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ABSTRACT

A Fundamental Study on Biomimetic Sensory Augmentation
Based on Bat Biosonar

by Miwa Sumiya
Supervisor: Professor Yoshiaki Watanabe

Echolocating bats can “see the world by sound” using high and sophisticated
ultrasonic sensing even in the absence of visual information. The final goal of this study
is to give the sensation of “seeing by sound” not only to blind people but to all humans.
In this dissertation, we conducted following three projects: 1) To learn from the bat about
the possibility of sensing using ultrasound, we measured highly unique sonar behaviors
of echolocating Japanese house bats (Pipistrellus abramus) during natural foraging using
custom-made large-scale three-dimensional (3D) microphone array system and
quantitatively analyzed them using mathematical model presented in this study. Our
experimental and mathematical results suggested that echolocating bats coordinate their
control of the acoustical field of view and flight for consecutive captures in 3D space
during natural foraging. 2) Next, we constructed a psychoacoustic experiment system
using ultrasonic binaural echoes measured by miniature dummy head (MDH). In this
proposed psychoacoustic experiment, ultrasonic echoes from the target acquired by a 1/n-
scaled MDH were presented after 1/n-times pitch conversion to listeners as binaural
audible sounds through headphones. Using this system, we found that even sighted
echolocation novices could discriminate visually different materials and surface
structures different objects using ultrasonic binaural echoes measured by MDH. 3) Finally,
based on the psychoacoustic experiment system, we examined if sighted echolocation
novices could discriminate the 3D roundness of edge contours among five targets using
the downward frequency-modulated (FM) ultrasound mimicking the echolocation sound
of the bats. These targets were difficult to discriminate by vision without shadows. Our
results showed that the participants could identify the roundness of edge contours by using
downward FM echoes in the high-frequency range (35-7 kHz) that were converted to
pitch in the audible range (5—1 kHz). In addition, the participants could discriminate
between targets that were not used in the training. We additionally conducted shape,
texture, and material discrimination experiments for other sighted echolocation novices
to examine the suitable signal for the discriminations. Consequently, we found that the
broadband signals were useful in shape, texture, and material discriminations, because
timbre is a robust acoustic cue.
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Chapter 1. Introduction

1.1 Final goal of this study

Humans perceive the world by sensing the surrounding environment using five
senses (visual, auditory, tactile, olfactory, and taste) and processing the acquired
information in the brain. However, the world that we perceive is one that only we can
understand; it can be said that other animals perceive their own world which only they
can understand by using information that were acquired using their senses to survive. For
example, snakes possess a unique sensory system for the detection of infrared radiation,
which enables them to generate a thermal image of predators or prey (Gracheva ef al.,
2010). Weakly electric fish can determine their surroundings at night by employing active
electrolocation (von der Emde, 2006). Mimicking the sensing strategy of such animals
and applying it to engineering fields such as robot engineering is called biomimetics. In
this study, we aim to give a new sense to humans by applying the sensing strategy of

animals to human rather than to engineering technology.

1.2 Echolocation in bats

Bats are terrestrial mammals like humans, but they can “see the world by sound”
even in the absence of visual information. In bats, it is also called sonar, which is an
acronym for sound navigation and ranging. Bats have a greater ability for ultrasonic
sensing compared to our current technologies (Bates et al., 2011). Bats understand their
surroundings and acquire target information using echolocation (detecting targets by
analyzing echoes from targets) using ultrasounds. Bats have a simple sonar system
consisting of only one transmitter (i.e., nose), two receivers (i.e., ears), and tiny central

processor (i.e., brain).

1.3 Motivation

Some blind people have independently acquired the ability for echolocation.
Recently, the interest for human echolocation has increased. For example, videos of blind
people using mouth clicks to play basketball or ride a bicycle have been uploaded on a

video sharing site. Moreover, it was discovered that the visual cortex of blind people who



use echolocation was activated when they listened to the echo from an object (Thaler et
al., 2011), suggesting that the new sensation of “seeing the sound” by echolocation can
be substituted for vision in the brain. Based on these facts, we study the possibility that
humans can “see by sound.” We focus on the ability to “see by sound” using echolocation

as the first step of this research and apply the sensing ability of the living beings to humans.

1.4 Purpose

We think that it is necessary to propose a sensing method and an efficient training
method for a specific purpose (e.g., object localization, object identification) to give the
sensation of “seeing by sound” not only to blind people but to all humans. The bat, which
uses echolocation, uses ultrasounds with higher spatial resolution. However, we cannot
listen to ultrasounds. Therefore, in this dissertation, we first constructed a psychoacoustic
experiment system that allows humans to experience echolocation using ultrasound. Next,
using the proposed psychoacoustic experiment system, we investigated how sighted
people who have never performed echolocation have perceived the difference of objects
with ultrasound. We analyzed the acoustic parameters of echo that are effective as
acoustic cues in each task. In addition, we examined the time-frequency structure of the
transmission signal that can maximize the use of the acoustic cues. Moreover, when we
conducted research on the human subjects included in this study, we thought that it was
essential to learn from the bat about the possibility of sensing using ultrasound. Thus, we
measured highly unique sonar behaviors and quantitatively analyzed them using

mathematical models.

1.5 Organization

This dissertation is organized as follows. Chapter 2 contains a brief description
of echolocation in bats and humans and a review of related literature. Chapter 3 describes
the coordinated control of the acoustical field of view and flight in three-dimensional
space for consecutive capture by echolocating bats during natural foraging. Chapter 4
presents the mathematical models of flight and acoustic dynamics of an echolocating bat
during multiple-prey pursuit. In Chapter 5, target discrimination performance using the

ultrasonic binaural echoes by sighted echolocation novices were examined. Chapter 6



presents effective signal design for shape, texture, and material discrimination in human
echolocation. Finally, conclusions and possible directions for future research are

presented in Chapter 7.



Chapter 2. Background

2.1 Echolocation in bats

In this section, we introduce the basic sonar behavior of bats during natural
foraging. In addition, review of field measurements of the bats sonar behavior that has
been changing with the advancement of measurement technology was described. The

mathematical biology and biosonar research in bats are also described.

2.1.1 Echolocation when hunting insect prey

Bats (Chiroptera) represent one of the largest and most diverse radiations of
mammals, accounting for one-fifth of extant species (Simmons et al., 2008). Bats can
capture flying and moving small insects (i.e., their prey) by measuring the space using
their advanced acoustic sensing ability even in the dark. The echolocation pulse of bats
are categorized into two types: frequency modulation (FM) and constant frequency (CF)
(Simmons et al., 1979). Because the FM pulse consists of many frequency components,
it can acquire more detailed information than the CF pulse. This suggests that the FM
pulses are suitable for target ranging (Simmons, 1973). On the other hand, the CF pulses
can concentrate energy because the frequency is stable; thus, it might be useful for the
detection of a distant target. Japanese house bats (Pipistrellus abramus) have been
reported to use a pulse with many CF components, which is called a quasi-CF pulse,
during the search phase (Fujioka et al., 2011).

The foraging behavior of bats was categorized into the following three phases
based on the characteristics of the sonar sound: a search phase, an approach phase, and a
terminal phase (Schnitzler and Kalko, 2001). Hiryu et al. (2008a) showed that similar to
other pipistrelles (Schnitzler et al., 1987), echolocation could be described with three
particular patterns: search, approach, and terminal phases. In addition, P. abramus were
reported to change the acoustic parameters (e.g., inter-pulse interval [IPI], pulse duration,
terminal frequency) depending on the flight condition and target distance. This sensing
strategy was not used in the existing artificial sonar system and it is interesting from an

engineering perspective.



2.1.2 Field measurement of bats

To understand the biosonar behavior of bats and dolphins, it is important to
measure the sonar sounds they emit accurately in addition to tracking their movements.
There have been innovations in studies of biosonar and measurement technology for
tracking animal movements as well as sound recordings. For example, three-dimensional
(3D) flight trajectories of bats were reconstructed in a laboratory chamber using multiple
video cameras (i.e., direct linear transform [DLT] method) (Tian and Schnitzler, 1997;
Ghose and Moss, 2003; Hiryu et al., 2005). In contrast, behavioral measurement for bats
in the field is more difficult than in the laboratory because foraging wild bats fly in a large
area at night. To overcome the difficulty of visual observation of nocturnal animals,
Simmons (2005) employed infrared video cameras to monitor the movements of bats and
large flying insects from their body heat. In addition, Schaub and H. U. Schnitzler (2007)
reconstructed the 3D flight path of bats in the field using two infrared video cameras while
recording the bat’s broadcast.

Recently, microphone array technology has been used because it allows us to
measure the 3D flight trajectory using the information of the bat’s sonar broadcast. In
particular, the bat’s 3D flight trajectory can be reconstructed by calculating the position
of a sound source (i.e., the position where the bat emitted the sonar sound) based on the
time differences of sound arrival between the microphones. This was used to measure the
flight trajectory of bats foraging in the field because it allowed us to measure the flight
behavior even at night (Surlykke et al., 2009b; Fujioka et al., 2011; Seibert et al., 2013).
Additionally, the microphone array allows us to measure the directivity of bat’s sonar
beam. Laboratory experiments using a microphone array system revealed that the bats
actively adjust the direction of their sonar beam to localize a target effectively (Ghose and
Moss, 2006; Surlykke et al., 2009a; Jakobsen and Surlykke, 2010; Yovel ef al., 2011;
Matsuta et al., 2013). We constructed a 32-channel microphone array covering a field
area of 22 m x 24 m so that not only 3D flight paths but also horizontal pulse direction of
bats during natural hunting could be measured. P. abramus, which are aerial-feeding bats,
directed their horizontal pulse direction (i.e., acoustic attention) to the flight and other
directions while searching for insect prey (Fujioka et al., 2014). P. abramus have also
been reported to capture successive flying insects every few seconds by dynamically and

acrobatically changing their flight paths in open space. These experimental results suggest
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that echolocating bats have ultrasonic sensing strategy for multiple targets.

2.1.3 Mathematical modeling of animal behavior

In recent years, biomimetics engineering has proposed to apply various
mechanisms learned from animals to engineering. To apply the behavioral strategies of
animals mechanically, it is essential to formulate them as algorithms. Collective motion
of animal livings in groups, e.g., birds (Bajec and Heppner, 2009; Hildenbrandt et al.,
2010) and fish (Hemelrijk and Kunz, 2004), have been well studied in the field of
mathematical biology (Vicsek and Zafeiris, 2012). However, there are few mathematical
studies on the individual motion of animals.

Techniques for flexible acoustic sensing of bats are said to be very valuable in
terms of engineering utilization. Mathematical modeling and quantitative analysis of
sonar behaviors of bats have been performed. Ghose and Moss (2006) investigated the
relationship between the pulse direction and the flight direction of a bat flying in the
observation room using existing simple mathematical expressions that show the
relationship between the pedestrian’s line of sight and the direction of movement.
However, there are only a few papers using such models about bat’s sonar behavior. In
addition, in laboratory experiments, it was not possible to maximize the performance of
bats due to various factors such as narrowness of the observation room and
acclimatization to the environment. To learn various animal strategies, such as control of
acrobatic flight and pulse direction to capture prey efficiently, it is necessary to learn its
significance from a wild bat not a captive bat. Thus, it is necessary to improve the
techniques of measurements in the field and to perform quantitative analysis for data

obtained by field measurement.

2.2 Echolocation in humans

As mentioned in Section 2.1, the unique and advanced sonar behavior of bats is
very interesting even from an engineering perspective, and it has been studied through
quantitative laboratory experiments and field measurements. Furthermore, to analyze the
sonar behavior of bats more quantitatively, analysis using mathematical model has been

conducted. There are blind individuals who have acquired high echolocation ability, like



bats. Some of them were reported to use echolocation on a daily basis, which enabled
them to explore cities, hike, bike, or play basketball (Thaler et al, 2011). Human
echolocation is a hot topic in the field of psychology and neuroscience, and there have
been several reviews of human echolocation (Kolarik et al., 2014; Thaler, 2015; Thaler
and Goodale, 2016). In this paper, we introduce the latest human echolocation research

in addition to a review of previous human echolocation studies.

2.2.1 Early research investigating human echolocation abilities

Blind people have been reported to detect obstacles using “facial vision™ until
1940. Some blind people who can detect obstacles without vision were considered to
sense slight change in the air pressure by their skin, especially the skin of their face.
However, experiments conducted by the research group at Cornell University in the 1940s
and 1950s proved that “facial vision” was actually an “auditory ability” (Supa et al., 1944;
Worchel and Dallenbach, 1947; Cotzin and Dallenbach, 1950). About the same time that
the mystery of facial skin was solved, echolocation was discovered by Griffin (1944).
After that, it became clear that humans, especially the blind men, can use echolocation
like bats. In the 1960s, Kellog and Rice conducted obstacle detection experiments using

active human echolocation (Kellog, 1962; Rice and Feinstein, 1965; Rice, 1967; 1969).

2.2.2 Human echolocation using mouth clicks

To date, various studies have been performed for psychophysical examinations
of acuity in perceiving location (distance and direction) (Teng and Whitney, 2011; Thaler
et al., 2011; Schornich et al., 2012; Teng et al., 2012; Wallmeier et al., 2013; Wallmeier
and Wiegrebe, 2014a; Wallmeier and Wiegrebe, 2014b; Pelegrin-Garcia et al., 2015), size
(Rice and Feinstein, 1965; Teng and Whitney, 2011; Milne et al., 2015a), shape (Rice,
1967; Arnott et al., 2013; Milne et al., 2014), and material (Hausfeld et al., 1982; Milne
et al., 2015b) through various discrimination experiments using mouth clicks emitted by
participants. Few studies were performed to study the echolocation ability of sighted
people who have no experience with echolocation (Hausfeld ez al., 1982). However, most
studies were conducted to measure the echolocation ability of blind expert echolocators
who use echolocation in their daily lives; the echolocation performance of blind non-

echolocators and sighted people were measured as controls to compare with blind expert
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echolocators. In more recent studies, experiments were performed using virtual echo-
acoustic space in which the participants gained spatial information about their
environment by producing sounds with their mouths and evaluating computer-generated
echoes of these sounds presented via headphones (Wallmeier et al., 2013; Wallmeier and
Wiegrebe, 2014b; Wallmeier and Wiegrebe, 2014a). In addition, some of the studies
mentioned above performed both psychological experiments and fMRI measurements
(Teng and Whitney, 2011; Thaler et al., 2011; Milne et al., 2015b).

The mouth clicks were reported to be useful signals for natural human
echolocation (Kellog, 1962; Schenkman, 1986). However, these previous studies did not
specify the kinds of clicks used in the experiments. Therefore, Rojas ef al. (2009; 2010)
conducted a physical analysis of organic sounds to determine which organic sounds were
suitable for echolocation; they found that palatal clicks are the most convenient for natural
human echolocation. Recently, the interest in acoustic characteristics of human expert
echolocation sonar signals (i.e., mouth clicks) has been growing. The mouth clicks were
reported to tend to be 3—15 ms long (Schornich et al., 2012; Thaler and Castillo-Serrano,
2016) with peak frequencies ranging from 3 to 8 kHz (Thaler and Goodale, 2016).
According to a large database of click emissions of three blind people expertly trained in
echolocation and measured by Thaler et al. (2017), the mouth clicks produced by the
human echolocation experts were reported to be consistently very brief (less than 3 ms
duration) with peak frequencies of 2—4 kHz, but with energy at 10 kHz.

As mentioned above, Thaler ef al. (2011) conducted fMRI measurements and
demonstrated that blind echolocation experts use regions of the primary visual cortex
when making echo-based judgments about object identity, suggesting that echolocation
1S a substitute for vision. Furthermore, some recent studies demonstrated that
echolocation may substitute for vision on the behavioral level (Buckingham et al., 2015;
Milne et al., 2015a). Milne et al. (2015a) showed that blind expert echolocators
consistently identified the true physical size of the objects independent of distance,
suggesting that echolocation exhibits “size constancy”. In addition, Buckingham et al.
(2015) showed that blind expert echolocators were reported to experience a “size—weight
illusion” when they used echolocation to get a sense of how big objects were and then

judged their weight.



2.2.3 Human echolocation using artificial sounds except mouth clicks

Natural echolocation has several clear advantages: it does not need batteries, it
is cheap, it cannot be forgotten at home, it does not break—and importantly, it can be
learned by children (Thaler and Goodale, 2016). Moreover, mouth clicks do not interfere
with other activities (i.e., they can be modulated and even stopped when the person wants
to talk or do something else) (Thaler and Goodale, 2016). Therefore, as mentioned in
section 2.2.2, measurement of natural human echolocation ability using mouth clicks and
acoustical analysis of mouth clicks emitted by blind echolocation expert individuals have
been conducted. In contrast, echolocation using artificial sound has also several
advantages. Rojas et al., who performed acoustical analysis of the mouth clicks (Rojas et
al.,2009), described the importance of echolocation using mouth clicks and discussed the
advantages of echolocation using artificial sound (e.g., excellent reproducibility). There
are some recent studies that examined echolocation performance, especially localization
performance, using audible artificial sound (Arias and Ramos, 1997; DelLong et al.,
2007b; Schenkman and Nilsson, 2010; 2011; Rowan et al., 2013; Rowan et al., 2015;
Schenkman et al., 2016). Discrimination experiments using several artificial sounds allow
us to examine acoustic cues quantitatively. These previous studies examined effective
acoustic cues for detection (Arias and Ramos, 1997), localization, and material
discrimination (DeLong et al., 2007b). In addition, some studies have suggested that
band-limited noise is more effective for detection and localization of targets compared to
clicks. Furthermore, more high-frequency band-limited noise is effective (Rowan et al.,
2013; Rowan et al., 2015). However, the band-limited noise used in these studies was
within the audible range, suggesting that a higher frequency signal is necessary to
improve echolocation performance. A few biosonar researchers who study dolphins have
performed material and shape discrimination experiments for humans with dolphin-like
signals in the ultrasonic range (Au and Martin, 1989; Delong et al., 2007b). However,
this is rare in the field of human echolocation research. In addition, some biosonar
researchers who study bats have also been studying the human echolocation, but their
research is mainly focused on natural human echolocation using mouth clicks (Wallmeier

et al., 2013; Wallmeier and Wiegrebe, 2014b; Wallmeier and Wiegrebe, 2014a).



