if using a sound that is easy to hear as a physical
phenomenon, it only means that it is easy to hear in the notice stage, and it does not
necessarily promote human response or cognition to the sound. Therefore, auditory sig-
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Figure 1.5: Redesigns from traditional in-vehicle auditory signals (e.g., beeps) to new-
generational in-vehicle auditory signals with easy understanding of directions, danger
levels of risk factors, and multiple events in driving surroundings.

nals should be carefully designed considering the differences between physical sound
and human perception of sound, such as this illusion.

After the auditory signals reach human brains in which the signals are interpreted,
humans act on that interpretation. It is necessary to design auditory signals with an
awareness of how people behave and evaluate the ability of the function properly to
achieve effective auditory signals. Therefore, it is important to design the auditory sig-
nal from retroactively the sound transmission discussed so far, starting from the actual
behavior caused by sound and considering the interpretation of sound and the influence
of the sound environment.

1.2.3 Intuitive In-Vehicle Auditory Signals

This dissertation aims to realize a universal design of ideal in-vehicle auditory signals
to present information according to the degree of danger intuitively with various sound
elements and proposes methodologies that will serve as a foundation for such a uni-
versal design. This ideal in-vehicle auditory signals called intuitive in-vehicle auditory
signals (right figure) here are illustrated as an overall goal in Fig. 1.5 compared with tra-
ditional in-vehicle auditory signals (left figure). Traditional in-vehicle auditory signals
(left figure) stereotypically consist of simple beeps, which are not effective in communi-
cating necessary information to the driver and can even cause stress and fatigue through
miscommunication while driving. These signals can result in misunderstandings, con-
fusion, slower reaction times, and increasing the risk of accidents. Thus, intuitive in-
vehicle auditory signals ought to be designed for easy understanding of surroundings,
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which is tailored to various driving scenarios [50,51]. Also, these intuitive in-vehicle
auditory signals ought to be evaluated repeatedly using a virtual environment in which
safety is ensured [52, 53], and to realize the intended functions set according to driv-
ing scenarios. Then, intuitive in-vehicle auditory signals fulfill the natural presentation
of information from vehicles to drivers through intuitive sounds immediately and ac-
curately, not interfering with other activities while driving to be free of impressions
appropriate to situations.

The main features required to achieve an intuitive in-vehicle auditory signal are as
follows. If the direction of information can be determined from auditory signals, it is
useful for guiding the driver’s line of sight, which is an advantage over other sensory
organs [36]. In addition, proper sound tonal designs for in-vehicle auditory signals based
on acoustic elements and music theory may enhance driver awareness by facilitating the
determination of which risk factors to priority focus on and may realize comfortable
environments in driving [41]. Furthermore, it would be more helpful if the in-vehicle
auditory signal could distinguish between multiple events such as those present in actual
driving [54]. Considerations for achieving each of these functions are described below.

Directional Perception

Directional perception is effective for in-vehicle auditory signals because the aural sense
immediately provides an approximate direction of sound sources. This is the advantage
that other senses can not easily present. This is why some studies [55, 56] suggest that
the in-vehicle auditory signals are designed to realize the directional perception as 3D
sound depending on the purpose of promoting an understanding of where the incidents
come from. On the other hand, it should be noted that this directional perception is an
example of the difference between physical and human sound perception. As humans
acquire directional perception as they grow from birth, various empirical rules and en-
vironmental information influence this directional perception [57]. Human ears are also
dull concerning distances of sound sources in addition to sound directions, listeners tend
to overestimate distances that are less than 1.5 m and underestimate distances that are
greater than 1.5 m [58].

Background noises and reflected sounds also even fluctuate this positional percep-
tion. In driving situations, many sounds exist inside and outside of cars, including the
noise of other vehicles, wind sounds, engine noises, speaking voices, and so on. There-
fore, in-vehicle auditory signals are required to reach the ears of the driver to overcome
these noises such as the work in [59]. Moreover, there are several special shapes and
materials including window glass and cushions, which create unusual sound fields with
attenuation and absorption when reflected. Designs of in-vehicle auditory signals are
demanded to achieve the intended effect with consideration of acoustic features special-
ized inside a car [60,61]. The in-vehicle auditory signals are designed considering these
perceptual differences to be mounted 3D sound effects.

At the time of implementation, acoustic devices could be equipped to realize di-
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rectional perception for in-vehicle auditory signals while paying attention to acoustic
features and background noises mentioned above. The points for choices of acoustic
devices are position and performance, especially in automobiles. Available spaces are
limited for acoustic devices in automobiles which is not so wide because other devices
for driving systems occupy a lot of space. For this reason, it is necessary to carefully
choose the equipped position of acoustic devices with the balance of distances from
human ears and the range of occupation in automobiles, which greatly influences the
positional perception of a sound source. The performance of acoustic devices is im-
portant needless to point out. Sound qualities ought to be guaranteed to convey the
information with auditory signals. On the other hand, an acoustic device producing
high-quality sounds tends to be bigger in size, and high-quality devices also might be
expensive. The balance between performance, device size, and cost might be raised as
a problem in the case of the implementation. The number of acoustic devices is also an
important factor in the implementation. If more realistic sound quality is desired such
as feeling of solidity, the number of acoustic devices needs to be incremented. In this
case, the balance between performance, device numbers, and cost might also be raised
as a problem.

Tone Design

Impressions of sound tone should be noted in designs of intuitive in-vehicle auditory
signals to enhance the driver’s danger awareness based on human physiology and psy-
chology. Humans perceive some sounds commonly in terms of impressions, while oth-
ers vary from person to person depending on personality such as memory and culture.
After ensuring certain functions by realizing generally common sound impressions with
physiologically based sound elements, various sound decorations are possible by cus-
tomizing the tones to suit individual backgrounds and emotions [62]. Several studies
such as [42] have even emphasized the requirement for universal designs of in-vehicle
auditory signals, which focused on the effectiveness of various sound elements.

Impressions of sound tone fluctuate depending on the context of the surroundings in
some cases. Especially, the driving situation keeps changing from time to time. Accord-
ing to ISO 15006 [63], the specifications for in-vehicle auditory presentation establish
several factors of success for auditory signals for driving. The success factors include
comprehensibility which defines the characteristics of an auditory signal allowing the
driver to understand its meaning in the context of the situation. Because of this, appro-
priate designs of sound impressions are needed to adapt to changing ambient conditions
in driving to promote understanding of the information contents.

Supporting Multiple Events

In the driving environment, there is always more than one piece of information to con-
vey. It is necessary to effectively convey information by in-vehicle auditory signals in
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a driving situation where multiple events are occurring. The human ear can selectively
extract and discriminate a sound from multiple sounds, which is known as the cocktail
party effect [64]. By using such an ability, they are able to distinguish and hear multiple
sounds.

There is a limit to the resolution at which humans can distinguish sounds. These lim-
its of sound resolution depend on various elements of sound. For instance, humans can
differentiate sounds with temporal modulations occurring up to about 20 — 50 Hz under
optimal conditions and spatial separation to distinguish concurrent sounds. It will be
necessary to analyze the resolution and set the optimal function according to the acous-
tic characteristics of the actual in-vehicle auditory signals and the desired information
to be conveyed.

1.3 Research Questions and Approaches

This section describes the remaining research questions to maximize the potential of
intuitive in-vehicle auditory signals and proposes methodologies that provides a foun-
dation for the universal design of intuitive in-vehicle auditory signals in response to
these challenges. Fig. 1.6 shows the scope of this dissertation, which considered design
methodologies of intuitive in-vehicle auditory signals based on three functions that are
mentioned in the previous section. This dissertation addresses three questions regarding
three key points for intuitive in-vehicle auditory signals.

Question 1: How could the direction of danger be communicated by in-vehicle
auditory signals?

The directional perceptions should be installed on intuitive in-vehicle auditory signals
because this is an advantage of the aural sense over other sensory organs. Multiple loud-
speakers must be used to provide directional perception by in-vehicle auditory signals,
however, the space and budget in an automobile are limited. Directional perception
must be realized with a certain degree of accuracy in limited computational resources.
Sound reflections also exist in automobiles because of several special shapes and mate-
rials, including window glass and cushions, which can influence directional perceptions
of artificial sound sources such as auditory signals in three dimensions [65, 66]. Thus
it is important to evaluate the effect of sound reflections on the three-dimensionality of
auditory signals in an automobile where various sound reflections exist. However, the
detailed effects of sound reflections have not been clarified on the perception of sound
directions, and few studies report on sound reflections with limited evaluations [67].
Safety-assistive technologies for driving need to be evaluated in a virtual environ-
ment, such as a driving simulator, to ensure safety before implementation. For this rea-
son, a platform is needed to allow for a deeper assessment of sound directional percep-
tion with sound reflections in virtual spaces for the goal of fulfilling intuitive in-vehicle
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Figure 1.6: Study scope of this dissertation.

auditory signals where directional perceptions are installed. However, there are still no
reports on a virtual environment in which the effect of reflections on 3D sound percep-
tions can be easily evaluated. Therefore, this research proposes a platform designed to
evaluate the effect of reflections on 3D sound perceptions in the virtual environment to
aim to realize auditory signals with 3D sound in automobiles, which consider situations
with limited computational resources.

Question 2: How could in-vehicle auditory signals be composed for suitable per-
ception depending on danger levels?

Intuitive in-vehicle auditory signals require to be designed with various sound elements
to quickly identify and respond to surrounding hazards. However, the traditional in-
vehicle auditory signals tend to be monotonous beep sounds to inform simply the driver
of occurring danger factors, which is difficult to understand various information. Hu-
mans continually add interpretations to the aural information based on their memories
and cultural backgrounds, which makes it difficult to implement a wide variety of sounds
based on assessing what sounds effectively communicate for humans. Thus, this prob-
lem can be solved by initially focusing on the senses that humans generally have in
common based on music theory and psychoacoustic. Then, the senses of individual
experience and memory can be used to improve the comfort of auditory signals and
optimize their function.

It seems to be effective to design in-vehicle auditory signals by classifying them
according to the danger levels of the information to be conveyed when using the senses
that humans generally have based on music theory and psychoacoustics in the presenta-
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tion of information. This is because music theory has an aspect of a stepwise structure to
systematize as the theory whereas sound has a continuous aspect. Therefore, this disser-
tation classifies the feature of in-vehicle auditory signals into stepwise danger levels and
then explores suitable sound elements for each danger level based on music theory and
psychoacoustic. Through summaries of explored sound elements, this dissertation con-
tributes to realizing a foundation for a universal design of intuitive in-vehicle auditory
signals.

Question 3: How could the multiple simultaneous events be communicated by in-
vehicle auditory signals?

In the driving environment, there is always more than one event to convey. In an ever-
changing driving environment, information on various levels of danger exists simultane-
ously. Itis necessary to consider a method and a framework on how to effectively convey
information with in-vehicle auditory signals according to the danger levels based on the
variable segregation abilities of humans of each sound element in a driving situation
where multiple events are occurring.

As a means of distinguishing between multiple sounds, it may be effective to add
3D sound localization and different sound impressions based on levels of danger as de-
scribed so far. However, there are driving scenarios that cannot be resolved by these
methods. For instance, if information on the close danger level exists in almost the
same direction, it is difficult to communicate the information using solely 3D sound lo-
calization and sound impressions based on levels of danger. In particular, information to
be communicated in advance of an accident occurs more often than critical information
that could lead to an accident. It is required to consider effective means to replace the
3D sound localization and tone designs based on levels of danger. Therefore, this disser-
tation tackles this problem by focusing on the differences in frequency and onset timing,
and then evaluates the segregation abilities of auditory signals using these methods.

1.4 Organization

The rest of this dissertation is organized as follows. Chapter 2 presents a design plat-
form for 3D sound localization specialized in evaluating the effect of synthetic reflected
sounds. The platform provides to evaluate the effect of reflected sounds on perceptions
of sound direction with Head-Related Transfer Functions (HRTFs) in a rectangular vir-
tual room composed of six reflective materials. The experimental results show the influ-
ences of reflected sounds varied according to the direction of reflected sounds, and the
proposed platform is expected in the future to demystify the various effects of reflected
sounds on perceptions of the direction of sound sources, which will contribute to re-
alizing in-vehicle auditory signals with 3D sound perception inside automobiles where
special sound reflections exist.
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Chapter 3 explores the design of intuitive in-vehicle auditory signals to enhance
driver awareness via danger perception. The proposed in-vehicle auditory signals,
which are designed with musical and acoustic elements, can intuitively inform a driver,
especially of caution signals for dangerous situations and advisory signals with com-
fortable signals. The designed in-vehicle auditory signals are evaluated by question-
naire and principal component analysis. The experiments demonstrate that designed
in-vehicle auditory signals improve intuitive awareness through the perception of dan-
ger.

Chapter 4 proposes in-vehicle auditory signals to help drivers distinguish multiple
potential collision risks posed by approaching pedestrians. Traditionally, by utilizing
3D sound localization and tonal designs based on various hazard levels, drivers can
easily differentiate multiple sounds, which enhances their awareness of pedestrians from
various angles simultaneously. However, if the auditory signals originate from almost
the same direction, drivers may not be able to detect multiple pedestrians. The proposed
method addresses this by altering the frequency and onset timing of auditory signals,
allowing drivers to distinguish multiple potential collision risks, taking advantage of
Time-To-Collision (TTC) which is the time until the driver might collide with a risk
factor. Experimental results demonstrate a significant improvement with the proposed
methods compared to the traditional one due to the timing shift rather than the frequency
shift.

Chapter 5 serves as the concluding section of this dissertation providing a summary
of the main points discussed and suggesting potential areas for further research.



Chapter 2

A Design Platform for 3D Sound
Localization

The auditory system can play a role in receiving intuitively directional perception from
all directions against other senses. This feature is especially effective in driving cir-
cumstances where drivers may concentrate on handling their automobiles and the road
conditions in front. This is why directional information ought to be installed on intu-
itive in-vehicle auditory signals to awaken outside the conscious mind of drivers. On
the other hand, sound reflections also subsist in the inside space of cars, which is caused
by several special shapes and materials including window glasses and cushions. These
sound reflections have the potential to influence the 3D sound perception of drivers.
This chapter! presents a platform designed to evaluate the impact of synthetic reflection
on 3D sound perception. The proposed platform implements sound reflections by imag-
inary sound sources using the method of Head-Related Transfer Functions (HRTFs)
same as direct arriving sounds from sound sources, which enables users to assess the
effect of sound reflections on the directional perceptions of sound sources. The experi-
mentation is executed to verify the usefulness of the proposed platform and resulted in
the influences of reflected sounds varied according to the direction of sound reflections
which shows that the proposed platform is anticipated to clarify how different reflected
sounds influence the perception of sound source direction in the future.

2.1 Introduction

In recent years, technologies that replicate the physical world in virtual spaces have been
rapidly advancing, such as the Metaverse [68] and virtual reality (VR) [69]. With these
concepts and cutting-edge technologies, human beings can now lead virtual lives almost

I'This chapter is based on “A Platform for Evaluation of Synthetic Reflected Sounds on 3D Sound
Localization” [J1] listed in Journal Article (Refereed) of Publications in this dissertation by the same
author who owns the copyright of [J1], which appeared in IEEE Access.



