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Insects have a sophisticated ability to navigate real
environments. Virtual reality (VR) is a powerful tool
for analyzing animal navigation in laboratory studies
and is the most successful when used in the study of
visually guided behaviors. However, the use of VR
with non-visual sensory information, such as sound,
on which nocturnal insects rely, for analyzing animal
navigation has not been fully studied. We developed
an auditory VR for the study of auditory navigation
in crickets, Gryllus bimaculatus. The system consisted
of a spherical treadmill on which a tethered female
cricket walked. Sixteen speakers were placed around
the cricket for auditory stimuli. The two optical mice
attached to the treadmill measured the cricket’s loco-
motion, and the sound pressure and direction of the
auditory stimuli were controlled at 100 Hz based on
the position and heading of the cricket relative to a
sound source in a virtual arena. We demonstrated that
tethered female crickets selectively responded to the
conspecific male calling song and localized the sound
source in a virtual arena, which was similar to the be-
havior of freely walking crickets. Further combina-
tions of our system with neurophysiological techniques
will help understand the neural mechanisms for insect
auditory navigation.

Keywords: insect navigation, cricket, virtual reality,
phonotaxis, audition

1. Introduction

Insects have a sophisticated ability to navigate through
challenging environments. Effective navigation is es-
sential for insects to perform actions that allow them to
survive and reproduce, such as finding suitable habitats,
food, and mating partners. The behavior of several in-
sect species has been intensively studied in neuroethol-
ogy for many years, including pheromone-source local-
ization of male moths, sound source localization of fe-
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male crickets, and homing behaviors of desert ants and
bees. Furthermore, behavioral algorithms or neural cir-
cuit models have been implemented on mobile robots and
subsequently tested to evaluate biological hypotheses in
real environments [1,2]. These studies are the basis of
bio-inspired or bio-mimetic autonomous robots that can
behave in uncertain environments.

Among these model insects, cricket phonotaxis, in
which female crickets recognize and localize the species-
specific calling song of males, is a representative study in
neuroethology. The biophysics of sound reception and the
neural mechanisms of species-specific song recognition
and steering behavior have been intensively studied [3-5]
and that behavior has also been reproduced using mobile
robots [6,7]. Furthermore, laboratory studies on phono-
tactic behavior have produced sophisticated experimental
tools for locomotion analysis, including a treadmill sys-
tem that allows researchers to analyze insect locomotion
in unlimited space [8]. Kramer’s spherical treadmill (lo-
comotion compensator), which allows an insect to walk
freely on a sphere while locomotor data are measured,
has been used to analyze cricket phonotaxis in a previous
study [9]. In that study, a cricket with a reflective marker
was made to walk on a sphere in response to a conspecific
calling song, and the system controlled the sphere’s rota-
tion to keep the cricket’s position at the top of the sphere.
The other type of spherical treadmill, a trackball system
in which a tethered insect walks on a ball, has also been
used to analyze cricket phonotaxis. The rotation of the
ball from insect locomotion is measured by optical sen-
sors. This system is advantageous if the axes of the head
and body of the insect are fixed as it allows researchers to
present sensory stimuli (auditory [10], mechanical [11],
visual, and combinations of the two of them [12, 13]) from
an arbitrary direction relative to the body axis. Further-
more, fixation of the head and/or body allows the applica-
tion of neurophysiological techniques to investigate neu-
ral activity during locomotion [14, 15]. The trackball sys-
tem is relatively simple compared to Kramer’s sphere that
requires feedback control for positioning the sphere. Fur-
thermore, the trackball system can be made using an op-
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tical mouse with low costs has become a major tool for
analyzing animal locomotion.

The trackball system has contributed to our under-
standing of the behavioral mechanisms of cricket phono-
taxis [8]. However, the behavior observed on a spheri-
cal treadmill is only sound “tracking” behavior (steering
toward the prescribed sound direction and walking to-
ward it); this condition is different from true navigation
in which the cricket tracks the sound and localizes the
source. This difference is primarily due to the presence or
absence of auditory sensory feedback. In a real-life situa-
tion, the direction and intensity of the sound will change
depending on the position and direction of the cricket rel-
ative to the sound source.

