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Modeling bat prey capture in echolocating bats:

The feasibility of reactive pursuit

Dieter Vanderelst

University of Cincinnati

Herbert Peremans
University of Antwerp

Abstract

Echolocating bats are the only mammals engaging in airborne pursuit. In this paper, we implement a reactive model
of sonar based prey pursuit in bats. Our simulations include a realistic prey localization mechanism as well as a model
of the bat’s motor behavior. Critically, in contrast to previous work, our model incorporates bats’ ability to execute
rapid saccadic scanning motions keeping the prey within its field of view. Decoupling the flight direction from the gaze
direction allows our model to capture erratically moving prey using reactive control. We conclude that the rapid shifts
in gaze direction allow bats to deal with the narrow field of view provided by their sonar system.
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1. Introduction1

Pursuit is an essential skill for many flying animals2

[52]. Echolocating bats are the only mammals engaging in3

airborne pursuit. In contrast to insects [e.g., 50, 51, 46, 39]4

and birds [36], these animals uniquely rely on bio-sonar5

[22, 23], rather than vision. In this paper, we implement a6

model of prey pursuit in echolocating bats. The objective7

of this effort is twofold.8

First, an integrated model allows testing whether the9

various piecemeal sensorimotor loops that have been hy-10

pothesized to underlie prey pursuit are sufficient to explain11

successful prey capture [17, 19, 18, 11, 20]. Indeed, more12

than fifty years of research [22] have yielded substantial in-13

formation on the prey capture behavior of bats. Owing to14

their active sonar, bats’ flight paths can be reconstructed15

with high precision, both in the lab [e.g., 47, 66] and the16

field [e.g., 29, 27]. Moreover, their use of pulsed active bio-17

sonar allows assessing their echolocation behavior in great18

detail [e.g., 70, 17, 7, 63]. Also, various studies have eval-19

uated the cues used by bats to localize prey [71, 58, 7, 53].20

Finally, the aerodynamics of bat flight is an active topic21

of research [2, 5, 54, 48, 15].22

Prey capture in bats has been modeled before [38, 44,23

10]. Masters [44] modeled bats capturing targets thrown24

up in the air based on a 2D model (vertical plane), an ex-25

perimental situation studied empirically by Cahlander and26

Webster [6]. In a later study, Kuc [38] presented a sensori-27

motor model of prey capture. He modeled prey approach28

using the interaural level difference to correct the yaw of29

the bat. The pitch of the bat was determined by comparing30

the echo amplitude between the fundamental and the over- 31

tone, the direction of which was determined using a theo- 32

retical model. The prey was assumed to move randomly, 33

and different prey flight speeds were tested. Finally, Er- 34

win et al. [10] modeled the approach of stationary targets. 35

These authors modeled both the localization of the prey 36

and the aerodynamics of the bat in more detail than ei- 37

ther [38] and [44]. However, in this study, only static prey 38

was considered. In spite of this simplification, Erwin et al. 39

[10] concluded that a predictive strategy was necessary to 40

capture the prey. In more recent work, Aihara et al. [1] 41

modeled the pursuit of moving prey. However, these au- 42

thors did not model the target localization process. The 43

position of the prey was directly accessible to the model. 44

Therefore, their model did not account for limitations in 45

target localization performance, which has been shown to 46

be important in determining a bats approach to a target 47

[4]. These last two studies also modeled prey capture in 48

2D (horizontal plane) only. 49

The lack of integrated models including all that is known 50

about 3D sonar-based pursuit of flying prey by bats repre- 51

sents a gap in our understanding of flight based pursuit in 52

animals. In particular, as bats, by virtue of using echolo- 53

cation, face different sensorial constraints than the better- 54

studied insects and birds. Compared to vision, sonar has 55

a field of view that is less broad unless for small distances 56

(see Fig. 2) [62], has a lower angular resolution and a 57

more limited range [60]. A complete mathematical model 58

of sonar-based pursuit can help in elucidating how bats 59

deal with these unique constraints. To the best of our 60

knowledge, Kuc [38] is the only author to have modeled 61
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both the perception and acquisition of moving prey. His62

