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Abstract

Bats perceive the three-dimensional (3D) environment by emitting ultrasound
pulses from their nose or mouth and receiving echoes through both ears. To detect the
position of a target object, it is necessary to know the distance and direction of the target.
Certain bat species synchronize the movement of their pinnae with pulse emission, and it
is this behavior that enables 3D direction detection. However, the significance of bats’
ear motions remains unclear. In this study, we construct a model of an active listening
system including the motion of the ears, and conduct mathematical investigations to
clarify the importance of ear motion in 3D direction detection. The theory suggests that
only certain ear motions, namely three-axis rotation, accomplish accurate and robust 3D
direction detection. Our theoretical analysis also strongly supports the behavior whereby
bats move their pinnae in the antiphase mode. In addition, we provide the conditions for
ear motions to ensure accurate and robust direction detection, suggesting that simple
shaped hearing directionality and well-selected uncomplicated ear motions are sufficient
to achieve precise and robust 3D direction detection. Our findings and mathematical
approach have the potential to be used in the design of active sensing systems in various

engineering fields.
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Author Summary

Many mammals use visual sensing for primary perception of their surroundings,
whereas bats accomplish spatial perception by active acoustic sensing. In particular, by
emitting ultrasound pulses and listening to the echoes, bats localize reflective objects, a
process known as echolocation. Certain bat species move both of their ears while
receiving the echoes, but the essential theory behind this ear movement remains unclear.

This paper describes a simple mathematical model for investigating the active
listening strategy employed by bats. The theory suggests that the ear motions employed
by bats enables highly accurate direction detection that is robust to observation errors. In
addition, we determine what kind of ear motions are optimal for 3D direction detection.
This study not only reveals the significance of pinnae motions in bats, but also opens up

the possibility of engineering applications for active listening systems.

Keywords: Three-dimensional spatial localization, Active listening behaviour, CF-FM bats, Interaural

sound pressure level difference, High duty cycle echolocator, Mathematical analysis
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Introduction

Bats perceive the three-dimensional (3D) environment by echolocation, which is
the active ultrasound sensing capability to image their surroundings using the echoes
reflected from surroundings by pulse emissions [1]. Despite the simple sensing design,
equipped with only one transmitter (mouth or nose) and two receivers (left and right ears),
bats accomplish precise navigation tasks in the air, such as the pursuit of prey [2, 3] and
flying together with multiple conspecifics [4, 5]. The highly sophisticated mechanisms
that enable 3D navigation with ultrasound have attracted extensive and longstanding
attention from physiological and behavioral scientists.

To date, the acoustic imaging process in the auditory system has been widely
investigated for bats and other animals [6-8]. Previous studies have reported that bats
have an encoding mechanism for the Interaural sound pressure Level Difference (ILD) in
the lateral superior olive, as seen in many mammals [8-13]. The lateral superior olive in
bats has a relatively large capacity [14], and acoustic localization with ILD is physically
suited to less diffractive high-frequency sound. Thus, the ILD encoding mechanism is
regarded as a key property for 3D localization of bats. Recent studies have conducted
more comprehensive analysis that combines ILD mechanisms with head-related transfer
functions [15-17]. These functions are important features that describe the echo strength
as a function of the echo arrival direction. Measurements of head-related transfer
functions in various bat species suggest that the pinnae are used for beamforming to
echoes reflected from objects[15-18].

This is not the only key evolutionary feature that bats have acquired for acoustic

localization. Several species of bats employ behavioral solutions for 3D localization.


https://doi.org/10.1101/2021.12.23.474076
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.12.23.474076; this version posted December 24, 2021. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY 4.0 International license.