2.2.4 Comparison of echolocation ability among bats, dolphins, and humans

There have been many studies on the echolocation ability of bats and dolphins
through various discrimination experiments. The estimated target range from the time
delay between the outgoing vocalization and returning echo were measured. Four species
of echolocating bats (Eptesicus fuscus, Phyllostomus hastams, Pteronotus suapurensis,
and Rhinolophus ferrumequinum) were reported to be able to discriminate range
differences as small as 1 to 3 cm (Simmons, 1973). In particular, echolocating E. fuscus
have the ability to detect echo delay with a time resolution of 500 ns (Simmons, 1979).
With respect to azimuth, the trained big brown bat exhibited an acuity of 1.5° (75%
performance threshold) for discriminating horizontal angles separating rods in either two-
rod or five-rod arrays (Simmons et al., 1983). In addition, echolocating R. ferrumequinum
detect insects by concentrating on the characteristic amplitude and frequency modulation
(von der Emde and Schnitzler, 1990). A recent study examined the behavioral strategies
for texture discrimination by echolocation in free-flying E. fuscus; they found that the
flying bat listens to changes in sound spectra from an echo to another echo to discriminate
between objects (Falk et al., 2011). Another recent study performed numerical simulation
and suggested that bats can discriminate between different tree types (Yovel et al., 2008).
Echolocating Atlantic bottlenose porpoises (Tursiops truncatus) can reliably discriminate
between cylinders with different wall thicknesses or different materials in the water
(Hammer Jr and Au, 1980).

On the other hand, blind people were reported to detect differences of
approximately 10 cm in depth at a distance of 60 cm (Kellog, 1962). With respect to
azimuth, Thaler et al. (2011) found that the blind expert echolocator can reliably
distinguish a 3° difference in the position of the test pole straight ahead, even when
listening only to recordings of echolocation sounds. In addition, Teng ef al. (2012) found
that experts were able to discriminate horizontal offsets of stimuli as small as 1.2°
auditory angle in the frontomedial plane, which is comparable to the discrimination
ability of horizontal angles measured by Simmons et al. (1983). With respect to shape
discrimination, Milne et al. (2015a) found that a blind expert echolocator consistently
identified the true physical size of the objects independent of distance, suggesting that
echolocation exhibits “size constancy”. Additionally, Milne et al. (2015b) performed

fMRI measurements while three blind echolocation experts identified a material (fleece,
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synthetic foliage, or whiteboard) or an empty anechoic room; they found that the

identification performance of participants was significantly above chance.

2.2.5 Blind mobility aids using ultrasounds

Various technological assistive devices for blind individuals have been
developed based on echolocation for a long time (Kay, 1964; Kay, 1974; Ifukube et al.,
1991; Kay, 2000; Hughes, 2001; Mihajlik et al., 2001; Waters and Abulula, 2007; Sohl-
Dickstein et al., 2015). These devices can emit ultrasounds and receive echoes from
targets, which is similar to that of bats and dolphins; this allows us to localize targets with
a high degree of accuracy by listening to pitch-converted ultrasonic echo.

These technological assistive devices can emit various ultrasounds with different
time-frequency structures. For example, a device developed by Ifukube et al. (1991)
transmitted upswept or downswept FM ultrasounds in the range of 7040 kHz or a
constant frequency (CF) sound of 50 kHz for echolocation. The signals that were acquired
by stereo recording (because two receivers were not positioned at the ear) were time-
stretched prior to presenting them to a user. Based on the results of their experiments,
they found that downswept FM ultrasound was superior for the recognition of small
obstacles compared to other ultrasonic schemes. By comparing the echolocation
performance using various ultrasounds with different time-frequency structures, it is
possible to investigate the optimum transmission signal suitable for each task.

To present pitch-converted ultrasonic echo to participants in a more realistic state,
binaural recording of ultrasonic echoes is essential. Recently, Sohl-Dickstein et al. (2015)
developed a device, referred to as the “Sonic Eye,” that uses a forehead-mounted speaker
to emit ultrasonic logarithmic upward FM sweeps in the range of 25 to 50 kHz. The
echoes are recorded by bilaterally mounted ultrasonic microphones, each mounted inside
an artificial pinna, which were modeled after bat pinna. They demonstrated that the device
can be effectively used to examine the environment and that the human auditory system
rapidly adapts to these artificial echolocation cues.

In a previous study, we developed a new system for binaural recording in the
ultrasonic range (Uchibori et al., 2015). The system consists of a miniature dummy head
(MDH) that is printed based on 3D shape data of a standard dummy head and a device

that converts ultrasonic echoes into audible sounds (Uchibori et al., 2015). The results
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indicated that the sounds captured by the proposed MDH system were more accurately
localized by the participants and outside the head more than normal stereo sounds
(Uchibori ef al., 2015). Therefore, we concluded that MDH system may be useful for

echolocation using ultrasound for humans.
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Chapter 3. Coordinated Control of Acoustical Field of View and
Flight in Three-dimensional Space for Consecutive Capture by

Echolocating Bats during Natural Foraging
(Sumiya et al., 2017)
3.1 Introduction
Echolocating bats have remarkable ultrasonic sensing abilities. They emit
directional ultrasonic signals and listen to the echoes returning from objects. Perception
by the bats firstly depends on the acoustical features of the returning echo, which change
depending on various factors, such as distance to target, direction of target, and target
strength. Second, the direction and directivity patterns of the beams emitted by these bats
are simple but important factors that affect their “field of view” from echolocation
(acoustical field of view), and restrict the extent of spatial information during
echolocation. The microphone-array technique has been widely used to track the 3D flight
trajectory of bats (Chiu et al., 2010; Brinklev ef al., 2011; Fujioka et al., 2011; Seibert et
al., 2013) and also allows us to measure the direction and directivity of the bats’ sonar
beams during flight in a flight chamber and in the field (Ghose and Moss, 2003; 2006;
Ghose et al., 2009; Surlykke et al., 2009a; Surlykke et al., 2009b; Chiu et al., 2010;
Jakobsen and Surlykke, 2010; Yovel et al., 2011; Matsuta et al., 2013; Seibert et al.,
2013). By measuring the pulse direction (acoustic attention) and directivity patterns
(beam width) as useful indices, we can investigate where the bats direct their attention
and potentially detect prey, and how they control their acoustical field of view during
advanced flight maneuvers. Recently, it has been reported that echolocating bats actively
change the pulse direction depending on the situation in a flight chamber (Ghose and
Moss, 2006; Ghose et al., 2009; Surlykke et al., 2009a; Chiu et al., 2010; Yovel et al.,
2011) or even in the field (Seibert et al., 2013; Fujioka et al., 2014). They have also been
reported to expand the beam width adaptively before capturing target prey to retain a
moving target within the acoustical field of view (Jakobsen and Surlykke, 2010; Matsuta
et al., 2013) or to narrow the beam width when entering a confined space (Kounitsky et
al., 2015). These studies demonstrated that bats actively adjust both the pulse direction

and the beam width, as well as traditional acoustic characteristics, such as time-frequency
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structure, sound pressure level, or inter-pulse interval (IPI) (Surlykke and Moss, 2000;
Hiryu et al., 2008b).

In our previous study, we constructed a 32-ch microphone-array covering an area
of 22 x 24 m, to measure the 3D flight paths and horizontal pulse directions of the
Japanese house bat, P. abramus during natural foraging (Fujioka et al., 2014). P. abramus
exhibits acrobatic hunting behavior, which involves occasionally capturing multiple
airborne insects within a short time interval (less than 1 s) in the field (Fujioka et al.,
2011; Fujioka et al., 2014). We also reported that the bats directed their pulse toward the
subsequent target before capturing the immediate one when attacking two successive
targets (Fujioka ef al., 2014). On the other hand, our recent study adopted a mathematical
methodology to estimate parameters representing the flight attention of bats for their
measured flight paths during the phase of approaching prey (Fujioka et al., 2016). (Note
that the flight attention is derived from a parameter of weighing factors to minimize the
angular difference between the bat’s flight direction and the direction to its prey. This
represents the attention by the bat toward a certain target prey in terms of flight.) We
found that the distribution of the flight attention parameters (estimated from the
behavioral data of wild P. abramus during two consecutive captures in a short-time
interval) corresponded to the optimal value of the parameter set in the numerical
simulation, which showed a high success rate of consecutive prey captures. This indicated
that bats plan their future flight paths based on additional information about their next
prey. This model was based on the assumption that bats distribute their attention across
multiple prey items. This implies that bats acoustically recognize the positions of multiple
prey items at the same time, even while approaching their immediate prey. To confirm
this assumption experimentally, we investigated the relationship between the prey
direction (direction of prey relative to the pulse direction) and the beam width of the bat
during natural foraging in the field. We proposed two hypotheses: 1) bats physically shift
their pulse direction between immediate and subsequent targets in somewhat of a time-
sharing manner (time-sharing manner hypothesis), or 2) bats aim their beam across a wide
area to cover both immediate and subsequent targets simultaneously within their
acoustical field of view (acoustical field hypothesis). Based on our previous studies
(Fujioka et al., 2014; Fujioka et al., 2016), we propose an acoustical field hypothesis in

which the bats are assumed to aim their pulses in a certain direction. This keeps multiple
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targets within their acoustical field of view, including the peripheral part. These features
may be linked to processes in visual-guided animals; for example, humans sometimes
detect objects using the peripheral field of vision (Williams and Davids, 1998; Crundall
et al., 1999; Ryu et al., 2015). Visual-guided animals are also known to shift the gaze
direction sequentially to guide movement planning (Eckmeier et al., 2008). Therefore,
the investigation of control of the acoustical field of view by bats during flight not only
provides insight into how animals actively sample spatial information from their
environment during locomotion, but can also be used for comparative studies along with
visual research on how animals use their vision during locomotion (Ghose and Moss,
20006; Surlykke et al., 2009b).

Echolocating bats seem to use their acoustical field of view effectively during
aerial-feeding flights by advanced coordinated control of the acoustical field of view and
flight. To investigate how bats control these features in 3D space during consecutive prey-
capture flights, we established horizontal and vertical microphone-arrays in the field to
measure the flight paths and 3D pulse direction and directivity pattern of the emitted
sounds during natural foraging. For every pulse emission, we examined time variation in
the pulse direction and beam pattern in relation to the direction of immediate and
subsequent targets while attacking multiple target prey consecutively in the field.
Furthermore, we conducted a numerical simulation to determine how the bats control the
acoustical field of view according to the prey directions for the successful capture of both

immediate and subsequent prey items.

3.2 Materials and Methods
3.2.1 Subjects and study site

The subject of this study was P. abramus, which is a member of the family
Vespertilionidae and has a wingspan of 10-15 cm and a bodyweight of 5-8 g. During
natural foraging, P. abramus emits relatively long (9—11 ms), shallow-swept frequency-
modulated (FM) pulses, with the energy concentrated in the terminal frequency of the
fundamental component at around 40 kHz (Hiryu et al., 2008a; Fujioka et al., 2011). The
bats are regularly observed in large open areas during the evening from early summer to

fall. Here, the study site was a large open area over a river with the width of approximately
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20 m, near the campus of Doshisha University in southern Kyoto Prefecture, Japan, where
only P. abramus regularly appears to forage for airborne insects. Our field studies did not
involve endangered or protected species. No specific permissions were required for these
locations/activities because the study site was not protected by the regulatory body
concerned with the protection of wildlife. The target prey of P. abramus are mainly small
hemipterans and dipterans (Hirai and Kimura, 2004). The flight speed of the common
chironomid midge Chironomus plumosus ranges from 0.25 to 1.1 m/s (Crompton et al.,
2003), and we visually observed that swarming dipteran midges took several seconds to
fly across an area of a few tens of centimeters. From our observation, we concluded that
these prey are roughly ten times slower than P. abramus (which has an average speed of
5 m/s) and therefore assumed that the movement of the prey, at this study site, was
negligible during the brief period of approach and capture (< 3 s) in each flight sequence
examined in this study (Fujioka et al., 2016).

When a bat successfully captures an insect, a brief burst of sounds (feeding buzz)
occurs, followed by a silent interval (post-buzz pause) (Schnitzler et al., 1987; Kalko and
Schnitzler, 1989; Britton and Jones, 1999). Based on our previous recording, P. abramus
emits a feeding buzz approximately 0.2 s before capture (Fujioka et al., 2011; Fujioka et
al.,2014), at a distance of a few tens of centimeters (approximately 30 cm) from the prey
point. Since the movement of prey can be negligible within this brief period of time, we
simply defined the bat’s 3D position at the end of the feeding buzz as the location of the
prey at the capture in this study (Fujioka et al., 2011; Fujioka et al., 2014; Fujioka et al.,
2016).

It is difficult to draw definitive conclusions about whether a bat has successfully
captured prey based only on information about the post-buzz pause (Britton and Jones,
1999; Fujioka et al., 2016). However, we confirmed that the distances between successful
prey positions were too large for the prey (small midges) to move during the observed
inter-capture intervals for the flights analyzed in this study. Therefore, if the bats failed
to capture prey, it is highly unlikely that they attacked the same prey again in the second
capture trial just after the first unsuccessful capture. Although it is still an assumption, we
assumed that the bats attacked different prey sequentially, at least in the case of two
successive target captures with short time intervals (< 1.5 s) in this study. We thus

categorized two successive target captures with long time intervals (> 3.0 s) as /long-
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interval capture and those with short time intervals (< 1.5 s) as short-interval capture.

3.2.2 Large-scale 3D microphone-array system

The recordings were carried out on 5 separate days (October 14, 2013; July 15,
September 30, October 7, and October 16, 2014) for approximately one hour before and
after sunset. Recording was conducted for 5-10 min each session and the total number of
recording sessions was 32 for 5 days (total recording time: 225 min). To reconstruct the
flight paths of the bats and identify the capture points accurately, we selected prey-capture
flights where the amplitude of the sonar sounds was sufficiently high with a good signal-
to-noise ratio, even at the end of the terminal buzz. At the same time, to ensure
measurement accuracy, we selected only flights where the bat approached the targets
while flying toward the L-shaped array inside of the U-shaped array. Thus, the vertical
and horizontal pulse directions and beam widths could be measured accurately. We
analyzed a total of 2,680 pulses from 37 captures in 20 measured flight paths. That is,
flight paths with three successive captures were split into two flight paths with two
successive captures each (See Fig 3.2.).

Echolocation pulses emitted from the bats were recorded using a custom-built
44-ch 3D microphone-array (Fig 3.1A). We previously reconstructed the horizontal pulse
direction along with 3D flight paths using a horizontal U-shaped 32-ch microphone-array
system (Fujioka et al., 2014). In this study, we newly built a vertical 12-ch L-shaped
microphone-array unit so that the vertical pulse direction could be measured. The data
shown here are from measurements using two different configurations with 32
microphones in 2013 (vertical L-shaped 10-ch and horizontal U-shaped 22-ch), and 44
microphones in 2014 (vertical L-shaped 12-ch and horizontal U-shaped 32-ch).

The microphone-array units were arranged to cover the entire foraging area over
the stream, as shown in Fig 3.1A. We reconstructed the 3D flight paths using four Y-
shaped array units using omnidirectional electret condenser microphones (models FG-
23329-C05 and FG-23629-P16; Knowles, Itasca, IL, USA). The emitted echolocation
pulses were recorded and amplified using a custom-built electronic circuit via a 10-250
kHz band-pass filter, and were digitized with 16-bit accuracy at a sampling rate of 500
kHz using high-speed data acquisition cards (PXIe-6358; National Instruments, Tokyo,

Japan). The output signals were synchronously stored using a personal computer via a

17



custom program using LabVIEW 2011 (National Instruments).

3.2.3 Reconstruction of 3D flight paths and pulse directions

The 3D locations of the bats were obtained using the difference in arrival times
between a central and three other microphones separated by 1.3 +0.01 m in the Y-shaped
array (Fig 3.1B). The arrival-time differences were calculated from cross-correlation
functions using a Matlab routine (Math Works, Natick, MA, USA), and the analytical
procedure was the same as in our previous studies (Fujioka et al., 2011; Fujioka et al.,
2014; Fujioka et al., 2016). We combined 3D sound coordinates calculated by each of
four Y-shaped array units so that the flight trajectory could be reconstructed within the
foraging area, which was enclosed by the microphone-arrays. The maximum range error
of the microphone-array system was less than 10 cm for sound sources within 5 m of the
Y-shaped array unit (Fujioka et al., 2011).

The horizontal pulse direction was calculated based on the sound pressure
difference, namely, the differences in peak power in the spectrogram of a sonar sound
across 24 microphones that were distributed over the entire array at the same horizontal
level. The vertical pulse direction was also measured by the L-shaped array unit by the
same method (Fig 3.1C). The sound pressure levels of the pulses were corrected for the
propagation loss of sounds in the air between the bat and each microphone and the
sensitivity differences between the microphones in the array. Sound absorption was
calculated from measured absorption coefficients that were determined for the average
frequencies at the peak energy in the FM pulse of P. abramus (1.2 dB/m at 45 kHz). The
sensitivity of the microphone-array elements was measured by sending a 10-ms burst at
45 kHz to each microphone of the array using an ultrasonic loudspeaker (PT-R7, Pioneer,
Tokyo, Japan). This allowed the recorded sounds to be calibrated according to sensitivity
differences between the microphones. The directivity pattern of the sonar beam was
reconstructed by curve fitting using a Gaussian function, and the direction at the peak
value of the reconstructed directivity pattern was determined as the pulse direction. The
beam width was defined by —6 dB off-axis angles in the reconstructed directivity pattern
from the pulse direction. In our previous studies, we calibrated the measurement accuracy
of the pulse direction and beam width for a U-shaped array. The error of the pulse

direction was less than +5°, and that of the beam width was less than +7°, in the horizontal
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plane when the sonar beam was directed toward the U-shaped horizontal microphone-
array (Fujioka et al., 2014; Fujioka et al., 2016). In the present study, prior to the
experiments, we arranged the L-shaped arrays in the field following the actual recording
setup to measure the error of the vertical pulse direction and the beam width by using
artificial FM sounds emitted from a loudspeaker (PT-R7; Pioneer, Tokyo, Japan). As a
result, when the bat’s sonar beam was directed to the inside of the L-shaped array (as
shown in Fig 3.1C), the errors for both the vertical pulse direction and the beam width
were less than £5°. The amount of error in this study corresponded to that of our previous
studies (Fujioka et al., 2014; Fujioka ef al., 2016), which was an acceptable amount of
error to investigate the acoustical behavior of bats at the study site. To ensure
measurement accuracy, we measured the horizontal beam width only when the vertical
pulse direction was within £45° from the horizontal plane of the U-shaped horizontal
microphone-array. Therefore, when the bats emitted a pulse toward the exterior of the
microphone-array (i.e., the positive direction in the X-axis in Fig 3.1A), we did not use
the data for calculating beam width, but rather used only that for pulse direction to ensure
the measurement accuracy of the beam width because it was unclear whether the vertical
pulse direction was directed within +45° from the horizontal plane. The vertical pulse
direction was reconstructed only when the horizontal pulse direction was toward the
inside of the U-shaped microphone-array. The vertical beam width was also calculated
only when the horizontal pulses were directed within £45° from negative direction of X-
axis (Fig 3.1A) to ensure measurement accuracy.