work suggests that prey capture can be supported by reac-63

tive control loops. The current paper builds on this earlier64

work by proposing a reactive model of prey capture that65

both incorporates recent findings [17, 18, 19, 20] on prey66

capture behavior in bats as well as a realistic model of prey67

localization [53, 10].68

Models, being entirely specified, allow identifying gaps69

in our knowledge [41]. Model assumptions that can not70

be justified based on experimental data reveal limitations71

in our current understanding of the phenomenon. Limits72

to our understanding are also revealed by quantitative and73

qualitative differences between the simulated and observed74

behavior. Therefore, the second objective of this paper is75

to identify hiatuses in our understanding and knowledge76

of sonar-based prey capture in bats and to suggest foci for77

future empirical research.78

2. Model79

2.1. Prey model80

We chose to simulate a prey that is flying erratically,81

but randomly relative to the behavior of the bat, akin to an82

ear-less insect that does not engage in evasive manoeuvres.83

To generate realistically curved flight paths like the ones84

shown in Ghose et al. [19, 20], we simulated the paths of85

target insects as consisting of a sequence of sections with86

different angular velocities. Each section had a duration87

of d, drawn from an exponential distribution with scale88

parameter � set to 1 second.89

At the start of each section, the insect was assigned90

new rotational yaw and pitch velocities drawn randomly91

from the intervals [-180�/s, +180�/s] and [-90�/s, +90�/s],92

respectively. In addition, the flight speed of the insect93

during this section of the simulated flight was drawn from94

a uniform distribution ranging from 0.5 m/s to 2 m/s. The95

angular velocities and the flight speed of the insect were96

maintained for d seconds, after which a new section with97

randomly selected parameters was initiated.98

The insect0s flight path was constrained to start at a99

distance of 2 meters from the bat [10]. Indeed, bats usually100

change from the search to an approach phase only at dis-101

tances of 1 to 2 m from the target, even though detection102

may well occur before [59]. In addition, the azimuth �

i

and103

elevation ✓

i

position of the insect relative to the bat were104

randomly drawn from [-30�, 30�] and [0�, -30�], respec-105

tively. This ensured that the insect was located within the106

sonar beam of the bat. The initial flight direction of the107

insect was randomly picked from the range [-180�, 180�]108

and [-45�, 45�] for yaw and pitch, respectively.109

2.2. Bat model110

The proposed bat model consists of a perception model111

and a motor control model itself consisting of three sepa-112

rate control loops. The perception model uses the binaural113

output of a functional model of the cochlear processing of114

a sonar echo to detect the prey (comparison with hearing 115

threshold) and determine the prey direction relative to the 116

head (comparison with a memorized set of spectral tem- 117

plates). The distance to the prey is only indirectly used 118

in the pursuit behavior by determining the call rate. Prey 119

classification is not modelled. The first control loop in the 120

motor control model uses the perception model output to 121

steer the head such that the new gaze direction coincides 122

with the last perceived prey direction by the time the next 123

call is emitted. The second control loop steers the flight 124

direction to align with the gaze direction but only after 125

a delay. To avoid the bat overtaking the prey, the third 126

control loop lowers the flight speed as the gaze direction 127

(tracking the prey direction) differs more from the flight 128

direction. 129

Referring to the terminology used by Wei et al. [69] the 130

control strategy we propose is most similar to the Classical 131

Pursuit Strategy (CP). However, there are some impor- 132

tant differences. First, it should be noted that different 133

from the strategies analyzed by these authors we allow the 134

bat to continuously adapt its speed to the motion of the 135

prey. Second, we separately control the bat’s gaze direc- 136

tion and its flight direction. So, while the gaze is controlled 137

to reactively orient towards the prey, the flight direction 138

shows a delayed convergence onto the gaze direction. Con- 139

sequently, the flight paths of the bat resulting from the 140

proposed control strategy differ systematically from those 141

generated by CP. 142

2.2.1. Acoustics and Prey Localization 143

In line with typical echolocation behavior observed in
bats [e.g., 70, 17, 7, 63], the simulated interpulse interval
(IPI) was modeled as dependent on the distance to the
prey. Based on data reported by Saillant et al. [56] for the
big brown bats, Eptesicus fuscus, we modeled the pulse
interval to change linearly from 100 to 20 ms for distances
of 300 to 75 cm from the prey (see Fig. 4a). We limited
the mimimum IPI value to 20 ms as this is the minimum
reaction time of the bats reported in [16]. For every sim-
ulated call, the echo strength S

e

was calculated (see [60])
as follows,

S

e

= 120� 40 ⇤ log10
d

p

0.1
+ 2↵

f

· d
p

+ C (1)