Hiraga et al, PLOS computational biology

90  Rhinolophidae and Hipposideridae families synchronize the movement of their left and
91  right pinnae with pulse emission [19-22]. This active listening behavior has been reported
92  for constant frequency—frequency modulated (CF-FM) bats, who use a compound signal
93  consisting of a CF part and an FM part (Fig 1A). Previous physiological and ethological
94  studies have clarified that CF-FM bats detect the precise time interval between pulse
95  emission and echo arrival using the FM part to measure the distance to the object
96  accurately [7, 23]. The CF part is used for fluttering moth detection and Doppler shift
97  compensation [24-26]. According to measurements from Rhinolophus ferrumequinum,
98  both pinnae move continuously while listening to the CF part of the echo [20]. Based on
99 this behavioral evidence, several studies have investigated the usefulness of ear motions
100 for 3D localization through mathematical simulations [27, 28] or practical demonstrations
101 [20, 29], but the essence of appropriate pinnae motions is still unclear.
102 Even if precise 3D pinnae motions could be measured, it would be difficult to
103 determine their exact effects because bat behavior always exhibits the best-benefit
104  response. In contrast, a theoretical approach allows us to evaluate various pinnae motions,
105  including those of bats. Moreover, theoretical investigation can isolate the various factors
106 of acoustic localization and provide insights into their essential components, give an
107  interpretation of bat behavior, and possibly provide support for biomimetic applications.
108 Based on these motivations, exhaustive ear motions were analyzed to identify the
109  underlying theory of appropriate ear motions. In these analyses, various ear motions were
110 evaluated in terms of their 3D direction detection performance using custom-made
111 functions and supervised machine learning.
112

113
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114 Methods

115 Behavioral traits of bats reflected in our model

116 In this subsection, we describe the behavioral traits of bats reflected in our model.
117 Fig 1A shows a typical time-frequency structure of the echolocation pulses emitted by
118  CF-FM bats (Rhinolophus ferrumequinum nippon) recorded in previous study[30]. In
119  these pulses, the energy maximum appears in the second harmonic of the CF part (CF,);
120 bats actively use CF; for fluttering moth detection and Doppler shift compensation [24-
121 26]. To simplify our simulations, amplitude modulation was only calculated for the CF,
122 component of the echo.

123 According to previous studies that measured the ear motions of bats, Rhinolophus
124 ferrumequinum continuously move their pinnae while listening to the CF part of the echo
125  [20]. These bats adjust their left and right pinnae in an antiphase manner [19, 20]. In
126 particular, the pitch angle of the ears tends to move from back to front or from front to
127 back while listening to the echoes, which can be modeled as a cosine phase [19]. Based
128  on these findings, asymmetrical ear motions were embedded in bat mimicking
129  simulations.

130 Fig 1B shows a schematic diagram of the amplitude modulation of CF; in the echo
131  caused by pinnae motions. Because CF-FM bats tend to conduct the sensing process twice
132 in the space of one periodic pinnae motion [19], echo signals obtained from two sensing
133 operations were simulated in our analyses. With reference to previous measurements of
134 Rhinolophus ferrumequinum [20], the echo frequency was set to 70 kHz (i.e., wavelength
135  A=5 mm) and the echo duration was set to 33 ms. Note that silence time between 15 and

136 2" echo was removed, and both signals were combined.
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137

138

139  Fig 1. Pulse emission and reflective echo patterns.

140  (A) Typical time-frequency structure of the echolocation pulse emitted by Rhinolophus
141  ferrumequinum nippon. (B) Schematic diagram of amplitude modulation of CF,
142 component in the echo caused by pinnae motions.

143

144

145 Model of the direction detection system

146 Fig 2A shows a schematic diagram of the environmental setup for the left and right
147  ears and a target object. A single target object was stationed in the direction expressed by
148  the azimuth angle 6 and elevation angle ¢, or equivalently by the unit vector n =
149 (cos@ cosq, sinf cos¢, sin @), which we call the direction vector. In our model, the
150  amplitude modulation of the echo is caused by changes in the directional attitude of the
151  ears. Fig 2B shows a schematic diagram of the left and right ears and a speaker when all
152 materials are directed in front of the bat (positive direction of x-axis). To construct a
153 directional ear, four omni-directional microphones were placed at the vertices of a
154  rectangle. The four echo signals obtained from these microphones were summed to
155  generate the overall received signal. In particular, by adjusting the horizontal and vertical
156  spacing between the microphones (6,, 6,), the hearing directivity pattern could be
157  controlled. Fig 2C shows the hearing directivity pattern used in this study. Based on
158  measurements and computational representations of the hearing directivity patterns of