In a strict sense, because auditory perception depends on the level of the
returning echo and the hearing threshold of the bat (Kick, 1982), we should consider not
only the beam width but also the angular range, combined with the transfer function of
the outer ear, to define the acoustical field of view (Wotton et al., 1997; Aytekin et al.,
2004). In this study, however, we adopted the —6 dB point of the beam width as a simple
index of the acoustical field of view during echolocation following the approach used in
recent studies (Jakobsen et al., 2013; Jakobsen et al., 2015).

We defined the positional relationship between the bat and the prey position, as
shown in Fig 3.1D. The variables ¢ and @ represent the horizontal and vertical angles,
respectively. The bat’s horizontal (vertical) gaze angle ggaze (Ogaze) Was defined as the

pulse direction relative to the flight direction. When the bat captured multiple successive
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targets, we used suffixes to represent the order of the captures. ¢ (or O5) was defined as
the direction of the prey position relative to the flight direction of the bat, while ¢pp (or
Gpp) indicates the direction of the prey position relative to the pulse direction. (See Table

3.1))

3.2.4 Acoustic analysis

The analytical procedure was also the same as that used in our previous studies
(Fujioka et al., 2011; Fujioka et al., 2014). The acoustic characteristics, including IPI and
pulse duration, were analyzed from echolocation sounds recorded by the central
microphone of the Y-shaped array unit that was spatially closest to the sound source (the
bat) and thus received the strongest version of each broadcast using an additional custom
program in Matlab. IPI was determined as the time between the amplitude envelope peaks
of successively emitted echolocation pulses on oscillograms. The pulse duration was
determined from a spectrogram of the first harmonic component of an extracted
individual pulse (1024 points fast Fourier transform with a Hanning window, 97%
overlap) at —25 dB relative to the peak intensity of the pulse. The foraging behavior of
the bats was categorized into three phases based on the characteristics of the sonar sound;
namely, a search phase, an approach phase, and a terminal phase (Schnitzler and Kalko,
2001). The terminal phase of pipistrelles is usually divided into two signals: buzz I and
buzz II (Kalko and Schnitzler, 1989). Buzz Il signals have lower bandwidth and frequency
than buzz I signals (Schnitzler and Kalko, 2001). Since the start of the approach phase of
wild P. abramus was characterized by the appearance of a slight increase in the pulse
duration (Fujioka et al., 2011; Fujioka et al., 2014), we used this as a simple index for
identifying the timing of the beginning of the approach phase in this study.

For statistical comparisons, a #—test and Mardia—Watson—Wheeler test were used,
when appropriate, to test for significant differences in beam width and angular variables

between data sets.

3.2.5 Methods for the numerical simulation
We numerically simulated the flight trajectory of a bat when approaching two
prey items successively, so that the relationships between the acoustical field of view and

the direction of each prey could be investigated quantitatively. In this framework, the bat
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dynamically changes its flight direction depending on the directions of the two prey items,
using the mathematical model proposed in our previous study (Fujioka et al., 2016).

Briefly, the modeled flight dynamics in the horizontal and vertical planes can be described

as follows:
chC; Z(f ) _ % {a, sin[p, (1) =, )]+ B, sin[g,, (1) — @, ()]}, 0
d@c; t(t) _ (%{av sin[0,,(1)— 0,(0)] + B, sinld,., ()~ 0,(0)]}, .

where J represents positive weighting factors and a is the minimization of the angular
difference between the bat’s own flight direction [¢b(?), 6(f)] and the direction to prey 1
[@vp1(?), Obp1(?)] (similar for S to prey 2). To simplify the numerical simulation, we
constrain the parameters as follows:

a +p =1, 3)

o +p =1 (4)
Therefore, parameters an and fh (av and fv) are described as on = sinyn and fn = cosyh (o
= sinyv and fv = cosyv). To examine the ratio of the flight attention between the two prey
items, the arctangent of parameters a and £ is defined by y: namely, yn and yv represent
the arctangents in the horizontal and vertical planes, respectively.

The flight path was numerically simulated for a situation in which two prey items
are distributed inside the bat’s 3D sonar beam, which was modeled as a circular piston
oscillating in an infinite baffle (Jakobsen and Surlykke, 2010). A simulation trial began
when the bat started its approach phase to capture prey 1. The calculation conditions for
a parameter set (yn and yv) are the same as those in our previous study (Fujioka et al.,
2016), and the beam widths of the sonar beam in the horizontal and vertical planes were
defined as £59° and +25°, respectively, which were derived from the experimental results
of this study. Three trials were performed for each parameter set of yn and yv, ranging
from —x to m, respectively, with 0.01x steps, and 201 x 201 pairs. All variables in this
model were calculated by using the fourth-order Runge—Kutta method, with a time step
0t 0.01 s (the flight speed of the model bat was taken to be 5 m/s based on the experimental
data). Pulses to obtain the target positions were emitted at every step. We examined the

relationships between the acoustical field of view and the direction of each prey, in cases
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of both success and failure of the prey-capture trials, using this mathematical model. A
parameter set was defined as a success when the bat captured (close in within 10 cm) the
immediate prey (prey 1) and then the subsequent prey (prey 2) in sequence (capturing
both prey items), without losing the location of the prey which the bat intend to capture
(i.e., prey 1 before the capture of prey 1 and prey 2 after the capture of prey 1). A
simulation trial was defined as a failure when prey 2 was located outside the sonar beam
after the capture of prey 1 (capturing only prey 1) (note that cases in which both prey 1
and prey 2 were missed were not considered in the investigation). We categorized the
numerical simulation results of all trials into cases of success and failure and then
analyzed the relationships between the acoustical field of view and prey directions while
approaching prey 1 and prey 2 sequentially. Initial positions of prey 1 and prey 2 were

randomly determined in horizontal and vertical space in every trial.

3.3 Results

3.3.1 3D flight paths and pulse directions of bats attacking multiple targets in the field

Figures 3.2A—C show representative data of the 3D flight paths with pulse
directions of P. abramus when the bat captured four insects (Targets 1-4) consecutively
in 12 s. The pulse directions did not always coincide with the flight direction, especially
in the horizontal plane. The bat changed its flight direction and pulse direction
dynamically on either the right or the left side from its flight direction or shifted between
different directions. On the other hand, 82% of all pulses whose vertical pulse direction
could be measured in this flight case (shown as a blue arrow in Figs 3.2A—C) were emitted
downward (< 0°), whereas only 18% of the pulses were emitted upward (> 0°). This
suggests that the bat emitted most of its pulses downward from the horizontal plane in the
vertical plane.

Figure 3.2D shows time series data of IPI during the flight shown in Figs 3.2A—
C. When the bat started the approach to capture an insect, the IPI was decreased from
approximately 100 to 5 ms. In this flight case, the time intervals between successive
captures (Captures 2-3 and 3—4) were both 1.1 s, whereas the time interval for the first
two successive captures (Captures 1-2) was 5.4 s. Throughout this flight period, the

horizontal gaze angle, ggaze, was widely distributed from approximately —130° to 80° (Fig
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3.2E). In contrast, in the vertical plane, the gaze angle Ogze had a narrower range from
about —60° to about 40° (Fig 3.2F), indicating that the bat changed the horizontal
acoustical field of view more dynamically than the vertical one during foraging.

Figures 3.2E and F show that ¢gaze and Ggaze often corresponded to the directions
of some of the subsequent prey positions; that is, not only the prey position of the
immediate target but also subsequent target prey positions corresponded to the center of
the acoustical field of view. In addition, both the immediate and subsequent prey positions
were simultaneously within the —6 dB beam width of the sonar beam (gray vertical lines).
In particular, Fig 3.2E shows that the pulse direction corresponded to the positions of
Captures 3 and 4, approximately 4 s before Capture 2 occurred. (See from 1.5 s to 3.5 s

on the horizontal axis.)

3.3.2 Future prey positions were covered by acoustical field of view

Figures 3.3A—C show time series data of target directions before capture of the
immediate target (0.5 s) and we could define the capture points of subsequent targets as
the positions of the prey themselves in the case of short-interval capture. Figure 3.3A
shows that in the case of long-interval capture, the subsequent prey (¢pp2 and Gpp2) were
outside the acoustical field of view during the approach period of the immediate target.
This suggests that the bat acoustically focused only on the immediate prey during long-
interval capture. On the other hand, during short-interval capture, the subsequent target
prey positions were within the beam width of the bat’s emissions during the whole or part
of this period in both horizontal and vertical planes (Figs 3.3B and C). These results
suggest that the bats can detect the positions of both their immediate and subsequent ones
at the same time by keeping them within their acoustical field of view before capturing
the immediate one during a short-interval capture. Figure 3.3A also shows that the
immediate target directions (gpp1 and fpp1) were not always maintained at the center of
the acoustical field of view, but were within the bat’s —6 dB beam width, in both
horizontal and vertical planes, in the case of long-interval capture.

Figures 3.4A—D show the relationship between the target direction and —6 dB
beam width during the approach phase and buzz I in terminal phase for all recorded flight
data (20 flights). The time of the measured flight paths ranged from 2 to 18 s, with an

average of 7.5 s. In the long-interval captures (10 flights), the horizontal and vertical
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mean —6 dB beam widths of the pulses were £51 £ 13° (N = 150 pulses) and +27 + 14°
(N =095 pulses), respectively. On the other hand, in the short-interval captures (10 flights),
the horizontal and vertical mean —6 dB beam widths of the pulses were £59 + 12° (N =
131 pulses) and £25 + 8° (N = 85 pulses), respectively. Namely, the horizontal mean beam
widths were significantly wider than the vertical ones for both short- (the t—test, #(214) =
25.1, p <0.001) and long-interval capture cases (the t—test, #(195) = 13.7, p < 0.001). In
addition, the short-interval capture case showed a slightly but significantly wider
horizontal beam width than the long-interval capture case (the t-test, (279) = 5.2, p <
0.001), whereas the vertical ones were not significantly different between short- and long-
interval capture cases (the t—test, #153) = 1.06, p = 0.146). Figures 3.4A-D also show
the directions of the immediate and subsequent prey items relative to the bat’s pulse
direction accompanying beam patterns while approaching the immediate prey. We found
that in the cases of long-interval captures, only 30% (59/196 pulses) of pulses covered
the subsequent prey within the mean beam width (i.e., £51 + 13°), whereas the immediate
prey was covered by 98% (193/196 pulses) of pulses in the horizontal plane (Fig 3.4A).
On the other hand, most of the pulses emitted while approaching the immediate prey in
the case of short-interval captures (90%, 167/186 pulses) covered the directions of both
immediate and subsequent prey items within the mean beam width in the horizontal plane
(i.e., £59 £+ 12°) (Fig 3.4B). In the vertical plane, the immediate and subsequent prey
directions, Gppi and Gpps, were covered within the vertical mean beam width (i.e., £27 £
14°) by 94% (164/175 pulses) and 93% (162/175 pulses) of pulses, respectively for long-
interval captures (Fig 3.4C). In the case of short-interval captures (Fig 3.4D), 81%
(140/172 pulses) of pulses in the subsequent prey direction, Gpes, were observed within
the vertical mean beam width (i.e., £25° + 8°). The horizontal mean directions of the
subsequent prey @pps in the cases of long- and short-interval captures were —106° (long-
interval captures) and 9° (short-interval captures), respectively, which were significantly
different (the Mardia—Watson—Wheeler test, B(2) = 165.1, p < 0.001). In addition, those
in the vertical plane were also significantly different (the Mardia—Watson—Wheeler test,
B(2)=32.1, p <0.001), whereas those were 8° and 7°, respectively. This shows that the
bats maintained the subsequent prey within their 3D acoustical field of view in the short-
interval captures; this supports the acoustical field hypothesis.

Simultaneous coverage of both immediate and subsequent prey items within the
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acoustical field of view is supposed to be suitable for planning of the bats’ future path to
ensure capture of both prey items. To test this, we conducted a numerical simulation (Fig
3.5). The numbers of simulation trials of failure and success were and 4,841 (229,706
pulses) and 1,665 (68,466 pulses), respectively. In the case of failure (only prey 1 was
captured), only 39% (89,323/229,706 pulses from 4,841 trials) of pulses covered the
subsequent prey within the beam width in the horizontal plane (Fig 3.5A, @pps). On the
other hand, in the success cases, 62% (42,418/68,466 pulses from 1,665 trials) of pulses
covered the subsequent prey (prey 2) within the beam width before the capture of the
immediate prey (prey 1) in the horizontal plane (Fig 3.5B, @pps). This also suggests that
the bat could potentially succeed in capturing both prey items without invariably keeping
the subsequent prey within the beam width in the horizontal plane; that is, the bat could
occasionally lose the location of prey 2 just after the start of the simulation trial but could
find it while changing the flight direction to capture the prey 1 because the pulse direction
was equal to flight direction in the numerical simulation. In the vertical plane, 66%
(151,655/229,706 pulses) of pulses in the failure cases and 87% (59,253/68,466 pulses)
of pulses in the success cases covered both prey 1 and prey 2 (Figs 3.5C and D). These
results suggest that acoustically viewing both the immediate and the subsequent prey

items simultaneously increases the success rate for the bats to capture both prey items.

3.4 Discussion
3.4.1 Relationship between acoustic sensing and bat flight

In this study, we found that, in the case of short-interval capture, the bats
simultaneously maintained both their immediate and subsequent prey items within the
horizontal and vertical beam width of the emitted pulse. In addition, the numerical
simulations in this study demonstrated that keeping both targets within the beam width
increased the success rate of consecutive prey captures. This is considered to be a basic
axis of efficient route planning for consecutive-capture flights. These findings suggest
that the bats control their pulse direction to cover multiple targets simultaneously within
their acoustical field of view. This supports the acoustical field hypothesis derived from
our previous studies (Fujioka et al., 2014; Fujioka et al., 2016).

One of our previous studies showed that, in the case of capturing multiple prey

25



items within a short time interval, the sonar beam of P. abramus during foraging shifted
directions predictably between the current target and the next target (Fujioka et al., 2014).
Based on the measurement results for the 3D beam width in the present study, we found
that the bats actually encompassed both prey items in their acoustical field of view. This
suggested that when attacking two successive targets, the bats can focus their acoustic
attention on a subsequent target before capturing the immediate one. This observed
acoustic behavior can account for the flight dynamics for the flight attention of bats. That
is, the bat distributes its flight attention between the immediate and subsequent prey so
that it can plan its future flight path for a high success rate of consecutive prey captures
(Fujioka et al., 2016).

Interestingly, our experimental data show that the bats did not always maintain
their immediate prey at the center of the beam width (e.g., Figs 3.3A, B). Instead, they
kept the targets within the beam width including the peripheral part, using their wide
directional beam effectively to distribute their acoustic attention among multiple targets.
Such practical operation of wide directional beam scanning employed by the bats is
different from the design concepts of existing sensing methods, namely, ultrasonography
and radar, which employ high-speed spatial scanning of a narrow directional beam to
maintain the spatial resolution of echoes.

Because the movement speed of the prey was insignificant when compared to
that of the bats during aerial-feeding flights, at least for a brief period (< 3 s), we set the
capture point as the target position during the approach and terminal phases. (See
Materials and Methods.) On the other hand, we often see the target prey of P. abramus
(i.e., mainly small hemipterans and dipterans) (Hirai and Kimura, 2004) swarming at the
same position for several tens of seconds, implying that P. abramus in our study site may
use information on patch locations of insect swarming for consecutive captures. For
example, Fig 3.2E shows that the pulse direction corresponded to the positions of
Captures 3 and 4, approximately 4 s before Capture 2 occurred. (See from 1.5sto 3.5s,
in the horizontal axis.) It is still difficult to conclude, however, that the coincidence of the
pulse direction with the future prey positions implies that the bat might obtain information
on the subsequent prey in advance beyond our expectations. There is another possibility:
other prey might be incidentally covered by the acoustic beam before the bat captures its

immediate prey during flight. That is, the bat’s sonar beam could incidentally cover
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multiple prey items while it forages in an area where the prey density is high. Therefore,
at the beginning of approaching the consecutive prey, this would be less of a strategy than
a coincidence with respect to keeping multiple prey items within the bat’s acoustical field
of view.

Our previous numerical simulation, however, revealed that a bat’s active
utilization of positional information on subsequent prey is effective for planning future
flight paths during short-interval captures (Fujioka et al., 2016). Furthermore, the
modeling results in the present study support the idea that maintaining multiple targets
within one sonar beam is an effective strategy for consecutive capture. Based on all of
these findings, we suggest that the bat’s wide sonar beam incidentally covers multiple
prey items, and then the bat keeps future targets within its acoustical field of view by
actively controlling its acoustical field of view for effective foraging. Mathematical
modeling allows us to analyze animal behavior quantitatively, while also suggesting new
insights and implementations of cause and effect [e.g., (Vicsek and Zafeiris, 2012; Aihara
et al., 2013)]. Further experimental and mathematical investigations into how capable
bats are at prediction, and the utilization of the gathered information, will be helpful to
clarify the collaborative control of the acoustical field of view and flight path planning

employed by bats, in the context of effective adaptation of foraging behavior.

3.4.2 Acoustic sensing in the horizontal and vertical planes

The experimental results demonstrated that the scanning behavior of P. abramus
differed in the horizontal and vertical planes. We found that the vertical scanning range
and the sonar beams were narrower than the horizontal ones in both long- and short-
interval capture flights. (See Figs 3.4A-D.) The bat changed the horizontal acoustical
field of view more dynamically than the vertical one, sampling spatial information
preferentially in the horizontal plane. In addition, the vertical flight range of the bats
(variation of flight height) was also narrower by over five times than the horizontal one.
(See Figs 3.2A—C.) Namely, the bats modify their flight attention on the horizontal plane
for prey that are incidentally on the same vertical plane. Prey insects are usually limited
to a certain height above the water. The bats at our study site must avoid bumping into
the riverbank during their acrobatic flight maneuvers. Hence, the physical restrictions of

the study site may dictate that bats mostly scan their environment horizontally.
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On the other hand, the experimental results show that the acoustical coverage
rate of subsequent prey in the vertical plane (93% of pulses, Fig 3.4C) was higher than
that in the horizontal plane in the case of long-interval capture (30%, Fig 3.4A), which is
consistent with the numerical simulations of failure cases (capturing only prey 1) (Fig
3.5A vs. Fig 3.5C). Experimental and mathematical results suggest that the bats tend to
search for target prey distributed within a certain altitude range, which results to narrow
down the vertical scanning and flight ranges. Foraging P. abramus often emits pulses
downward (see Results) and attacks insect prey in descending flights (Fujioka et al., 2011).
Simplifying sensing and flight control in the vertical plane may be effective for complex

aerial-feeding flight in 3D space.