2.1. INTRODUCTION 17

indistinguishable from the real world, which enables activities including the beginnings
of businesses and the creation of digital art with verifiable ownership. These advance-
ments open the door to reimagining human society in virtual spaces, potentially creating
an idealized version of reality. To fulfill the ideal, various sensory-based mechanisms
have been developed to enhance the realism of virtual worlds. Moreover, state-of-the-
art also enriches the real-world lives of human society. Augmented reality [69] called
AR as an abbreviation overlays digital information such as images and sound data onto
the real world in real-time. AR expands the real-world experience by adding virtual ele-
ments that facilitate users to interact while still being aware of their actual surroundings,
whereas VR creates a completely immersive virtual environment.

In the aural realm, numerous research has focused on the virtual experiences of 3D
sound perceptions [70,71]. For instance, 3D sound localization is employed to iden-
tify the position of a sound source as if feeling the 3D sound fields [72,73]. These
techniques can pinpoint a specific sound source providing information on its direction
and distance with methods focusing on the shape features of human bodies, including
Head-Related Transfer Functions (HRTFs) which are frequency characteristics incorpo-
rating positional information into arbitrary monaural sound sources to enable 3D sound
perceptions [74]. Furthermore, sound reflections from the surrounding environment are
crucial in creating more natural 3D sound perceptions. Since humans naturally perceive
sounds along with their reflections in the real world, these reflections cannot be ignored
when aiming to replicate an environment more faithfully in virtual settings. As a re-
sult, various studies have introduced methods to implement sound reflections in virtual
spaces tailored to different contexts and evaluated their impact on 3D sound percep-
tions [75-77].

The perspectives of 3D sound localization are also vital for in-vehicle auditory sig-
nals which demand perceiving intuitively the direction of events existing in the sur-
rounding areas while driving. In this case, the driver cannot easily pay attention to vi-
sual assistance because of concentration on the road or dashboard for safe driving. For
this reason, intuitive in-vehicle auditory signals mounted with directional information
can induce effective awareness of hazardous factors without interfering with visibility
behavior for driving operations. On the other hand, sound reflections caused by spe-
cial materials, including window glasses and cushions, also exist inside automobiles.
These reflections will alter the directional perception of sounds until reaching the ears
of drivers from audio equipment. Consequently, these acoustic properties of sound re-
flections inside automobiles must be taken into consideration for that intuitive in-vehicle
auditory signals should be designed to convey directional information.

Sound reflections serve primarily two functions in the virtual reproduction of 3D
sound perceptions. First, reflections expand the sound field space and enhance the spa-
tial feelings of the sound field. The features of these reflections vary based on the
surrounding environment, promoting the realism of sound sources concerning their con-
text. In this scenario, Binaural Room Impulse Responses (BRIRs) are commonly em-
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ployed to describe the acoustic transmission from a sound source to the listener’s outer
ears [78,79]. The second function of sound reflections pertains to 3D sound localization.
Recent research indicates that sound reflections can significantly impact the accuracy of
3D sound localization [67,80]. These studies have identified sound reflections as impor-
tant cues for 3D sound localization. However, the specific effects of sound reflections
on human perception of sound direction remain unclear. Ongoing research continues to
explore how these reflections influence human perception of sound direction, as noted
in [67].

A detailed analysis of sound reflections is crucial for the accurate simulation of
3D sound localization virtually. Various platforms have been developed to assess the
effects of these reflections [67, 81]. However, evaluating the detailed impact of each
sound reflection on human perception of sound direction poses challenges in these plat-
forms. Typically, these platforms utilize BRIRs to enhance the realism of sound fields
concerning their surrounding environments. The primary purpose of BRIRs fundamen-
tally differs from assessing reflection’s influence on sound directional perception; they
express the overall sound fields concerning surroundings as a frequency characteristic
that combines early and late reflections, which cannot discern the unique attributes of
each reflected sound, such as differences in arrival time and precise positions. Con-
sequently, a detailed comparative analysis of the impacts of sound reflections on direc-
tional perception proves difficult within BRIR evaluation environments. Although some
studies have indicated that early reflections can assist in locating sound sources within
a space [65, 66], the mechanisms by which early reflections affect sound directional
perception remain poorly understood [67]. Understanding these primary interactions
between sound waves and surfaces is critical for grasping sound localization. Early re-
flections are essential to be focused on at first as their influence is more pronounced and
relatively simple compared to the total spectrum of acoustic phenomena. Thus, there
is a need for a new method or platform that allows for a more detailed assessment of
sound directional perception with a particular focus on initial reflections and allows for
variations in sound reflection settings, but this has not yet been realized. This could
significantly contribute to resolving the problems related to human perception of sound
direction.

This chapter introduces a 3D sound localization platform enabling a detailed assess-
ment of the impacts of sound reflections on the human perception of sound direction.
An overview of the objective platform is illustrated in Fig. 2.1 explained below in detail.
First of all, an arbitrary monaural sound source is inputted with its data of position and
type, and the reflectors’ data of position and reflection coefficient. Then, the positions of
the sound reflections are calculated using conventional methods based on the positional
date of the sound source and each reflector. Each sound reflection is localized using
HRTFs, which are usually realized by methods such as BRIRs. The audio data identi-
cal to the sound source is duplicated, and the playback time of these duplicated audio
data is delayed and mixed based on the arrival time differences of each reflected sound.
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Figure 2.1: An overview of this research subject to design platform for 3D sound local-
ization with sound reflections.

These processes of localizing, delaying, and mixing each reflected sound are new meth-
ods proposed in this research highlighted in Fig. 2.1 with the orange color. Through
this process, the proposed platform provides free settings of the factors of early sound
reflections from the surrounding environments. The demonstration is practiced to verify
the usefulness of the proposed platform by evaluating the effective setting up of sound
reflections related to the human perception of sound direction.

The contributions of this chapter are as follows:

1. This research introduces a platform with a new method designed to evaluate the
detailed effects of sound reflections on 3D sound localization. This proposed
platform provides free settings of the parameters of early reflections from six
reflectors of a rectangular room.

2. The experiment is practiced to show the usefulness of the proposed platform
and resulted in the influences of reflected sounds varied according to the direc-
tion of sound reflections and the types of sound sources. This result shows that
the proposed platform contributes to clarifying how different sound reflections
influence the directional perception of sound sources.

The subsequent section of this chapter is structured as follows. Section 2.2 describes
related research to 3D sound localization. Section 2.3 proposes a platform for 3D sound
localization with synthetic sound reflections. The results of the experiment are presented
in Section 2.4, and this chapter is concluded in Section 2.5.

2.2 Related Research

2.2.1 A Head-Related Transfer Function (HRTF)

The fundamental factors for human perceptions of sound direction are related to differ-
ences in arrival times and volume levels between the left and right ears. These factors are
called Inter-aural Time Difference (ITD) and Inter-aural Level Difference (ILD) [82],
which allow listeners to perceive the left and right directions of the sound source. On
the other hand, ITD and ILD cannot clearly present the perception regarding the front-
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Figure 2.2: An example of the cone phenomenon [3].
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Figure 2.3: An example of a frequency-magnitude spectrum of HRTFs [4].

back and the top-bottom directions. This is known as the phenomenon called the cone
of confusion and front-back confusion expressed in Fig. 2.2. In this figure, the listener
can confuse the front and back positions of the sound source (A) and the sound source
(B) because ITD and ILD are diluted between these positions.

A solution to the cone of confusion and front-back confusion is head motion by
which the position of sound sources moves to a position where it is easier to determine
the direction of the sound sources for human perceptions. However, the implementation
of head motion on the artificial sounds binauralally is impractical compared with the
real sound sources under the condition of using binaural devices such as headphones
which are generally used to listen to artificial sounds binauralally by human ears.

A sound reaches human ears through reflections and diffraction by human bodies
such as the head, auricle, and torso. By using these acoustic features influenced by the
human body in addition to ITD and ILD, 3D sound localization can be refined. These
acoustic features are represented in a frequency characteristic which is called Head-
Related Transfer Functions (HRTFs) [74] illustrated in Fig. 2.3. As HRTFs indicate
the influence of human body shape on the directional perception of sound sources, the
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Figure 2.4: An example of the coordinate relationship between a sound source and a
listener.

frequency characteristics vary individually as manifested in the shape of the peaks and
dips. The HRTFs denoted as H , for the left and right ears are defined by Eq. 2.1.

G]yr(S,I’,G,¢,(D)
F(r,6,9,0) °

Hl,f(sur707¢aa)): (21)

where G ; represents the transfer function from a sound source to the left and right ear
canals, or eardrums, of a listener in a free field. On the other hand, F' denotes the transfer
function from a sound source to the center of a listener’s head in a free field without
the listener present. The subscripts I,r indicate the left and right ears, respectively.

Furthermore, the variables used in the HRTF include the following parameters in Fig.
2.4.
* s: The listener’s position (origin)
r: The distance from the sound source to the listener
0: The lateral angle of the sound source
¢: The elevation angle of the sound source
* : The angular frequency of the sound source

These HRTFs are essential for incorporating positional information into arbitrary
monaural sound sources and enabling 3D sound localization that creates the perception
of sound coming from specific directions relative to the listener.

Several approaches have attempted to recreate the frequency characteristics of
HRTFs individually and accurately [83]. For instance, some methods customize HRTFs
based on anthropometric measurements of the listener pinnae of the ears [84, 85] by
which front-back confusion rates can be reduced [86]. In other approaches, advanced
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technologies including deep learning [87] and a GPU accelerator [88] have been inte-
grated in recent years to recreate HRTFs with high speed and high precision. However,
the methods described above demand enormous computational costs to prepare indi-
vidual HRTFs and cause obstacles to integration on mobile devices. Especially, as the
usage of artificial sounds in virtual environments has become more familiar to the com-
mon public in recent years, it is significant to realize 3D sound perception on terminal
devices where computing resources are limited.

Various trials have been undertaken to produce generic HRTFs for mobile devices
in [81, 89]. For instance, some methods attempt to reduce computation costs to pro-
duce generic HRTFs focusing on the shape features of HRTFs including the peaks and
dips [4]. The work on [90] synthesizes and interpolates HRTFs efficiently to reduce
computation costs substantially. Nevertheless, generic HRTFs still cause errors due to
inaccuracies in front-back and vertical directional perception.

2.2.2 Sound Reflections

Ordinarily, humans listen to a sound reflected off the walls in addition to sounds reach-
ing ears directly from sound sources. Some research has noted that humans utilize sound
reflections to acquire hints about surrounding environments. For instance, echoloca-
tion [91] is a method to understand profoundly what exists around one by how one’s
voice reflects. In the study realm of robot engineering, using sound reflections greatly
improves the accuracy of sound source identification [92]. Sound reflections also apply
an effect of natural feelings to music sounds which is a well-known called reverberation
effect [93,94]. For these factors, evaluating the impacts of sound reflections is vital
for producing a virtual sound environment to simulate an acoustic field realistically and
comfortably. Furthermore, a comprehensive analysis of sound reflection is required
to communicate crucial information such as severe danger via 3D sound localization
within a virtual sound environment that remains true to reality.

Some recent studies reported that sound reflections support humans in localizing
sound sources in three-dimensional spaces. The work on [80] even stated that the usage
of sound reflections has the potential to solve the front-back confusion of HRTFs men-
tioned in Section 2.2.1. The other work on [95] also stated that sound reflections can
effectively reduce the rate of front-back confusion in artificial sounds compared to head
motion, which has been described as a typical solution for front-back confusion. On
the other hand, the in-depth impact of sound reflections on the directional perception
of sound sources has not been thoroughly studied, and the available research offers a
limited analysis of these impacts [67].

Some research has reported methodologies and platforms for recreating sound re-
flections with artificial sound sources due to the required circumstances, by which the
impact of sound reflections on the 3D sound perceptions has been evaluated [96, 97].
Binaural Room Impulse Responses (BRIRs) are commonly used in these researches to
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recreate sound reflections by capturing the acoustic transmission from a sound source to
the listener’s ears. BRIRs are generated using multiple microphone arrays such as am-
bisonics allowing the addition of spatial acoustic information to artificial sound sources.
This method enhances the 3D auditory experience and contributes to a more realistic
representation of the surrounding environment. However, BRIRs present challenges re-
garding the detailed analysis of sound reflections’ effects on the directional perception
of sound sources. The BRIRs complicate the process of separating and examining in-
dividual reflected sounds in depth. Since BRIRs blend early and late reflections into
a combined frequency characteristic, the method cannot allow precise analysis of fac-
tors such as the arrival times and exact locations of each reflected sound. This limita-
tion has caused research to focus on only a few parameters of sound reflections, which
leaves many aspects of their impacts on 3D sound localization unexplored. For in-
stance, whereas early reflections are known to influence 3D sound localization and even
can help in resolving front-back confusions [65, 66], the exact mechanisms are still not
fully understood [67]. It is crucial to prioritize the study of early reflections, as its ef-
fects are pronounced and relatively simple compared with the full spectrum of acoustic
phenomena.

Early reflections carry more weight on 3D sound localization than secondary or
higher-order reflections, which are weakened by attenuation [76, 98] and masking ef-
fects [99]. By concentrating on early reflections, researchers can better understand
the fundamental mechanisms of 3D sound localization without the complications in-
troduced by more complex acoustic phenomena. Several pieces of research have shown
that these early reflections play a role in resolving sound directional ambiguities in the
directional perception of sound sources, including front-back confusions [67,80]. De-
spite this, there has been no established method to easily evaluate the effects of early
reflections on 3D sound localization.

This research presents a novel platform aimed at assessing the effects of early re-
flections on 3D sound localization. Beyond contributing to the development of precise
auditory perception models, the platform is anticipated to serve as a foundation for in-
corporating these insights into more advanced simulations encompassing various forms
of acoustic reflections.

2.3 A 3D Sound Localization Platform with Synthetic
Sound Reflections

2.3.1 Overviews

A platform designed to evaluate the impact of synthetic reflection on 3D sound local-
ization is intended for implementation in a handy device such as a smartphone with
headphones illustrated as Fig. 2.5. The input data involved in a sound source and sound
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Figure 2.5: An overview of the proposed platform.

reflections are set manually by users through an input device, such as the smartphone’s
touch screen. This platform presents a rectangular space with six reflectors causing
sound reflections: ceiling, floor, front, back, right, and left wall in Fig. 2.5. A sound
source is placed in the rectangular space, and one early reflection is generated on each
reflector based on input data. The directly arriving sound from the sound source and
the reflections from all of the reflectors are subjected to a process for 3D sound local-
ization using HRTFs with positional information added to each sound. The process of
3D sound localization uses spherical coordinates, in which the distance between the lis-
tener and the sound source (r), horizontal angle (0), and vertical angle (¢) are defined
as parameters for coordinates of a sound source and sound reflections. The 3D localized
sound data synthesized with sound reflections is outputted through an audio interface
and a headphone.

The proposed platform can evaluate the sound reflections from each frequency char-
acteristic by adding positional information to the sound reflections using HRTF. The
platform enables users to freely set parameters for sound sources, including type, gain,
distance, horizontal angle, and vertical angle. This platform also allows for flexible ad-
justment of both the distance and the reflection coefficient (&) of the reflective material
for each sound reflection, which enables precise control over the gain and delay of the
sound reflections.

2.3.2 Preparation Settings of the Position of Reflected Sounds

This proposed platform employs the mirror image method to calculate the position of
each reflected sound [81]. As illustrated in Fig. 2.6, when a sound reflects off a reflector
and arrives at the listener, the sound reflection can be conceptualized as arriving from
a virtual sound source denoted as Imaginary sound source, positioned symmetrically
opposite the original sound source with the reflector acting as the axis of symmetry.
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Figure 2.6: The imaginary sound source for a reflected sound.