Equation 1 gives the echo strength S

e

, in decibel SPL, 144

arriving at the bat (before being filtered by the head re- 145

lated transfer function, see below). The call strength is 146

taken to be 120 dB at a reference distance of 10cm. The 147

distance to the prey is denoted by d

p

. The parameter C 148

determines the target strength. We set C =-20dB, i.e. the 149

value reported by [60] for the target strength of a spherical 150

reflector (diameter 4cm) at the same reference distance of 151

10cm. Equation 1 assumes two-way spherical spreading. 152

This assumption has been shown to be justified both for 153

the outgoing waves [24] and the returning echoes [60]. 154

In equation 1, ↵
f

denotes the frequency dependent at- 155
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Figure 1: Simulated directionality (combining the emission and the
hearing directionality) in the frontal hemisphere for Phyllostomus
discolor (data from De Mey et al. [9], Vanderelst et al. [65]). The
depicted directionality is for the left ear. The depicted frequencies
correspond to those used for modeling the localization process and
were obtained using equation 2.

mospheric attenuation of the echo. We approximated the156

attenuation for the broadband call using a single attenu-157

ation value for 70 kHz, lying halfway between the lowest158

and highest frequency of the modeled call (50-90 kHz, see159

below). Hence, ↵
f

was set to -2.63 dB/m.160

De Mey et al. [9] and Vanderelst et al. [65] simulated161

the hearing and emission directionality of Phyllostomus162

discolor, respectively. Using these data, we obtained a163

realistic directionality of a representative bat sonar sys-164

tem by combining simulations of the emission direction-165

ality and the hearing directionality of the left ear. Next,166

we interpolated the combined directionality of the sonar167

system in 1� steps from -90� to 90� in both azimuth and168

elevation. The directionality was normalized such that the169

maximum value across all frequencies and all azimuth and170

elevation directions was 0 dB. Note that through this pro-171

cedure we remove the possible gain of the bat’s pinnae [13]172

resulting in a conservative estimate of the bat’s detection173

threshold. We obtained the corresponding directionality174

for the right ear by mirroring the left ear data.175

Bats are thought to localize prey in azimuth and eleva-176

tion using predominantly binaural and spectral cues from177

their sonar [71, 58, 7, 40]. We propose a target localiza-178

tion, i.e. target direction estimation, mechanism based on179

binaural spectral cues that is very similar to the one pro-180

posed in Erwin et al. [10] and is a simplified version of181

the model we presented in detail elsewhere [53]. In sum-182

mary, due to the directionality of the sonar system, echoes183

returning from specific directions will have different spec-184

tral contents. By comparing the actual spectral content185

of the echo with the set of expected spectra, one for ev-186

ery (azimuth,elevation)-pair, derived from the directional-187

ity we estimate the azimuth and elevation of the prey.188

To extract these spectral cues we propose a highly
simplified functional model of the processing in the bats
cochlea keeping the overall model as general as possible.
Hence, we limit the characterization of the echo spectrum
to the set of responses of a minimum number of frequency
channels using the concept of rectangular bandpass fil-
ters with Equivalent Rectangular Bandwidths (ERB). This
concept was introduced by Glasberg and Moore [21] as a
convenient approximate psychophysical model for periph-
eral filtering in human hearing. The frequency range from
50 to 90 kHz, i.e. the frequency band P. discolor emits
most energy in [65], can be covered by choosing 5 non-

overlapping rectangular bandpass filters with central fre-
quencies f

k

, k = 1 · · · 5 shown in Fig 1 and corresponding
bandwidths ERB(f

k

), k = 1 · · · 5 given by the formula
proposed by Glasberg and Moore [21],

ERB(f) = 24.7 · (4.37 · f

1000
+ 1). (2)