3.5 Summary

In this study, we measured the sonar behavior of wild Japanese house bats (P
abramus) during natural foraging using large-scale 3D microphone array. The results
showed that the bats successively captured multiple airborne insects in short time
intervals (less than 1.5 s); they maintained both the immediate and subsequent prey
simultaneously within the beam widths of the emitted pulses in both horizontal and
vertical planes before capturing the immediate one. Our numerical simulation
demonstrated that acoustically viewing both the immediate and subsequent prey
simultaneously increases the success rate of capturing both prey items, which is
considered to be one of the basic axes of efficient route planning for consecutive capture
flight. Our findings suggest that the bats then keep future targets within their acoustical
field of view for effective foraging. In addition, in both the experimental results and the
numerical simulations, the acoustic sensing and flights of the bats showed narrower
vertical than horizontal ranges. This suggests that bats control their acoustic sensing
according to different schemes in the horizontal and vertical planes depending on their
surroundings. These findings suggest that echolocating bats coordinate their control of
the acoustical field of view and flight for consecutive captures in 3D space during natural

foraging.
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Figure 3.1 Large-scale 3D microphone-array system. (A) Photograph of study site and
microphone-array system with 44 microphones consisting of U-shaped 32-ch
microphone-array and L-shaped 12-ch microphone-array in 2014. Four Y-shaped arrays
(green dots) are part of the U-shaped array. Total of 24 microphones distributed over the
entire U-shaped array at the same horizontal level were used to measure horizontal pulse
direction, whereas L-shaped array units (orange dots) measured vertical pulse direction.
Y-shaped array was used to reconstruct 3D flight paths of the bats. (B) A schematic
diagram of the Y-shaped array unit. (C) Side view of the L-shaped array unit. The vertical
pulse direction (blue arrow) was determined from the peak of a Gaussian curve (light blue
curve), based on the sound pressure vectors (red arrows) across all 12 microphones. The
horizontal pulse direction was also determined by the same procedure using the horizontal
U-shaped microphone-array. (D) Definitions of the positional relationship between the
bat and the target. The gaze angle ggaze (Or Bgaze) was the pulse direction (blue arrow)
relative to the flight direction (yellow arrow) of the bat. The directions of the capture
positions (prey position) ¢ (or fs) and gpp (or Gpp) were the prey direction (magenta
arrow) relative to the flight direction and the pulse direction of the bat, respectively. Here,
¢ is the horizontal angle and & is the vertical angle. (See Table 3.1.)
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Table 3.1 Definitions of angular variables.

Angular variables Definitions
(OFs horizontal prey direction relative to flight direction
O+ vertical prey direction relative to flight direction
@ pp horizontal prey direction relative to pulse direction
0 op vertical prey direction relative to pulse direction
@ gaze horizontal pulse direction relative to flight direction
0 gaze vertical pulse direction relative to flight direction
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Figure 3.2 Typical example of multiple consecutive capture flight of P abramus in the
field. (A—C) Top (top panels) and side (bottom panels) views of the 3D flight path and
pulse directions of the bat attacking four successive targets. The observed 3D flight path
and pulse directions of the bat were separated into three sections according to the timing
of each consecutive target capture; namely, from start to Capture 1 (A), from just after
Capture 1 to Capture 2 (B), and from just after Capture 2 to Capture 3 (C). The black
curved arrows indicate the initial flight direction of the bat.

(to be continued later)



The blue arrows indicate the directions of pulse emission by the bat. The asterisks show
the position where the bat started the approach phase. The gray arrows indicate the pulse
emitted toward the out of the U-shaped microphone-array in the horizontal plane. Only
pulses emitted before the bat captures its immediate prey are shown in the figure. (D-F)
Time series data of IPIs (D), gaze angles (@gaze and Ogaze), and directions of prey positions
in the horizontal (E) and vertical planes (F) during this flight. The beam width of the sonar
beam is equivalent to the length of gray vertical lines on the gray plots. ¢ (or Gp)
indicates the direction of the prey position relative to the flight direction of the bat (See
Table 3.1.).
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Figure 3.3 Relationship between target positions and bat sonar beam while approaching
targets. (A—C) Time series data of ¢pp (top panels) and Gpp (bottom panels) during the
approach and terminal phases in long- (A) and short-interval captures (B, C) shown in
Figs 2A—C. gpp (or Opp) indicates the direction of the prey position relative to the pulse
direction. (See Table 3.1.) The light blue areas show the range of the —6 dB beam width
of the bat’s sonar beam relative to the bat’s pulse direction. The vertical dashed lines
show the timing of transition from the approach phase to the terminal phase.
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Figure 3.4 Relationship between the prey direction relative to pulse direction and the
directivity patterns of the sonar beam as bats converge on immediate prey in short- and
long-interval captures. Circular histograms show the directions of the immediate
(horizontal, gppi; vertical, ppi) and subsequent (horizontal, gpps; vertical, Gpps) prey relative
to the bat’s pulse direction. Data were obtained from the recording sounds while the bat
converged immediate prey (except for buzz II) for 10 flights each of (A, C) long- and (B,
D) short-interval captures. The open light-blue circles indicate the amplitude measured
at each microphone, showing the directivity patterns of the sonar beam. We defined 0 dB
as the peak value of the curve-fitted directivity pattern of each sound. The vertical (A, B)
and horizontal (C, D) axes for the circular histogram show the proportion relative to each
number of pulses. Note that the sample sizes in the circular histogram differ from those
in the directivity patterns. This is because the beam width data were analyzed only for
pulses whose horizontal and vertical beam width could be measured at the same time.

34



Cases of failure Cases of success

A (only prey 1 was captured) B (both prey were captured)
Horizontal plane Horizontal plane
0
[deg] [deg.]

90 1 ——— -0 90 + 0 1190
7IN~12 6 0 -~ ~-12 6 0
WQ‘,Sound level [dB] \ 1971 "Sound level [dB]
Proportion [%] /20 - Proportion [%] /20
307 30
40- D (Pppi D (pPPS 40 [:l (pppl EI (ppps
+180 : +180 _ .
N = 4841 trials N = 1665 trials
C D
Vertical plane Vertical plane
90 90
[deg.] [deg]
Proportion [%] Proportion [%]1
1 & N7 0\ F / e .
VAT X
/ /
-12 -12
Sound level [dB]L Sound level [dB]/
-61 -6
0 EI eppi D epps 0 D eppi l:l epps
-90 N = 4841 trials -90 N = 1665 trials

Figure 3.5 Numerical simulation of relationship between prey direction relative to pulse
direction and directivity patterns of sonar beam as bats converge on immediate prey
during failure and success cases. Circular histograms show the directions of the
immediate (horizontal, gppi; vertical, Gppi) and subsequent (horizontal, gpps; vertical, Gpps)
prey relative to the bat’s pulse direction calculated based on the simulation results. A
simulation starts when the bats start to converge on immediate prey, and pulses to obtain
the target positions were emitted at every step. A parameter set was defined as a success
when the bat captured (close in within 10 cm) the immediate prey (prey 1) and then the
subsequent prey (prey 2) in sequence (capturing both prey items), without losing the
location of the prey which the bat intend to capture. The simulation was assumed for the
phase in which the bat converge immediate prey. Data were taken from 4,841 trials of
failure (A, C) and 1,665 trials of success cases (B, D). The light blue lines show the
directivity patterns of the sonar beam used in the numerical simulation.
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Chapter 4. Mathematical modeling of flight and acoustic

dynamics of an echolocating bat during multiple-prey pursuit
(Sumiya et al., 2015)
4.1 Introduction

Nonlinear dynamics of mobile entities (e.g., animals, macromolecules, and
robots) attracts a great deal of attention in physics, mathematics, and biology (Vicsek and
Zafeiris, 2012). Theoretical and experimental studies on such spatial dynamics are
required to reveal the sophisticated mechanisms of motion control of living beings.
Hunting behavior is essential for animals to survive in the wild, because they need to
maximize their sensing ability to approach target prey with higher spatial resolution. In
particular, bats are unique animals as they detect and capture targets by active sensing
using ultrasound. Bats can recognize the physical attributes of their environment with
great accuracy by comparing emitted pulses to returning echoes. Using the echolocation
strategy, bats can successively capture multiple small moving insects. For example,
Japanese house bats (P. abramus) fly in large open spaces and capture a few hundred
insects per night. It is important for them to sense multiple small insects in order to capture
them in a short time interval. Our previous study revealed that bats achieve successive
captures in a short time interval of around one second by dynamically changing their
flight paths and the acoustic properties of their echolocation sounds (Fujioka et al., 2011;
Fujioka et al., 2014; Sumiya et al., 2017), indicating that bats combine flight and acoustic
sensing to capture multiple targets. To reveal the sonar strategy of bats, we need to
investigate the relationship between flight and acoustic sensing.

The purpose of this study is to examine the nonlinear dynamics inherent in the
controls of a bat’s flight and pulse directions while approaching successive targets. To
achieve this, we propose a mathematical model describing the dynamics of the flight and
pulse directions, and then perform numerical simulation to demonstrate that our model

can qualitatively explain successive prey captures of an echolocating bat.
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4.2 Materials and Methods

4.2.1 Mathematical modeling of flight and acoustic dynamics

In the previous study, Aihara et al. (2013) proposed a mathematical model
describing the flight dynamics of a bat while approaching a single target in a flight
chamber. An extension of the model is required to further examine the mechanism of the
pursuit behavior for multiple targets in the field.

In this study, we take into account two points: the bat’s flight dynamics and
pulse-emission dynamics. Experimental studies using a custom-made microphone array
showed that the changes in the flight and pulse directions in the vertical plane are much
narrower than in the horizontal plane (Sumiya ef al., 2017). Hence, we focus on the flight
and pulse-emission dynamics in the horizontal plane, as in our previous study (Aihara et

al., 2013). First, the dynamics of the bat’s position is modeled as follows (Aihara et al.,
2013):
d (x,(t))_ (cosg,(t)
- = Vb . s (1)
dr\3,(0)) “sing (1)

where (xb(?), yb(?)) represents the position of the bat in the horizontal plane, and ¢(?) is
the flight direction of the bat in the same plane (see Fig. 4.1A). We define ¢«(7) as a
variable ranging from —x to +x rad. Parameter v is the flight velocity of the bat.

Next, we model the situation that a bat approaches two targets while changing
both flight and pulse directions. In this model, ¢p(f) represents the horizontal pulse
direction, and ¢ut1(¢) and gbi2(f) represent the directions from the bat to Target 1 and Target
2, respectively (see Fig. 4.1A). We assume that the bat can estimate @ui1(7) and gbi(?) as
long as the respective targets are positioned within the beam of the pulse because the real
bats localize their targets by using binaural cues from echoes (Aytekin et al., 2004). We
defined gp(?), pbt1(f) and @oi2(?) as variables ranging from —= to +x rad. The dynamics of

the bat’s flight direction ¢(¢) and pulse direction ¢p(¢) is modeled as follows:

37



dwd;r(t) B 5i [o; sin(p,, (1) = 0, (1)) + B, sin(p,, (1) = 0, (1))} 2)
WO o, sl p O

a

where Jr and Ja are positive weighting factors, and ar and fr (or aa and fa) are the
parameters minimizing the angular differences between ¢1(t) and the target directions (or
between ¢p(t) and the target directions) (Aihara et al., 2013). Here, ar and fr can be
understood as the parameters describing flight attention to the targets, while aa and fa can
be understood as the parameters of acoustic attention to the targets. For example, the
model bat shifts ¢r (t) (or ¢p(t)) to Target 1 when ar (or aa) takes a positive value (Aihara
et al., 2013) . Note that the model of Egs. (2) and (3) can be extended to the model
describing the flight and acoustic dynamics for more than two targets by adding another
term of sinusoidal function on the right sides.

To study the suitable ratio of flight attention and acoustic attention for successful prey

capture, we constrain (of, fr) and (aa, fa) as follows:
o + 4 =1, @)
a+p =1 (5)

Consequently, these parameters are described by using two parameters yr andya, ranging

from —x to +mx as follows:

a, =siny,, (6)
ﬂf = Cosyf’ (7)

a, =siny,, (8)
ﬂa = COs 7/a' (9)

The bat’s sonar beam is then modeled as a circular piston oscillating in an infinite baffle
based on the previous study (Jakobsen and Surlykke, 2010; Fujioka et al., 2016). The
maximum search range (Rmax, Fig. 4.1B) was set as 5 m (Fujioka et al., 2011; Fujioka et

al., 2016).
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4.2.2 Numerical simulation
The dynamics of the horizontal flight direction ¢#(t) and pulse direction ¢p(t) was

numerically calculated based on the present mathematical model of Egs. (1)—(9).

4.2.2.1 Initial conditions

The initial position and flight direction of the bat was set as (xb(¢ =0), yv(¢ =0)) =
(0, 0) and ¢« = 0) = 0. In our dprevious study, the initial positions of prey 1 (Target 1)
and prey 2 (Target 2) were randomly determined in every trial in the echolocation
distances ranging from 1.2 m to 5.0 m (Fujioka ef al., 2016). Further analysis of
experimental data showed that the distances from the bat to the immediate target (Target
1) and the subsequent target (Target 2) were around 2 m and 4 m, respectively, at the start
point when approaching the immediate target. Therefore, the initial distances from the bat
to Target 1 and Target 2 (i.e., Rot1(f = 0) and Rve2(z = 0) in Fig. 4.1B) were set as 2 m and
4 m, respectively. Furthermore, the initial directions of the two targets relative to the pulse
direction (i.e., @pti(z = 0) and @pe2(z = 0) in Fig. 4.1B) were randomly determined within a
range of £607m/180 rad that was estimated as possible echolocation range on the basis of
the —6 dB beam width of the directivity patterns of the echolocation pulses of Japanese
house bats (i.e., P abramus) (Sumiya et al., 2017). The targets such as small insects fly
sufficiently slower than the bats (Fujioka et al., 2016; Sumiya et al., 2017), so that two
targets are assumed to stay at each initial position in this numerical simulation.

Consequently, the horizontal positions of the two targets (xt1, yt1) and (xw2, yr2) are fixed as

MR gt

follows:

tl

(xﬁ ] =R, (1= 0)(‘:95("’1"2 =0)re,l1- 0))} (an

2
where the initial pulse direction of the bat (i.e., pp(z = 0)) was set to 0.1 rad to avoid to be
same as the initial flight direction (= 0 rad). The flight velocity of the bat v» was set as 5

m/s on the basis of experimental results using P. abramus (Fujioka et al., 2016).
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4.2.2.2 Conditions of prey capture

Successful target capture was defined as a case that the distance from the bat to
the targets becomes less than 10 cm without losing the locations of the targets from the
bat’s echolocation range. Note that the distance 10 cm corresponds to the wing length of

P. abramus (Hiryu et al., 2007).

4.2.3 Field measurement

Recent studies of biosonar (e.g., in bats and dolphins) have developed in tandem
with the microphone-array measurement technology for tracking animal movements
based on sound recordings in the field (Fujioka et al., 2011; Seibert ef al., 2013; Fujioka
et al., 2014; Sumiya et al., 2017). In this section, we show the results of the field
measurement of the sonar behaviors of the Japanese house bats P abramus
(Vespertilionidae, 10-15 cm wingspan, 5-8 g body mass) (Fujioka et al., 2011; Fujioka
et al., 2014; Sumiya et al., 2017). During natural foraging, P. abramus emits relatively
long pulses (9—-11 ms) of shallow swept frequency modulated (FM) signals with the
energy concentrated in the terminal sweep frequency of the fundamental component at
around 40 kHz (Hiryu et al., 2008a). The echolocation sounds of P. abramus were
recorded by using a large-scale 3D microphone array with 500 kHz sampling rate (Fig.
4.2A) at a stream near the campus of Doshisha University in southern Kyoto Prefecture,
Japan, from the early summer to the fall during the evenings (Sumiya et al., 2017). The
3D locations of the bats were obtained using time difference of arrival (TDOA) between
a reference and three other microphones (which were separated by 1.3 £ 0.01 m in the Y-
shaped array, as shown in Fig. 4.2B) (Au and Herzing, 2003). The locations where the
bats captured the targets were determined based on the occurrence of feeding buzzes (i.e.,
the successive pulse emissions with extremely short time intervals just before capturing

the focal target) (Kalko and Schnitzler, 1989; Hiryu et al., 2008a).
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4.3 Results

4.3.1 Results of simulation

Figures 4.3A and B show the results of our numerical simulation representing
the successful examples of two consecutive captures by a model bat. The gray line
describes the flight path of the model bat. The black thin arrows represent the pulse
directions ¢p(t). All four variables in this model (i.e., xv(?), yb(?), @i(t), and @p(t)) were
calculated by using the fourth-order Runge—Kutta method with a time step of 0.001 s.

Numerical simulation shows that the model bat successfully captured both of the
targets, without losing them from its echolocation range, when the model bat directed
@p(?) to Target 2 rather than Target 1 (i.e., ya = 0.2m or —0.1m; see Figs. 3A and B). In
contrast, the model bat could not capture the two targets when ¢p(7) was directed only to
Target 1 (i.e., ya = 0.5m; see Fig. 4.3C).

These results at specific parameter values suggest that, for successive prey
captures in a short time interval, it is important to emit pulses toward the subsequent target

before capturing the immediate target.

4.3.2 Flight behavior of the bat while approaching multiple targets

Figure 4.4 shows an example of the top view (i.e., horizontal plane) of the 3D
flight path and pulse directions of a bat during natural hunting measured by the large-
scale 3D microphone array (Figs. 4.2A and B). In this case, the bat successively captured
two insects (Targets 1 and 2) in a short time interval of 1.1 s, directing its pulses toward
Target 2 before capturing Target 1 (Fig. 4.4), which is consistent with the results of our
previous experimental study (Fujioka et al., 2014) and also consistent with the results of

the present numerical simulation (Figs. 4.3A and B).

4.4 Discussion

Our numerical simulation demonstrated that the present model can qualitatively
explain successive prey capture with specific parameter values. In addition, it is suggested
that such successive prey capture is accomplished when a model bat flies toward the
immediate target while emitting pulses toward the subsequent target.

Comparison between the theoretical and experimental studies will allow us to
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examine the detailed mechanisms of multiple-prey capture according to the present
mathematical model. For this purpose, the parameters ¢r and @a, which represent flight
attention and acoustic attention, respectively, need to be estimated from the experimental
data using the microphone-array system. We then need to conduct the numerical
simulation by changing the parameter values and initial conditions, and also need to
compare the experimental and theoretical results to clarify the detailed dynamics of the
decision-making of the bats during natural hunting.

It remains as a future problem to compare the dynamics of the present model to
that of related mathematical models. Previous modeling studies of bat’s pursuit behavior
suggests that bats use a functionally predictive flight strategy during chasing erratically
moving insects in the flight chamber (Ghose et al., 2006), whereas another modeling
study suggests that bats can successfully capture insects using nonpredictive strategy
(Kuc, 1994). In addition, the relationship between the visual line and motion control of
living beings such as humans or insects is associated with the bat’s sonar behavior from
the viewpoint of the interaction between attention and motion control (Land and Tatler,
2001; Ghose and Moss, 2006). Comparison between our model and these related models
would be helpful to investigate the validity and generality of our model.