Thus, if the listener is positioned at the origin of the Cartesian coordinates, the reflector
perpendicular to x-axis is located at a distance of x,,, the location of the sound source is
at coordinates x;, ys,Zs, the location of the virtual sound source for the reflected sound
can be expressed by Eq. (2.2). The n in (2.2) indicates the type of reflectors in Fig.
2.5, which corresponds to the negative or positive symbols depending on the positional
relation with the listener and reflectors. Likewise, if the distances from the listener to
the reflectors perpendicular to y and z axes are defined as y,, and z,, the positions of
the virtual sound sources for those reflected sounds are given by Eq. (2.3) and Eq.
(2.4). The difference in distances from the origin to the positions of the sound sources
represented as d is determined using Eq. (2.5). Consequently, the time delay of the
sound reflections, denoted as ¢ is calculated using Eq. (2.6) where ¢ represents the
speed of sound.

(xp = 2(—1)"x,, — x;

YR = Vs (22)
L ZR — Zs
(xR = X5

YR =2(=1)"yw = ys (23)
L IR = Zs

()CR = Xg

YR = Ys (24)
(28 = 2(=1)"z — 25
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d= \/x2+y%+75— \/xg—f—y%—kzg (2.5)
t=d/c (2.6)

2.3.3 HRTFs Employed in the Proposed Platform

The 3D sound localization process in the proposed platform employs a method of em-
bedded 3D sound localization processing [4]. This method reduces computational com-
plexity and generates generic HRTFs, which assumes the future development of various
applications.

As illustrated in Fig. 2.7, the low-computation approach from [4] minimizes com-
putational costs by applying approximate arithmetic for each frequency band based on
its characteristics. A monaural sound input is divided into sub-bands using a high-pass
filter (HPF), band-pass filter (BPF), and low-pass filter (LPF). Then, delay times are
added to each sub-band signal via a delay buffer (Delay). Following this, the sub-band
signals undergo appropriate signal processing with peaking filters (Peak) and a comb fil-
ter (Comb) used to replicate the distinctive curve shape of the HRTFs for each frequency
band. Finally, the three sub-bands are mixed, resulting in reduced computational load
and enabling implementation on embedded systems. The proposed platform can simu-
late both directly arrived sound and multiple reflected sounds from any monaural sound
source by utilizing the method from [4] within the 3D sound localization process.

2.3.4 A Design Method of Synthetic Sound Reflections

The process for localizing 3D sound with synthetic sound reflections is outlined in Fig.
2.8. This process begins with the input of an arbitrary monaural sound source and its
positional data. Then, the positions of an imaginary sound source for the sound reflec-
tions are calculated using the mirror image method described in Section 2.3.2 based on
the positional date of the sound source and each reflector. In Fig. 2.8, sound reflections
from the right and left reflectors are used as examples of how these positions of imag-
inary sound sources are determined. A maximum total of sound sources is assumed in
seven sources: Direct sound refers to the sound coming directly from a sound source,
whereas Reflected sounds are those resulting from reflections off reflectors. Each sound
source is localized using HRTFs generated following the method in Section 2.3.3. Di-
rect source defined as (x;,yy,2;) for the positions of the sound sources, and imaginary
sound sources for the sound reflections defined as (xgg, yro,zro) and (xg1,Yr1,zr1) for
two reflected sounds denoted as Reflected 0 and Reflected 1, are then calculated here as
an example. A delay is applied to these reflected sounds according to their positions to
determine their arrival times. Let ¢ represent the delay time for each reflected sound,
where ¢t = 0 corresponds to the arrival time of Direct sound at the listener. Audio data
identical to the sound source is duplicated, and playback timing of this duplicated audio
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Figure 2.7: The low-computation method of 3D sound localization for embedded sys-
tems [4].

data is delayed based on ¢ which reflects the arrival time differences of each reflected
sound. This delayed audio is defined as Reflected sounds and mixed with the original
audio data of the sound source defined as Direct sound to prevent any further delays
caused by parallel processing.

Typically, sound reflections are generated differently than Direct sound by using
methods BRIRs in many cases. However, most frameworks and platforms that use
BRIRs aim to enhance the atmosphere of 3D sound rather than focusing on precise di-
rectional cues including arrival time and position, which is not easy to assess the effect
of sound sources on directional perception in detail. To address this, the proposed plat-
form synthesizes each reflected sound by calculating its arrival time difference using
HRTFs to provide more accurate localization than BRIR-based methods and to allow
a detailed evaluation of how sound reflections influence the directional perception of
sound sources. Additionally, the platform employs the HRTF generation method for
embedded systems discussed in Section 2.3.3, which allows for the implementation of
numerous reflected sounds with HRTFs on mobile devices and facilitates easy setup
for 3D sound localization with sound reflections for any monaural sound input. The
proposed platform has been successfully implemented on an Apple iPad using the Au-
dioToolbox framework with Objective-C++ in Xcode.
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Figure 2.8: Processes to localize 3D sound with sound reflections.

2.4 Experiments

24.1 Setup
Overviews

The experiment is carried out to demonstrate the usefulness of the proposed platform
for assessing the impact of sound reflections on the directional perception of sound
sources. The research aims to develop a platform rather than solely analyzing the effects
of sound reflections. Thus, this experiment investigates whether the proposed platform
can evaluate without problems that the presence or absence of sound reflections affects
the directional perception of the sound source. This experiment validates the effect of
sound reflections with the proposed platform by focusing on the precedence effect as an
example of how sound reflections affect the directional perception of sound sources.
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Figure 2.9: An example of the precedent effect.

Evaluation Methods

This experiment employs the precedence effect to verify the effect of sound reflection
by the proposed platform. In this context, sound reflections do not significantly alter
the perceived location of a sound source but instead enhance the sound image. The
precedence effect is a well-documented phenomenon related to sound reflections [98].
This phenomenon occurs when a series of sounds reach the ears within a brief interval,
resulting in as if these sounds are a single auditory event and primarily localized to the
position of the first sound that arrives. The precedence effect is particularly relevant
when sounds reach a listener alongside sound reflections [100]. When a subsequent
sound including sound reflection arrives further from the initial sound, the sound im-
age is perceived as broadened, which is illustrated in Fig. 2.9. This expansion occurs
because of differences in arrival time and sound intensity, which can obscure the exact
location of the sound source.

On a different note, humans tend to perceive the front-back location of a sound
source more effectively when the sound source is positioned obliquely, as opposed to
directly in front or on the side [101]. Consequently, it appears that humans can enhance
their perception of front-back position by leveraging the precedence effect of sound
reflections and magnifying the sound image of a sound source near the front or side.
Thus, sound reflections play a crucial role in 3D sound localization, which highlights
the necessity to evaluate the various effects of these sound reflections. Building on this
premise, the experiment illustrates the potential benefits of the proposed platform by
validating how sound reflections influence the directional perception of sound sources
with a particular emphasis on the precedence effect as a key example in assessing the
impact of sound reflections.

This experiment is conducted using two approaches involving a questionnaire”

. In

2This experiment is carried out with the permission of the Osaka University Research Ethics Review
Committee. Before the experiment, experiment conductors explain the details of the experiment, its
precautions, and how the experimental data will be used. Participants are also informed how to respond in
the event of unforeseen circumstances and that the experiment can be terminated under any circumstances.
After the participants agree to the above, the experiment begins with them.
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Table 2.1: Response items and corresponding scores.

Items \ Scores (pt. )
Felt a difference 2
Relatively felt a difference 1
Not sure 0
Relatively not felt a difference -1
Not felt any difference -2

the first approach, participants answer whether they perceive a difference in sound lo-
calization between the front and back positions when the sound sources play the same
type. The order is randomized, and the sound sources are played on the front and the
back. The participants answer questions with response items for each sound source,
which is played for approximately five seconds at a time that can be repeated. These
response items are summarized in Table 2.1 along with their corresponding scores. The
average scores are then calculated to assess the differences in perceptions of front and
back localization, particularly regarding the presence or absence of sound reflections.
The second approach for the evaluation involves participants choosing between two op-
tions: whether they hear the sound from the front or the back. This approach allows
us to compare the percentage of correct responses based on the presence or absence
of sound reflections. By analyzing the results from this second approach alongside the
first, it is possible to assess how the varying perceptions of sound direction arising from
different positions and arrival times of sound reflections affect the participant’s ability
to determine the exact locations of the sound sources. Throughout these evaluations, the
differences in the effects of sound reflections are assessed due to variations in the type
and position of the sound sources.

Environments

The experiment involved five male participants in their twenties without hearing impair-
ments who uses headphones plugged into the proposed platform to assess differences in
front-back sound perception depending on the presence or absence of sound reflections.
The primary focus of this research is the varying effects of the position and types of
sound reflections. For this reason, this research decided that it is permissible to disre-
gard differences in the abilities of the participants’ hearing for this particular analysis.
The analysis of the variability in hearing abilities among participants is planned for a
future extension of this work. For this experiment, the terms of Front and Back are de-
fined as shown in Fig. 2.10. If the listener’s straight-ahead direction is defined as 0° on
the horizontal plane, Front is described as the range 0° < 6 < 90° and 270° < 0 < 360°,
whereas Back refers to the range 90° < 6 < 270°. Simply put, Front includes the ar-
eas in front and on either side from the ears of listeners, whereas Back covers the area
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Figure 2.10: A definition of Front and Back.

behind them.

This experiment is practiced under three specific conditions, as illustrated in Fig.
2.11. First in Case 1, the sound source is positioned at Front (0° in horizontal angle)
and Back (180° in horizontal angle). Sound reflections from the left and right walls
are utilized in this case, which is anticipated to enhance the judgment of the front-
back location of the sound source. This is predicted to be achieved by stretching the
sound images towards the right and left, where perceiving front-back orientation is more
sensitive. Second, Case 2 involves evaluating sound reflections for determining the
front-back position of a sound source that is located closer to the sides of the listeners. In
this condition, the sound source is located at horizontal angles of 85° as Front and angles
of 95° as Back. Sound reflections from the front and back reflectors are employed, which
is expected to improve the front-back judgment of the location of sound sources by
stretching the sound image into a more perceptible front-back orientation. Third in Case
3, the sound source remains in the same position as in Case 2; however, the position of
reflected sounds differ. Only the sounds reflected from the right wall are considered.
In this condition, it is predicted that the sound reflections will not have a stretching
effect on the sound image and lead to less pronounced effects of the sound reflections
compared to the other cases. Since it is assumed that sound reflections from the left
wall would have a similar effect due to the symmetry with the right wall’s reflections,
this experiment does not evaluate the effect of left wall reflections on the directional
perception of sound sources in this case.

This experiment uses six types of sound sources: 1/3-octave band noise at 100 Hz
(low-frequency narrow-band noise), 1/3-octave band noise at 1 kHz (mid-frequency
narrow-band noise), 1/3-octave band noise at 10 kHz (high-frequency narrow-band
noise), pink noise (wide-band noise with a focus on low-frequency components), blue
noise (wide-band noise with a focus on high-frequency components), and white noise
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Figure 2.11: Experimental environments.

(wide-band noise covering the full audible range). It evaluates the effect of each fre-
quency band on the localization by sound reflections. For other parameters, the distance
between a sound source and a listener is fixed at 1.0 m. The reflection walls are placed
2.0 m from a listener, and the reflection coefficient is set at # = 0.9 assuming a natural
sound level that is slightly lower in volume than the directly arriving sound. In this study,
the distance and reflection coefficient of sound reflections, which are important evalu-
ation elements, are excluded from this evaluation to focus on the directions of sound
sources and sound reflections as the first step of the evaluation of sound reflections on
directional perception.

2.4.2 Results

The results are analyzed using a two-tailed paired-sample t-test to reveal statistically
significant differences for certain sound sources. The results of the first method are pre-
sented in Table 2.2 and Table 2.3, which are categorized by the frequency band ranges.
For each type of sound source, the results are represented as averaged scores reflecting
the perceived level of front-back differentiation in environments both with and without
sound reflections. The tables display results for Case I through Case 3, which corre-
spond to the experimental environments described in Section 2.4.1. No Reflection shows
the averaged perception scores for front-back differentiation in each Case without sound
reflections, whereas Reflection presents the scores with sound reflections according to
Table 2.1. P Value indicates the results of the two-tailed paired-sample t-test to compare
the scores between the absence and presence of sound reflections in each Case. Bold
numbers highlight the sound sources that showed statistically significant differences in
perception when the same type of sound source is played from Front and Back positions.

For sound sources of narrow-band noise, a significant difference of p < 0.05 was
found for the 1/3-octave band noise at the sound source of 10 kHz (high-frequency
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Table 2.2: Results of the averaged scores representing the perceived level of front-back
differentiation with and without sound reflections (narrow-band noises).

100 Hz
No Reflection | Reflection | P Value
Case 1 -1.000 0.000 0.394
Case 2 -0.400 -0.400 1.000
Case 3 -0.600 0.109 0.600
1 kHz
No Reflection | Reflection | P Value
Case 1 -0.200 -0.200 1.000
Case 2 0.000 -1.600 0.140
Case 3 -0.600 0.400 0.142
10 kHz
No Reflection | Reflection | P Value
Case 1 0.000 1.000 0.034
Case 2 0.400 0.800 0.587
Case 3 1.200 -0.800 0.047

Table 2.3: Results of the averaged scores representing the perceived level of front-back
differentiation with and without sound reflections (wide-band noises).

Pink Noise

No Reflection | Reflection | P Value
Case 1 1.600 0.800 0.456
Case 2 0.000 1.200 0.070
Case 3 0.400 0.000 0.772

Blue Noise
No Reflection | Reflection | P Value
Case 1 0.600 -0.400 0.351
Case 2 0.000 0.600 0.529
Case 3 1.600 -0.200 0.070

White Noise
No Reflection | Reflection | P Value
Case 1 1.200 0.000 0.305
Case 2 -0.200 1.800 0.011
Case 3 0.400 -0.200 0.553
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narrow-band noise) in Case 1 and Case 3. In the presence of sound reflections from the
left and right walls, listeners experienced a different perception of Front and Back sound
source positions compared to when no reflected sounds were present. However, when
the sound source was positioned at 85° and 95° horizontal angles and sound reflections
from the right reflector, which was nearly aligned with the sound source, were used, the
difference in the directional perception was less noticeable with sound reflections. It ap-
pears that when the sound reflections were positioned in the same direction as the sound
source and almost in a straight line, these reflections did not improve the perception of
Front and Back positions as effectively. For sound sources of narrow-band noise, reflec-
tions from the left and right walls, which were farther from the sound source, seemed to
have a stronger effect. Additionally, high-frequency sound sources appeared to be more
influenced by sound reflections. This aligns with the findings of [102], which reported
that high-frequency noises play a role in distinguishing Front and Back direction of
sounds due to the shape of HRTFs. The study also demonstrated that adjusting the level
of high-frequency components to modify the shape of HRTFs can reduce front-back
confusion in sound localization. Therefore, it seems that sound reflections particularly
affect directional perception for high-frequency sources as supported by these findings.