159  CF-FM bats, including Pteronotus parnellii [17, 18], Hipposideros pratti [31],
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160 Rhinolophus Roxi [17], and Rhinolophus ferrumequinum [31], the half-amplitude angle
161 (-6 dB off-axis angle from the maximum sensitivity angle) tends to be distributed from
162 40-90° off the horizontal axis. In addition, the directivity forms an asymmetrical 3D
163 pattern. Based on these characteristics, §,, &, were set to be slightly smaller than half
164  of the echo wavelength A. As a result, an asymmetrical beampattern was reproduced, as
165  shown in Fig 2C.

166

167

168  Fig 2. Schematic diagram of model setup.

169  (A) Direction of the target expressed by azimuth angle 6 and elevation angle ¢. (B)
170 Positions of the two directional ears with spacing d. Each ear consists of four omni-
171 directional microphones, where §, and &, are the horizontal and vertical spacings of
172 each microphone. (C) Hearing directivity pattern of the ear. (D) Three axes (roll, pitch,
173 yaw) fixed to the directional ear and corresponding orthonormal basis [1,;,1pitch, Myaw]-
174

175

176 As shown in Fig 2D, the roll axis, pitch axis, and yaw axis are fixed to the
177 directional ear and the unit vectors Moy, Mpiech, Myaw indicate the directions of these three
178  axes. The attitude of the directional ear is then given by the matrix L = [nmll,npl-tch,nyaw]
179 € 50(3). Additionally, the attitude change caused by the motion of the directional ear is
180  expressed by the SO(3)-valued function L(t) = [Mrou(t),Mpirch(t) Myaw(t)], where 7 is
181  the time variable. Assume that the target object is pointed to by the direction vector n and

182  the echo received at the origin is a sinusoidal wave with amplitude A and wavelength A.
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183  The directional ear in proximity to the origin receives a signal whose envelope component
184 S, is expressed by the following formula (see S1 text):

o, Ny (t o, 1,(t
185 Senv(t;n) = 44 cos yly( ) cos—— ® #(1)

186
187 where L(t)"n=n(t) = (f(t), y(t), fi,(t)). Therefore, the amplitude modulation of

188  the echo envelope caused by the motion of the directional ear can be calculated for every
189  target direction m once the attitude history L(t) is known. Note that L(t) and S,
190  (t;n) are to be defined for the left and right directional ears. From the envelope of the

191  left and right received echoes, the ILD is defined by the following equation:

Seli(tmn)

192 P(tn) =20logro———

#(2)

193
194  where n is the direction vector to the target and S/f(t;n), STdM(t;n) indicate the

195  envelope of the left and the right received echoes under attitude histories L'/t(t) and
196 LT9M(t), respectively.

197 The procedure described above obtains the ILD, which is a temporal signal P(t;n),
198  from the direction vector n. Our question is whether we can obtain the direction vector
199  n from the ILD signal P(t;n). If so, what motions of the left and right directional ears
200  make it possible, and how robust is the detection performance to observation errors?

201

202 Evaluation function and degree of injection

203 To evaluate the effectiveness of the left and right motions of the directional ears
204  mathematically, we introduce a general evaluation function and an index which we call
205  the degree of injection. Let X be a set of state variables of the objective system, which we

206  are going to identify through the observations. We write the observation process as the
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207  map

208 F: X—>Y#(1)

209  where Y is the space in which the observed data lie (possibly a Euclidian space or a
210  functional space). Of course, we can define the map F' only when the states of the system
211  having the same state variable of X give the same observation data; hereafter, this is
212 assumed to be true. To determine the state variable uniquely from the observed data, we
213 require the inverse map