In this study, we propose a mathematical model describing flight and pulse-
emission dynamics in the horizontal plane. However, real bats fly around in the 3D space,
sensing their surrounding objects. An extension of the present model will be required in
order to study flight and echolocation mechanisms in the 3D space, such as the
mechanism using descending motion during prey pursuit. In fact, we have already
extended the model of bat’s flight direction in horizontal plane to the model in the 3D
space (Fujioka et al., 2016). The pulse-emission dynamics would be extended to the 3D
space by the similar approach. The extension of bat’s sonar-beam shape to the 3D space
is also required according to the previous studies (Kuc, 1994; Jakobsen and Surlykke,
2010; Kuc, 2012).

The real bats detect the echoes from the targets with a certain time delay varying
depending on the distance between the bat and the target (Liang and Palakal, 1997). Such
a time delay would play an important role both for echolocation and motion control. The
model of Egs. (2) and (3) can be modified to take such a time-delay effect into account

by replacing gut1(?) and @uve(f) with gbi(#-7) and @vi(2-7), using a variable 7 representing
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the time delay.

4.5 Summary

We proposed a new mathematical model describing the nonlinear dynamics of
the flight and pulse directions of an echolocating bat approaching two successive targets.
Numerical simulation of the present model shows that the model bat successfully captures
both targets within a short time interval without losing them from its sonar beam at
specific parameter values. The simulation also suggests that the successive prey capture
is completed when the echolocation pulses are directed to the subsequent target before
capturing the immediate target. Such a relationship between the flight and acoustic

sensing can be also observed in the behavioral data of wild bats.
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Figure 4.1 Schematic diagram of the present mathematical model described by Eqs. (1)—
(3). (A) The relationships between the bat and two targets in the horizontal plane. The
model bat controls its flight and pulse directions (p«(¢) and ¢p(£)) by sensing the directions
from itself to the targets (¢ut1(¢) and goi2(7)). (B) Schematic diagram of the sonar beam of
the bat. The sonar beam is modeled as a circular piston oscillating in an infinite baffle
with a range of 5 m (i.e., Rmax = 5 m).

44



A

Large-scale 3-D microphone-array

Y-shaped . O30

array-unit ' 1.3Tm\ 4m B
12000, 3 ) 120°

1.3 m

QO microphone
( @ reference microphone)

Figure 4.2 Microphone array system in the field. (A) Photograph of the microphone array
system in the field. The white circles show the microphones installed at the Y-shaped
array units used to calculate the 3D sound coordinates of the bat. (B) A schematic diagram
of the Y-shaped microphone array. The distance between the reference microphone (dark
gray circle) and each of the three microphones (white circles) was 1.3 £ 0.01 m, and they
were distributed with an angular separation of 120°. The 3D flight paths of the bats were
reconstructed from differences in the arrival times of the ultrasound pulses among the
microphones.
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Figure 4.3 Representative cases of the flight path and pulse direction calculated from the
present model of Egs. (1)—(9). The parameter values of the model were fixed as (yr, ya) =
(0.6m, 0.2m) (A), (yt, ya) = (0.6m, -0.17) (B) or (yt, ya) = (0.6m, 0.5m) (C), with (df, da) =
(0.01, 0.05) and v» = 5 m/s. Gray lines show the flight path of the bat. Black filled arrows
show the flight direction. Open circles show the positions of Target 1 and Target 2. The
pulse direction ¢p(7) showed with black thin arrows is plotted at the intervals of 0.06 s in
this figure, to clearly show ¢@p(f) without overlap. In (A) and (B), the model bat
successfully captured both the two targets. In (C), the model bat lost Target 2 from the
sonar beam on the approach to Target 1. We judged such a case of losing a target from the
echolocation range as a failure to capture in our simulation.
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Figure 4.4 Representative case of the flight path (gray line) and pulse directions (black
thin arrows) during successive captures of two targets. Black dots show the position
where the bat emitted the pulse. Black filled arrows show the flight direction. The time
interval to capture two successive targets was 1.1 s.
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Chapter 5. Human echolocation using ultrasonic binaural

echoes

5.1 Introduction

Bats and dolphins recognize the distance, direction, and shape of an object by
echolocation. For example, bats have the ability to detect time delay with high resolution
(less than 1 ps) (Simmons, 1979). In addition, bats can discriminate the category of prey
(von der Emde and Schnitzler, 1990) and the texture of an object (Falk et al., 2011) based
on the acoustic information of echoes. Moreover, it is also known that dolphins can
discriminate the differences between metallic materials and slight differences in thickness
by echo location (Hammer Jr and Au, 1980). Dolphins, using their auditory sense and
vision, can select a novel object perceived by echolocation under visual conditions; thus,
it is thought that dolphins integrate auditory information acquired by echolocation and
visual information in the brain (Harley et al., 2003). This suggests that the ultrasonic
sensing performed by a biosonar may have the ability to “see by sound,” with a resolution
equal to or higher than that of vision. However, the neurophysiological base supporting
this advanced cognition has not yet been elucidated. Furthermore, because animals
require complicated psychological experiments, the relationship between the acoustic
properties of echoes, which bats and dolphins use as acoustic cues, and the perceived
information has not yet been clarified.

It has long been reported that some blind people can also sense the surrounding
environment by emitting mouth clicks and listening to their echoes (Rice, 1967; Hausfeld
et al., 1982). With respect to engineering applications, research on assistive devices for
visually impaired people has been performed (Kay, 1974; Ifukube et al., 1991). In
addition, participation of a few biological sonar researchers have been conducted
(DeLong et al., 2007a; DeLong et al., 2007b). In recent years, brain function
measurements by fMRI have indicated that blind people performing echolocation have
cerebral visual and auditory cortex activation (Thaler et al., 2011). As a result, attention
is being paid by neuroscience to the elucidation of the human echolocation ability.

Based on this background, we approach this study, “what can be seen from the

echo?” by focusing on the echolocation ability of humans, with whom it is possible to
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conduct psychoacoustic experiments and brain functional measurements. In our
psychoacoustic experiments, we design acoustic parameters based on our knowledge of
bats, obtained in previous studies (Fujioka et al., 2011). Our ultimate goal is to clarify the
biological sonar mechanism and to acquire, by learning from biological mechanisms, new
engineering knowledge that will be useful for the sensing technology. Because ultrasound
has higher spatial resolution, it is considered as advantageous for echolocation. Therefore,
we established a psychoacoustic experimental system using ultrasonic binaural echoes
measured by MDH which can reproduce the acoustic space information measured in the
ultrasonic range in three dimensions. This will allow humans to perform echolocation by
using ultrasound with high spatial resolution, as that performed by bats and dolphins. By
pitch-converting the echo binaurally recorded in the ultrasonic range using the 1/n scaled
MDH to the 1/n audible range, an echo including spatial information sensed by ultrasound
can be presented to humans. In our previous study, we demonstrated that the sounds
captured by the proposed MDH system were more accurately localized outside the head,
by the participants, than the normal stereo sounds (Uchibori ef al., 2015).

In this study, we measured the echolocation ability using ultrasonic binaural
echoes measured by MDH in sighted echolocation novices. In addition, we examined the
relationship between echolocation ability and the acoustic characteristics included by the
echo. In an echolocation study targeting blind individuals, objects existing in daily life
were often used as sensing targets (Milne et al., 2015b), suggesting that blind people
should discriminate such targets for their daily lives. In this experiment, as the first
echolocation study using ultrasonic binaural echoes measured by MDH, we examined the
echolocation ability for targets having various materials and surface structures that are
present in daily life. Namely, we tried to measure the ultrasonic binaural echoes from
these targets. Then, we conducted a discrimination experiment using the sound stimuli
that were created by pitch-converting the ultrasonic binaural echoes for the sighted
echolocation novices. In addition, we examined the utility of ultrasounds by examining

the relationship between the psychoacoustic experiment results and the acoustic analysis.
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5.2 Materials and Methods
5.2.1 Participants

A total of eight participants, aged between 23 and 31 years (Mean &+ SD; 24.9 +
2.6), took part in the target discrimination experiment at Doshisha University. All
participants reported having normal hearing and no history of hearing difficulties. All
participants reported not to have prior experience with echolocation, and they reported to
have either normal or corrected normal vision. The testing took place in a sound-
attenuated chamber (2.3 m (H) x 1.6 m (L) x 1.4 m (W)). The testing procedures were

approved by the University ethics board and the participants provided informed consent.

5.2.2 Targets

Figure 5.1a—f shows six custom made targets (a: acrylic board, b: wood, c:
foamed polystyrene, d: artificial grass, e: artificial foliage, f: gardening fence), which
were used as sound-reflecting objects in the target-discrimination experiment. In addition,

we measured the echo without target.

5.2.3 Miniature dummy head

The 1/7 scaled MDH with torso was made from acrylonitrile-butadiene-styrene
(ABS) resin using a 3D printer (UP!3D Printer; Techno Solutions, Tokyo, Japan). We
used the 3D shape data of a standard dummy head (4128C Head and Torso Simulator,
HATS; Briiel & Kjer, Nerum, Denmark), scanned using a 3D scanner (Model 20201
Desktop Laser Scanner; NextEngine, CA, USA) (Uchibori et al., 2015). Because the
HATS torso was too large for the 3D scanner, the shape of the torso was not scanned, but
it was made so that it roughly imitated the shape of the HATS torso. The width, height,
and depth of the MDH torso were 45 mm, 58 mm, and 20 mm, respectively.
Omnidirectional condenser microphones of 2.7 mm diameter (B6 Omnidirectional
Lavalier; Countryman Associates, Inc., California, USA) were inserted at the entrance of
the left and right ear canals of the MDH. The interaural distance of the MDH was 22 mm.
In order to present the binaural sounds captured by the MDH to the listeners, the
frequency of the binaural sounds captured by the MDH was shifted, with the relative

reduction of the head size, by the time-expansion method using an audio editing software
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(Audition CC 2015; Adobe). This allows the listeners to hear the pitch-converted binaural
sounds, with the acoustic information included in the high frequency range, as audible
sounds. In addition, the listeners can perceive 3D sounds when they listen the pitch-

converted binaural sounds through headphones (Uchibori ef al., 2015).

5.2.4 Sound stimuli

Sound stimuli were the pitch-converted ultrasonic binaural echoes measured by
the 1/7 scaled MDH. We measured the ultrasonic binaural echo from each target in an
anechoic chamber (3.6 m (W) x 4.4 m (L) x 3.4 m (H)) at Doshisha University by using
the experimental system shown in Fig. 5.2. The target was positioned at a distance of 40
cm from the loudspeaker (LS-301-CH; TEAC CORPORATION, Tokyo, Japan). The bats
that employ FM sounds use downward FM sounds, while those using CF-FM sounds
mainly use a combination of upward FM, CF, and downward FM sounds. Therefore, in
this study, we used down FM sweep (7-35 kHz), up FM sweep (7-35 kHz), and CF bursts
(7 kHz) as echolocation sound. The direct sound from the loudspeaker and the echoes
from the target were measured by the two microphones in the 1/7 scaled MDH. Bats are
roughly divided into species using FM sounds and species using CF-FM sounds. In
addition, we measured in the same way the direct sound and echoes without the target.
The captured signals were digitalized with 32-bit accuracy at a sampling rate of 192 kHz
by using a high-speed USB audio interface (OCTA-CAPTURE; Roland, Shizuoka, Japan).
The digitalized signals were synchronously stored by using a personal computer (VAIO
Z; VAIO Corporation, Nagano, Japan) and by using the audio editing software55. Note
that the frequency characteristics of loudspeakers and microphones are corrected so that

they are within + 3 dB in the measurement band.

5.2.5 Procedure

Two different randomly selected sound stimuli were presented in a two-
alternative forced-choice task (2AFC) by using a custom-made program, EXPLAB (free
software for computational experiment), through headphones (MDR-CD900ST, Sony,
Tokyo, Japan). The time interval between the sound stimuli (i.e., inter-stimulus interval)
was 300 ms. The peak level of amplitude of the direct sound from the loudspeaker was

standardized. In the experiment, the participants were required to accurately identify
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whether or not the two kinds of signals are the same by writing the answer on the paper.
We conducted four two-test sessions (without feedback of the answer on the
display) per participant. There was a total of 168 trials (28 target pairs (number of
combination with repetition for choosing 2 targets from all 7 targets) x 3 signals x 2
repetitions) in the test session. After completing the experiment, a questionnaire survey

on the acoustic cues was conducted for each participant.

5.2.6 Statistical analysis

Non-metric multidimensional scaling (NMDS) was used to evaluate how seven
echoes from each object were perceived as different from each other. We calculated the
coordinate of each echo on the orthogonal axis in the two-dimensional space consisting
of dimension 1 and dimension 2. The average percentage of correct answers shown in
Table 1 was taken as the mutual psychological dissimilarity between echoes. All analyses
were performed using MATLAB.

A generalized linear mixed model (GLMM) (Schall, 1991) with a binomial
distribution and logit link function was used to evaluate the effect of the degree of
similarities in the acoustic parameters (i.e., amplitude wave pattern, frequency spectrum,
and spectrogram) on the percentage of correct answers in each target pair. When
multicollinearity was confirmed in the relationship between the acoustic parameters (the
Pearson’s correlation coefficient exceeded 0.5), we excluded one of the acoustic
parameters from the analysis. The participant’s ID was treated as an explanatory variable
describing a random effect. The number of correct answers was treated as the response
variable. All analyses were performed using R Statistical Software Version 3.2.3. The

analyses with GLMMs were conducted using the system function “glmmML”.

5.3 Results

Table 5.1 shows the average percentage of correct answers of all eight
participants in each target pair. As listed in Table 5.1, the average percentage of correct
answers in the case of extremely-different surface conditions (e.g., acrylic board vs.
artificial foliage) was more than 90 % (more than the chance level, 50 %), while in the

slightly-different surface conditions (e.g., acrylic board vs. foamed polystyrene) it was
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under 40 %. Furthermore, the average percentage of correct answers under the downward
and upward FM sweep conditions were above chance level (downward FM, 75.4 + 22.0;
upward FM, 78.1 + 24.1; CF, 61.8 + 24.1). The GLMM evaluation showed that the
downward and upward FM sweep conditions had a significant positive effect on the
average percent of correct answers (downward FM, = 0.9427 £ 0.1234, z = 7.639, p <
0.001; upward FM, = 0.9775 £ 0.1240, z = 7.882, p < 0.001). Additionally, the average
percentage of correct answers 5—10 % was higher in the second trial than in the first trial.

The distances between the stimuli calculated based on NMDS, shown in Figs.
5.4A—C, correspond to perceptual distances (i.e., how much similar they sound).
Although the distances between the plots of acrylic, wood, and polystyrene foam (a—c)
were relatively close under all signal conditions, the plots were more dispersed under
downward and upward FM sweep conditions than under CF burst condition. Under CF
burst condition, the plots were divided into two groups (a—d and e—g), and the distances
of plots among targets were approximately zero in both groups.

Figures 5.5A—C show the frequency spectra of the echoes of acrylic board (a),
wood (b), and foamed polystyrene (C), which tended to have relatively high
psychological similarity as shown in Fig. 5.4. As depicted in Fig. 5.5A—C, the amplitude
spectra of the echoes of acrylic board (a) and wood (b) exhibited almost the same spectral
pattern under all signal conditions. However, the amplitude spectrum of wood (b) and
foamed polystyrene (¢) showed a slightly different notch pattern under downward and
upward FM sweep conditions, whereas such slight differences were not observed under

the CF burst condition.

5.4 Discussion
5.4.1 Discrimination performance using ultrasonic binaural echoes

In the pair of wood (b) and foamed polystyrene (c) (Figs. 5.5A—C), the difference
in the notch pattern seen in the amplitude spectrum was clear, and the difference between
the correct answer rates of FM sound and CF sound was remarkable. Even in the interview
survey of the subjects, most of participants judged based on a slight difference in timbre.
This suggests that even if it is difficult to discriminate by CF sound, it can be easily

supposed that FM sound is effective in discrimination because it can use a spectrum
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pattern as acoustic cue. Therefore, we calculated the coordinates of each echo on the
direct axis in the two-dimensional space. They were calculated using the same method as
in Fig. 5.4, using the peak value of the cross correlation of the amplitude spectrum of each
echo as the acoustic similarity. The results are shown in Figs. 5.6A—C. As shown in
Figures 5.6A—C, the acoustic similarity is high in a combination with low correct answer
rate (e.g., wood (b) and foamed polystyrene (c)). On the contrary, it can be seen that the
acoustic similarity is low in combination with a high correct answer rate (e.g., wood (b)
and artificial foliage (e)).

Table 5.2 shows the result of the GLMM for evaluating the effect of target
discrimination performances and acoustic similarity of the echoes (N = 168). The
differences in acoustic parameters among the targets had a significant negative effect on
the number of correct answers under each signal condition (Table 5.2). This indicates that
the echo discrimination rate decreases when the acoustic similarity is high. In the future,
we will continue to examine the signal parameters that are useful for discriminating the

physical features of the target based on the acoustic similarity of the echo.

5.4.2 Comparison with the echolocation performance using mouth clicks

Finally, we carried out an echolocation experiment using mouth clicks emitted
by the four participants (e.g., Fig. 5.7) as in previous human echolocation studies (Kellog,
1962; Rice, 1967). In this additional experiment, the participants were required to identify
whether two targets randomly presented were the same or not, based on a 2AFC task. The
testing was performed in an anechoic chamber (3.6 m (W) x 44 m (L) x 3.4 m (H)) at
Doshisha University. The target was same as that used in the discrimination experiment
employing ultrasonic binaural echoes. The targets were positioned in isolation directly
ahead of the participant, with the center at ear level. Once the trial began, the participants
were given five opportunities to scan the object using their mouth clicks. There was a
total of 28 trials (28 target pairs x 1 repetitions) in the test session. We conducted four
test sessions per participant over two days. Figure 5.8 shows the average percentage of
correct answers of the four participants under ultrasonic binaural echo conditions
(downward and upward FM sweep, and CF burst conditions) and mouth click condition.
The discrimination performance using mouth clicks was approximately 11 % lower (56.9

+ 27.3 %) than that using CF ultrasonic binaural echoes (68.1 + 30.8 %). This is because
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the peak frequency wavelength of the mouth click was shorter than that of the ultrasonic
binaural echoes. In addition, the ultrasonic binaural echoes measured using MDH are
presented to the participants after pitch conversion, which means that the time axis was
extended according to the MDH scale. However, during natural human echolocation
using mouth clicks, the participants listen to the echoes from the target in real time.
Because the signal length of the mouth click is approximately 5 ms (Fig. 5.7), it is
conceivable that the echo from the target ahead of 40 cm is overlapped with the mouth
click emitted by themselves, and thus, it is considered that the difficulty level of echo
discrimination increases. This suggests that the ultrasonic binaural echo with high
frequency and temporal resolution may be more advantageous than the mouth click for
discrimination of surface structure and material of a nearby object.