To receive sensory feedback on a spherical treadmill,
the loop between animal locomotion and sensory stim-
uli should be closed [16]. This so-called virtual reality
(VR) system has been well developed for vision; visual
stimuli are controlled by the movement of the trackball
(i.e., insect locomotion) and are presented on a screen or
on displays surrounding the trackball [17, 18]. Such VR
systems, when combined with electrophysiology or imag-
ing techniques, have become powerful tools to investigate
visually guided animal navigation. In recent years, olfac-
tory VR systems have also been reported [19-21].

However, auditory VR has not been fully established.
To achieve sound source localization, a cricket must be
able to move in a two-dimensional virtual space and re-
ceive auditory stimuli from any direction. Closed-loop
control of left and right speakers for cricket phonotaxis
has already been reported [22,23]; however, the two
speakers were installed in front of the cricket and could
not reproduce situations where the cricket is pointing at
the direction opposite to the sound source.

To achieve true sound source navigation of crickets, we
developed an auditory VR system in which a trackball was
surrounded by an array of speakers. This type of auditory
VR was reported in a study of mammalian spatial nav-
igation [24], but was limited to one-dimensional move-
ment. In contrast, our system allowed a cricket to behave
in a two-dimensional virtual space. We demonstrated that
crickets are able to localize a virtual sound source.

2. Materials and Methods
2.1. Experimental Animal

The eighth (last) instar larvae of crickets (Gryllus
bimaculatus) were purchased from Tsukiyono Farm in
Gunma, Japan. The females were then isolated from the
instar males and reared in an incubator at 27°C with a
light : dark cycle of 12 : 12 h. Adult female crickets
aged 2-3 weeks after imaginal molting were used for the
phonotaxis experiment. All females were virgins and did
not experience the conspecific male song. A small strip of
paper tag was attached to the dorsal thorax of the crickets
with an adhesive (G-17, Konishi, Osaka, Japan), and the
tag was clipped to the attachment of the trackball to tether
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the cricket on the ball. All experiments were performed
during the dark phase in a dark room at room temperature
(25°C-30°C).

2.2. Virtual Reality System
2.2.1. Overall Design

We designed an auditory VR system consisting of an
array of 16 speakers surrounding a cricket tethered to a
trackball (Fig. 1). The walking behavior of the tethered
cricket was determined using two optical mice. The posi-
tion and heading of the cricket relative to the sound source
(male calling song) on a virtual space were calculated to
set the parameters of sound stimulation (sound pressure
level and direction). Our system allowed us to present
auditory stimulus from all directions, which is a require-
ment for the study of virtual navigation in a fully two-
dimensional space [a].

2.2.2. Trackball

The trackball used was a polystyrene ball 75 mm in di-
ameter. Two optical mice (M-BGURSY, Elecom, Osaka,
Japan) were placed at the back and the right side of the
ball (Fig. 2(a)). The ball was made to float using a
blower fan (MBDC12B4, Nidec Servo Corp., Gunma,
Japan) placed at the bottom of the setup. The “back
mouse” (master) measured the pitch (fore/aft) and yaw
(right/left) rotation while the “side mouse” (slave) mea-
sured the roll (right/left) rotation of the ball at a sam-
pling rate of 100 Hz. The ball movement was measured
by the two mice, and was sent to two microcontroller
boards (Arduino Due) via universal serial bus (USB); the
two controllers were connected by I>C to calculate the
cricket’s position (x;,y,) and heading relative to the y-axis
(6;,—m ~ ) at each sampling time (¢) in a virtual space.
The calculated locomotion data were then sent to a per-
sonal computer via serial connection for display and stor-
age. The programs were developed with Arduino IDE
(ver. 1.8) for the microcontrollers and Processing (ver. 3)
for data acquisition with a PC. Detailed calculations of the
position of the cricket in a virtual arena from the trackball
measurements are shown below.

The ball movement (i.e., the cricket’s movement on the
trackball) in each direction, which was measured as the
number of counts at each sampling time (10 ms), was
converted to real units (Axy;, Aym;, Aysy; unit [mm];
Fig. 2(b)) by multiplying with the constants obtained
from the calibration process (circumference of the ball di-
vided by the number of counts required for the ball to go
around). Since crickets do not actively walk laterally like
crabs, we considered left-right rotation (Ax,, ;) and fore-
aft movement (Ay,, ) to be the main elements of move-
ment, and the lateral element (Ay,;) to be a deviation.