Note that this formula was derived for humans for the fre- 189

quency range f =100Hz-10kHz. Hence, we do not intend 190

to claim that this is a realistic approximation of the bat0s 191

peripheral frequency selectivity but we consider it a lower 192

boundary of the spectral information extracted from the 193

echo. Furthermore, using such a model allows treating the 194

noise in the various frequency channels as independent, 195

again simplifying further processing. 196

Prey localization in the simulation is then performed as
follows. For each simulated call, the spectral template ~t

�,✓

closest to azimuth �

p

and elevation ✓

p

is extracted from the
directionality and combined with the echo strength value
calculated before

~

t

�p,✓p = [L
�p,✓p,f1 · · ·L�p,✓p,f5, R�p,✓p,f1 · · ·R�p,✓p,f5]+S

e

(3)
with L

�,✓,fi

and R

�,✓,fi

denoting the directionality depen-
dent gains for the five frequency channels for the left and
right ear, respectively (depicted in Fig, 1). Independent
noise is then applied to each of the values in ~

t

�p,✓p resulting
in the simulated measurement corrupted by noise,

~

t

0
�,✓

= ~

t

�p,✓p +N (0,⌃) (4)

with ⌃ a diagonal matrix. The values in ~

t

0
�,✓

smaller than
20dB are fixed at 20dB to model the information loss in
frequency channels that fall below the noise level. The
value of 20dB SPL is widely used as the functional detec-
tion threshold of the bat when hunting in the wild [60].
Finally, the perceived azimuth and elevation position, �̂

p

and ✓̂

p

, of the prey were determined by finding the tem-
plate corresponding with an echo from � and ✓ for which
k~t

�,✓

� ~

t

0
�,✓

k is smallest

(�̂
p

, ✓̂

p

) = Min(�,✓){k~t�,✓ � ~

t

0
�,✓

k} (5)

Figure 2 depicts the resulting localization performance 197

of the simulated bat as a function of the azimuth and el- 198

evation of the prey, �

p

and ✓

p

, and the distance to the 199

prey d

p

. It can be seen that accuracy of prey localization 200

decreases rapidly for peripheral positions with increasing 201

prey distance. 202

2.2.2. Motor behavior: Rotation 203

Both nasal [65] and mouth emitters [64, 30] emit highly 204

directional sonar beams. The ears further increase the 205

directionality of the sonar system [65, 49, see also figure 206

1]. As a result, peripheral reflectors return weaker echoes 207

and are localized with less precision [53, 71, see also figure 208

2]. 209
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Figure 2: Simulated prey localization errors (in degrees) in azimuth
and elevation as a function of the position in the frontal hemisphere
and distance. These plots confirm the intuition that localization
should be better around 0�azimuth and elevation than in the pe-
riphery. Also, this figure shows that prey localization is impossible
at distances beyond 5m.
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Figure 3: (a) Reference frames fixed to the world XY ZW , the body
XY ZB and the head XY ZH . Gaze direction (=XH) relative to the
body frame. (b) Prey direction relative to the head frame.

This suggests that a bat tracking prey should benefit
from keeping the target in the center of its beam. There is
ample evidence confirming that this is what bats do. For
example, Ghose and Moss [17] observed the behavior of
Eptesicus fuscus performing captures of tethered insects
in the lab. These authors reported the bats centered their
beam on the target. During the last 300 ms of a capture,
sequence bats locked their beam onto the target with a
standard deviation of about 3 degrees. Further evidence
suggests that tracking of targets is accomplished purely
reactively. The bat seems to update its gaze direction
based on the last perceived position of the prey [43]. Based
on these findings, we modeled the change in the bat’s gaze
after the reception of each echo by assuming constant head
rotation speeds given by,