However, the sound pressure might not be sufficient to hear the echo because the
participants had no experience in human echolocation using mouth clicks. Thaler and
Castillo-Serrano (2016) demonstrated that even sighted participants could perform well
as blind echolocation experts when they used a loudspeaker to emit the mouth clicks,
instead of emitting these by themselves (Thaler and Castillo-Serrano, 2016). This
suggests that the participants might perform better by using artificial mouth clicks.
Therefore, in order to examine the relationship between frequency of the signal and
echolocation performance, it is necessary to conduct, in a future work, a psychological

experiment using the same artificial sound.

5.5 Summary

We showed research results on the establishment of a human echolocation
system that takes advantage of bat echolocation. Based on the proposed human
echolocation system, we investigated the discrimination ability of sighted subjects for
object texture to understand acoustic cues for texture recognition in human echolocation.
Our results suggested that it is possible to discriminate targets with extremely different
surface structures and materials, which are easy to discriminate by vision, by listening to
ultrasonic binaural echoes. Furthermore, the rate of correct answers in the CF sound
condition was approximately 13% lower than those in the FM sound condition. The

correlation diagram among targets by multidimensional scaling was dispersed more
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remarkably in the FM sound condition. When the target pair had slightly different surface
conditions, differences in the notch pattern of amplitude spectra were observed especially
in the FM sound condition. These suggest that FM ultrasonic binaural sound is more

effective for slightly different texture perception than CF ultrasonic binaural sound.
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cn 5cm

Figure 5.1 Photographs of six targets (a: acrylic board, b: wood, c: foamed polystyrene,
d: artificial grass, e: artificial foliage, f: gardening fence).
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Figure 5.2 Schematic diagram of the experimental system. The distance between the 1/7
scaled MDH attached to the loudspeaker and the target was 40 cm.
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Table 5.1 Average percent of correct answers of the eight participants in each target pair
under the downward FM (top), upward FM (middle), CF (bottom) signal conditions (a:
acrylic board, b: wood, c: foamed polystyrene, d: artificial grass, e: artificial foliage, f:
gardening fence, g: anechoic chamber).

Down FM N = 8 participants

a b c d e f g

[%]

Up FM N = 8 participants

a b c d e f g

[%]

CF N = 8 participants

a b c d e f g

43.8
25.0 43.8

18.8

®

[%]
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Figure 5.3 Average percent of correct answers performance of the eight participants
under the downward, upward FM sweeps and CF burst signal conditions. The horizontal
red dashed lines at the mean correct answer rate (50 %) indicate chance performance.
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Figure 5.4 (A—C) Scatter plots of each relationship between the echoes from six different
targets (a: acrylic board, b: wood, c: foamed polystyrene, d: artificial grass, e: artificial
foliage, f: gardening fence) or one from no targets (g: no targets) based on the nonmetric
multidimensional scaling method. In the numerical calculation, we used the averaged
correct answer rate (N = 8) presented in Table 1 as the degree of unlikeness between
targets. The values of the nonmetric stress criterion were 2.52x10¢ (A, Down FM),
7.03x10°7 (B, Up FM), and 2.54x10°® (C, CF), respectively.
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Figure 5.5 (A—C) Normalized amplitude spectra of echoes from the acrylic board (red
line), wood (black line), and formed polystyrene (gray line) under downward (A) and
upward (B) FM sweep conditions, and CF burst (C) condition, respectively.
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Figure 5.6 (A—C) Scatter plots of relationships among seven sounds under downward FM
(A), upward FM (B), and CF (C) conditions. The values of the nonmetric stress criterion
are 8.59x10-7 (A, Down FM), 6.81x10-7 (B, Up FM), and 5.99x10-7 (C, CF).
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Table 5.2 Summary of GLMM statistics for the effects of the degree of similarity among
the acoustic parameters (the peak value of the cross-correlation in the amplitude envelope,

frequency spectra, and spectrogram) on the number of correct answers in each target pair
(N =168).

Sound Fixed factor Estimates SE Z P

Amplitude spectrum  -0.009 0.001 -7.851 <0.001
Down FM  Amplitude envelope  -2.293 0.287 -7.982 <0.001
Spectrogram -0.057 0.007 -8.283 <0.001

Amplitude spectrum  -0.008 0.001 -10.701  <0.001
Up FM Amplitude envelope  -2.037 0.190 -10.717  <0.001

Spectrogram -0.057 0.005 -10.793 <0.001

Amplitude spectrum  -0.008 0.001 -9.828 <0.001

CF Amplitude envelope -2.111 0.215 -9.813 <0.001
Spectrogram -0.046 0.005 -9.865 <0.001
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Figure 5.7 Spectrogram of click sound by a subject.
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Figure 5.8 Averaged rate of correct answers of sound discrimination for two subjects
under down FM, up FM, and CF conditions (ultrasonic binaural echo condition) and
mouth click condition. The error bar represents standard deviation. The horizontal red
dashed lines at the mean correct answer rate (50 %) indicate chance performance.

66



Chapter 6. Shape, Texture and Material Discriminations by

Ultrasonic Binaural Echoes in Sighted Echolocation Novices

6.1 Introduction

Bats and dolphins emit ultrasounds and listen to the echoes from objects. This is
termed as echolocation. Echolocation in the high-frequency range is an ideal sensory
system to detect small objects, i.e., prey, and navigate complex obstacle spaces, because
the sensing resolution depends on the wavelength of the echolocation sound. For example,
echolocating Japanese house bats (P. abramus) use downward frequency-modulated (FM)
ultrasonic pulses with harmonics, and the frequency of the fundamental component is
exponentially modulated from 100 to 40 kHz (Hiryu et al., 2007). The shortest
wavelength corresponds to ~3 mm to detect and capture prey, including small hemipterans
and dipterans in air (Hirai and Kimura, 2004). In addition, echolocating killer whales
(Orcinus orca) use ultrasounds with the majority of the energy in the spectra between 20
and 60 kHz to detect and capture prey, such as Chinook salmon (Oncorhynchus
tshawytscha) in water (Au et al., 2004). Therefore, the wavelength of the echolocation
signals essentially corresponds to the target size in bats and dolphins. This suggests that
the bats and dolphins use echolocation sounds with a wavelength that is suitable to detect
targets.

Echolocation is used to detect and localize targets, and to discriminate and
identify targets in their environment. For example, echolocating Atlantic bottlenose
porpoises (Tursiops truncatus) reliably discriminate between cylinders with different wall
thicknesses or different materials (Hammer Jr and Au, 1980). It was suggested that the
predominant cue used to discriminate among these cylinders is the time-separation pitch
(TSP) (Hammer Jr and Au, 1980). However, echolocating bats can detect differences in
hole depths smaller than 1 mm in a target by using differences in the spectral distribution
of energy but not in the overall intensity (Simmons et al., 1974). Echolocating R.
ferrumequinum was reported to discriminate between insects using the characteristic
amplitude- and frequency-modulation pattern by fluttering insects on returning echoes
(von der Emde and Schnitzler, 1990). This is because a sufficient Doppler shift is caused

by a high-frequency signal, such as the ultrasound used by echolocating bats. A recent
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study examined the behavioral strategies for texture discrimination by echolocation in
free-flying E. fuscus and suggested that the flying bat listens to changes in sound spectra
from an echo to an echo to discriminate between objects (Falk et al., 2011).

Moreover, in some cases, blind individuals use echolocation similar to bats and
dolphins. However, echolocating blind individuals use mouth clicks as an echolocation
sound because humans do not produce and listen to ultrasounds. Recently, Thaler et al.
(2011) measured the brain activity pattern of early and late blind echolocation experts and
suggested that the processing of click-echoes recruits brain regions that are typically
devoted to vision as opposed to audition in both. The study was the first to measure brain
activity of the echolocation expert during listening echoes and was from a neuroscience
viewpoint. A recent review presents previous studies, ranging from classic to recent
studies, involving psychophysical examinations (Thaler and Goodale, 2016). In these
studies, the subjects actively emit mouth-clicks to determine the ability of perceiving
location (azimuth), distance, and size of sound-reflecting surfaces (Thaler and Goodale,
2016). An example of a classic study reported that blind individuals who use echolocation
can detect a difference of ~10 cm in depth at a distance of 60 cm (Kellog, 1962). A recent
study reveals that an individual who was blind from birth and learned to echolocate early
in life could detect a change as low as 4° in the azimuthal position of a 150-cm tall pole
in a two-interval two-alternative forced choice task (Thaler ez al., 2011). Furthermore, a
recent study suggested that blind individuals who are experts in echolocation discriminate
among objects based on their physical size (irrespective of their “acoustic size”),
suggesting that size constancy may also operate during echolocation (Milne ef al., 2015a).

In contrast, long-term training is necessary to master echolocation using mouth
clicks because it is difficult to generate mouth clicks with a high sound pressure level and
to sufficiently listen to an echo from objects. Moreover, it is also increasingly difficult for
echolocation novices to extract information from returning echoes as opposed to
echolocation experts (Milne ef al., 2014; Milne et al., 2015a). In order to overcome these
issues, blind mobility aids using ultrasounds were developed based on echolocation
systems, such as bats and dolphins (Ifukube ef al., 1991; Kay, 2000; Mihajlik et al., 2001,
Waters and Abulula, 2007; Sohl-Dickstein et al., 2015). For example, a device developed
by Ifukube ef al. (1991) transmitted upswept or downswept FM ultrasounds in the range
of 70—40 kHz or a constant frequency (CF) sound of 50 kHz for echolocation, and the
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received signals by stereo recoding were time-stretched prior to presenting them to a user.
This suggested that the FM sounds appeared superior to the CF sound in the perception
of obstacles. Recently, Sohl-Dickstein et al. (2015) developed a device that transmits FM
ultrasounds and binaurally receives echoes via artificial pinnae mimicked bats and then
simply down-samples the signal and sends the down-sampled signal to the user via
headphones. They demonstrated that the device can be effectively used to examine the
environment and that the human auditory system rapidly adapts to these artificial
echolocation cues. These studies suggest that these types of devices can potentially aid
blind people in interacting with their environment.

In a previous study, we developed a new system for binaural recording in the
ultrasonic range (Uchibori et al., 2015). The system consists of a miniature dummy head
(MDH) that is printed based on 3D shape data of a standard dummy head and a device
that converts ultrasonic echoes into audible sounds (Uchibori et al., 2015). The results
indicated that the sounds captured by the proposed MDH system were more accurately
localized by the participants and outside the head more than normal stereo sounds
(Uchibori et al., 2015).Therefore, we concluded that it may be useful to experience
echolocation by MDH.

The main purpose of this study is the evaluation of the echolocation ability of
sighted echolocation novices using ultrasonic echoes measured by MDH (i.e., ultrasonic
binaural echoes). To achieve this, we examined the utility of ultrasounds in human
echolocation based on the shape discrimination performance. Next, we conducted shape,
texture, and material discrimination experiments using the ultrasonic binaural echoes that
were measured by MDH and acoustic cues for discrimination. Hiryu et al. (2007)
previously examined the biosonar strategy of bats during echolocation from an
engineering viewpoint. We provide a discussion on the experimental results from the view
point of a bat biosonar because this knowledge is applicable to human echolocation. We
also included a discussion on the effective signal design for shape, texture, and material
discriminations from an acoustics viewpoint to explore new possibilities of human

echolocation using ultrasounds.
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6.2 Materials and Methods

In this study, we conducted two types of discrimination experiments, namely
Experiment 1 and Experiment 2. In Experiment 1, we examined if the downward FM
ultrasound mimicking the echolocation sound of the bats was efficient in the
discrimination of the 3D roundness of edge contours by the sighted echolocation novices.
In Experiment 2, we examined if the sighted echolocation novices could echolocate by
ultrasonic binaural echoes through shape, texture, and material discrimination
experiments. Based on the discrimination performance, we examined the acoustic cues
that were useful for discrimination by conducting a statistical analysis. In addition, we
examined which sonar broadcast was effective for the shape, texture, and material
discrimination in human echolocation in order to discriminate using the acoustic cue
effectively. Here, the participants were required to discriminate echoes of targets that had
differences in the roundness of the edge contours (shape), size of the cube on the object

surfaces (texture), and categories of materials (material) in Experiment 2.

6.2.1 Participants

A total of 40 participants, P1-40 aged between 20 and 28 years (23.1+1.8)
participated in Experiments 1 and 2 at Doshisha University [Experiment 1, P1-10;
Experiment 2, P11-20 (shape); P21-30 (texture); and P31-40 (material)]. Hearing tests
revealed that pure tone thresholds of all participants were within a hearing level of 30 dB
up to 5 kHz. All participants reported the absence of prior experience with echolocation
and were found to possess normal or corrected normal vision. The testing was performed
in a sound-attenuated chamber [2.3 m (H) x 1.6 m (L) x 1.4 m (W)]. The testing
procedures were approved by the University ethics board and participants provided

informed consent.

6.2.2 Targets

Figure 6.1 shows the 14 custom-made targets used for the shape (Shapes 1-5),
texture (Textures 1-5), and material (Materials 1-4) discrimination experiments.

The Shapes 1-5 corresponded to the wooden poles (solid Narra-wood) with
lengths of 80 cm and a smooth surface (Fig. 6.1A). As shown in Fig. 6.1A, Shapes 1-5
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nearly appeared to be identical rectangles using vision as observed from the direction of
the Z axis (Fig. 6.1A, bottom panel), depending on the shadows, and the five targets
possessed different edge contours, as shown in the top panel in Fig. 6.1A. The corner
radius increased from 0 to 4 cm in steps of 1 cm for Shapes 1-5, as shown in the bottom
panel in Fig. 6.1A. Therefore, the lateral plane areas linearly decreased from 640 (Shape
1) to 0 cm? (Shape 5) with steps of 160 cm? for Shapes 1-5.

The Textures 1-5 were printed with a 3D printer (Replicator 2X Experimental
3D Printer; MakerBot, New York, USA) with acrylonitrile-butadiene-styrene (ABS) resin
(Figs.1B). Textures 2—5 included multiple small cubes corresponding to 0.25 (Texture 2),
0.5 (Texture 3), 1 (Texture 4), and 2 cm (Texture 5) on a side on the base [8 cm (X) %16
cm (Y) x 0.1 cm (Z)] (Fig. 1B). The cubes on the base were absent in Texture 1. The
distance between the cubes was identical to the side of the cube, such that the total area
of XY plane and area of the small cubes were identical (= 64 cm?), ensuring that the
loudness of the echo essentially corresponded to the identical levels.

The Materials 1-4 were plates composed of four different materials, namely
acrylic, glass, iron, and wood plates (Fig. 6.1C). The size of the Materials 1-4 was 15 cm
(X)x15cm (Y) x 1 cm (2).

6.2.3 Miniature dummy head

Figure 6.2 shows the 1/7 scaled MDH with a torso that was used to measure the
ultrasonic binaural echoes from targets, composed of ABS resin using a 3D printer. We
used 3D shape data of a standard dummy head (4128C Head and Torso Simulator, HATS;
Briiel&Kjaer, Nerum, Denmark) that was scanned using a 3D scanner (Model 20201
Desktop Laser Scanner; NextEngine, CA, USA) (Uchibori et al., 2015). The MDH torso
was formed such that it approximately imitated the shape of the HATS torso. The width,
height, and depth of the MDH torso were 28, 51, and 23 mm, respectively.
Omnidirectional condenser microphones with a diameter of 2.7 mm (B6 omnidirectional
lavalier; Countryman Associates, Inc., California, USA) were inserted at the entrance of

the left and right ear canals of the MDH. The interaural distance of the MDH was 22 mm.
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6.2.4 Sound stimuli

Sound stimuli were created by convoluting the impulse response and arbitrary
echolocation signal. The impulse response was measured by the upward logarithmic time
stretched pulse (Log-TSP, Fig. 6.3) (Stan et al., 2002) to eliminate harmonic distortion
(Moriya and Kaneda, 2005). The length of the Log-TSP corresponded to 262,144 (= 2'%)
points at a sampling rate of 192 kHz.

We measured the echo of the Log-TSP from each target in an anechoic chamber
[3.6 m (W) x4.4m (L) x 3.4 m (H)] at Doshisha University using the experimental system
shown in Fig. 6.4. The target was positioned at a distance of 15 cm from the loudspeaker
(S-300HR; TEAC CORPORATION, Tokyo, Japan). The echoes from the target were
measured by the two microphones with (binaural condition) and without (stereo
condition) MDH, respectively. During the stereo recording, we measured the echoes
under two conditions with microphone distances of 22 and 154 mm. The microphone
distance of 22 mm was derived from the interaural distance of 1/7 scaled MDH. We also
measured the echoes by monaural recordings without the target to measure the reference
signal. The captured signals were digitalized with 32-bit accuracy at a sampling rate of
192 kHz using a high-speed USB audio interface (OCTA-CAPTURE; Roland, Shizuoka,
Japan). The digitalized signals were synchronously stored with a personal computer
(VAIO Z; VAIO Corporation, Nagano, Japan) using the audio editing software (Adobe
Audition CC 2015). The sound pressure level of Log-TSP was 95 dB at a distance of 15
cm from the loudspeaker. The background noise level was approximately 14 dB (A),
sufficiently low to measure the echoes from the targets.

The impulse response was calculated by a discrete Fourier transform after
averaging the signals 32 times using MATLAB (MATLAB; The Math Works, Inc.,
Massachusetts, USA). The frequency characteristics of the loudspeaker and microphones
were canceled by eliminating the reference signal measured by the monaural recording
from the comparison signal measured by the stereo and binaural recordings.

There were two types of signal conditions; low- and high-frequency signal
conditions (Fig. 6.5). Under the low-frequency signal condition, we used downward FM
sweeps in a low-frequency range (1-5 kHz), shown in Fig. 6.5 (a), for the convolution
operation with impulse response of each target that were measured in advance. We used

a downward FM sweep, upward FM sweep, downward harmonic FM sweep, upward
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harmonic FM sweep, band-limited noise, and CF bursts (7, 21, and 35 kHz) in a high-
frequency range (7-35 kHz) shown in Figs. 6.5 (b—i) under the high-frequency signal
condition.

In Experiment 1, the two downward FM sweeps in low- (1-5 kHz) and high- (7—
35 kHz) frequency ranges were convoluted with the impulse responses measured by the
stereo recordings at microphone distances of 154 (low-frequency) and 22 mm (high-
frequency), respectively. The high-frequency convoluted signals (frequency band, 7-35
kHz; signal duration, 1 ms) were 1/7-times pitch converted to audible sounds (i.e.,
frequency band, 1-5 kHz; signal duration, 7 ms) by employing the time-expansion
method using Adobe Audition CC 2015 to present the same for the participants. In
contrast, the low-frequency convoluted signals (frequency band, 1-5 kHz; signal duration,
7 ms) were not pitch converted.