The calculation of the main elements was based on
two-wheeled robots controlled by an insect-driven track-
ball [25,26]. Excluding lateral deviation, ball rotation
(A%, Ay,, ;) within a single sampling duration (¢ to 7+ 1)
represented movement from A to B’ in the virtual space
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Fig. 1. Diagram of the auditory virtual reality (VR) system. The cricket was placed on a trackball surrounded by earphones that
were embedded in sound-absorbing foam (inset). When the sound source is at Osy,rce = —7/4 (front left, —45°) in a virtual space,
one earphone at the corresponding angle (earphone indicated by an asterisk, covering Oorce = —45411.25°) outputs the sound.
The sampling clock of the system can also be supplied externally via an I/O port on Arduino to synchronize other equipment, such
as a data logger for physiological recording and video capturing. The two digital-analog output ports of Arduino can also be used
for recording with an external data logger to correct data from multiple devices.
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Fig. 2. Trackball system. (a) Side view of the trackball. (b) Definitions of variables for trackball movements. Ax,, ;, Ay s, Ay, and
AB; indicate left-right rotation, fore-aft movement, left-right deviation, and change in cricket’s heading, respectively. The arrows
with plus signs indicate positive directions. D indicates the diameter of the ball. (c) Definition of variables for cricket locomotion
in a virtual space.

(Fig. 2(c)). The change in the cricket’s heading (A6;) was
calculated as
20X,
: 1
o (1)

where D is the diameter of the ball (75 mm). Subse-
quently, the position and heading at B were calculated

A9t -
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as follows:
X1 =x+Ad;sinA6;, . . . .. . ... (2
Vi1 =V +AdicosA8, . .. .. . ... ()
0, =6+A6, . .. ... ... ... @

where Ad, is the direct distance between A and B’, and is
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Fig. 3. Male calling song for auditory stimulus. (a) Fre-
quency response of the earphone (upper, dB SPL) and the
fast Fourier transform spectrum of the calling song (lower).
(b) Waveform and a sonogram of the calling song.

calculated as follows:

Aymi . A8
Ad, =2 Aye,vt sin =+ (A £0), - ()
Ady = Ay, Aty =0). . . . . (6

Finally, lateral deviation was added to move the position
from B’ to B (Fig. 2(c)) as follows:

x,+1:x/,+1+Ays7,COSA9,, Coe e e e e e (7)
Yir1 =Y Ay sinAG, . .o Lo (8)
01 =01 . O

2.2.3. Auditory Stimulator

The speaker array consisted of eight stereo earphones
(5 mm in diameter; H310, Monotaro, Osaka, Japan; the
frequency response was shown in Fig. 3(a)), which al-
lowed the production of auditory stimulus from 16 differ-
ent directions (spacing 22.5°, each side of the stereo ear-
phones was operated independently). Each earphone was
fixed through a hole on an acrylic sheet 0.5 mm thick, and
a sound-absorbing foam was attached to the sheet to re-
duce undesirable sound reflection. A plastic tube (6 mm in
inner diameter) was then attached to the earphone to guide
sound through the foam. Finally, the sheet was rolled into
a cylinder (170 mm in diameter, the distance between a
cricket (the center) and each earphone was 85 mm) and
covered with a trackball.

The auditory stimulus was the conspecific calling song
of G. bimaculatus. The calling song, which consisted of
four syllables (peak frequency at 5.7 kHz, each 30 ms in
duration), repeated every 275 ms (Fig. 3(b)). We also pre-
pared an artificial calling song with a peak syllable fre-
quency at 4.8 kHz to confirm whether female crickets in
VR selectively responded to the calling song at the sylla-
ble frequency of 5.7 kHz. The 4.8 kHz syllable is attrac-
tive for European G. bimaculatus, while it is not attrac-
tive for Japanese ones [27]. These songs were prepared
as Waveform Audio File format and played on a personal
computer. The playback sound was input to a volume con-
troller (PGA2311, Texas Instruments, Dallas, TX, USA).