214 FL:F(X)—X #(4)

215 Therefore, the observation map F should be injective. In addition, to be sufficiently robust
216  to observation errors, /' must be non-degenerate, and hopefully not nearly degenerate at
217  any point in X. (Here, ‘degenerate’ means that the dimension of the tangential map’s
218  image is less than the dimension of X.) Based on these considerations, we define the

219  evaluation function U on X as follows:

220 Ua() dx(x, x)
F(x) = sup ,
v ex - dy(F(x), F(x))

#(5)

221
222 where dy and dy indicate the distance functions defined in spaces X and Y, respectively.

223 Up(x) = 4+oo0 holds if the injective property of F is violated at x (meaning the existence
224 of x'#x satisfying F(x') = F(x)). In addition, Up(x) can measure the degree of
225  degeneration of F at x. Actually, Up(x) becomes infinite if /" is degenerate at x, and it
226  attains a large value if F' is nearly degenerate at x, which means that the inverse map is
227  too sensitive to observation error at F(x). In any case, the large magnitude of the
228  evaluation function Up(x) implies difficulty in constructing an inverse map or a well-
229  behaved inverse map at F(x).

230 Finally, we define the degree of injection of F by the following equation:

-10 -
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231 I[F] = ( fX Up(x)dx)_l#(6)

232
233 Note that X is usually a subset of some Euclidian space, and so the integral is definable.

234 Large values of /[F] indicate that the evaluation function Ur does not take a large value
235  in the state variable space X, so the well-behaved inverse map F~! is expected to exist
236  globally. This implies that the observed data contain rich information for determining the
237  desired state variable. Conversely, if I[F] issmall, F~! itself ora well-behaved F~! is
238  difficult to construct.

239 Our task is to find the direction of the target from the time series data of the ILD.
240  Thus, we consider X as a set of directions expressed by some subset of the unit sphere
241 2, for example,

242 X ={n=(cosfcosq,sinf cosq,sing) € 5%|0| < Opman|®| < Pmax}#(7)

243

244  with the 2-norm in R3. We set the measured data space to Y = C°([0, T]) with the sup-
245  norm, where T is the period of the ear motions. In our problem, the observation process
246  is determined by the attitude change of the left and right directional ears, expressed by
247 the two SO(3)-valued functions L'®/(t) and L™9"(t) with period 7. We denote the pair
248  L'fY(t) and L™9"(t) as M, and use the notation Py (t;n) for the ILD signal obtained
249 by the attitude change M = (L'/t(t), L"9"(t)). We adopt the same symbol M for the
250 map M :X-Y defined by

251 M:n—Py( - ; n)#(8)

252 Note that the map M is definable because Py (- ;n) is a function of the ratio between
253 the amplitudes of the left/right envelope signals, which does not depend on the target

254  distance and other factors like the reflection rate of the object. Following expression (5),

-11 -
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255  we write the evaluation function as

ln -,

256 Uy(n) = sup

~i #09)
n'EX—{n}”PM(' n) _PM(' ;n)”oo

257
258  and we define the degree of injection of M by

-1

259 I[M] = (L Uy(n) dn) (ﬂ;{ Uu(6, p)cos g de(p)_l#(lO)

260  Using this index, we will evaluate various types of ear motions and compare them with
261  the quality of the inverse map (pseudo-inverse map in the case of non-injectivity, as
262  discussed later) constructed by the neural network described in the next section. Note that
263  the expression (6,p) will often be used instead of the direction vector n, as seen in (10),
264  where this will not cause confusion.