�̇

g

=
�̂

p

IPI
, ✓̇

g

=
✓̂

p

IPI
(6)

with the estimated prey direction �̂

p

, ✓̂

p

given by Eq.(5) 210

and IPI denoting the inter pulse interval. This guaran- 211

tees that by the time the next call is emitted the bat0s 212

gaze direction will point towards the last estimated prey 213

direction. 214

To limit the head orientation relative to the body to 215

feasible values we imposed constraints on the gaze direc- 216

tions �

g

and ✓

g

. We assumed the bat could rotate its 217

head in azimuth from -90� to 90�. In elevation, we as- 218

sumed ✓

g

could range from -45� to 45�. Both the roll 219

of the head (with respect to the body) and that of the 220

body (with respect to the world frame) were limited to 221

30�and 60�, respectively. Seibert et al. [57] reported on 222

the scanning behavior of Pipistrellus pipistrellus during 223

flight. These authors found that Pipistrellus pipistrellus 224

moved its acoustic gaze by maximally 40� between subse- 225

quent calls with average interpulse interval varying from 226

86 to 97 ms. Hence, the maximum observed head rotation 227

velocity in their study was about 400�/sec. Therefore, 228

we limited both rotation speeds �̇

g

and ✓̇

g

to the range 229

[-400�/s, 400�/s]. Finally, we also limited the maximum 230

acceleration of the head to 5000�/s2 based on the data 231

from [61], see figure 4d)-e). 232

Ghose and Moss [18] and Falk et al. [11] found that 233

the flight path of bats is linked to its gaze direction by a 234

Delayed Linear Adaptive Law. In line with the model they 235

propose to capture this behavior, we modeled the change 236

in yaw and pitch (Ẏ
b

and Ṗ
b

, respectively) as given by 237

equations 7 and 8, 238

Ẏ
b

(t+ ⌧) = k · �
g

(t) (7)

Ṗ
b

(t+ ⌧) = k · ✓
g

(t) (8)

In these equations, Ẏ
b

and Ṗ
b

denote the rotational 239

velocities of the bat at time t + ⌧ . In other words, these 240

equations denote the change in flight direction (see Fig. 241

3). The terms �

g

and ✓

g

denote the gaze direction (with 242
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Table 1: List of values for ⌧ (in ms) and k observed by Ghose and
Moss [18] and Falk et al. [11] in flight room experiments for Eptisicus
Fuscus capturing tethered insects.

Reference Condition Stage ⌧ k

Falk et al. [11] Open Search 108 3.27
Falk et al. [11] Forest Search 112 2.93
Falk et al. [11] Open Buzz 52 9.17
Falk et al. [11] Forest Buzz 128 7.33
Ghose and Moss [18] Search 148 3.21
Ghose and Moss [18] Buzz 96 6.26
Ghose and Moss [18] Tracking 128 4.24

respect to the body frame, fig. 3) while k is a gain pa-243

rameter. The parameters k and ⌧ that best describe the244

behavior of the bat have been found to vary across condi-245

tions and stage of prey capture [18, 11] (see table 1). In this246

paper, we ran simulations using the values of k = 3 and247

⌧ = 150ms, i.e. values appropriate when modelling the248

Search/Approach phase of the hunt. We chose to model249

this phase (IPI>20 ms [11]) as it is not clear to what extent250

the bat can still adapt its flight path to the information251

received during the Buzz phase.252

Falk et al. [12] had Eptesicus fuscus execute tight turns253

between passages in two closely spaced mist nets. The bats254

approached the second passage using climb rates of about255

30�. Assuming that descend rate should be at least equal256

to the achievable climbing rate, we limited the pitch P
b

to257

the range [-30�, +30�].258

Aerodynamic constraints limit the maximum turning259

rate of a bat [3]. In particular, the maximum turning260

rate is inversely related to the flight speed [25]. In this261

paper, we limited the yaw turning rate Ẏ
b

based on the262

flight paths of Myotis daubentoni as recorded by Jones263

and Rayner [31]. We fitted a linear model to the log-264

arithm of the speed and angular velocity data (see 4b).265

For simulated bat velocities below the range of the data266

covered by Jones and Rayner [31], we fixed the angular267

velocity to the maximum fitted value. The turning rates268

thus obtained are more conservative than those reported269

by Holderied and Jones [25] (see 4b). In the absence of270

separate data on yaw and pitch rotations, we imposed the271

same limitation on the pitch rotational velocity Ṗ.272

2.2.3. Motor behavior: Speed control273

Bats adjust their speed while pursuing prey [e.g., 19,
31]. In our simulations, the bat slows down as the gaze
angles �

g

and ✓

g

become larger. The rationale for this
assumption is that large gaze angles indicate that the bat
is overtaking the insect prey. In effect, it indicates that the
bat is trying to look over its shoulder to keep the insect
within the beam and drive �

p

and ✓

p

to zero. Specifically,
we calculate the desired speed of the bat v

?