For sound sources of wide-band noises, when the sound source was placed at 85°
and 95° in horizontal angles and sound reflections from Front and Back walls were used
in Case 2, a significant difference of p < 0.05 was observed for white noise (a wide-
band noise covering the full audible range). Related research has indicated that white
noise sound sources influence the perception of Front and Back sound direction more ef-
fectively than other sound sources [103, 104]. In contrast, when reflections from the left
and right walls were applied, no effect of the sound reflections was found for any of the
three sound sources at horizontal angles of 0° and 180°. For wide-band noise sources
that encompass both low and high frequencies, front and back reflections seem to ef-
fectively enhance the perception of Front and Back sound positional differences. The
reason for the variation in the effectiveness of sound reflections between sound sources
of narrow-band and wide-band noises is not fully understood. However, this experiment
confirms that the effects of sound reflections depend on both the position and type of
sound sources. Furthermore, the variation in the position of effective sound reflections
among different sound sources may be influenced by the frequency composition of the
sound sources, which affects the shape of HRTFs and alters the perception of sound
direction. Further studies could potentially clarify why the position of effective sound
reflections differs between sound sources of narrow-band and wide-band noises.

The second method comparing the percentage of correct responses based on the
presence or absence of sound reflections did not reveal any significant differences in
the percentage of correct responses for Front and Back across any sound sources. De-
tailed results from this second method for evaluation are presented in Tables 2.4 and
2.5. These results are categorized according to the frequency bands of sound sources in
the same manner as the first method’s results. Each type of sound source presents the



2.4. EXPERIMENTS

35

Table 2.4: Comparison of the percentage of correct responses with and without sound

reflections (narrow-band noises).

100 Hz
No Reflection | Reflection | P Value
Case 1 60% 50% 0.591
Case 2 50% 60% 0.193
Case 3 50% 50% 1.000
1 kHz
No Reflection | Reflection | P Value
Case 1 50% 60% 0.726
Case 2 50% 30% 0.443
Case 3 50% 50% 1.000
10 kHz
No Reflection | Reflection | P Value
Case 1 40% 60% 0.343
Case 2 50% 50% 1.000
Case 3 50% 50% 1.000

Table 2.5: Comparison of the percentage of correct responses with and without sound
reflections (wide-band noises).

Pink Noise
No Reflection | Reflection | P Value
Case 1 60% 30% 0.279
Case 2 40% 30% 0.726
Case 3 40% 40% 1.000
Blue Noise
No Reflection | Reflection | P Value
Case 1 30% 50% 0.168
Case 2 60% 40% 0.343
Case 3 40% 60% 0.343
White Noise
No Reflection | Reflection | P Value
Case 1 80% 60% 0.343
Case 2 60% 50% 0.726
Case 3 60% 50% 0.678
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average percentage of correct responses for front and back distinctions under conditions
where sound reflections are both absent and present. Case I to Case 3 in the result
tables correspond to the experimental environments described in Section 2.4.1. No Re-
flection column indicates the average percentage of correct responses for front and back
distinctions in each Case where sound reflections were absent. Reflection column in-
dicates the average percentage of correct responses for front and back distinctions in
each Case where sound reflections were present. The P Value represents the results of a
two-tailed paired-sample t-test to compare the average percentages between the absence
and presence of sound reflections in each Case.

The table did not show any significant differences at p < 0.05 in the percentage
of correct responses for front-back distinctions across any sound sources. The effects
arising from the differences in sound reflection positions on the horizontal plane alone
did not seem sufficient to significantly reduce front-back confusion, even though some
differences in front-back direction were perceived between the presence and absence
of sound reflections. It also appeared that other effects of sound reflections beyond the
precedence effect associated with arrival time differences and sound reflection positions
might reinforce directional perception. It is anticipated that combining additional pa-
rameters of sound reflections along with the effects evaluated in the first method of this
experiment could help resolve front-back confusion. For instance, future research could
explore the influence of sound reflections from other positions, such as those on the ver-
tical plane excluded from this evaluation. Furthermore, the Interaural Time Difference
(ITD) and Interaural Level Difference (ILD) of each sound reflection could play a key
role in influencing the directional perception of sound sources. The proposed platform
has the potential to analyze these parameters of sound reflection individually. Thus,
further exploration of the optimal settings for sound reflection is necessary to achieve
more accurate 3D sound localization using the proposed platform and various evaluation
methods.

2.4.3 Discussion

There are perceptual differences in distinguishing front and back sound sources based
on the positions of sound reflections. Additionally, the sound reflections influencing
front-back perception vary according to the positions and types of sound sources. It is
crucial to evaluate the effects of each sound reflection individually on directional per-
ception taking into account the listener’s environment and using appropriate parameter
settings for sound reflections. The proposed platform offers the capability to analyze
various sound reflections and their impact on directional perception by allowing flexible
settings for each sound reflection. The experiments demonstrate the usefulness of the
proposed platform in enabling the customization of sound reflections to influence the
perception of sound direction. Whereas some perceptual differences between the pres-
ence and absence of sound reflections, significant improvement in front-back confusion



2.4. EXPERIMENTS 37

was not achieved solely by manipulating the sound reflection positions on the horizontal
plane based on the precedence effect. It appears that additional effects of sound reflec-
tions beyond the parameters evaluated in this experiment may enhance the directional
perception of sound sources. Therefore, further exploration of optimal sound reflection
settings is necessary for more accurate 3D sound localization using the proposed plat-
form and various evaluation methods. For instance, other parameters such as upward
and downward sound reflection directions, as well as the ITD and ILD of sound reflec-
tions, can also be analyzed using this platform. Ultimately, the platform can be applied
in a wide range of 3D sound localization evaluations with sound reflections tailored to
user preferences.

This study proposed a platform that can evaluate the effect of sound reflections on
human perception of the three-dimensionality of sound, which aims to realize natural
information presentation using intuitive in-vehicle auditory signals with 3D sound local-
ization minimizing eye movement without looking aside. In a real driving environment,
the driver’s seat and window glass are located close to the driver, from which the initial
reflected sound may affect the three-dimensional impression of the in-vehicle auditory
signals. It is believed that this evaluation experiment has demonstrated the possibil-
ity that the proposed platform can evaluate the effects of such sound reflections on the
three-dimensional sense of in-vehicle auditory signals, including the sense of forward
and backward sound. It will also be possible to evaluate the effect of the initial sound
reflections from the driver’s seat and window glass on the three-dimensional sense of
in-vehicle auditory signals by developing this evaluation experiment and setting the re-
flectance of the back and side wall of the proposed platform to that of cushions and
glasses. In reality, transformations in the shape of the walls and increments in the num-
ber of reflections would be necessary to strictly reproduce the real driving environment.
On the other hand, since initial reflections have a considerable influence on sound reflec-
tions, the current platform might be sufficient to evaluate the effect of sound reflections
on the three-dimensional impression of in-vehicle auditory signals based on the real
driving environment. The distance of dangers should also be understood intuitively by
in-vehicle auditory signals, which are excluded from this evaluation to focus on direc-
tions of sound sources and sound reflections as the first step of the evaluation of sound
reflections on directional perception. Since the current platform can evaluate the dif-
ference in the perception of different sound distances, additional evaluation is required
to mount a feature realizing distance perception on intuitive in-vehicle auditory signals.
The proposed platform should be implemented in a system including driving simulators
so that the effects of stereoscopic perception and sound reflections on driving behavior
based on various driving scenarios can also be considered. For instance, an event of a
window opening is achieved by setting the reflection coefficient of the reflective wall
corresponding to the window to 0O in the proposed platform.
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2.5 Summary

This chapter introduced a platform designed to evaluate the impact of synthetic early
reflection on 3D sound perception. The proposed platform allows users to freely adjust
the parameters of sound reflections, which appear to influence the directional percep-
tion of sound sources and to evaluate the effects of these reflections in detail. The key
contribution of this research is the development of an evaluation environment that en-
ables the exploration of optimal sound reflection settings required for more precise 3D
sound localization. Two experiments were conducted to demonstrate the usefulness of
the platform. In the first experiment, the difference in front-back sound perception with
and without sound reflections was assessed. This experiment revealed that the position
of sound reflections impacted the front-back perception of sound source location, which
demonstrated the need to analyze individual sound reflections based on the listener’s
environment. The results showed that the proposed platform contributes to this need by
allowing the evaluation of various parameters, such as the positions of sound reflections.
Thus, the first experiment successfully demonstrated the platform’s ability to customize
sound reflections to influence sound directional perception. However, the second ex-
periment found that modifying sound reflection positions on the horizontal plane alone
based on the precedence effect did not lead to a significant improvement in the front-
back confusion rate. This suggests that additional effects of sound reflections beyond
those evaluation in this experiment may be needed to enhance the directional perception
of sound sources.

Further exploration of optimal settings for sound reflections is necessary for more
accurate 3D sound localization in future works. The experiments were practiced focus-
ing on the precedence effect, conversely, more exploration with the other methods for
evaluation of sound reflection effects including detailed analysis of HRTF shapes. Also,
other parameters, including the distance between a sound source and a listener, the posi-
tions of reflection walls, and the reflection coefficient were fixed in this experiment. An
analysis of these parameters is needed for further findings on the impacts of sound re-
flection on 3D sound perception, which is allowed by the proposed platform. Moreover,
the experiments used only sound reflections at horizontal angles toward sound sources.
Sound reflections at a vertical angle also need to be evaluated for further verification of
the impacts of sound reflections. The platform proposed in this chapter presents a rect-
angular room with six reflector walls causing sound reflections, where a sound source is
located and one early reflected sound is generated on each reflector wall. The further this
platform is augmented, the more the effects of sound reflections can be evaluated. As
for sound reflection, late reverberations should be implemented with the combination of
early reflections to analyze human directional perceptions. Concerning the environment
in the platform, the variable shape of reflector walls is feasible to assess various material
properties with the settings of the reflection coefficient. This development is crucial to
evaluating the effects of sound reflection assumed in the driving environment. Addition-
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ally, augmentation of the number of sound sources and sound reflections can be helpful
for the analysis of various sound reflections and acoustic environments. Combining ad-
vanced technologies such as deep neural networks (DNN) can improve the platform by
reproducing HRTFs and reflected sounds at high speed and accuracy.



Chapter 3

Designs of In-Vehicle Auditory Signals
for Drivers Awareness Control

For safe driving, it is important for drivers to identify and respond to hazards around
quickly. Intuitive in-vehicle auditory signals are required to communicate this haz-
ardous information to drivers quickly and correctly. Moreover, when the information
to be communicated has diversified from low-hazard to high-hazard in recent years, the
traditional design with a monotonous structure of in-vehicle auditory signal may cause
misperception of non-dangerous sounds as dangerous and discomfort for drivers in the
stressful environment of driving. This chapter! explores designs for in-vehicle auditory
signals to control driver awareness via danger. The proposed in-vehicle auditory signals
are designed with musical and acoustic elements to intuitively inform a driver, espe-
cially of caution signals for dangerous situations and advisory signals to communicate
potential dangers with comfortable sounds. The designed in-vehicle auditory signals are
evaluated by questionnaire and principal component analysis to demonstrate that the de-
signed auditory signals improve intuitive awareness and to explore the best settings of
sound elements for intuitive in-vehicle auditory signals.

3.1 Introduction

Various efforts have recently been implemented in the real world to create a safer and
more comfortable driving environment. In recent years, advances in electronic com-
puter systems, such as Advanced Driver Assistance Systems (ADAS) [105, 106] and

I'This chapter is based on “In-Vehicle Auditory Signals for Driver Awareness through Danger Percep-
tion” [I1] listed in International Conference Papers (Refereed) of Publications in this dissertation by the
same author, which appeared in the Proceedings of International Workshop on Smart Info-Media Sys-
tems in Asia (SISA), Copyright(C)2020 IEICE. The material in this paper was presented in part at the
Proceedings of International Workshop on Smart Info-Media Systems in Asia (SISA) [I1], and all the
figures reused from [I1] in this paper are under the permission of the IEICE.
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autonomous driving systems [16], have led to an increasing variety of information to
be communicated to drivers. The emphasis is on improving safety by conveying in-
formation according to the level of risk and providing a comfortable sense in stressful
situations including driving. On the other hand, ADAS mainly introduces communica-
tion methods based on visual information by displays with more suitable fixation of eye
locations [107, 108], which may lead to over-reliance on visual details and increase the
cognitive load on the driver. Against this background, in-vehicle auditory signals that
provide auditory information about the surrounding environment have been attracting
attention for several decades. In driving environments where visual attention is focused
on the driving task, in-vehicle auditory signals that can communicate information to
drivers without obstructing the field of view are especially important.

In the mobilities domain, in-vehicle auditory signals have been increasingly impor-
tant for the creation of a safe and comfortable driving environment. However, these
signals face challenges in that nearly identical auditory cues are used in different situ-
ations, even at varying levels of danger [41,42]. The key problems and the goal of in-
vehicle auditory signals are illustrated in Fig. 3.1. The left figure indicates traditional
warning signals which usually emit a simple beep. These simple beep sounds often
cannot effectively communicate the intended information to drivers. Since beep sounds
are designed to feel quite dangerous to attract the attention of drivers, there may be
discrepancies in information transmission if information that is not highly dangerous is
conveyed by such overstimulated sounds. Moreover, these auditory signals can mislead
and delay decision-making, potentially leading to traffic accidents. Therefore, design-
ing in-vehicle auditory signals that are intuitively tailored to different driving scenarios
due to danger levels is essential to improving safe and comfortable perceptions. This
chapter explores designs for in-vehicle auditory signals that intuitively control driver
awareness via danger perception. As shown in the right figure of Fig. 3.1, redesigned
in-vehicle auditory signals composed of music theory and acoustic properties, called
caution and advisory signals, can improve overall responses and safety of drivers with
an intuitive perception of current danger levels.

The contributions of this chapter are as follows:

1. It is discovered of the appropriate components of sound elements for designing
in-vehicle auditory signals to control intuitive driver awareness based on danger
perception.

2. Designed in-vehicle auditory signals can be easily distinguished for danger per-
ception through tonal diversification as a result of principle component analysis.

The structure of the remaining chapter is outlined as follows: Section 3.2 delves
into relevant literature and studies. Section 3.3 introduces in-vehicle auditory signals
classified into several categories. It then explores sound elements suitable for in-vehicle
auditory signals based on human perceptions of sounds. Section 3.4 addresses experi-
mental scenarios to show the effectiveness of the work of this chapter and the results are
discussed from the perspective of analyzing the first and second principal components.
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Figure 3.1: An overview of this research subject to redesign in-vehicle auditory signals
with a composition based on music theory and acoustic properties.

Section 3.5 finally concludes this chapter with future remarks.

3.2 Related Research

Auditory signals carry a variety of information from objects to people, including charac-
teristics and impressions of the object [109]. The authors in [39] have surveyed various
auditory signals in consumer electronics and user interfaces, and showed that these au-
ditory signals mostly used beep sounds which had not changed for at least 10 years as
of the year 2016. The work in [39] recommended using melody, voice, and synthetic
tones to receive various impressions from sounds to improve awareness.