265

266 Evaluation of localization performance by supervised machine

267 learning

268 Supervised machine learning is a good tool for constructing an inverse map
269  numerically when an analytical expression is intractable. To confirm that the inverse map
270 can be constructed when the appropriate ear motions are employed, a 3D direction
271  detection test was conducted using a fully connected neural network. Fig 3 shows a
272 schematic diagram of a fully connected neural network and the data flow. Supervised
273 machine learning was performed using this network. The input data to the neural net were
274  the discretized ILD data calculated from the angle pair (6, ¢) under the adopted ear

275 motion M, and the output data were the angle pair (0 guess, Pguess), 1.€., the estimated

276 (6, @). The detection error in constructing inverse map was evaluated by the following

-12 -
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277  equation,

278 E[M] = (;2?)6()({'9 - eguessl + |§0 - q)guessl} #(11)
279
280

281  Fig 3. Schematic diagram of the supervised learning approach for obtaining the
282  inverse map of M.

283  The ILD signal is calculated for all directions (6, ¢p)EX fixing the ear motions. It is
284  discretized at time intervals of 1 ms and passed to the input layer of the neural network.
285  In the neural network, the ReLLU activation function is used in hidden layers 1, 2, and 3,
286  and the mean squared error is the error function in the output layer.

287

288

289 The azimuth angle 6 and the elevation angle ¢ were restricted within £60°. The
290  neural network was trained 5000 times using uniformly distributed random (8, ¢) data.
291  During the last 250 steps of the training, tests were carried out between every training
292 step. In the test condition, the azimuth angle 8 and the elevation angle ¢ were divided into
293  5.45° increments so that 23x23 situations were tested, and the detection errors were
294 evaluated for every tested angle pair (6, ¢). Finally, 6gye5s and @gyess are evaluated as
295  the median of the last 250 output data, respectively.

296

297  NOTE: Under the supervised learning approach described above, the inverse map of M
298  is constructed when M is injective, in some accuracy level. However, our network learns

299  some inverse-like map even when M is not injective, which we call the pseudo-inverse

-13-
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300  map. This pseudo-inverse map works as follows:

301 Pu( - ; 6, p)—average of {(8, ¢) € X; Py( - ;0,0") = Py( - ; 6, 9)}, #(12)
302
303  where ‘average’ means the center of gravity in the 6-¢ plane in this case.

304

305 Setting of directional ear motion patterns

306 The specific form of the directional ear motions can be written as follows using the
307  roll-pitch—yaw expression (see S2 Text):

308 L) = Ry(06(D) Ry( = 0e(D)) Rul = (D)) #(13)

309 LT (6) = R,(62(6)) Ry( = 0k(®) R = ie(®)) #(14)

310  where the six angle functions YL, YL, L, ¢@F, 6., 6% are periodic with period T, and the
311  frequency of the ear motions is set to f, = T~1. In our model, the periodic motion is
312 restricted to the 0t and 1%t Fourier modes, because actual bats do not exhibit complicated

313  motion[19, 20]. Thus, we define the pairing types of the left- and right-ear angle functions

314  as listed in Table 1. In our simulations, the roll, pitch, and yaw angle functions (4", @k"
315  and 6%") were chosen from the pairing types listed in Table 1.

316

-14 -
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Table 1. Pairing types of left and right angle functions (., %), (¢k, ¢%), and (

0c, 67).
Pairing name Left angle function Right angle function
0 0 0
CONST C —C

SIN Csin(2nf,t) Csin(2rf.t)
SIN C sin(27ft) —C sin(2mf.t)
COS C cos(2mfet) C cos(2mf,t)
CcoS C cos(2mf,t) —C cos(27f,t)

Results

Typical examples for direction detection with ear motions

To confirm the usefulness of the ear motions, two patterns (with and without ear
motions) were compared. Fig 4 shows the evaluation function Uy (6, ¢) and the results
of machine learning under two patterns: [5": 0, @%": CONST, 6%": CONST] as a static
example and 15 0, %™ COS, 65": CONST] as a dynamic example. As shown in Figs
4 A2-3 and B2-3, the colormap of Uy(8, ) reflects the geometric pattern of the
distribution of detection errors by the neural network. The degree of injection I[M] is
less than 0.001 for the static condition and 0.24 for the dynamic condition. Moreover, the
detection error E[M] is 109.4° for the static condition and 16.9° for the dynamic

condition.
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332

333

334  Fig 4. Examples of direction detection performance with and without ear motions.
335 (Al Bl): Combination of angle functions. (A2, B2): Colormaps of evaluation function
336  Upy(0,9) and the degree of injection I[M]. (A3, B3): Results of machine learning. Blue
337 ‘x’ markers indicate test data (6,p) and red ‘+’ markers indicate output data
338 (ngess, (pguess). Black lines are the error lines connecting points (6,¢) and (8 gyess,
339 @guess)- The detection error E[M] is also given.