In Experiment 2, the signals ranging from 7-35 kHz were convoluted with the
impulse responses measured by the binaural recording with the 1/7 scaled MDH. The
high-frequency convoluted signals were 1/7-times pitch converted to audible sounds in
the same way, as Experiment 1, before presenting tor the participants. Each sound
stimulus consisted of ten successive convoluted signals in a row with a time interval of

35 ms.

6.2.5 Procedure

Two different randomly-selected sound stimuli were presented in a two-
alternative forced-choice task (2AFC) in Experiment 1 and in three-interval two-
alternative forced-choice tasks (3I-2AFC) in Experiment 2 by using a custom-made
program, EXPLAB (free software for computational experiment), through headphones
(MDR-CD900ST, Sony, Tokyo, Japan). The time interval between the sound stimuli (i.e.,
inter-stimulus interval) was 300 ms. The loudness between the targets was not corrected.
All sound stimuli were presented through headphones to the listeners below ~65 dB SPL
at the position of the eardrum membrane by standardizing the maximum loudness in each
signal condition based on ITU-R BS. 1770-3 loudness. In Experiment 1 the participants
were required to accurately identify the sound stimulus that corresponded to echoes from
the target with more rounded edge contours by immediately pressing the computer key

upon identification. In Experiment 2, the participants were required to accurately identify
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the sound stimulus that was identical to the second sound stimulus, the first or third, by
immediately pressing the computer key upon identification.

We conducted four test sessions (without feedback of the answer on the display)
after two or four training sessions (with feedback of the answer on the display) per
participant. The participants for whom the percentage of correct answers was less than
75% in the first two training sessions were required to undergo an additional two training
sessions. In the training sessions, the participants were required to discriminate between
only two targets. Shapes 2 and 4 (shape discrimination experiment), Textures 2 and 4
(texture discrimination experiment), and Materials 2 and 4 (material discrimination
experiment), were used in the training sessions of the shape, texture, and material
discrimination experiments, respectively. In the test sessions, the participants were
required to discriminate between five targets in each discrimination experiment (Shapes
1-5; Textures 1-5; and Materials 1-4). Different participants were involved in the shape
(P11-20), texture (P21-30) and material (P31-40) experiments. There were a total of 28
trials (2 target pairs x 2 signals x 7 repetitions) and 40 trials (20 target pairs x 2 signals x
1 repetitions) in the training and test sessions in Experiment 1. In the shape and texture
discrimination experiments in Experiment 2, there were a total of 96 trials (4 target pairs
x 8 signals x 3 repetitions) and 320 trials (40 target pairs % 8 signals x 1 repetition) in the
training and test sessions. In the material discrimination experiment in Experiment 2,
there were a total of 96 trials (4 target pairs x 8 signals X 3 repetitions) and 192 trials (24
target pairs x 8 signals x 1 repetition) in the training and test sessions. After completing
the experiment, a questionnaire survey on the acoustic cues (in Japanese) was conducted

for each participant.

6.2.6 Statistics

A generalized linear mixed model (GLMM) (Schall, 1991) with a binomial
distribution and logit link function was used to evaluate the following two points: the
effect of the signal conditions (i.e., low and high frequency signal conditions) on the
average percentage of correct answers and the effect of the degree of similarities in the
acoustic parameters (i.e., amplitude wave pattern, frequency spectrum, spectrogram, and
loudness) on the percentage of correct answers in each target pair. When multicollinearity

was confirmed in the relationship between the acoustic parameters (the Pearson’s
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correlation coefficient exceeded 0.5), we excluded one of the acoustic parameters from
the analysis. The participant’s ID was treated as an explanatory variable describing a
random effect. The number of the correct answers was treated as the response variable.
We selected the model that led to the best estimation based on Akaike’s Information
Criterion (AIC) (Akaike, 1998). All analyses were performed using R Statistical Software
Version 3.2.3. The analyses with GLMMs were conducted using the system function

“glmmML”.

6.3 Results

6.3.1 Discrimination of 3D edge contours by low- and high-frequency signals

In Experiment 1, we conducted the shape discrimination experiment by using
low and high-frequency downward FM sweeps as shown in Fig. 6.5 (a, low-frequency
downward FM sweep; b, high-frequency downward FM sweep). The participants were
required to identify the sound stimulus that corresponded to the echoes from the target
with more rounded edge contours.

As shown in Fig. 6.6, the average percentage of correct answers of all ten
participants under the high-frequency signal condition was approximately 30% higher
than that under the low-frequency signal condition (low-frequency, 59.0 + 9.7%; high-
frequency, 88.6 = 7.3%). The GLMM evaluation indicated that the high frequency signal
condition had a significant positive effect on the average percentage of correct answers
(f=1.735+0.135,z=12.851, p < 0.001).

The frequency spectra of the impulse responses under the high-frequency signal
condition exhibited a more complex spectral notch pattern than that under the low-
frequency signal condition (Fig. 6.7). The differences among the five targets (Shapes 1—-
5) in the frequency spectra were also more significant under the high-frequency signal
condition than under the low-frequency signal condition, suggesting that the impulse
responses under the high-frequency signal condition contained more detailed 3D shape
information. These results suggest that the high-frequency signals including ultrasound
are more efficient for discriminating the roundness of edge contours than the low-
frequency signals.

Table 6.1 shows that the performance of the participants was approximately 20%
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more than the chance level (i.e., 50%) for any pair of targets under the high-frequency
signal condition. Furthermore, some of the pairs including untrained targets (the pair of
Shapes 1 and 4, Shapes 1 and 5, Shapes 2 and 5, and Shapes 3 and 5) had a higher
percentage of correct answers than the training pairs (the pair of Shapes 2 and 4). These
target pairs contained an echo that were not used in the trainings. This suggests that the
participants were able to identify the sound stimulus that corresponded to echoes from
the target with more rounded edge contours, even in the target pair that they listened to

for the first time.

6.3.2 Effective signal design for discriminations of shape, texture and material

In Experiment 2, we conducted shape, texture, and material discrimination
experiments by the 2AFC task for each of 10 participants (shape, P11-20; texture, P21—
30; and material, P31-40) to examine the time-frequency structure of the signal that is
efficient for these discriminations. The average percentage of correct answers are shown
in Figs. 6.8A—C.

As shown in Figs. 6.8A and 6.8B, the participants performed well above the
chance level under all signal conditions in the shape and texture discriminations. In the
shape discrimination experiment, the average percentage of correct answers under all
signal conditions was 71.4 = 2.7% and it was higher than the chance level. The average
percentage of correct answers under the band-limited noise condition was the highest
(approximately 80%) of all.

In the texture discrimination experiment, the average percentage of correct
answers under all signal conditions was 70.4 + 6.2% and was higher than the chance level
as the shape discrimination. The average percentage of correct answers under the CF (7
kHz) condition was the lowest, and the next lowest was the CF (21 kHz) condition. The
average percentage of correct answers under the band-limited noise condition was the
highest of all (~80%) of the texture discrimination experiments.

In the material discrimination experiment, the average percentage of correct
answers under all signal conditions was 50.6 = 4.2%, similar to the chance level.
Therefore, the material discrimination performance was approximately 20% lower than

the shape and texture discriminations.
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6.3.3 Frequency analysis of echoes

Figures 6.8D—F show the frequency spectra of the echo impulse responses of all
targets. The echo impulse responses from Shapes 1-5 indicated differences in the levels
of energy spectral density (ESD) among the targets while the notch patterns were almost
identical. This implied that there were differences in the loudness of echoes that the
participants listened to in the shape discrimination experiment among the targets.
Additionally, the differences in levels of ESD among targets were slightly different based
on the frequency band. This suggests that the spectral weight also differed among the
targets.

Conversely, the echoes from Textures 1-5 exhibited different spectral notch
patterns among the targets while the average differences of ESD in Textures 2—5 relative
to Texture 1 were less than 2.5 dB (Fig. 6.8E). The spectral notches were observed in the
different frequencies among the targets and the depths of spectral notches were also
different among the targets, thereby suggesting that the timbre was different among
Textures 1-5 while the loudness was almost identical.

In contrast, the echo impulse responses from the Materials 1-4 exhibited almost
the same spectral pattern (Fig. 6.8F). This suggests that the material discrimination was

more difficult than the shape and texture discriminations.

6.3.4 Acoustic cue

Table 6.2 shows the result of the GLMM for evaluating the effect of the shape,
texture, and material discrimination performances and acoustic similarity of the echoes
(N =100 (shape), N =100 (texture), and N = 60 (material) pairs for each discrimination
experiment).

With respect to the shape discrimination, the differences of loudness among
targets had a significant positive effect on the number of correct answers under each signal
condition with the exception of the CF (35 kHz) burst condition (Table 6.2, top panel).
This suggests that the participants used the loudness cue to discriminate shape.

Conversely, the differences in loudness did not exhibit any significant positive
effects under any signal conditions in the texture discrimination (Table 6.2 middle panel).
In contrast, the degree of similarity of frequency spectrum and/or spectrogram exhibited

negative effects under the downward and upward FM sweep conditions. In addition, the
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degree of similarity of envelope, frequency spectrum, and spectrogram exhibited negative
effects under the downward and upward FM sweeps, the downward and upward harmonic
FM sweeps, and the band-limited noise conditions. These suggested that the participants
perceived differences in timbre among targets due to the differences among targets of the
envelope, frequency spectrum, and spectrogram. Additionally, such significant negative
effects were not observed under the CF burst conditions.

Finally, in the material discrimination, significant effects were not observed
under other signal conditions under each signal condition with the exception of the CF
(35 kHz) burst condition (Table 2, bottom panel). The degree of similarity of the envelope
exhibited negative effects under the CF (35 kHz) burst condition.

6.4 Discussion
6.4.1 New possibility of human echolocation using high-frequency signal

From the experimental results in Experiment 1, we found that the average
percentage of correct answers was above 80% when we used the high-frequency signal
containing the ultrasound. This suggests that the participants were able to notice the
acoustic characteristics that were changed consistently depending on the roundness of
edge contours and then they could derive an answer. In addition, the participants were
able to identify the sound stimulus that corresponded to echoes from the target with more
rounded edge contours even in the target pair including the targets which were not used
in the training. This is a very important ability in echolocation because it is necessary to
sense an object that has never been sensed before.

The minimum wavelength of the signals used in this study (9 mm) was the almost
same with the differences of the roundness of edge contours (10 mm step). Therefore, it
is suggested that the participants could not judge which target had the rounder edge
contours under the low-frequency signal condition because the minimum wavelength was
approximately 60 mm, longer than the differences of the roundness of edge contours. Bats
and dolphins use signals with a wavelength of echolocation signals essentially
corresponding to the target size, suggesting that the bats and dolphins selectively use
echolocation sounds with a wavelength suitable for detecting the targets. Therefore, it is

important to select the frequency band depending on the targets, similar to bats and
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dolphins.

Previous studies have demonstrated that the two-dimensional (2D) shapes of
various objects, including circles, triangles, squares, or no targets could be discriminated
by blindfolded sighted participants using self-generated mouth clicks (Rice, 1967;
Hausfeld et al., 1982; DeLong et al., 2007b). These targets can be discriminated by vision.
On the other hand, In Experiment 1, we used targets with almost the same rectangles
when viewing from the Z axis direction (Fig. 6.1A), so we selected targets that were
difficult to discriminate with vision, unlike the previous research. Using high-frequency
signals, the subjects could discriminate the roundness of edge contours by listening to the
echoes. The discrimination of edge contours is considered to be very important to sense
the 3D shape because the “edge” would be the element forming the object shape.
Therefore, our results suggest that echolocation allows us to “see” the 3D shape of objects

which cannot be discriminated by visual information.

6.4.2 Robust acoustic cue for shape, texture and material discriminations

Differences in the spectral patterns of the echo impulse responses among the
targets which were used in the shape, texture, and material discrimination experiments
were contradistinctive. In concrete terms, the levels of ESD were different, whereas the
spectral patterns were almost same among Shapes 1-5 (Fig. 6.8D). In contrast, the
spectral pattern produced a different pattern whereas the levels of ESD were almost the
same among Textures 1-5 (Fig. 6.8E). In addition, both the spectral pattern and the levels
of ESD were almost the same among Materials 14 (Fig. 6.8F). Such a contradistinction
among Shapes 1-5, Textures 1-5, and Materials 1-4 were consistent in the acoustic cue,
as estimated by the GLMM analysis. According to the statistical evaluations by GLMM,
it is suggested that the participants used the loudness cue in the shape discrimination while
the timbre cue was used in the texture discrimination. In the material discrimination, there
were no effective acoustic cue.

On the other hand, Milne et al. (2015a) demonstrated that the blind expert
echolocators consistently identified the true physical size of the objects regardless of the
target distance. This was interpreted as being due to the blind expert echolocators not
using the loudness cue to identify the true physical size of the objects because the echo

intensity changed depending on the target distance. Moreover, the loudness cue would
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not be useful under actual environmental conditions because the loudness of the echoes
may change by other factors in addition to the target distance, e.g., direction of the wind.
Because the loudness cue would not be useful for the sensing in actual environmental
conditions, we additionally conducted the discrimination experiments to investigate the
shape discrimination performance without the loudness cue (the loudness level was
corrected to the same level among the targets). The shape discrimination performance
with (i.e., shape discrimination performance in Experiment 2, natural condition) and
without loudness cue (loudness condition) are shown in Fig. 6.9A. As a result, the average
percentage of correct answers under all signal conditions was 54.3 + 2.5% under the
loudness condition (Fig. 6.9A, open box) and was approximately 17% lower than that
under the natural condition (Fig. 6.9A, filled box). However, an intriguing result was
observed, especially for participant P13. Participant P13 performed better under the
broadband signal conditions (64.5 £ 5.4%), compared to the performance under the CF
burst conditions (50.0 = 5.0%), and even the loudness levels were corrected to the same
level among the targets (Fig. 6.9B). This suggests that it is possible to discriminate the
3D shape by using broadband signals in the high-frequency signals, even under the
condition in which the loudness cue is not used. According to the questionnaire survey,
participant P13 reported to use the timbre cue for the discrimination in the easy and
difficult pairs, for both the natural and loudness conditions. Therefore, by imitating the
sensing strategy of P13, it might be possible to perceive the roundness of the edge
contours based on the timbre cue, even without the loudness cue. Additionally, in the
participant P13 under the natural condition, the discrimination performance under
downward FM sweep condition was higher than under upward FM sweep condition. A
similar tendency was confirmed in the downward and upward harmonic FM sweep
conditions under both natural and loudness conditions. As Ifukube et al. (1991), this
might be because that faster high-frequency sound were not masked by later low-
frequency sounds due to temporal masking.

Broadband signals are also suggested to be efficient for the texture
discrimination. The participants were able to discriminate the texture by using the timbre
cue under the broadband signal conditions, suggesting that even sighted echolocation
novices may be able to discriminate the texture, regardless of the target distance, using

the broadband signals (Fig. 6.8B). As for the CF sound, the correct answer rate of 35 kHz
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CF sound was somewhat higher than the other CF sounds (7 and 21 kHz), probably

because of the level difference occurring between targets due to the notch effect.

6.4.3 Comparison with the bat’s ultrasonic sensing

In Experiment 2, we used signals that included signals that mimic bat
echolocation sounds, assuming the echolocation occurs in the air. In addition to the time-
frequency structure of the signal, the inter stimulus interval (35 ms) was also relatively
mimicked with the bat’s feeding buzz that are observed just before prey capture (Fujioka
etal.,2011). However, echolocating bats change the other acoustic parameters (e.g., pulse
direction, terminal frequency, and sound pressure level) actively when flying in a 3D
space (Fujioka et al., 2011; Fujioka et al., 2014; Motoi et al., 2017). Therefore, it will be
possible to improve the sensing performance further in human echolocation by examining
the effect of those acoustic parameters which have not been taken into account in this
study. However, the main difference from the actual echolocating bat was that the
participants passively listened to the echo. Specifically, real bats navigate by active
ultrasonic sensing while flying in a 3D space (Fujioka et al., 2014). We have already
developed software to convert ultrasound echoes into audible sounds in real time
(Ashihara and Kiryu, 2008). Therefore, using this system, we aim to expand this to the
echolocation experiment using active sensing in real time in future research. In addition,
it is conceivable that ultrasonic binaural echoes measured by MDH become more
operative in the perception of the moving targets than the fixed targets because the
ultrasonic binaural echoes contain the 3D spatial information. Actually, we demonstrated
that the sounds captured by the proposed MDH system were more accurately localized
by the participants and outside the head more than normal stereo sounds (Uchibori ef al.,
2015). Therefore, it is also required to extend the discrimination experiment using moving
target or targets positioned at the various position in order to apply such an advantage of
the ultrasonic binaural echoes.

In this study, we found that the material discrimination was more difficult than
shape and texture discriminations for sighted echolocation novices (Fig. 6.8C).
Nevertheless, echolocating 7. truncatus was reported to discriminate cylinders of
different materials by using TSP (Hammer Jr and Au, 1980). In addition, human subjects

were reported to be able to discriminate materials using pitch converted to dolphin-like
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signals (Au and Martin, 1989). Dolphins use broader ultrasonic pulses with shorter
durations than bats, suggesting that they can acquire the impulse responses. Therefore,
we additionally conducted a material discrimination experiment using pitch converted
impulse responses of Materials 1-5. As a result, the average percentage of correct answers
under the impulse response condition was not significant higher, than that under the other
signals. This suggests that it is necessary to reexamine signals design to discriminate

material.