For vehicular systems, collision avoidance systems have attracted public attention
in auditory signals [110]. Many works have highlighted warnings for accident hotspots,
including intersections, merges, etc. The authors in [111] attempted to propose a com-
bination system with visual presentation and warning sounds designed according to the
National Highway Traffic Safety Administration (NHTSA). However, even though the
warning tone was newly designed based on NHTSA, it was not much different from
the conventional monotone beep. In addition, it is not easy for drivers to pay attention
simultaneously to visual information and monotonous warning sounds, resulting in cog-
nitive burden and stress for drivers. Rather, several studies have reported that in-vehicle
auditory signals are more effective and safer than visual supports since drivers do not
use their eyes to look at anything other than the driving controls [112, 113]. Many stud-
ies have searched proper sounds for in-vehicle auditory signals from current in-vehicle
auditory signals in [40, 114, 115].
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Several studies, such as [42], have even emphasized the need for universal designs
of in-vehicle auditory signals, which focused on the effectiveness of various sound ele-
ments. Additionally, some researchers have proposed platforms for assessing in-vehicle
auditory signals, as seen in works by [116]. However, limited research has been con-
ducted on the auditory aspect, particularly regarding how specific auditory signals can
communicate clear impressions to drivers who can intuitively understand the driving
situation. In-vehicle auditory signals, especially, should be designed in alignment with
the danger levels since vehicle safety systems must be able to define specific hazardous
situations and suggest appropriate subsequent actions [117]. The work in [41] also
highlighted the need for a radical overhaul and the development of a next-generation
framework for in-vehicle auditory signals, incorporating diverse sound elements such as
music theory and acoustic characteristics to adapt to dynamic driving scenarios where
the level of danger fluctuates continuously.

3.3 In-Vehicle Auditory Signals for Danger Perception

First of all, this section classifies various in-vehicle auditory signals used in current
driving according to the degree of danger for the exploration of the sound elements that
could express the impression of each danger level. Then, this research selected sound
elements that have been proven at some general level to enhance the impression includ-
ing brightness, anxiety, etc. [62, 118, 119], related to the information to be conveyed
according to each danger level, and redesigned new in-vehicle auditory signals.

3.3.1 Classification of In-Vehicle Auditory Signals

This research categorizes various in-vehicle auditory signals into three groups—Warning,
Caution, and Advisory—based on the perceived level of danger with the intended infor-
mation. Table 3.1 provides a summary of the representative in-vehicle auditory signals
organized into these three groups according to the corresponding danger levels.

Warning categorizes in-vehicle auditory signals intended to be used immediately
before an accident. These auditory signals have a high risk of prompting the driver to
take action preparing for an accident. For instance, Auto-brake feature activates auto-
matically when a vehicle is on the verge of a collision. In addition, some in-vehicle
auditory signals referred to as Near collision are triggered when the vehicle approaches
a potential crash.

In-vehicle auditory signals categorized in Caution indicate a moderate level of dan-
ger and are employed in situations that could lead to an accident, which prompts the
driver to take evasive action. For instance, when a vehicle loses or strays out of its lane,
in-vehicle auditory signals labeled Lane lost and Lane deviation will activate to warn
the driver and help prevent these hazardous maneuvers. Auto-cruise provides a func-
tion that automatically manages the gas pedal and brakes to assist with driving. When a
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Table 3.1: Classification of commonly used in-vehicle auditory signals.

’ Levels of danger H Types of in-vehicle auditory signals ‘
Warning (High) Auto-brake
Near collision
Caution (Middle) Auto-cruise sudden lost
Lane lost

Lane deviation

Advisory-reminder (Low) || Reminder of seat belt

Reminder of turning off light
Reminder of forgotten key

Reminder of half-opened door
Reminder of inspection period
Reminder of oil pressure drop
Reminder of decrease in cooling water
Reminder of decrease in gasoline
Reminder of decrease in electric charge
Reminder of driving more than 2 hours

vehicle is detected ahead, this function maintains a following distance safely. If a poten-
tial collision is imminent, Auto-cruise sudden lost activates to alert drivers temporarily
disabling the auto-cruise function.

Advisory signals are characterized by a low level of danger and serve to avert poten-
tial accidents. Many Advisory signals share similar characteristics functioning primarily
as reminders for drivers, such as urging them to use seat belts or notifying them of a de-
cline in gasoline. Because Advisory signals are activated more frequently than Warning
or Caution signals, these in-vehicle auditory signals are designed to be pleasant to listen
to repeatedly.

3.3.2 Tone Designs for Intuitive In-Vehicle Auditory Signals

Firstly, this research excludes Warning signals from the tone design for in-vehicle au-
ditory signals. These signals are meant to be as prominent as possible to instantly alert
drivers to danger, which means leaving little room for improvement regarding the im-
pression of danger. Consequently, the research focus is on designing in-vehicle auditory
signals for Caution and Advisory from Table 3.1, including signals for Auto-cruise sud-
den lost, Lane lost, Lane deviate, and Reminder of seat belt. It is important to note
that this research chose Reminder of seat belt from Advisory signals because, of all
Advisory signals, it is the most frequent during driving and shares similar characteris-
tics with the others. Table 3.2 presents a summary of the designed in-vehicle auditory
signals in this research and their requirements. Each proposed in-vehicle auditory sig-
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Table 3.2: Requirements for designed in-vehicle auditory signals: NC, NLL, ND, and
NB are the abbreviations of newly designed auditory signals, Auto-cruise sudden lost,
Lane lost, Lane deviation, and Reminder of seat belt, respectively.

’ Types H Intended expressions ‘

NC Unusually shifted from normal to abnormal conditions
NLL || A feeling that a driver gets lost

ND A driver faces the danger of being out of the lane

NB Remind a driver to wear a seat belt with more comfortably

Table 3.3: Feature summaries of designed in-vehicle auditory signals.

| Types || BPM / Tempo name | Melody features
NC 104 / Allegretto Transition from stable Maj to unstable aug
NLL 144 / Allegro Quite dark dim, Repeated ascent/descent
ND 99 / Allegretto Maj to dark min, Maj is a 6-note tension chord
NB 87 / Moderato Maj descent, Less 1 kHz fundamental frequency

nal is crafted using musical elements and acoustic features summarized in Table 3.3 as
described below?, which have been proven at some general level to enhance the impres-
sion [62,118,119] including brightness, anxiety, etc.

The newly designed Auto-cruise sudden lost referred to as NC is intended to convey
the sudden transition of the auto-cruise function from a normal operation to an abnor-
mal state. The sound transitions from a C major (CMaj) chord, which is stable and
bright, to a C augmented (Caug) chord, which is more unstable. This shift between
stability and instability reflects the change from normal to abnormal conditions. Unlike
the tone design of traditional Auto-cruise sudden lost including all harmonics height-
ening the perception of danger, the newly designed signal omits a part of harmonics to
moderate the perceived level of danger. The tempo is set at 104 beats per minute (BPM)
categorized in Allegretto meaning slightly faster.

The new Lane lost signal labeled NLL is designed to evoke the feeling of being
lost. The tone design alternates between ascending and descending tones using the C
diminished (Cdim) chord, which has a more unstable and darker structure than a major
and minor chord. This movement between darker tones mirrors the sensation of losing
one’s way or lane. The tempo is set at 144 BPM classified as Allegro meaning a fast
speed.

The newly created Lane deviation signal labeled ND represents the danger of veering
out of a lane. The tone design alternates from the G major (GMaj) chord with its bright
and stable structure to the F minor seventh-five (Fm7-5) chord which is darker and more
tense. The irregular melody and rhythm represent the driver’s anxiety. The use of a six-

The newly designed in-vehicle auditory signals were composed by Dail Studio.
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note tension chord in GMaj adds a sense of tense to amplify the perception of danger. A
normal chord consists of three or four notes, but a tension chord includes more notes to
form the chord. The tempo is set at 99 BPM, falling under the Allegretto category and
suggesting a slightly faster speed.

Reminder of seat belt 1abeled NB is designed to remind drivers to wear their seat belts
with a sound that is more comfortable compared to other in-vehicle auditory signals,
which is classified as Advisory signals with the lowest danger level. This signal builds on
the actual sound of wearing a seat belt and is easily recognizable due to added musical
elements and acoustic characteristics. The base chord is C major (CMaj) which is bright
and stable to provide a calm and non-threatening auditory cue. The descending melody
reinforces a sense of calmness, as opposed to the tension evoked by ascending notes.
The tempo is set at 88 BPM classified as Moderato. This tempo is slowest among
the designed in-vehicle auditory signals to further enhance the perception of calmness.
Additionally, whereas most traditional in-vehicle auditory signals have a fundamental
frequency of 2 kHz or higher, the newly designed Reminder of seat belt uses a frequency
below 1 kHz as higher frequencies tend to be perceived as unpleasant for low-danger
signals. The volume peak is also reduced from over —7.1 integrated LUFS in traditional
in-vehicle auditory signals to —21.2 integrated LUFS in the new design to enhance the
perception of calmness. The Loudness Unit Full Scale (LUFS) is a unit that measures
the signal level corrected for human hearing sensations and integrated expresses how
loud it is on average in the LUFS. Furthermore, a longer envelope has been added to the
proposed in-vehicle auditory signal for a comfortable and smoother auditory experience.

3.4 Experiments

3.4.1 Setup

To demonstrate the significant difference between traditional and newly designed in-
vehicle auditory signals in terms of danger awareness, this research conducts an ex-
periment using a questionnaire with impression rating scales. Twenty-four participants
(16 males and 8 females in their 20s) listened to both traditional and newly designed
in-vehicle auditory signals through headphones in an anechoic room. Although differ-
ences in hearing ability and age of the participants need to be analyzed, the research
subject can be more complex and obscure in the early stages of exploring the elements
of effective auditory signals, and this is a topic for future work. The in-vehicle auditory
signals are played as many times as requested by the participants who then rate their
impressions using a 7-point Likert scale. The questionnaire items shown in Table 3.4
are selected through a trial study and consisted of 16 items. Participants assign a score
from one to seven for each item. This research summarizes and analyzes the question-
naire results using principal component analysis (PCA) to reduce the multivariate data
and present the key findings in a visually accessible form.
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Table 3.4: Rating scales used in the questionnaire.

’ Scale names \ Likert scale \ Counter scale names
Powerful Not enough
With alarm sense Without alarm sense
Strong Weak
Safe Dangerous
Luxury Cheap
Colorful Uncharacteristic
Rich Skinny
Tense 1-2-3-4-5-6-7 No Tense
Thick Thin
Quiet Noisy
Calm Shrill
Restful Irritable
Comfort Discomfort
Spacious Cramped
Sharp Dull
Large Small

A total of nine in-vehicle auditory signals are used in this experiment. Table 3.5 rep-
resents the examined auditory signals for comparison, which consists of Warning signal
used as a baseline, four traditional in-vehicle auditory signals, and designed auditory
signals Caution and Advisory respectively. The newly designed auditory signals do for
more than five seconds, whereas the traditional in-vehicle auditory signals sustain for
less than three seconds. This is because if the intent is to convey fine nuances to the
driver, the signal duration should be a bit longer.

3.4.2 Results

The experimental analysis by PCA resulted in Table 3.6, which presents the eigenvectors
derived from the analysis of in-vehicle auditory signals. The first principal component
accounts for 42.6% of the total explained variance of traditional in-vehicle auditory sig-
nals. The newly designed in-vehicle auditory signals exhibited similar first principal
component to the traditional one. In this research, eigenvalues with absolute values
greater than 0.3 are regarded as significant values. The eigenvalues for the dimensions
Tense - No tense, With alarm sense - Without alarm sense, and Safe - Dangerous were
notably higher compared to other eigenvectors. These components seem to capture
information related to danger, which leads to the definition of the first principal com-
ponent as the Danger evaluation principal component with values along the horizontal
axis representing the degree of danger associated with each in-vehicle auditory signal.
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Table 3.5: Types of in-vehicle auditory signals used in the experiment and their classifi-
cation according to the danger levels.

’ Warning (as baseline) H Warning(W) ‘
Caution of OIld auto-cruise sudden lost (OC)
traditional auditory signals || Old lane lost (OLL)

Old lane deviation (OD)
Caution of New auto-cruise sudden lost (NC)

proposed auditory signals || New lane lost (NLL)
New lane deviation (ND)

Advisory Old reminder of seat belt (OB)
New reminder of seat belt (NB)

The second principal component for traditional in-vehicle auditory signals is mainly
associated with dimensions such as Powerful - Not enough, Strong - Weak, Luxury -
Cheap, Large - Small, and Thick - Thin. In contrast, it is more related to Colorful -
Uncharacteristic, Rich - Skinny, and Thick - Thin in the newly designed in-vehicle au-
ditory signals. This suggests that traditional in-vehicle auditory signals tend to be more
monotonous and distinguished primarily by the strength, whereas the newly designed
ones represent relatively greater diversity incorporating various melodies and tones. As
a result, the second principal component can be interpreted as representing timbre ap-
pearing monotonous in traditional in-vehicle auditory signals and various in the newly
designed in-vehicle auditory signals.

Fig. 3.2 and Fig. 3.3 visualize the PCA results where the x-axis corresponds to
danger level and the y-axis indicates timbre based on the previous analysis. The red
circle represents a cluster of Warning (high danger), the green circle represents Cau-
tion (medium danger), and the blue circle represents Advisory (low danger) respectably
in these figures. In Fig. 3.3, participants can distinguish between the three types of
in-vehicle auditory signals (Warning, Caution, and Advisory) in the newly designed in-
vehicle auditory signals, whereas no such distinction is evident in the traditional ones
shown in Fig. 3.2. Due to the variety of tonal features in the designed in-vehicle audi-
tory signals, participants could intuitively identify the auditory impressions of Warning,
Caution, and Advisory. The Warning and Advisory signals correspond to higher and
lower danger levels with each horizontal axis value. The Caution signals overlap with
both Warning and Advisory signals but are distinguishable by their timbre, which helped
participants differentiate between the types of in-vehicle auditory signals.

3.4.3 Discussion

From the principal component analysis results, this research evaluated the improvement
in the perception of in-vehicle auditory signals. Fig. 3.2 illustrates that the three types of
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Figure 3.3: Results of proposed in-vehicle auditory signals.
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Table 3.6: Eigenvector of the principal component analysis.

Old New

Principal component Danger | Monotonous || Danger | Various
Tense - No Tense 0.365 -0.119 || -0.398 0.034
With alarm sense - Without alarm sense 0.362 -0.025 || -0.386 | -0.027
Safe - Dangerous -0.342 0.063 0.321 | -0.119
Spacious - Cramped -0.292 -0.121 0.320 | 0.178
Calm - Shrill -0.265 -0.189 0.319 0.193
Powerful - Not enough 0.205 -0.488 || -0.164 | 0.271
Strong - Weak 0.180 -0.427 | -0.194 | 0.297
Luxury - Cheap -0.090 -0.372 0.081 0.175
Large - Small 0.133 -0.354 | -0.121 0.289
Thick - Thin -0.162 -0.326 0.083 0.386
Colorful - Uncharacteristic -0.116 -0.252 0.077 0.469
Rich - Skinny -0.154 -0.254 0.095 0.407
Quiet - Noisy -0.291 -0.033 0.276 | -0.170
Restful - Irritable -0.287 -0.048 0.277 | -0.110
Comfort - Discomfort -0.279 -0.079 0.233 | -0.165
Sharp - Dull 0.234 0.054 || -0.268 | -0.206

| Explained variance | 0.426 | 0.138 [ 0.394 ] 0.211 |

traditional in-vehicle auditory signals are indistinguishable with no clear separation in
terms of danger level. This means that the traditional in-vehicle auditory signals do not
effectively convey the degree of danger of information. In contrast, Fig. 3.3 illustrates a
clear separation of the newly designed in-vehicle auditory signals into three categories:
Warning, Caution, and Advisory, corresponding to their intended danger levels. This
separation suggests that the newly designed in-vehicle auditory signals improve the per-
ception of danger by offering a more intuitive differentiation with the various tones
between degrees of danger, unlike the traditional in-vehicle auditory signals dominated
by monotonous beep tones. This improvement can be attributed to the careful designs
of musical elements and acoustic features aligned with the type of information being
conveyed.