The relationship between sound pressure levels (dB
SPL) and the distance from a sound source was imple-
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mented in the microcontroller. The sound pressure level
declines with increasing distance from a male cricket [28].
We approximated the attenuation of sound pressure de-
pending on the distance by a linear relationship and set
the sound pressure level of 75 dB at 0 mm and 45 dB
at 500 mm. A similar attenuation was obtained from
the measurement of male calling song (N = 5) with a
noise dosimeter (SD-2200, FUSO, Tokyo, Japan) in a
sound-attenuated room. The volume controller adjusted
the sound pressure of the calling song depending on the
distance between the cricket (x;,y;) and the sound source
(0,0) in the virtual space. The distance from the source
(dsources) Was calculated as follows:

dsource,t =V x2 +yt2- . (10)

Then, the sound pressure level Pyyynq; at dsource,r» from the
sound source was determined. We set the size of the sound
source because crickets rarely experienced the maximum
sound pressure levels of 75 dB if only a single point (0,0)
was the sound source. The size of the source at 10 mm in
diameter was set, and Pyy,,4, Was calculated as follows:

Psound,t = _0-0612dsource,t +75.6
(10 < dsource,t < 500)7
(O < dsource,t < 10)-

. (11
. (12)

The output of the volume controller was then sent to a
16-channel switcher consisting of eight 2-channel photo-
triac couplers (AQW210, Panasonic, Osaka, Japan). Once
the heading was determined relative to the sound source
(Bsourcess —m ~ m), the calling song was made to play
from one of the 16 earphones at the corresponding angle.
The Osurces Was calculated as follows:

Psound,t =75.0

Xt sin 91 -+ Yt sin 9,
VX2 +yi?

Osource; Was multiplied by —1 when the sound source was
on the left side relative to the body axis. In the case
of Fig. 1, where the sound source is at Ospyce = —7/4
(front left, —45°) in a virtual space, one earphone cover-
ing Oyource = —45+11.25° outputs the sound. The closed-
loop control of the sound stimulus was performed at the
same frequency as the sampling rate (100 Hz) with a time
delay of a single sampling time (10 ms).

. (13)

esnurce,t = -

2.2.4. Sound Calibration

Since the sound propagates through the air between
each earphone and the cricket, we calibrated the relation-
ship between the volume controller input and sound pres-
sure level at the center of the ball (85 mm away from ear-
phones). We entered a pure tone of 5 kHz to the volume
controller as a test tone, and the sound at the center of
the ball was sampled and amplified with a microphone
(type 4939, Briiel & Kj®r, Nerum, Denmark) and micro-
phone amplifier (type 2670, Briiel & Kjer, Nerum, Den-
mark). The microphone was mounted downward 5 mm
above the ball. The sound pressure level at 5 kHz was then
analyzed using an FFT analyzer (CF-5210, Ono Sokki,
Yokohama, Japan).
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Fig. 4. Calibration of sound volume. (a) Measurements of
sound pressure levels of all 16 earphones relative to the vol-
ume controller input (190, 223, and 255). (b) Relationship
between the range of sound pressure levels (45-75 dB) for
auditory stimulus and the volume controller input.

The volume controller could adjust the sound volume
through 256 steps (volume controller input: 0-255). The
sound pressure of the tone from each earphone was mea-
sured. The volume controller inputs were set at 190, 223,
and 255. The measurement indicated that the relation-
ship between the volume controller input and sound pres-
sure level was linear (Fig. 4(a)), and the individual dif-
ference of earphones could be calibrated by fitting indi-
vidual lines. We determined the volume controller input
(Veontrolier,) to reproduce the target sound pressure level in
i-th earphone as follows:

Psound Gt Bi

pe (45 < Psnuna’,t < 75)7 . (14)
i

Vcommller,t =
where «; and f3; are the slope and intercept of the fitting
line in i-th earphone.

Based on the linear relationship of the sound attenua-
tion, ¢; and f3; relative to the calling song were estimated
and the controller volume range was individually deter-
mined to limit the actual sound pressure at the cricket’s
position to a range of 45-75 dB (Fig. 4(b)).

2.3. Experimental Condition

The virtual arena was an unlimited two-dimensional
space (Fig. 5(a)). The sound source was set at (0,0) and
the maximum sound pressure level (75 dB) was presented
when the cricket’s position was within 10 mm from the
source. The starting position was 500 mm away from the
source (0,—500), and the initial heading was toward the
source (6p = esource,O =0).