340

341

342 Examples of more complete direction detection are shown in Fig 5. In these
343  examples, the ear motions conditions were chosen as [y4": SIN, k™ COS, 6%
344  CONST] and [p4": SIN, @%: COS, 6%": SIN]. In each condition, the evaluation function
345  Upy(6O, @) takes smaller values in the whole domain, and the degrees of injection I[M]
346  are 1.52 and 1.35, respectively. The detection errors E[M] are 2.1° and 2.5°, indicating
347  that accurate direction detection is accomplished. These results suggest that it is necessary
348  to combine the roll, pitch, and yaw rotations appropriately for accurate detection of the
349 3D direction. Additionally, the results in Figs 4 and 5 indicate that the degree of injection
350  is strongly related to the direction detection performance.

351

352

353  Fig 5. Examples of direction detection performance with appropriate ear motions.

354  The formation of Fig 5 is same as Fig4. Blue color map and less-visible error lines mean
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355  the good performance of direction detection.
356

357

358 Exhaustive analysis of ear motions in pitch anti-phase case

359 To determine appropriate combinations of the roll, pitch, and yaw rotations, 36
360  motion patterns were analyzed. The corresponding evaluation functions and degrees of
361  injection are shown in Fig 6. As described before, based on the actual motions of bats’
362  pinnae, the pitch angle functions ¢%" are fixed to the anti-phase pairing pattern COS.
363

364

365  Fig 6. Colormaps of Upy(60,¢) and the degrees of injection for various ear motion
366  patterns.

367  The pitch angle functions @4 are fixed to COS according to actual bat behavior. Blue
368  and orange lines indicate the angle functions of the left and right ears, respectively. The
369  left and top array panels display the roll angle functions 14 and the yaw angle functions
370 0%, respectively.

371

372

373 To classify the ear motion patterns graphically, we focus on the orbits of ear
374  motions given by (pe(t).0e(t).06(t)) and (YE(t), Pe(t).0L(1)) in e — @, — 6,
375  space. Additionally, the convex hull of the union of the left and right ears’ orbits in ¥, -
376 @, — 0, space is considered. We classify the motion patterns according to the pair of

377  dimensions of the convex hull and each ear’s orbit. As shown in Fig 7, there are five types
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378  of dimension pairs: 3-2, 3-1, 2-2, 2-1, and 1-1.

379

380

381  Fig 7. Five types of dimension pairs of the convex hull and each ear’s orbit.

382  The blue lines indicate the left ear’s orbit (djé(t),(ple(t)ﬂé(t)) and the orange lines
383 indicate the right ear’s orbit (75(t), @5(t),05(t)). When both orbits coincide, only the

384  orange line is displayed. The convex hull of the union of both ears’ orbits is displayed in
385  each case.

386

387

388 Fig 8 exhibits the dimension pairs of the convex hull and each ear’s orbit, the degree
389  ofinjection I[M], and the detection errors E[M] of the 36 motion patterns. There are 12
390  motion patterns (colored boxes) that achieve precise direction detection. Among them, 5
391  motion patterns (boxes bounded by red lines) have larger injection degrees, essentially
392  indicating good motion patterns, as shown in the next subsection.