For a deeper discussion, the result of Safe-Dangerous scale is extracted from the
questionnaire with the average values of the Likert scale, shown in Fig. 3.4. The hori-
zontal scale indicates the sort of in-vehicle auditory signals, and the vertical scale indi-
cates the scale 1 as Safe to 7 as Dangerous. The bar colors correspond to the results of
the PCA: The red bar represents Warning (high danger), the green bars represent Cau-
tion (medium danger), and the blue bar represents Advisory (low danger) respectably.
The results are analyzed using a two-tailed paired-sample t-test which showed the sta-
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Figure 3.4: Results of averaged values of Safe-Dangerous scale.

tistically significant differences between traditional in-vehicle auditory signals and pro-
posed ones, especially between OB and NB, OC and NC with p < 0.01. Proposed
in-vehicle auditory signals produce a stepwise sense of danger based on danger levels.

The following discusses each musical element and acoustic feature focusing on Re-
minder of seat belt and Auto-cruise sudden lost signals. In terms of musical elements
such as pitch scale and tempo, the traditional Reminder of seat belt had an upward pro-
gression with an unstable chord structure, whereas the new version featured a descend-
ing major chord progression. This change likely contributed to a clearer perception of
danger in the Advisory signal. The new Auto-cruise sudden lost signal transitioned from
a stable CMaj chord to an unstable Caug chord to create a sense of unease. This chord
structure likely led to a stronger perception of danger compared to the Advisory signal
for the Reminder of seat belt. Additionally, the slower tempo of the Reminder of seat
belt advisory signal contributed to a reduced sense of urgency and danger, as slower
tempos are generally perceived as less threatening. Regarding acoustic features, the
newly designed in-vehicle auditory signals have a fundamental frequency below 1 kHz,
whereas traditional in-vehicle auditory signals typically exceed 2 kHz. The volume of
the new Reminder of seat belt is also lower at —21.2 integrated LUFS compared to —7.1
integrated LUFS for the traditional ones. Furthermore, the traditional Auto-cruise sud-
den lost contains louder volume and all harmonics contributing to a higher perception
of danger due to its higher frequency. These findings suggest that the newly designed
in-vehicle auditory signals are perceived as less dangerous. The improvement in danger
perception between the traditional and newly designed Auto-cruise sudden lost signals
may also be due to the absence of all harmonics and its longer envelope duration in the
new version.
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Table 3.7: Relationship between sound elements and perception of danger.

’ \ Advisory \ Caution \ Warning ‘
Spectral Less 1kHz | 1to2kHz | More 2 kHz
Volume The lower the sense of risk, the smaller the volume

Tempo (BPM) The lower the sense of risk, the slower the tempo
Envelope The lower the sense of risk, the longer the envelope

Chord structure Maj min, dim, aug | Dissonance, Tension
Melody Descending | Ascending Intermittent sound

The musical elements and acoustic features that may have contributed to better dan-
ger perception are summarized in Table 3.7 according to danger levels discussed so far.
This table is a guideline example for a global design in designing in-vehicle auditory
signals for different hazard levels. This research focused on the six sound elements
that are often used to evoke different senses of sound based on the physiological effects
that humans seem to have in common, such as a sense of chord structure and musical
progression, and compiled them into a design guideline. Based on this current design
guideline example, it is possible to create in-vehicle auditory signals that realize the
function of judgment according to the degree of danger by using sound elements for
the desired degree of danger. On the other hand, since this research is limited in terms
of sound elements and scenarios, it is necessary to conduct evaluations based on other
sound elements and actual driving scenarios. Furthermore, it is important to evaluate the
interaction of various sound elements and the differences in the perception of danger in
different contexts due to changes in the surrounding conditions. In particular, the more
the sound element increases, the greater the danger is expected to be. By performing
the above evaluation and sorting out the sound elements that are related or unrelated to
danger, it will be possible to freely create in-vehicle auditory signals that match the at-
mosphere of the car while performing the function of judgment according to the degree
of danger. Ultimately, it is believed that by organizing sound elements related or unre-
lated to hazards as a global standard guideline, it will be possible for humans and Al
to create in-vehicle auditory signals that are appropriate for each situation and provide
intuitive and natural information presentations.

In this research, designed in-vehicle auditory signals according to the degree of dan-
ger did not evaluate the relation between danger degrees of information and the length
of the auditory signals. In fact, the length and composition of some designed in-vehicle
auditory signals might be inappropriate due to feedback from the questionnaire. It is
important to consider the length of sound according to the danger level of information.
The signals should be short when the level of urgency is high and immediate driving
action is required, whereas the signals can be long when the level of urgency is low and
there is time to listen to the information. On the other hand, rich synthetic sounds with
a lot of information are likely to sound unintelligible until drivers listen to them for a



3.5. SUMMARY 53

while. Especially in the initial stages when the user is not accustomed to the signals, it
is highly likely that the user will have to concentrate on the signals. Thus, it is necessary
to balance the familiarity of the signals and the length of the signals with the amount
of information. If tones with different characteristics are assigned to each piece of in-
formation to be presented, the user will be able to respond to the signals in the moment
drivers hear it once the drivers become accustomed to it. In particular, sounds with dis-
tinctive characteristics that are easily associated with the information to be presented
are more likely to be retained in memory, and thus it should be possible to promote
instantaneous judgment.

3.5 Summary

This chapter categorized the in-vehicle auditory signals based on the level of risk due
to the content of information used in current driving. According to this category of
in-vehicle auditory signals, samples of in-vehicle auditory signals were designed for
hazardous perceptions. The experiments evaluated the dangerous impression of the
designed in-vehicle auditory signals compared to the traditional in-vehicle auditory sig-
nals. The results showed that it is possible to add dangerous impressions according to
the danger level of the in-vehicle auditory signals by designing acoustic characteristics
and musical elements according to the content of the information and its danger level.
The musical elements and acoustic features that may have contributed to better danger
perception are summarized according to danger levels. These summaries are a guideline
example for a global design in designing in-vehicle auditory signals for different hazard
levels.

In this research, designed in-vehicle auditory signals according to the degree of dan-
ger did not evaluate the relation between danger degrees of information and the length of
the auditory signals. The length and composition of some designed in-vehicle auditory
signals might be inappropriate due to feedback from the questionnaire. It is important
to consider the length of sound according to the danger level of information. Moreover,
rich synthetic sounds with a lot of information are likely to sound unintelligible until
drivers listen to them for a while, especially in the initial stages when the user is not
accustomed to the signals. On the other hand, sounds with distinctive characteristics
that are easily associated and accustomed with the information to be presented are more
likely to be retained in memory and prompt immediate response. Thus, it is necessary
to balance the familiarity of the signals and the length of the signals with the amount
of information. In addition, this research focused on the sound elements based on the
physiological effects that humans seem to have in common, such as a sense of chord
structure and musical progression. Since sound perceptions involved in the context of
cultures and memory can be effective in enhancing danger perception, these elements
should be analyzed for intuitive in-vehicle auditory signals as the future perspective. Itis
also important to evaluate the interaction of various sound elements and the differences
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in the perception of danger in different contexts due to changes in the surrounding con-
ditions. In particular, it is expected that the more sound elements are added, the greater
the increase in danger level. By performing the above evaluation and sorting out the
sound elements that are related or unrelated to danger, it will be possible to freely cre-
ate in-vehicle auditory signals that match the atmosphere of the car while performing
functions according to the degree of danger. Furthermore, the danger level was divided
into three categories—Warning, Caution, and Advisory—based on the perceived level
of danger according to the design purposes of each in-vehicle auditory signal to confirm
the possibility of sound-based representation of the gradual increase in danger level in
this research. On the other hand, the number of categories may be incremented de-
pending on the design purpose of safety systems including in-vehicle auditory signals.
In some cases, it would also be beneficial to seamlessly and continuously increase the
sense of urgency. As a future direction of this research, the best definition of the danger
levels should be explored and organized according to driving scenarios. More evaluation
experiments also need to be conducted with greater diverse individuals of various ages
and hearing abilities for more general results. Ultimately, by organizing sound elements
related or unrelated to hazardous perceptions as a global standard guideline, it will be
possible for humans and Al to create in-vehicle auditory signals that are appropriate for
each situation and provide intuitive and natural information presentations.




Chapter 4

Generation Methods of In-Vehicle
Auditory Signals for Multiple Events

In a driving environment where the surroundings are constantly changing, various events
happen simultaneously at various hazard levels. In-vehicle auditory signals need to com-
municate multiple events with drivers according to the level of danger in the driving
situations. This chapter! proposes an in-vehicle auditory signal to distinguish between
multiple potential collision risks due to focusing on pedestrians. Conventionally, 3D
sound localization and tone designs for various hazards allow drivers to distinguish be-
tween multiple sounds easily and simultaneously recognize pedestrians from various
angles. However, if several sounds emanate from almost the same direction, drivers
cannot detect multiple pedestrians. Proposed methods address this problem by varying
the frequency and timing of the in-vehicle auditory signal so that drivers can distin-
guish multiple risks potentially colliding by Time-To-Collision (TTC) which is the time
before a driver may collide with a pedestrian. The Experiment results in a significant
improvement of the proposed methods compared to the conventional in-vehicle auditory
signal due to timing shift rather than frequency shift.

4.1 Introduction

Driving operations take place in a constantly changing environment. Various events
occur simultaneously at various levels of danger, which causes great stress on the drivers
and adverse effects on driving operations. Safety support systems are imperative to

I'This chapter is based on “Frequency and Timing Shifting of 3D-localized Advisory Signals for
Awareness of Pedestrians” [12] listed in International Conference Papers (Refereed) of Publications in
this dissertation by the same author, which appeared in the Proceedings of International Workshop on
Smart Info-Media Systems in Asia (SISA), Copyright(C)2020 IEICE. The material in this paper was pre-
sented in part at the Proceedings of International Workshop on Smart Info-Media Systems in Asia (SISA)
[12], and all the figures reused from [I2] in this paper are under the permission of the IEICE.
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reduce these burdens on drivers while communicating the simultaneous risks occurring
in the surroundings [120]. In particular, it is necessary to communicate multiple events
with drivers through in-vehicle auditory signals without burdening the driver’s vision
focused on driving operations.

Recent studies have attempted various ways to facilitate more intuitively distinguish-
ing information by in-vehicle auditory signals. For instance, focusing on tonal design
subdivided into various sound components is studied to distinguish in-vehicle auditory
signals according to the danger levels in driving surroundings [41, 42], as introduced
in Chapter 3. In addition, several works in [54, 55] implemented in-vehicle auditory
signals by using 3D sound localization, which is the method introduced in Chapter 2, to
enable the determination of the direction and distance of surrounding hazards. However,
according to these studies, multiple pieces of information can be difficult to distinguish
based solely on the effects of 3D sound localization or slight differences in tonal design
such as pitch, repetition rate, or volume.

An in-vehicle auditory signal that foreshadows danger within a low level of risk has
also been proposed from [54]. In this case, simultaneous incidents to be communicated
may happen frequently since low-risk events are far more numerous than high-risk ones.
Moreover, the distinction of multiple risks by in-vehicle auditory signals, especially
existing in almost the same direction that can be difficult for in-vehicle auditory signals
to identify through 3D localized sound, has not been discussed in related research.

Fig. 4.1 illustrates an overview of this research. A car indicated in red attempts to
turn right at a T-junction. On the other hand, an obstruction exists as a blind spot where
several pedestrians attempt to cross or are crossing pedestrian crossings indicated by a
green circle, which is not visible to the red car. This figure also shows the driver’s orig-
inal view as an orange line and the actual view blocked by the obstacle as a blue line
and a fan shape. When events categorized as the same level of low danger exist in al-
most the same direction as this figure shows, it is difficult to convey multiple dangerous
incidents to drivers using only 3D localized sound or tonal design techniques based on
the level of danger, as has been done recently for in-vehicle auditory signals. Such in-
vehicle auditory signals may cause confusion and delay in judgment, potentially leading
to traffic accidents. This is the situation that needs to be resolved to achieve an intuitive
in-vehicle auditory signal.

This chapter proposes generation methods of in-vehicle auditory signals for mul-
tiple events. The proposed in-vehicle auditory signals utilize methods of shifting the
frequency and timing of signals to distinguish various events. The experiment evaluates
proposed in-vehicle auditory signals in case pedestrians exist in the location of the blind
spot of the driver.

The contributions of this chapter are as follows:

1. This research presents generation methods to communicate to drivers with mul-

tiple low-level risks such as the presence of pedestrians in almost the same di-
rection.
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Figure 4.1: An overview of this research subject with a concrete driving scenario.

2. Proposed in-vehicle auditory signals are designed with different frequency spec-
trums and sound onset timing according to the number of pedestrians. Experi-
mental results using questionnaires demonstrate that the proposed methods show
a significant improvement over the conventional signals.

The subsequent section of this chapter is structured as follows. Section 4.2 discusses
related work according to the context of in-vehicle auditory signals in general use-case
and mobility domains. Sections 4.3 introduces a system of in-vehicle auditory signals,
it then presents the proposed methods to determine the frequency spectrum and the
sound onset timing of in-vehicle auditory signals. Section 4.4 addresses experimental
scenarios to show the effectiveness of proposed methods and the results are discussed
from the perspective. Section 4.5 finally concludes this chapter with future remarks.

4.2 Related Research

Differences in the arrival direction and tone designs of sound sources are often used
as cues for humans to distinguish between multiple sounds. The methods to realize
these cues have already been discussed with detailed mechanisms and related works
in Chapter 2 and Chapter 3. This section introduces related research using both meth-
ods involved in the arrival direction and tone designs of sound sources for in-vehicle
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auditory signals.

Tan and Lerner [55] conducted an extensive study on how subjects perceived warn-
ing sounds in a driving environment by incorporating directional information and sound
impressions using multiple speakers. Their work as one of the earliest studies on sound
in cars introduced the concept of in-vehicle auditory signals with directional and tonal
cues. Similarly, the work in [54] introduced the safety assistant systems of in-vehicle
auditory signals equipped with 3D sound and tone designs based on the risk level of sur-
rounding incidents, which shows that 3D sound and tonal design support drivers judge
the priority to address surrounding incidents in driving with the direction and danger
level. However, this study stated that it is difficult to convey multiple events simultane-
ously by solely 3D sound and tonal design with slight volume and frequency differences.
These studies also highlight several challenges related to using 3D sound localization in
vehicles.

The factors, including ITD, ILD and HRTFs, play a key role in human perception
of sound direction as mentioned in Chapter 2. Whereas these cues allow listeners to
distinguish left and right directions, they struggle with front-back and top-bottom lo-
calization. This phenomenon called the cone of confusion and front-back confusion
discussed in Chapter 2 as well has been a long-standing problem and remains a major
challenge in embedded systems, especially in limited computational resources such as
automotive systems. The work in [54] discussed that front-back confusion is one of the
factors causing difficulties in conveying multiple events simultaneously by solely 3D
sound. The research in Chapter 2 also addressed solving this long-standing problem by
incorporating sound reflections in the real world and introduced a platform for analyz-
ing the impact of sound reflections on 3D sound localization. A study including this
approach would solve front-back confusion one day.