Two experiments were conducted using the VR. One
was conducted to evaluate the capability of the crick-
ets to localize the sound source in a VR environment
(N = 16, each cricket performed a single trial for each
condition). The conditions were as follows: Fig. 6(a) no
sound stimuli, (b) conspecific calling song (syllable fre-
quency, 5.7 kHz), (c) artificial calling song (4.8 kHz), and
(d)—(f) conspecific calling song at constant sound pressure
levels of 45, 60, and 75 dB, respectively (Figs. 6 and 7).
The no-sound stimuli in Fig. 6(a) were recorded approxi-
mately 1 min after the cricket was attached to the VR sys-
tem; therefore, locomotor activities were different among
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Fig. 5. Experimental arenas. (a) Arena for virtual real-
ity. The triangle and cross signs indicate the cricket starting
position and the sound source position, respectively. The
sound pressure level increased linearly as the cricket ap-
proached the sound source, while it remained constant at
45 dB when the cricket was more than 500 mm away (gray
area). (b) Arena for the free-walk experiment. The start po-
sition was not determined because crickets were allowed to
walk around the wall continuously.

individuals. The sound pressure level increased linearly
from 45 dB to 75 dB as the cricket approached 500 mm to
10 mm from the sound source (Egs. (11) and (12)), while
it remained constant at 45 dB when the cricket was more
than 500 mm away in (b) and (c). The conspecific call-
ing song (syllable frequency, 5.7 kHz) at a constant sound
pressure level in all positions was used as the auditory
stimulus in the experiments (d)—(f).

The other experiment was conducted to demonstrate
the capability of the VR system to present arbitrary sound
environments (N = 17, each cricket performed a single
trial for each condition). In addition to Fig. 8(a) no sound
stimuli and (b) the conspecific calling song (syllable fre-
quency, 5.7 kHz) with increasing sound pressure levels as
the cricket approached the sound source (Egs. (11) and
(12)), we conducted (c) calling song (syllable frequency,
5.7 kHz) with decreasing sound pressure levels as the
cricket approached the sound source (Fig. 8).

We analyzed the trajectory data for 120 s from the be-
ginning of the auditory stimulus. Individuals that did not
move for 120 s were omitted from the analysis (the num-
ber of analyzed data for each condition is shown in the
corresponding figure legends).

We also conducted phonotaxis experiments under the
free-walk condition to compare with phonotaxis in VR.
We focused on the behavior around a sound source with-
out physical cues, because crickets could not experience
physical contact at the sound source in VR. The free-walk
arena was a plastic box sized 500 mm (W) x 800 mm (L)
x 200 (H) mm (Fig. 5(b)). The auditory stimulus was
given through a single earphone embedded in the floor
in the center of the box to eliminate the physical cues
of a sound source. The sound pressure was adjusted to
75 dB at the center of the box. The behavior was captured
by a USB camera with infrared illumination. A white
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Fig. 6. Trajectories and density plots of cricket locomotion in the virtual space (color online). For each experimental condition, the
top panel shows a representative trajectory, the middle panel shows all the trajectories individually colored, and the bottom panel
shows a density map of the mean transit probability P, of all trials. The start position was (0, —500) and the source was the center
(0,0) of the arena. Experimental conditions were (a) no stimulus (N = 13), (b) conspecific calling song (N = 14), (c) artificial
calling song with a peak syllable frequency of 4.8 kHz (N = 15). The sound pressure levels of the sound stimuli were modulated
based on the position of the cricket (Eqs. (11) and (12)). (d)—(f) Conspecific calling song at constant sound pressure levels of (d)

45 dB, (e) 60 dB, and (f) 75 dB (N = 15 each).
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Fig. 7. Comparison of transit probability within 50 mm
from the source. The left and right sides of the box indi-
cate the first and third quartiles, and the bar represents the
median. The whiskers indicate the 1.5 X interquartile range.
Plots with different letters indicate significant differences be-
tween them (p < 0.05, Steel-Dwass test).
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polystyrene ball (4 mm in diameter) was attached to the
dorsal thorax of the crickets to track their position with
software (Dipp Motion V, Ditect, Tokyo, Japan). We used
12 females and analyzed each trajectory for 60 s from the
beginning of the auditory stimulus.