393

394

395  Fig 8. Dimension pairs and direction detection errors for various motion patterns.
396  In each box, the dimension pair of the convex hull and each ear’s orbit is given in the
397  upper part, the degree of injection is given in the middle, and the detection error is given
398  at the bottom. Here, we adopt E[M] < 5° as the criterion for precise direction detection.
399  The colored boxes indicate that the corresponding motion patterns give precise direction
400  detection. The boxes bounded by red lines correspond to the motion patterns with large

401  degrees of injection (I[M] > 1).
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402

403

404 Robustness against degradation of the ILD resolution

405 Next, the robustness of direction detection against the degradation of the ILD
406  resolution was investigated. Fig 9A shows the relationship between the degree of
407  injection and the direction detection error for the 36 ear motion patterns without the
408  degradation of the ILD resolution (see green line in Fig 9B). We examined the detection
409  robustness against the degradation of the ILD resolution for the relatively small detection
410  error group (i.e., E[M] < 20°). The detection errors were reevaluated by decreasing the
411  ILD resolution to 1 dB and 3 dB (see the orange and blue lines in Fig 9B). As shown in
412 Fig 9C, the detection errors remained small for the group with larger degrees of injection
413 (I[M] > 1), while the errors increased much more in the other groups. These findings
414  suggest that 5 motion patterns satisfying conditions /[[M] > 1 not only accomplish
415  accurate direction detection, but are also robust to the degradation of the ILD resolution.
416  From these characteristics and Fig 8, we can identify three ear motion conditions that
417  ensure the precise and robust direction detection:

418

419 (i)  The convex hull of the union of the two ear orbits is three-dimensional;

420  (i1)) Neither orbit degenerates to one dimension;

421  (iii) The left and right yaw angle functions do not coincide.

422

423

424  Fig 9. Relationship between I[M] and E[M] under various degradation levels of
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425  ILD resolution.

426  (A) Relationship between the degree of injection and the detection error for the 36 ear
427  motions without the degradation of the ILD resolution. (B) Example of change in the
428  sinusoidal signal for each degradation level. (C) Relationship between the degree of
429  injection and the detection error for each ear motion under the degraded ILD resolutions.
430  Note that these evaluations were conducted for ear motions with relatively small detection
431  errors (E[M] < 20°) in the no degradation condition (A). The length of the vertical black
432 line corresponds to the increase in the detection error when the ILD discretization level
433  changes from 0 dB to 3 dB.

434

435

436  General case analysis

437 We now examine the general case. By removing the bat-motivated limitation of
438  pitch motion (@%: COS), the detection performances were evaluated for 63 = 216 ear
439  motions in terms of the degree of injection I[M], as shown in Fig 10. These analyses
440  show that the degree of injection I[M] issmall when the angle relations 6L =67 OR ¢!
441 = ¢, hold. Through these analyses, we determined the following conditions for ear
442 motions satisfying I[M] > 1:

443

444 (i)  The convex hull of the union of the two ear orbits is three-dimensional;

445  (ii) Neither orbit degenerates to one dimension;

446  (iii) The left and right yaw angle functions do not coincide;

447  (iv) The left and right pitch angle functions do not coincide.
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448

449  The 14 of 216 motion patterns satisfy the above four conditions. We confirmed that these
450 14 motion patterns achieve the precise and robust direction detection, and the other
451  patterns do not.

452

453

454  Fig 10. Colormaps of degree of injection I[M] of all combinations of Y. - @. -0,
455  angle functions.

456  The fixation of the pitch angle functions ¢%to COS is removed, so that the degrees of
457  injection were evaluated for 63 = 216 motion patterns.

458

459

460 Finally, the effect of phase differences in the left and right ear motions on the
461  detection performance is examined in Fig 11. All motions have the same orbits, but the
462  simultaneous lines vary according to the pitch—yaw (¢.-6,) phase difference. This result
463  suggests that phase differences larger than several tens of degrees is sufficient to achieve
464  good-quality detection.