Distinguishing multiple risks in almost the same direction using 3D-localized sound
also can be challenging. In addition, there may frequently be multiple risks to be com-
municated, such as pedestrians crossing a crosswalk or attempting to cross, especially
if in-vehicle auditory signals foreshadow dangerous incidents at a low-risk level as pro-
posed in [54]. In such cases, it is also difficult to distinguish between multiple risks
by different tonal designs according to the degree of danger because these risks are the
same or close to the degree of danger. However, no methods have been reported to al-
low drivers to distinguish these multiple risks in almost the same direction by in-vehicle
auditory signals.

4.3 In-Vehicle Auditory Signal System

An in-vehicle auditory signal system is outlined in Fig. 4.2. The process flow of this
system is in three steps as shown in Fig. 4.2a from the input of TTC and position of dan-
ger to the output of generalized in-vehicle auditory signals. This research assumes that
one’s own vehicle called as ego-vehicle can acquire relative information regarding its
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Figure 4.2: Proposed in-vehicle auditory signal system model.

position and the position of Vulnerable Road Users (VRUs). VRUs include pedestrians,
cyclists, and others who are more prone to accidents or injuries compared to typical road
users. Additionally, this research assumes that the ego-vehicle can gather this informa-
tion through its sensing mechanisms and from shared data via infrastructure systems.
Based on this information, the proposed in-vehicle auditory signal system triggers the
auditory alert with the following three key features.

* Sound Selection: The proposed system selects one of three types of auditory sig-
nals according to the hazard level shown in Fig. 4.2b.

* 3D Sound Localization: The signals are spatially oriented to help the driver iden-
tify the direction of the hazard by HRTFs shown in Fig. 4.2c.

* Multiple Sounds Segregation: The proposed system handles multiple in-vehicle
auditory signals simultaneously by shifting the frequency and onset timing of each



CHAPTER 4. GENERATION METHODS OF IN-VEHICLE AUDITORY
60 SIGNALS FOR MULTIPLE EVENTS

signal shown in Fig. 4.2d to ensure that each signal is distinct and identifiable even
in complex scenarios involving several VRUs.

This framework is designed to enhance effectively the driver’s ability to assess and
respond to varying levels of danger.

4.3.1 Sound Selection

Firstly, this system selects an appropriate in-vehicle auditory signal from three
types—warning, caution, and advisory—as shown in Fig. 4.2b. These in-vehicle au-
ditory signals are specifically designed based on the Time-To-Collision (TTC) which
refers to the time remaining between the ego-vehicle and a Vulnerable Road User (VRU)
before a potential collision if assuming the current speed is maintained.

The implications of the length of TTC are defined along with the necessary actions
according to the hazard levels. The previous work in Chapter 3 explored designs for
in-vehicle auditory signals with musical and acoustic elements according to the hazard
levels. Building on these findings, the design outlines for in-vehicle auditory signals
based on musical and acoustic elements have been summarized in Table 3.7. This table
provides a framework for designing appropriate in-vehicle auditory signals that reflect
the hazard levels, which allows users to tailor the sound characteristics of in-vehicle
auditory signals to match the severity of the situation effectively.

4.3.2 3D Sound Localization

After setting the in-vehicle auditory signals based on the danger levels, these signals
are spatially localized as 3D sounds to incorporate the direction and distance of VRUs
relative to the ego-vehicle. The system assumes the usage of binaural audio processed
with Head-Related Transfer Functions (HRTFs). Usually, sounds reach a listener with
delay and pressure differences between the two ears through reflections and absorption
by the head, auricles, and torso. These factors allow the listener to locate the position
of a sound source, and these detailed effects have been explained in Chapter 2. In
3D sound localization, positional information is granted to artificial sound sources by
virtually reproducing these spatial effects by human bodies, whose characteristics are
modeled as HRTFs [74] shown as the frequency in Fig. 4.2c.

Low-computation techniques for 3D sound localization have been developed, such
as those in [4] explained in Section 2.3.3, which provide generic HRTFs suitable for
embedded systems. These methods are particularly beneficial for implementation in en-
vironments with spatial and computational limitations, such as vehicles. Furthermore,
there are also sound reflections in the interior space of vehicles due to several special
shapes and materials, including window glasses and cushions. These sound reflections
can affect the perception of the three-dimensional sound of the driver. The previous
study in Chapter 2 focuses on the use of a generic HRTF low-computation generation
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method suitable for embedded systems to deal with sound reflection effects including
the vehicle cabin and to achieve more realistic 3D sound. This approach aims to es-
tablish a 3D sound environment tailored to automotive applications to enhance spatial
awareness in real-time driving scenarios.

4.3.3 Multiple Sounds Segregation

Generally, multiple risk incidents occur on the road while driving. For this reason, in-
vehicle auditory signals ought to effectively convey multiple risk incidents to drivers
simultaneously. This research focuses on two methods for achieving this subject: Fre-
quency shifting and timing shifting, which are believed to enhance sound source segre-
gation and feasible to easily distinguish between multiple risks using in-vehicle auditory
signals, as supported by [121]. This research presents methods to shift the frequency
and timing of in-vehicle advisory signals for different risks, as shown in Fig. 4.2d. It is
thought that both frequency shifting and timing shifting methods contribute to effective
sound source segregation and are feasible to easily identify multiple auditory warnings
for drivers in a complex driving environment. Combined, these methods result in a
more sophisticated and perceivable system for simultaneously alerting drivers to mul-
tiple hazards. Firstly, the method of frequency shifting is explained, followed by the
method of timing shifting in each section.

Frequency Shifting Method

First, the method of frequency shifting for in-vehicle advisory signals is defined in Eq.
4.1, Eq. 4.2, and Table 4.1.

f=axbx21 (N=4,57.9,12), (4.1)

n—x

ID =y x : (4.2)
n

which employs the equal temperament dividing the octave, referred to as the interval
between the fundamental frequency and its double frequency, into 12 equal parts. For
advisory signals that are non-urgent, the goal is to use harmonic and bright structures
(e.g., major chords) rather than dissonant or minor structures. In light of these consid-
erations, harmonic frequencies are selected using Eq. 4.1. For instance, suppose the
fundamental frequency a of the basic advisory signal is 131 Hz represented by C2 in
musical notation, harmonic frequencies such as E2, F2, G2, and A2 are then determined
without dissonance and the octave difference. The proposed formula for harmonic fre-
quency shifting is based on equal temperament, where the multiplication of 2 to the
N /12 power provides the harmonic frequency. The parameter N represents the har-
monic order, and an octave difference is calculated by doubling the frequency at each
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Table 4.1: IDs of candidate frequencies and musical notes are determined for shifting
of advisory signals of 131 Hz represented by C2 of musical notes.

’ ID \ Frequency (Hz) \ Musical notes ‘

0 131 C2
1 165 E2
2 175 F2
3 196 G2
4 220 A2
5 262 C3
6 330 E3
7 349 F3
8 392 G3
9 440 A3
10 523 C4
11 659 E4
12 698 F4
13 784 G4
14 880 A4

octave, represented by the integer b. The resulting candidate frequencies with an upper
limit of 1 kHz for advisory signals are listed in Table 4.1 per the advisory signal design
from Table 3.7.

The ID assigned for each candidate from the number O to the maximum number
minus one is set for frequency-shifted advisory signals by Eq. 4.2. In this equation,
y is defined as the total number of candidate frequency, n denotes the total number of
risk incidents around the ego-vehicle, and x indicates the order of risk incidents around
the ego-vehicle. Because of the need to simultaneously manage the design of non-
urgent advisory signals and the segregation of multiple sounds, the frequency should be
determined between the lowest possible frequency and as far away from the fundamental
frequency of the basic advisory signal as possible. Higher frequencies are more likely
to be perceived as dangerous and are assigned to risk factors that result in shorter TTC,
which is represented on the vertical axis of Fig. 4.3. Each signal shown as from signal
1 to signal n is allocated the frequency of fj to f,—1 in Fig. 4.3. Each color of sound
wave in Fig. 4.3 also shows the frequency differences.

Taking the situation in which four pedestrians exist as shown in Fig. 4.1 as an
example, the nearest pedestrian is determined by using Eq. 4.2 and Table 4.1 as ID 11
by rounding down the value. In this case, y defined as the total number of frequency
candidates is determined in 15, n defined as the total number of risk incidents around
the ego-vehicle is determined in 4, and x defined as the order of risk incidents around
the ego-vehicle is determined in 1 in Eq. 4.2.
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Timing Shifting Method

In this method, onset times of advisory signals are shifted based on beat intervals. If
there is an onset of sound at the same time as the beat, it becomes difficult to isolate
multiple sounds. Therefore, this method staggers the onset of in-vehicle auditory signals
between beat intervals to create separation.

The method for timing shifting of advisory signals is explained in Eq. 4.3.

60 x—1
I = 55— X )
BPM n

4.3)

where BPM denotes the signal’s tempo in beats per minute, x indicates the order of risk
incidents around ego-vehicle, and n represents the total number of risk incidents around
ego-vehicle. The shorter the TTC, the earlier the onset is allocated for the in-vehicle
auditory signal, which is reflected on the horizontal axis of Fig. 4.4. Each signal shown
as from signal I to signal n is allocated the frequency of ¢y to ¢, in Fig. 4.4.
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Figure 4.5: A driving scenario in the experiment.

4.4 Experiments

4.4.1 Setup

Experiments are conducted to demonstrate the effectiveness of the proposed methods.
The experiment evaluates that the proposed methods are feasible recognizing the num-
ber of pedestrians in almost the same direction by achieving a high percentage of correct
responses. This experiment demonstrates that multiple pedestrians in almost the same
direction can be distinguishable by the proposed methods. Only pedestrians among
VRUs are treated as relatively stationary objects for simplicity in this experiment.

This experiment simulates a scenario where a driver approaches a T-junction with
poor visibility and faces the risk of colliding with multiple pedestrians as depicted in Fig.
4.5. This scenario assumes that the ego-vehicle is equipped with sensing capabilities and
can share information about potential risks via infrastructure. The ego-vehicle is driving
at the legal speed limit of 30 km/h and 100 m away from pedestrians crossing near the
T-junction, where it begins to decelerate gradually.

In this scenario, Time-to-Collision (TTC) is used, defined by the following risk lev-
els.

e TTC\arning 1s within 5 seconds indicating close proximity to pedestrians.

* TTCquion 1s within 10 seconds marking the beginning of deceleration as the ve-
hicle approaches pedestrians.

e TTCuqvisory 1s within 20 seconds covering the early stages of deceleration and
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Table 4.2: Sound elements for advisory level excerpted from Table 3.7.

’ \ Advisory ‘
Spectral Less 1 kHz
Volume The smaller the volume

Tempo (BPM) | The slower the tempo
Envelope The longer the envelope
Chord Maj
Melody Descending

increases of awareness of pedestrians.

Due to obstacles obstructing the view of the driver in the ego-vehicle, the system tries to
convey risks via in-vehicle auditory signals based on TTC to alert the driver to pedestri-
ans in the blind spot. The driver unaware of pedestrians receives auditory cues indicating
various levels of danger based on TTC. Fig. 4.5 depicts pedestrians as perfectly aligned
in a particular direction, but there is some misalignment in reality, which only empha-
sizes the fact that drivers perceive that the risk factors are present to some extent in the
same direction.

This experiment compares four types of signals in advisory levels used in Chapter 3
as well. The tonal features of advisory signals are excerpted with sound elements from
Table 3.7 to Table 4.2, and the four types of advisory levels using the proposed methods
are summarized below.

1. Baseline signal: A fundamental frequency of C2 with a descending progression
and 88 BPM, which are same characteristics as newly designed Reminder of seat
belt of Advisory signals in Table 3.3, and 3D-localized to append the direction
of pedestrians on the signal. The signal volume should be 3 dB louder as the
pedestrian’s TTC is shorter. These features are also common across all other
signal conditions.

2. Frequency shifted signal: This signal shifts frequency according to the pedes-
trians’ TTC.

3. Timing shifted signal: This signal shifts timing according to the pedestrians’
TTC.

4. Frequency and timing shifted signal: This signal combines frequency and tim-
ing shifting according to the pedestrians” TTC.

The experiment evaluates participants’ ability to segregate auditory signals based on
the number of pedestrians with the number ranging from two to four in their blind spot.
Each participant listens to twelve signals, each lasting approximately three seconds, and
answers a questionnaire by selecting from four figures showing one to four pedestrians
as in Fig. 4.5. The one pedestrian option is included to add confusion, even though
two to four pedestrian signals are presented. In the experiment, the usefulness of the
proposed methods is measured by the percentage of correct answers given by the par-



CHAPTER 4. GENERATION METHODS OF IN-VEHICLE AUDITORY
66 SIGNALS FOR MULTIPLE EVENTS

mBaseline ®Frequency = Timing = Frequency and Timing

100%

90%
0% | **P<0.01 *P<0.05

70% I

60% | xp<9.05
50% | I

40% I
30% |

20% - - i I

10% i

o | W 4
2 3 4

The number of pedestrians

**%P<0.001
—

A

iI

Total

The rates of correct answer

Figure 4.6: Results of the evaluation experiment.

ticipants. Participants can listen to each signal repeatedly during answering played for
approximately 3 seconds at once. To familiarize participants with the structure of the
sound, a baseline signal, i.e., a sound without multiple sound sources, can be heard
before the experiment begins. The order of sound types and pedestrian numbers is ran-
domized, and only the signal type is explained to participants before listening. The
experiment involves twelve male subjects in their twenties using headphones, all with
normal hearing. Therefore, differences in hearing ability are not considered in the anal-
ysis for simplifying, which is a topic for future work same as Chapter 3.

4.4.2 Results

The results of the experiment are evaluated using a two-tailed paired-sample t-test as
shown in Fig. 4.6. In this figure, the x-axis represents the number of pedestrians,
whereas the y-axis represents the rate of correct answers. The total score on the x-axis
separated by dotted lines aggregates all the scores regardless of the number of pedes-
trians. The results are color-coded to indicate the different in-vehicle auditory signal
types: Blue represents the baseline signal, orange represents the frequency-shifting sig-
nal, gray represents the timing-shifting signal, and yellow represents the signal with both
frequency and timing shifting. The results indicate statistically significant differences
in the correct answer rates between the baseline and the other signals. The significance
is shown by the p value, where one asterisk represents p < 0.05, two asterisks represent
p < 0.01, and three asterisks represent p < 0.001 respectively.

Firstly, there are significant improvements in correct response rates when using fre-
quency and timing shifting compared to the baseline. The combination of both fre-
quency and timing shifting indicates the most significant improvement (p < 0.001) in
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the total scores across two to four pedestrians, which suggests that combining both
effects results in higher accuracy. Additionally, significant differences are observed
for two pedestrians (p < 0.01) and three pedestrians (p < 0.05), although there is no
significant difference for four pedestrians. This implies that as the number of signals
increases, signal segregation becomes more challenging, leading to a decrease in the
correct response rate due to the complexity of the tones.