2.4. Data Analysis

To visualize the trajectory characteristics under each
experimental condition, we calculated the transit proba-
bility of crickets during walking (P,,,;x) every 25 X 25 mm
mesh as follows:

N,
Py [%] = —2% %100,

sample

. (15)

where N, is the number of samples with crickets that
were walking in each mesh and Ngpp is the number
of samples for analysis (12,000 samples for 120 s). We
calculated data during walking because it was difficult to
evaluate whether crickets responded to sound stimuli from
the data when they stopped. The “walking” was defined as
moving at a speed > 10 mm/s, which included the walking
speed of female crickets during phonotaxis on a trackball
(2-9 cm/s) [29]. The transit probability P, is visualized
as a density map in Figs. 6, 8, and 9. Source localiza-
tion was defined when crickets arrived within 50 mm from

499



Ando, N. et al.

500 mm

All trials

Pwalk (%)

Transit probability

(b) Increase SPL

(c) Decrease SPL

(a) No sound

[  —
T T

T T T T
0.0 0.5 1.0 1.5 2.0 25
Transit probability Puax (%)

No sound I’ o C

Increase SPL p—e—+o © Im +—ee_eq> a
Decrease SPL- ¢ o } o p—oo—b ob

T T 1

T
0 10 20 30
Transit probability Pyaiso (%)

()

Fig. 8. Manipulation of the sound pressure gradient (color
online). For each experimental condition, the top panel rep-
resents all the trajectories colored individually while the bot-
tom panel is the density map of the mean transit probabil-
ity Pyq of all trials. Experimental conditions were (a) no
stimulus (N = 17), (b) conspecific calling song with increas-
ing sound pressure as the insect approached (N = 17), and
(c) calling song with decreasing gradient as the insect ap-
proached (N = 17). In (c), the sound pressure level de-
creased linearly from 75 dB to 45 dB as the cricket ap-
proached 500 mm to 10 mm from the sound source, while it
remained constant at 75 dB when the cricket was more than
500 mm away. (d) Comparison of transit probability within
50 mm from the source. Plots with different letters indicate
significant differences between them (p < 0.05, Steel-Dwass
test).

the sound source, and then quantified the performance of
source localization as the transit probability within 50 mm
from the sound source (P,yqk,50):

N,
Pyaikso [%] = =% » 100, . . . . . . .(16)

sample
where N, 50 1S the number of samples in which the
cricket was within 50 mm from the source while walk-
ing. Statistical tests for comparing P, 50 between exper-
imental conditions were performed using the Steel-Dwass
test for multiple groups or the Wilcoxon signed-rank test
for two groups at a significance level of p < 0.05.

500

Calling song
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dsoume (mm)

All trials

P, walk (%)

Transit probability

(a) No sound (b) Calling song

T T T
0.0 0.5 1.0 15 2.0 25
Transit probability Pyau (%)

No sound } I' °

Transit probability Puarso (%)
(©
Virtual reality

500

Free walk

500

Distance
dsoume (m m )

o

Fig. 9. Phonotaxis during free-walk (color online). For each
experimental condition, the top panel indicates all trajecto-
ries colored individually, while the bottom panel shows the
density map of the mean transit probability P, of all tri-
als. Experimental conditions were (a) no stimulus (N = 12)
and (b) conspecific calling song (N = 12). (c) Comparison
of transit probability within 50 mm from the source. An as-
terisk indicates a significant difference (p < 0.05, Wilcoxon
signed-rank test). (d) Time course of the distance from the
source dgource in VR (upper, N = 11) and free-walk (lower,
N = 10) for 120 s during calling song stimulus. Trials that
approached within 50 mm from the source (lower shaded
area) were displayed. Representative “back and forth” be-
havior is indicated by bold lines. The upper shaded area
(dsource = 250-500 mm) in the free-walk setup indicates the
range of dyource Where crickets followed the wall.
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3. Results

3.1. Localization of the Sound Source

Without auditory stimuli, the crickets walked around
the start position in random directions (Fig. 6(a)). When
the conspecific calling song was played, 11 of the
14 crickets walked within 50 mm of the sound source
(Fig. 6(b)). Furthermore, crickets overran the source,
went around the source, and approached the source again.
This “back and forth™ pattern was specific to the conspe-
cific calling song and increased transit probability near
the source. The crickets did not show this behavior when
the artificial calling song with different syllable frequen-
cies was presented (Fig. 6(c)). The transit probability
Pyaik 50 under the conspecific calling song was signifi-
cantly higher than those with no stimulus and those pre-
sented with 4.8 kHz syllables (p < 0.05, Steel-Dwass test;
Fig. 7). These results indicated that the tethered crickets
responded to the conspecific calling song and localized
the sound source in VR.