6.5 Summary

In this study, we examined if sighted echolocation novices could discriminate
the 3D roundness of edge contours among five targets using the downward frequency-
modulated (FM) ultrasound mimicking the echolocation sound of the bats. Our results
showed that the participants could identify the roundness of edge contours by using
downward FM echoes in the high-frequency range (7-35 kHz) that were converted to
pitch in the audible range (1-5 kHz). In addition, the participants could discriminate
between targets that were not used in the training. We additionally conducted shape,
texture, and material discrimination experiments for other sighted echolocation novices
to examine the suitable signal for the discriminations. Consequently, we found that the
broadband signals were useful in shape, texture, and material discriminations, because

timbre is a robust acoustic cue.
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Figure 6.1 (A) Perspective (top panel) and front (bottom panel) views of schematic of
five targets, Shapes 1-5 used in the shape discrimination experiments in Experiment 1
and 2. The Shapes 1-5 were made of Narra-wood. The length of the targets was 80 cm.
The corner radius increases from 0 cm to 4 cm with a step of 1 cm for Shapes 1-5. The
lateral plane areas linearly decreased from 640 (Shape 1) to 0 cm? (Shape 5) in steps of
160 cm? for Shapes 1-5. (B) Perspective view of the schematic diagram of the five targets,
Textures 1-5 used in the texture discrimination experiment in Experiment 2. Textures 2—
5 included multiple small cubes corresponding to 0.25 cm (Texture 2), 0.5 cm (Texture
3), 1 cm (Texture 4), 2 cm (Texture 5) on a side on the base [8 cm (X) x 16 cm (Y) x 0.1
cm (Z)]. Cubes on the base were absent in Texture 1. (C) Photograph of four targets, and
the Materials 1—4 used in the material discrimination experiment in Experiment 2. The
Materials 1-4 were plates composed of four different materials, namely acrylic (Material
1), glass (Material 2), iron (Material 3), and wood (Material 4) plates. The size of
Materials 1-4 corresponded to 15 cm (X) x15 cm (Y) x 1 cm (Z).
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1/7 scaled MDﬂ

Figure 6.2 Photograph of the 1/7 scaled MDH which had two microphones inserted into
the ear canals.
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Figure 6.3 Amplitude wave form and spectrogram of the logarithmic sweep signal
transmitted by the loud speaker.
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Figure 6.4 The schematic diagram of experimental system of the binaural (top panel) and
stereo recordings (bottom panel).
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Figure 6.5 Spectrograms of nine signals (a, downward FM sweep (1-5 kHz); b,
downward FM sweep (7-35 kHz); c, upward FM sweep (7-35 kHz); d, downward
harmonic FM sweep (7-35 kHz); e, upward harmonic FM sweep (7-35 kHz); f, band-
limited noise (7-35 kHz); and g—i CF bursts (7, 21, 35 kHz) which were convoluted with

an impulse response measured in advance.
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Figure 6.6 Average percentage of correct performance of the ten participants P1-10 in
the low- and high-frequency signal conditions. The horizontal red dashed lines at the
mean correct answer rate = 50% indicate a chance performance.
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Figure 6.7 Frequency spectra (energy spectral density) the impulse response of Shapes
1-5 (Shape 1, black line; Shape 2, magenta gray line; Shape 3, green line; Shape 4, blue
line; and Shape 5, yellow line) which were convoluted with the low- (left panel) and high-
frequency (right panel) downward FM sweeps. Frequency spectra of background noise
are shown as the gray lines. The top and bottom horizontal axes show the actual and
perceived (pitch converted) frequencies, respectively.
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Table 6.1 Average percentage of correct answers in each target pair of the 10 participants
(P1-10) under the high-frequency signal condition in Experiment 1.

High-frequency N =10 participants

Shape1 Shape2 Shape3d Shape4 Shape 5

Shape 1 68.8 86.3 95.0
Shape 2 81.3 90.0
Shape 3 88.8
Shape 4

Shape 5

[%]
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Figure 6.8 (A-C) Average percentage of correct answers performance of the 30
participants (P11-40), under eight signal conditions in the shape (A), texture (B), and
material (C) discrimination experiments, using ultrasonic binaural echoes. The horizontal
red dashed lines at mean correct answer rate = 50% indicate chance performance. (D-F)
Frequency spectra (energy spectral density) of the echo parts of the impulse responses of
the Shapes 1-5 (D), Textures 1-5 (E) and Materials 1-4 (F). The pitch was converted to
1/7 times by time expansion method. The top and bottom horizontal axes show the actual
and perceived (pitch converted) frequencies, respectively.
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Table 6.2 Summary of GLMM statistics for the effects of the degree of similarity among
the acoustic parameters (the peak value of the cross-correlation in the amplitude envelope,
frequency spectra, and spectrogram) and the absolute value of the differences in the
loudness on the number of correct answer in each target pair in the shape (top panel, N =
100), texture (middle panel, N = 100), and material (bottom panel, N = 60) discrimination
experiments. *p < 0.05; **p <0.01; ***p <0.001

Shape N =100
Signal condition Fixed factor Estimates SE z p
Down FM sweep loudness 0.292 0.051 5.789 <0.001***
Up FM sweep loudness 0.267 0.051 5.226 <0.001***
Down harmonic FM sweep loudness 0.249 0.052 4.790 <0.001***
Up harmonic FM sweep loudness 0.333 0.054 6.136 <0.001***
Band-limited noise loudness 0.309 0.058 5.283 <0.001***
CF burst (7 kHz) loudness 0.286 0.060 4.794 <0.001***
CF burst (21 kHz) loudness 0.435 0.057 7.601 <0.001***
CF burst (35 kHz) envelope -29.639 4.806 -6.167 <0.001***
Texture N =100
Signal condition Fixed factor Estimates SE z p
Down FM sweep frequency spectrum -0.051 0.022 -2.311 0.021*
spectrogram -0.008 0.003 -2.600 0.009**
Up FM sweep frequency spectrum -0.111 0.024 -4.636 <0.001***
loudness -0.549 0.224 -2.449 0.014*
Down harmonic FM sweep envelope -10.416 2.034 -5.120 <0.001***
Up harmonic FM sweep envelope -9.344 2.074 -4.506 <0.001***
Band-limited noise envelope -11.134 4.036 -2.759 0.006**
loudness -0.666 0.204 -3.271 0.001**
CF burst (7 kHz) frequency spectrum -0.001 0.001 -1.580 0.114
loudness -0.420 0.168 -2.495 0.013*
CF burst (21 kHz) envelope 3.249 2.332 1.394 0.163
CF burst (35 kHz) spectrogram 0.021 0.014 1.461 0.144
Material N =60
Signal condition Fixed factor Estimates SE z p
Down FM sweep frequency spectrum -0.068 0.061 -1.126 0.260
Up FM sweep loudness 0.463 0.551 0.839 0.402
Down harmonic FM sweep  frequency spectrum -0.051 0.035 -1.469 0.142
Up harmonic FM sweep loudness 1.492 0.573 2.603 0.009**
Band-limited noise loudness -1.285 0.583 -2.206 0.027*
CF burst (7 kHz) loudness 0.000 0.000 0.913 0.361
CF burst (21 kHz) spectrogram -0.010 0.017 -0.573 0.567
CF burst (35 kHz) envelope -31.538 11.064 -2.850 0.004**
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Figure 6.9 (A) Average percentage of correct performance of the ten participants P11-20
in the natural (loudness was not corrected, i.e., Experiment 2) and loudness (loudness was
corrected to the same level) conditions. The horizontal dashed lines at the mean correct
answer rate = 50% indicate a chance performance. (B) Average percentage of correct
performance of the participant P13 with absolute hearing under eight signal conditions in
the shape discrimination experiment. The filled and open bars show the average
percentage of the correct answers performance under the natural and loudness conditions,
respectively. The horizontal dashed lines at the mean correct answer rate = 50% indicate
a chance performance.
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Chapter 7. Conclusions

In this dissertation, the unique and sophisticated sonar strategy of wild
echolocating bats were examined based on both field measurement and mathematical
modeling. In addition, we successfully conducted original psychoacoustic experiments
for sighted echolocation novices by determining acoustic parameters of echolocation
signals (e.g., time-frequency structure, inter-pulse interval) based on the knowledge
acquired in the field measurement. Furthermore, we studied acoustic cues for target
discrimination by comparison between experimental results and acoustic analysis of
echoes; a new acoustic sensing method utilizing the advantages of ultrasound was
proposed. In this chapter, we summarize the main results of the dissertation and discuss

directions for future work.

7.1 Summary of Main Results

7.1.1 Coordinated control of the acoustical field of view and flight in three-dimensional
space for consecutive capture by echolocating bats during natural foraging (Chapter
3)

The direction and directivity pattern of the ultrasound broadcast of these bats are
important factors that affect their acoustical field of view. These allow us to investigate
how the bats control their acoustic attention (pulse direction) for advanced flight
maneuvers. The purpose of this study was to understand the behavioral strategies of
acoustical sensing of wild Japanese house bats (P. abramus) in 3D space during
consecutive capture flights. The results showed that the bats successively captured
multiple airborne insects in short time intervals (less than 1.5 s); they maintained both the
immediate and subsequent prey simultaneously within the beam widths of the emitted
pulses in both horizontal and vertical planes before capturing the immediate one (Sumiya
et al.,2017). We numerically simulated the bats’ flight trajectories when they approached
two prey items successively to investigate the relationship between the acoustical field of
view and the prey direction for effective consecutive captures. This simulation
demonstrated that acoustically viewing both the immediate and subsequent prey
simultaneously increases the success rate of capturing both prey items, which is

considered to be one of the basic axes of efficient route planning for consecutive capture
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flight. Our findings suggest that the bats then keep future targets within their acoustical
field of view for effective foraging. In addition, in both the experimental results and the
numerical simulations, the acoustic sensing and flights of the bats showed narrower
vertical than horizontal ranges. This suggests that bats control their acoustic sensing
according to different schemes in the horizontal and vertical planes depending on their
surroundings. These findings suggest that echolocating bats coordinate their control of
the acoustical field of view and flight for consecutive captures in 3D space during natural

foraging.

7.1.2 Mathematical modeling of flight and acoustic dynamics of an echolocating bat
during multiple-prey pursuit (Chapter 4)

We proposed a new mathematical model describing the nonlinear dynamics of
the flight and pulse directions of an echolocating bat approaching two successive targets
(Sumiya et al., 2015). In the model, a bat is assumed to control its flight and pulse
directions depending on the directions of the targets. Numerical simulation of the present
model shows that the model bat successfully captures both targets within a short time
interval without losing them from its sonar beam at specific parameter values. The
simulation also suggests that the successive prey capture is completed when the
echolocation pulses are directed to the subsequent target before capturing the immediate
target. Such a relationship between the flight and acoustic sensing can be also observed
in the behavioral data of wild bats.

Our numerical simulation demonstrated that the present model can qualitatively
explain successive prey capture with specific parameter values. In addition, it is suggested
that such successive prey capture is accomplished when a model bat flies toward the

immediate target while emitting pulses toward the subsequent target.

7.1.3 Human echolocation by ultrasonic binaural echoes (Chapter 5)

In chapter 5, we showed research results on the establishment of a human
echolocation system that takes advantage of bat echolocation. Based on the proposed
human echolocation system, we investigated the discrimination ability of sighted subjects
for object texture to understand acoustic cues for texture recognition in human

echolocation. FM and CF ultrasonic echoes from six objects with different materials and
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surface structures were acquired using a 1/7-size miniature dummy head for presentation
of 1/7-times pitch converted binaural audible sounds to listeners through headphones. The
average rate of correct answers in the case of extremely different surface conditions (i.e.,
acrylic board vs. artificial foliage) was more than 90%; in the slightly different surface
conditions (i.e., acrylic board vs. foamed polystyrene), it was under 40%. These suggest
that it is possible to discriminate targets with extremely different surface structures and
materials, which are easy to discriminate by vision, by listening to ultrasonic binaural
echoes. Furthermore, the rate of correct answers in the CF sound condition was
approximately 13% lower than those in the FM sound condition. The correlation diagram
among targets by multidimensional scaling was dispersed more remarkably in the FM
sound condition. When the target pair had slightly different surface conditions,
differences in the notch pattern of amplitude spectra were observed especially in the FM
sound condition. These suggest that FM ultrasonic binaural sound is more effective for
slightly different texture perception than CF ultrasonic binaural sound. In addition, we
found that ultrasonic binaural echoes might be more effective for human echolocation

than mouth clicks through a comparison of discrimination ability.

7.1.4 Shape, texture, and material discriminations by ultrasonic binaural echoes in
sighted echolocation novices (Chapter 6)

To evaluate the utility of ultrasound for target discrimination, we examined if
sighted echolocation novices could determine the 3D roundness of edge contours among
five targets using the downward FM ultrasound that mimics the echolocation sound of the
bats. These targets were difficult to discriminate by vision without shadows. Our results
showed that the participants could identify the roundness of edge contours using
downward FM echoes in the high-frequency range (7-35 kHz) that were converted to
pitch in the audible range (1-5 kHz). In addition, the participants could discriminate
between targets that were not used in the training. We also conducted shape, texture, and
material discrimination experiments for other sighted echolocation novices to examine
the suitable signal for the discriminations. We found that the average percentage of correct
answers in shape and texture discriminations were both approximately 70%, and the
average correct answer rate for material discrimination was approximately 50%. From

the frequency analysis of the echo and the statistical analysis using the generalized linear
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mixed model, it was found that the participants were able to discriminate shape and
texture using loudness (shape) and timber (texture) cues, respectively. In material
discrimination, the average percentage of correct answers was approximately equal to the
chance level (=50%) because there were no effective clues. Moreover, when we
performed the shape discrimination experiment with the loudness cue removed, the
average percentage of correct answers of all signals decreased by approximately 17%.
However, in some subjects, the average percentage of correct answers was about 10%
higher than the chance level when the broadband signal was used even when the loudness
cue was removed (the average percentage of correct answers under CF sound is less than
the chance level). Based on this, it was suggested that even in situations where loudness

cannot be used as an acoustic cue, it could be used as a supplemented to the timber cue.

7.2 Future studies
7.2.1 Background, issue, and resolution

If we can elucidate the sensory perception of “see by sound” in the future, it
could lead to the proposal of a new acoustical sensing technology to identify and navigate
obstacles by sound rather than vision like in bats and dolphins. In addition, we believe
that the sensory perception of “seeing by sound” that we pursued in this research has
applications in cross-modal sensory information presentation technologies such as virtual
reality (VR) and augmented reality (AR). The possible applications of this research are
wide, e.g., new sensing technology as entertainment or guidance system for humans using
sound. Furthermore, a new breakthrough can be expected for support technology for the
visually handicapped. Urgent countermeasures are required because blind people have
fallen from the platforms or have been killed by trains; accidents occur frequently for
them. Therefore, in future studies, we aim to develop a next-generation acoustic sensing
technology that imitates the active sensing of bats for humans to have the ability to “see
by sound.” This is a new field of biomimetics that uses mechanisms obtained from living
things to humans instead of technology. Specifically, we will find a sensing method that
can efficiently and actively extract information according to the user's purpose (e.g.,
distance measurement, direction localization, shape identification, material

identification). We will perform psychoacoustic experiments and brain activity
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measurements for echolocation using ultrasounds with high spatial resolution.
Furthermore, we will try to develop wearable echolocation devices that can sense real
environment using echolocation in a real time, and we aim to realize navigation using
echolocation (Here, we define navigation as efficiently moving to destination.) using such
a device. In this way, we try to establish the creation of human echolocation research
aiming at application to the next generation of engineering technology, which leads from
basic research to engineering application. In the past, we have learned the importance of
conducting research from a multilateral viewpoint while proactively conducting research
while crossing more than one discipline. From that experience, we conceived a
challenging study which try to basic to engineering applications by collaborating of

psychology, brain science and engineering.

7.2.2 Research content

In future studies, we will explore a sensing method that can efficiently and
actively extract information according to the user’s purpose (e.g., distance measurement,
direction localization, shape identification, material identification). We will study
echolocation using sound with suitable wavelength through psychoacoustic experiment
and brain activity measurements. In addition, we will develop a wearable echolocation
device that can transmit them in the real environment and real time. We aim to be able to
navigate (move efficiently to the destination) using echolocation.

To accomplish the goal, we will perform the following three tasks: (1)
psychophysical evaluation of object perception by echolocation, (2) measurement of
brain activity during the echolocation task, and (3) development of wearable echolocation
device based on the active sensing of bats.

In task (1), we will first perform psychoacoustic experiments on the perception
of distance, direction, shape, and material, which are necessary information for “object
identification,” and which was previously untouched. We will also clarify the necessary
acoustic cues to perceive each object information. Furthermore, we will construct a
sensing system that allows the participants to actively change the acoustic parameters
(e.g., frequency, pulse duration, sound pressure level, pulse emission rate) of the
transmitted signal, and examine more effective sensing methods using intuition and

potential capacity of the participants efficiently. We will also compare these results with
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behavioral findings obtained by field measurements of sonar behavior of bats and
establish a sensing strategy in human echolocation based on scientific knowledge.

In task (2), to evaluate the sensing method proposed in task (1) based on
objective indicators, the brain activities of participants during echolocation will be
analyzed using functional magnetic resonance imaging (fMRI).

In task (3), to apply the findings obtained in tasks (1) and (2) to navigation, we
will develop a wearable echolocation device that can use echolocation while moving in a
real environment and real time using the active sensing system constructed in task (1) as
the foundation. We will also conduct experiments on navigation behaviors using the

developed devices.

7.2.3 Features and originality of the research

In this research, we will examine a sensing method and a training method that
can extract information more efficiently through acoustic psychological experiments
based on active sensing of bats and brain activity measurement. Furthermore, to apply
findings acquired through experiments to navigation, we will develop a wearable
echolocation device that can sense in real environment and real time. Thus, the features
and originality of the proposed research is that a researcher with experience in biosonar
research in bats will try to from basic research to engineering applications by crossing
multiple fields of psychology, neuroscience, and engineering.

Researchers specializing in psychology and neuroscience have mainly measured
the echolocation capability of blind expert echolocators who use echolocation techniques
in their lives. However, there have been few cases that biosonar researchers worked
directly to analyze acoustic psychological experiments based on an acoustic viewpoint
and analyze acoustic features of echoes as acoustic cues for object discrimination
(DeLong et al., 2007b; Wallmeier and Wiegrebe, 2014a; c). In addition, although some
assistive devices for blind people have been developed (Ifukube et al., 1991; Sohl-
Dickstein et al., 2015), there have been no studies to actively apply cross-modal sensory
information presentation technology as AR and VR for all people.

Moreover, if we can confirm the brain activity related to vision and tactile sense
even at echolocation in task (2) of the future research, it might be possible to establish a

completely new training method of echolocation by positively inducing that brain activity
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using neurofeedback technology in the future. Since this will also lead to support for blind
individuals, it can be expected to have a great impact on welfare engineering and
rehabilitation science. By completing this research, we can pioneer the possibility of new
biomimetics that applies useful mechanisms obtained from animals to human. We believe
that we can develop a field of new research that not only bats but also unique sensing
ability that various organisms have refined for living are applied to human, in a modern

society that artificial intelligence are about to go beyond human ability.

7.3 Final remarks

Using original, highly-developed, large-scale 3D microphone-array system and
mathematical modeling, we studied the coordinated control of acoustical field of view
and flight in three-dimensional space for consecutive capture by echolocating bats during
natural foraging. In addition, in the human echolocation study conducted in parallel with
the biosonar research in wild bats, we proposed the possibility of a new acoustic sensing
method using ultrasounds; this is based on the result of the psychoacoustic experiment
using proposed ultrasonic binaural echoes measured by MDH. In particular, our results
showed that the participants able to perceive the roundness of edge contours, especially
using ultrasound, which is difficult to distinguish visually without information of shadows.
This suggests that echolocation using ultrasound not only becomes a substitute for the
visual sense but may also be able to have more functions. Based on our field research in
echolocating bats and our new human echolocation study, we can find new possibilities

for human echolocation using ultrasound by performing the tasks listed in future studies.
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