Secondly, there is a significant difference in correct response rate (p < 0.05) for
two pedestrians between the timing-shifted signals and the baseline, but no significant
difference between the frequency-shifted signals and the baseline. These suggest that
timing shifting is more effective than frequency shifting when used separately, though
frequency shifting complements timing shifting when combined as shown in the results
of in-vehicle auditory signals using both methods. However, the correct response rate
does not show significant differences for three and four pedestrians, which further sup-
ports the idea that the complex tones hinder signal segregation as the number of signals
increases. The signals using both frequency and timing shifting show better perfor-
mance compared to those using only timing shifting, particularly for three pedestrians
and in the total score. This implies that a combination of frequency and timing shifting
is more effective than using either method alone.

4.4.3 Discussion

The results showed that the timing-shifting method is more effective than the frequency-
shifting method. Additionally, combined methods of frequency and timing shifting
resulted in the most effectively distinguishing signals. These results imply that the
frequency-shifting method is complementary to the timing-shifting method. These re-
sults was expected and demonstrated the usefulness of the proposed methods to some
extent. This research limited the baseline signal to Reminder of seat belt proposed in
Chapter 3, and evaluated the auditory perception of the signals based on frequency and
onset timing differences. However, the degree to which sounds are discernible may
vary depending on other sound sources and driving conditions. For instance, the effect
of these methods may be varied for signals composed of various tones whose fundamen-
tal frequencies are difficult to determine, or for signals with relatively fast rhythms and
various sound lengths. It may be necessary to switch the method to distinguish signals
according to the sound elements of the sound sources.

The other ambient sounds such as talking voices and ambulance sirens or other car
audio systems such as music and radio may also have an effect on sound discrimination,
which is necessary to consider the ease of distinguishing signals from the surrounding
environment, for instance, by adjusting the volume setting according to the ambient
sound or reducing the volume of other sounds being played by the car audio system. By
organizing sound elements that be related or unrelated to hazard levels in conjunction
with the research of Chapter 3, it may be possible to create a in-vehicle auditory signal
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that has a natural impression that matches the atmosphere inside the car while main-
taining the necessary information conveying function. Moreover, these methods may
be limited to conveying information about two to three pedestrians. For scenarios with
more pedestrians or additional complexity, further refinement of in-vehicle auditory sig-
nals would be necessary to convey more information simultaneously. Furthermore, this
experiment was limited to evaluating pedestrians as VRUs. Further research is needed
to assess performance in scenarios where various types of VRUs, such as cyclists on a
sidewalk or other vehicles in a roadway, are mixed on real roads.

4.5 Summary

This chapter introduces methods for communicating the multiple risks of pedestrians
in almost the same direction by in-vehicle auditory signals, which are difficult to dis-
tinguish in driving situations. These proposed methods shift the frequency and timing
of in-vehicle auditory signals according to TTC. This research evaluated the proposed
methods to compare the separation rates with the baseline which is not shifting the
frequency and timing of the signals. The experimental results showed that the timing-
shifting method is more effective than the frequency-shifting method. Additionally,
combined methods of frequency and timing shifting resulted in the most effectively dis-
tinguishing signals. These results imply that the frequency-shifting method is comple-
mentary to the timing-shifting method. Meanwhile, these proposed methods are limited
to communicating to drivers with two to three pedestrians.

Distinguishable differences should be evaluated according to sound elements of
sound sources. Environmental sounds such as ambulance sirens and talking voices
may also affect sound discrimination, and the ease of distinguishing signals from the
surrounding environment should be considered. Other methods should be explored or
evaluated in combination with the method proposed in this research to communicate
more information simultaneously by in-vehicle auditory signals. Moreover, only pedes-
trians were evaluated as VRUs in this experiment. Since various VRUs are mixed on
actual roads and constantly on the move, the effective method for multiple hazards with
in-vehicle auditory signals can be varied depending on the situations. It is necessary
to explore further and evaluate the best method for in-vehicle auditory signals in vari-
ous driving scenarios. In addition, experiments with many more diverse individuals of
various ages and hearing abilities are needed to validate with more general results.



Chapter 5

Conclusion and Future Work

The various design methodologies for intuitive in-vehicle auditory signals have been
discussed so far. This chapter concludes with an overall summary of each chapter of
this dissertation and the future work for the direction of this research discussed. In the
conclusion, summaries of each chapter are provided in response to the research ques-
tions stated in the introduction. Future work describes the research directions beyond
each chapter to achieve intuitive in-vehicle auditory signals.

5.1 Conclusion

The development of automobiles is required in various fields to decrease the fatality rate
from traffic accidents with the creation of a safer and more comfortable driving envi-
ronment. One of the critical approaches to safe and comfortable driving is in-vehicle
auditory signals. Whereas visual-based support systems can lead to fatigue since drivers
are required to continuously monitor their surroundings and follow visual cues simul-
taneously, the auditory signals are more effective in driving. The in-vehicle auditory
signals are desired to have diverse designs to enhance driver awareness and facilitate an
intuitive understanding of information accurately and immediately. Therefore, this dis-
sertation presents design methodologies for intuitive in-vehicle auditory signals based
on three functions that need to be mounted: directional perception, tone design, and
supporting multiple events, which can contribute to serving as a foundation for such a
universal design of ideal in-vehicle auditory signals to present information according
to the degree of danger intuitively with various sound elements. To realize these intu-
itive in-vehicle auditory signals, this dissertation has addressed three research questions
defined in Chapter 1.
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5.1.1 Answer to Question 1: How could the direction of danger be
communicated by in-vehicle auditory signals?

Sound reflections exist in automobiles because of several special shapes and materials
including window glass and cushions. These reflections can influence localizing artifi-
cial sound sources in three dimensions, including in-vehicle auditory signals. Chapter
2 presented a design platform to evaluate the impact of synthetic early reflections on
3D sound localization and explored the best settings of sound reflections to improve
the human directional perception of artificial sound sources, especially in the front and
back positions, which aims to realize natural information presentation using intuitive in-
vehicle signals with 3D sound localization minimizing eye movement without looking
aside. The demonstration with two experiments evaluated the usefulness of the proposed
platform focusing on the precedence effect involved in the impacts of sound reflections
on human directional perception of sound sources. The first experimental results indi-
cate that the impacts of sound reflections on the human directional perception of sound
sources vary depending on the types of sound sources and positions of sound reflections.
On the other hand, the second experimental results discovered that modifying sound re-
flection positions on the horizontal plane alone based on the precedence effect did not
significantly improve the exact judgment of the front and back locations of the sound
sources. These results suggest that additional effects of sound reflections beyond those
evaluated in these experiments may be required to enhance the directional perception of
sound sources. Throughout these experiments, the usefulness of the proposed platform
was successfully demonstrated as the contribution of this chapter to assess the differ-
ences in the effects of sound reflections due to variations in the type and position of the
sound sources with the proposed platform. Further exploration of optimal settings for
sound reflections will create more accurate 3D sound localization with this platform,
which will contribute to realizing in-vehicle auditory signals with 3D sound perception
inside automobiles where special sound reflections exist.

In a real driving environment, the driver’s seat and window glass are located close to
the driver, from which the initial reflected sound may affect the three-dimensional im-
pression of the in-vehicle auditory signals. It is believed that the evaluation experiment
in this research has demonstrated the possibility that the proposed platform can eval-
uate the effects of such sound reflections on the three-dimensional sense of in-vehicle
auditory signals, including the sense of forward and backward sound. It will also be
possible to evaluate the effect of the initial sound reflections from the driver’s seat and
window glass on the three-dimensional sense of in-vehicle auditory signals by develop-
ing this evaluation experiment and setting the reflectance of the back and side wall of
the proposed platform to that of cushions and glasses. In reality, transformations in the
shape of the walls and increments in the number of reflections would be necessary to
strictly reproduce the real driving environment. On the other hand, since initial reflec-
tions have a considerable influence on sound reflections, the current platform might be
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sufficient to evaluate the effect of sound reflections on the three-dimensional impression
of in-vehicle auditory signals based on the real driving environment.

5.1.2 Answer to Question 2: How could in-vehicle auditory signals
be composed for suitable perception depending on danger lev-
els?

To ensure driving safety, quick identification and correct response to surrounding haz-
ards are significant. Intuitive in-vehicle auditory signals are required to communicate
quickly and correctly this hazardous information to drivers according to danger levels
of surrounding incidents and comfort perception for drivers in the stressful driving en-
vironment. Chapter 3 explored designs of in-vehicle auditory signals to control driver
awareness via danger perception. This research presented the categorization of current
in-vehicle auditory signals based on the level of risk due to the content of information
and samples of auditory signals were designed for the impression of each danger level.
The experiments evaluated the impression of danger comparing the designed in-vehicle
auditory signals to the traditional in-vehicle auditory signals. The results showed that
the method of designing acoustic characteristics and musical elements according to the
content of the information and its danger level was feasible to add dangerous impres-
sions according to the danger level of the in-vehicle auditory signals. On the other hand,
the length and composition of some designed in-vehicle auditory signals might be inap-
propriate due to feedback from this questionnaire. It is important to consider the length
of sound according to the danger level of information. Future work is needed to bal-
ance the information content, frequency of occurrence, and stimulus of the in-vehicle
auditory signals with acoustic characteristics and musical elements.

The musical elements and acoustic features that may have contributed to better
danger perception are summarized according to danger levels. These summaries are
a guideline example for a global design in designing in-vehicle auditory signals for dif-
ferent hazard levels. This research focused on the six sound elements that are often used
to evoke different senses of sound based on the physiological effects that humans seem
to have in common, such as a sense of chord structure and musical progression, and
compiled them into a design guideline. Based on this current design guideline example,
it is possible to create in-vehicle auditory signals that realize the function of judgment
according to the degree of danger by using the sound elements for the desired degree
of danger. On the other hand, since this research is limited in terms of sound elements
and scenarios, it is necessary to conduct evaluations based on other sound elements and
actual driving scenarios. Furthermore, it is important to evaluate the interaction of vari-
ous sound elements and the differences in the perception of danger in different contexts
due to changes in the surrounding conditions. In particular, the more the sound element
increases, the greater the danger is expected to be. By performing the above evaluation
and sorting out the sound elements that are related or unrelated to danger, it will be
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possible to freely create in-vehicle auditory signals that match the atmosphere of the car
while performing functions of discrimination according to the degree of danger, beyond
which it could lead to a global standard guideline for ideal in-vehicle auditory signals.

5.1.3 Answer to Question 3: How could the multiple simultaneous
events be communicated by in-vehicle auditory signals?

More than one event is continuously occurring in driving environments. In this ever-
changing situation where multiple events are occurring, a method and a framework are
needed to effectively convey information with in-vehicle auditory signals. Chapter 4
introduced methods for communicating the multiple risks by in-vehicle auditory sig-
nals, which focused on the situation where pedestrians in almost the same direction are
difficult to distinguish in driving. These proposed methods shifted the frequency and
timing of in-vehicle auditory signals. The experiment evaluated the proposed methods
to compare the separation rates with the baseline not shifting the frequency and timing
of in-vehicle auditory signals, and resulted in the timing-shifting method being more
effective than the frequency-shifting method. Additionally, the method combining fre-
quency and timing shifting resulted in the most effective distinguishing signals, which
implies the frequency-shifting method is complementary to the timing-shifting method.
These results was expected and demonstrated the usefulness of the proposed method to
some extent.

In the future, these proposed methods need to expand with other methods to com-
municate more information simultaneously by in-vehicle auditory signals because of the
limitations of communicating to drivers with two to three pedestrians in this research.
Further research is also needed to assess performance in scenarios where various types
of VRUs are mixed on real roads. This research also limited the baseline signal to Re-
minder of seat belt proposed in Chapter 3. It may be necessary to switch the method
to distinguish signals according to the sound elements of the sound sources. The other
ambient sounds such as talking voices and ambulance sirens or other car audio systems
such as music and a radio may also have an effect on the sound discrimination, which
is necessary to consider the ease of distinguishing signals from the surrounding envi-
ronment. By organizing sound elements that are related or unrelated to hazard levels in
conjunction with the research of Chapter 3, it may be possible to create an in-vehicle
auditory signal that has a natural impression that matches the atmosphere inside the car
while maintaining the necessary information conveying function.

5.2 Future Work

The works presented in this dissertation will be able to extend in several directions.
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Sound Design and Evaluation for Various Scenarios

This research focused on a limited number of sound elements in a limited number of
driving scenarios. In order to realize a universal design of intuitive in-vehicle auditory
signals, it is necessary to evaluate various sound elements and driving scenarios. It is
important to balance the information content, frequency of occurrence, and stimulus of
the in-vehicle auditory signals with sound elements, and balance the familiarity of the
signals and the length of the signals with the amount of information. Ultimately, by
organizing sound elements related or unrelated to sound hazards as a global standard
guideline, it will be possible for humans and Al to create in-vehicle auditory signals
that are appropriate for each situation and provide intuitive and natural information pre-
sentations.

Implementation and Evaluation in a Driving Simulator

A design platform to evaluate the impact of synthetic early reflection on 3D sound local-
ization has been proposed in Chapter 2. This platform can be implemented in a driving
simulator where it is possible to evaluate the effect of 3D sound localization with sound
reflection on driving behaviors. Moreover, designed in-vehicle auditory signals by the
sound elements explored in Chapter 3 and the proposed methods for sound segregation
in Chapter 4 can also be evaluated in the driving simulator with the effect of 3D sound
localization and sound reflection on driver’s impressions and driving behaviors. In fact,
the sound elements explored in Chapter 3 were evaluated with a driving simulator in
a driving scenario by the work in [122]. As in this case, the evaluation needs to be
based on various driving scenarios to verify the effective sound elements and 3D sound
localization settings for intuitive in-vehicle auditory signals.

Implementation and Evaluation in a Real Driving

After the verification of the safety and usefulness of design methodologies for intuitive
in-vehicle auditory signals in virtual environments such as a driving simulator, these
methodologies ought to be implemented and evaluated in a real automobile. In the im-
plementation of the proposed methodologies, the selection of appropriate acoustic de-
vices ought to be considered, which produce the in-vehicle auditory signals. The points
for choices of acoustic devices are position and performance, especially in automobiles
where available spaces are limited for acoustic devices because other devices for driving
systems occupy a lot of space. The performance of acoustic devices is also important
needless to point out. Sound qualities ought to be guaranteed to convey the information
with in-vehicle auditory signals. On the other hand, an acoustic device producing high-
quality sounds tends to be bigger, and high-quality devices also might be expensive. The
number of acoustic devices is also an important factor in the implementation. If more
realistic sound quality is desired such as feeling of solidity, the number of acoustic de-
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vices needs to be incremented. For these reasons, it is necessary to carefully choose the
equipped position of acoustic devices with the balance between distances from human
ears, the range of occupation in automobiles, performance, device size, device numbers,
and cost.

Experiments with a Large Number of Diverse Subjects

In every chapter of this dissertation, it is determined to disregard differences in the
ages and hearing abilities of the participants because the research subjects can be more
complex and obscure in the early stages of each research. This is a topic for future
work to evaluate the differences in the ages and hearing abilities of the participants
for universal designs of intuitive in-vehicle auditory signals as some works in [123]. In
addition, the number of subjects in this dissertation is limited. A large number of diverse
subjects are needed to verify more reasonable results for the design methodologies of
intuitive in-vehicle auditory signals. Designing sounds for the main target, such as
driving ability and cultural background, is also important in creating intuitive auditory
signals. Throughout these extensive verifications, a universal design for intuitive in-
vehicle auditory signals is expected to be realized.
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