We next presented the conspecific calling song at three
constant sound pressures (45, 60, and 75 dB) to investi-
gate the behavioral threshold of sound pressure for suc-
cessful phonotaxis (Figs. 6(d)—(f)). The crickets did not
show “back and forth” behavior around the source at
45 dB, although they tended to walk toward the source.
The crickets approached the source and performed the
“back and forth” behavior when the calling song was pre-
sented at constant sound pressures of 60 dB and 75 dB.
The median of the transit probability P, 50 increased
as the sound pressure level increased (45 dB, O [0, 1.88];
60 dB, 19.2 [11.5,38.0]; 75 dB, 35.5 [26.8,45.2]; median
[interquartile range]), and the values at 60 dB and 75 dB
were significantly higher than those at 45 dB (p < 0.05,
Steel-Dwass test; Fig. 7), which were not significantly
different from those with no stimulus and those presented
with 4.8 kHz syllables (p > 0.05). These results indicate
that presenting the calling song at high sound pressures is
an essential sensory cue for accurate orientation.

The accuracy of sound source localization depending
on sound pressure levels was also tested using a reversed
gradient of pressure levels (Fig. 8). In this setup, the pres-
sure level of the calling song was set at 75 dB at the start
position, decreasing to 45 dB as the cricket approached
the source. The crickets performed sound localization in
both normal and reversed pressure gradients (Figs. 8(a)—
(c)). The trajectories and transit probability around the
source in the reversed condition were sparse compared to
those in the normal condition. The transit probabilities
Pyair 50 of the normal gradient were significantly higher
than those of the reversed gradient (p < 0.05, Steel-Dwass
test; Fig. 8(d)), although both were significantly higher
than those without auditory stimulus (p < 0.05). These
results also indicate that a sufficient sound pressure level
is required for accurate localization of the source.
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3.2. Comparison with Free-Walk Phonotaxis

The “back and forth” behavior observed around the
sound source can be regarded as a sign of successful lo-
calization as it was only observed when the conspecific
calling song was presented at sufficient sound pressure
levels. However, such behavior was not observed in the
free-walk condition as each trial was terminated when a
freely walking cricket reached the sound source (such as
a speaker, [30]) and made physical contact with it. To
confirm whether the “back and forth” behavior can be ob-
served in the free-walk condition, we conducted a free-
walk experiment with a sound source embedded on the
floor.

The crickets followed the wall of the arena and
rarely went through the center without sound stimulus
(Fig. 9(a)). When the calling song was presented, crick-
ets approached the sound source located at the center of
the arena (Fig. 9(b)) [a]; P, 50 was significantly higher
with than without stimulus (p < 0.05, Wilcoxon signed-
rank test; Fig. 9(c)). Furthermore, the crickets performed
“back and forth” behavior around the source, which can
be expressed as the continuous dserce Oscillation near the
source (Fig. 9(d)).

4. Discussion

4.1. Auditory Navigation in VR

The crickets performed phonotaxis to the conspecific
calling song and localized the sound source in VR. The
performance of localization, as quantified by P,,q 50 in-
creased with increasing sound pressure levels. This result
was consistent with the trackball (open-loop) and free-
walk studies of cricket phonotaxis [29-31], indicating that
high sound pressure provides a cue for the exact direction
of the sound source. In contrast, the crickets were rarely
able to localize the source at a constant sound pressure
level of 45 dB. The sound pressure of 45 dB is closed
to the thresholds for activating the auditory interneurons
in crickets [32,33]. However, the sound pressure level
of 45 dB was that at the starting point (dsoyrce = 500)
of a normal sound pressure gradient setup in which most
crickets localized the sound source (Figs. 6(b) and 8(b)).
Therefore, a sound pressure level at 45 dB was not be-
low the behavioral threshold for phonotaxis but instead
approximated the threshold. Although a sound pressure
of 45 dB is insufficient to localize the sound source, it
might prompt the cricket to find a preferable orientation
or location where it can receive higher sound pressures.