465

466

467  Fig 11. Effect of phase difference of ear motions on direction detection performance.
468  In the upper panels, blue line indicates the left ear’s orbit given by (YL, ¢, 6L) = (C, C
469  cos(2mf.t), Csin(2mf,t)), and orange line does the right ear’s orbit (Y5, @b, 6%) =

470 (= C,Ccos(2mf.t + A®), Csin(2nf.t + AD)), respectively. Black straight lines connect
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471  simultaneous points of the left and right ears’ orbits with the phase difference A®. In

472  particular, the ear motion with A® = 180° is [CONST, COS, SIN] and the ear motion
473 with A® =0° is [CONST, COS, SIN]. For motions with A® between 45° and 180°,
474  good-quality direction detection performance is achieved.

475

476

477 Discussion

478 In this study, we developed a theoretical model in which only certain ear motions
479  consisting of three-axis rotations accomplished 3D direction detection accurately (Figs 8
480  and 10) and robustly (Fig 9). In the real world, bats intentionally employ rapid ear motions
481  for 3D localization, despite the high energy costs, suggesting that they provide significant
482  benefits in the process of echolocation.

483 Previous mathematical [27, 28] and practical demonstrations [29] have shown that
484  ear motions can be useful under certain motion patterns. In contrast, our study has
485  considered the theoretical basis for these ear motions by evaluating exhaustive motion
486  patterns. Thus, this is the first article to investigate the underlying theory behind the ear
487  motion strategies of bats. The results of general case analyses (Fig 10) show that three-
488  axis rotations are necessary for 3D direction detection (i.e., those not including the pairing
489  name 0).

490 In particular, the pitch angle functions ¢l and ¢} must retain a different phase,
491  as shown in Fig 10. Such antiphase control of pitch motions has been observed in bats
492 [19], and so our theory strongly supports the inevitability of pitch control in actual bat

493  behavior. Our analyses indicate that the same antiphase control restriction exists in the
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494  yaw angle functions @ and 67, but the roll angle functions . and 7} have no such
495  restriction. These differences might be caused by the fact that pitch and yaw angles
496  determine the central direction of the directivity pattern, while the roll angle determines
497  the rotation around the direction axis. Thus, our investigations provide not only
498  theoretical support for bats’ behavior, but also a new interpretation for roll-pitch—yaw
499  controls. Such a cross-insights between theoretical and behavioral investigations reaches
500  the core of active listening behaviors.

501 Ear motion patterns which give accurate and robust direction detection were only
502  found in five of the 36 motion patterns analyzed in this study, as shown in Figs 8 and 9.
503  This suggests that bats select a motion pattern from these five patterns. Thus far, we have
504 neglected the physiological properties of bats in our analyses. It is plausible to assume
505  that the motions of the left and right ears are mirror symmetric with respect to the surgical

506  plane. If so, the following equations should hold:

507 We(t +T/2) = — (1), @e(t + T/2) = gi(t), Oe(t + T/2) = — 64(t) #(15)
508

509  Only one of the five high-performance patterns satisfies the above equations, namely
510 [SIN, COS, CONST ]. Therefore, we speculate that actual bats adopt ear motions that
511  are close to this pattern (see the animation in S1 Video).

512 We have not only identified a wide array of patterns of appropriate ear motions (Fig
513 10), but have also provided simple discrimination conditions using orbits in the roll-
514  pitch—yaw space. Our graph-based evaluation method is also useful for ethological
515  investigation, because the graphs can be drawn using actual measurement data. Moreover,
516  the hearing directivity pattern is also able to approximate from actual measurement data.

517  Thus, we provide not only theoretical findings, but also an extendable framework of
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518 theoretical analysis for ethological research.

519 In our study, only one directionality of the ear and limited numbers of ear motions
520  were investigated; thus, it is true that our theory is not perfect. However, the significance
521  of this study lies in showing that simple shaped hearing directionality and well-selected
522 uncomplicated ear motions are sufficient to achieve precise and robust direction detection.
523  In addition, we proposed an index (degree of injection) that can judge whether the well-
524  behaved inverse map is constructible or not using only the original map, without requiring
525  the construction of an inverse map. Thus, we expect it to be useful for general-purpose
526  evaluation systems in sensing fields.

527
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