The relationship between the distance from the
source and sound pressure levels differs among environ-
ments [28,34]. We set the minimum sound pressure level
of 45 dB at 500 mm from the source based on the mea-
surement in the sound-attenuated room, however, it has
been reported that the sound pressure level was above
50 dB at 2 m from a male cricket in an area of scrub-
land [28]. The proposed VR system allows us to apply
arbitrary profiles of the sound pressure levels, therefore,
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our system will be helpful in understanding how female
crickets utilize the instantaneous change of sound pres-
sure level for phonotaxis.

The “back and forth” behavior observed in VR was also
observed in the free-walk condition (Fig. 9), though the
comparisons were limited to be qualitative. Therefore,
this behavior could occur when there are no additional
sensory cues at the sound source. The “back and forth”
pattern would be a repetition of targeted steering driven
by direct auditory information rather than search behav-
ior [35]. Although it is unnatural that there is no male
cricket at the sound source, the phonotaxis observed in
tethered crickets in auditory VR would be comparable to
those in free-walk conditions.

Taken together, we established an experimental proce-
dure to elicit cricket phonotaxis and sound source local-
ization in two-dimensional VR.

4.2. Limitations and Improvements

There are two ways to present auditory stimuli to a teth-
ered animal on a spherical treadmill from any direction.
One is to install multiple speakers, and the other is to ro-
tate one speaker around the animal. We adopted the for-
mer to achieve a high-speed response without excess me-
chanical noise. For example, the direction of the sound
must change up to 180° within a single sampling time
when the cricket goes through the sound source. With
the installation of multiple speakers, achieving a fast an-
gular velocity is only possible by selecting a speaker with
a predetermined angle.

The limitations of using multiple speakers include the
constraints of angular resolution, the need for calibration
of the sound pressure levels of all speakers, and the tem-
poral gap during speaker switching. The angular acuity of
hearing in G. bimaculatus is high enough to discriminate
an angular change of 1° in the frontal region (+30°) [36],
while the inter-speaker angle of our system was 22.5°. We
have not evaluated the effects of the limited angular res-
olution on phonotaxis; this should be done by increasing
or decreasing the number of speakers. In a previous VR
setup using a two-speaker system, the volume of the left
and right speakers was adjusted to simulate the angle of
incidence of sound between the two speakers [23]. This
stereo audition is a plausible alternative to using an ar-
ray of speakers; however, the presentation of the sound
from a single source is preferable to analyze the direc-
tional control of phonotaxis as crickets can detect phase
differences between sounds [37]. Therefore, adjusting the
volume of two adjacent speakers on an array [24] would
be a solution to interpolate the inter-speaker angle. The
calibration was manually performed in this study, which
can be automated by implementing feedback control on
the sound pressure levels. The temporal gap in sound
stimulation during switching was not noticeable when the
sound played was a calling song consisting of intermit-
tent chirps and syllables; however, it can be smoothened
by delaying the end of the sound that is played on the se-
lected speakers.
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4.3. Future Directions

Virtual reality allows us to investigate the neural mech-
anisms behind spatial navigation in animals. The mecha-
nism of locomotion in cricket phonotaxis consists of sim-
ple reactive steering [38]. However, a recent behavioral
study indicated that their behavior consists of multiple
strategies that are executed depending on the insect’s in-
ternal state and presence of external stimuli [30]. This im-
plies that the higher center for motor control in the brain
is involved in phonotaxis. Therefore, we targeted the cen-
tral complex, which is the brain region responsible for
navigational tasks in insects, to apply neurophysiologi-
cal techniques during phonotaxis. By combining auditory
VR with intracellular recording, we successfully identi-
fied several neurons encoding locomotor commands [39].

In contrast, studies on mouse navigation have reported
that different behaviors were observed between the real
and virtual worlds. One reason for this discrepancy is
believed to be the limited number of sensory modalities
used for sensory feedback [40]. Animals are surrounded
by arich source of sensory inputs in nature; however, mul-
tisensory integration is important for selecting behaviors
that lead to efficient navigation. Therefore, multisensory
VR is required to bridge the gap between the behaviors
observed in the virtual and real worlds [19,21]. In our
preliminary study, auditory VR was combined with four
flat-panel displays surrounding the trackball to add visual
feedback [41]. Multimodal VR combined with neuro-
physiological techniques is expected to further elucidate
the neural mechanisms of insect navigation in more natu-
ral environments.
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