b

as,

v

?

b

= min[cos(�
g

), cos(2 · ✓
g

)]2 · v
max

(9)

making the desired speed of the bat at each point in the 274

simulation equal to the maximum velocity if the bat looks 275

straight ahead, i.e. �

g

= ✓

g

= 0. The desired speed is 276

reduced to zero if either �

g

= ±90 or ✓

g

= ±45 (i.e., the 277

maximum allowed gaze angles). 278

Some additional constraints were imposed on the ac- 279

tual speed v

b

of the bat. First, the minimum allowed ve- 280

locity was 0.5 m/s. Also, the acceleration and deceleration 281

of the bat were limited to 4 m/s2 and 10 m/s2, respectively. 282

These correspond to values observed by Jones and Rayner 283

[31, 32]. Finally, the maximum velocity v

max

of the bat 284

was limited to 5 m/s. This constraint was derived from 285

inspecting the flight speed profiles as reported by Ghose 286

et al. [19]. The simulations were started with the bat flying 287

at the maximally allowed speed. 288

2.3. Prey capture 289

The mouths of echolocation bats have small diameters, 290

i.e., typically less than 10 mm [e.g., 37, 30]. Therefore, 291

catching insects using only the mouth would require bats 292

to approach bats with an accuracy of less than 1 cm. How- 293

ever, bats often use their flight membranes as a way to 294

increase the catching volume [e.g., 35, 34, 68, 23]. Using 295

either the wings or the interfemoral membrane, they pouch 296

the insect and transfer it to the mouth. Gardiner et al. [14] 297

list the wingspan of 89 species of insectivorous bats (see 298

fig. 4c)). Based on their data and the finding that the tip 299

of the wing can be used to catch prey [68], we consider the 300

insect to be captured if the simulated bat approaches it 301

to within 10 cm. Alternatively, a simulated trial is ended 302

after 15 seconds or whenever (1) the distance between the 303

bat and prey comes to exceed 5 m or (2) the insect is no 304

longer detected by the bat. In our model, at 5 m distance, 305

localization of the insect is impossible due to the low echo 306

strength (Fig. 2) and the bat is assumed to have lost track 307

of the prey. 308

2.4. The Constant Absolute Target Direction Strategy 309

Bats have been suggested to follow a time-optimal strat- 310

egy to prey capture [19, 20], the so-called Constant Abso- 311

lute Target Direction Strategy (CATD). This strategy is a 312

mathematically optimal strategy in case the target moves 313

unpredictably. The CATD dictates the flight corrections 314

a pursuer should make in response to the pursued target. 315

Adhering to the CATD guarantees the shortest intercep- 316

tion time [33]. The CATD has also been suggested to 317

underlie the pursuit behavior of hoverflies, dragonflies [50] 318

and hawks [36] (but see Mischiati et al. [46]). 319

In this paper, we do not explicitly implement the CATD.
Hence, we wish to evaluate how closely the simulated flight
paths adhere to the CATD. Two criteria have been used to
quantify how well animals adhere to the CATD. First, the
Gamma statistic � has been used [e.g., 20, 19, 46]. This
statistic is calculated as follows

�

t

= cos(↵) (10)
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Figure 4: (a) Plot depicting the modeled inter pulse interval as a function of the distance to the prey target. The bat data was taken from
Saillant et al. [56]. (b) Modeled constraints on the angular velocity of the bat. Data from Jones and Rayner [31]. The grey band depicts the
maximum angular velocities observed by Holderied [26] for 13 species of bat. (c) Distribution of the wingspan of echolocating bats as reported
by [14]. (d-e) Data from Sumiya et al. [61, fig.2d therein] showing the changes in the gaze direction of Pipistrellus abramus during two
consecutive prey captures. The red bands in (d) indicate regions we were unable to extract data for. (e) Distribution of the head acceleration
calculated based on the data depicted in (d).
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e
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'
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Figure 5: (a) The angles �e, �, �

0 (see text) as defined in the xy-
plane. (b) The angle between the vector ~x pointing from the bat to
the prey and its derivative ~̇x (represented by its discrete approxima-
tion) is denoted by ↵.

with ↵ the angle between the vector ~x from the bat to the320

prey and its time derivative ~̇x, see fig. 5. If � = �1, the321

motion of the bat relative to the prey is along the vector322

~x.323

The second criterion that has been used is the error
angle �

e

, with �

e

= � � �

0, see fig. 5. This is the differ-
ence between the angle �

0, defined as the angle between
the vector ~x connecting the bat and the prey and the di-
rection of flight of the bat, and the value of the angle � as
prescribed by CATD and given by equation 11, see [19]

� = sin

�1 vp sin �

v

b

(11)

with v

b

and v

p

the speed of the bat and the prey respec-
tively and the angle � defined as the angle between the
vector ~x connecting the bat and the prey and the direction
of flight of the prey. As shown in [19], the bat maneuvers
to reduce �

e

to zero during pursuit according to the law

d�

e

dt

= k

e

�

e

(t� ⌧

e

)

with k

e

a negative gain parameter and ⌧

e

a combination 324

of delays in various subsystems. It can be shown [19] that 325

when the stability constraint k⌧

e

> �⇡/2 is met �

e

will 326

converge to zero. 327

We will calculate these same measures for the flight 328

paths generated by our model and compare the statistics 329

with empirical observations reported by Ghose et al. [19], 330

[20]. This will allow us to assess how closely our modeled 331

bat follows the CATD. 332

3. Results 333

To evaluate the impact on the pursuit behavior of a 334

number of modelling choices we made, three conditions 335

were studied, each representing a different setting for the 336

parameters controlling the pursuit behavior. 337

• Condition 1: Maximum head acceleration is 5000�/s2, 338

k = 3 and ⌧ = 150 ms, variable speed according to 339

Eq.(9). 340

• Condition 2: Head is fixed to body, k = 3 and ⌧ = 341

150 ms, variable speed according to Eq.(9). 342

• Condition 3: Maximum head acceleration is 5000�/s2, 343

k = 3 and ⌧ = 150 ms, fixed speed v

b

= 2.5 m/s. 344

Condition 1 is the reference condition including all control
loops described above. Condition 2 is introduced as it
allows to judge the impact of an independently controlled
head on the pursuit behavior by comparing conditions 1
and 2. To implement condition 2 we modeled the change
in yaw and pitch (Ẏ

b

and Ṗ
b

, respectively) as driven by
the perceived azimuth (�̂

p

) and elevation (✓̂
p

) of the prey
(compare to equations 7 and 8),

Ẏ
b

(t+ ⌧) = k · �̂
p

(t) (12)

Ṗ
b

(t+ ⌧) = k · ✓̂
p

(t) (13)
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and kept the gaze direction equal to the flight direction.345

Condition 3 allows to judge the impact of the velocity con-346

trol loop introduced in the model. The speed value chosen347

was set to half the highest speed.348

For each condition, we ran 100 trials. Figure 6 collects349

basic statistics about the flight paths for each of the three350

conditions. Figures 7 and 8 show exemplary flight paths351

obtained for each of the three conditions. Visualizations352

of all simulated trajectories are provided as supplemen-353

tary material. Capture success and duration varied signif-354

icantly across conditions. The simulated bat was able to355

catch the insect in about 75 percent of trials in condition356

1. When fixing the head the capture probability is reduced357

to about 35 percent, whereas fixing the speed at 2.5 m/s358

reduces the capture probability even more to about 25 per-359

cent Statistics in the remainder of the paper only pertain360

to the trials in which capture was successful.361

Comparing the trajectories shown in Figures 7 and 8362

for condition 1 shows that while CATD-like trajectories363

can clearly arise from a reactive controller this is not guar-364

anteed to be the case (the paths for all replications are365

provided as supplementary material). The paths for con-366

dition 2 are simpler, i.e. contain less loops, when compared367

to those for conditions 1 and 3, as also confirmed by the368

shorter average duration of the condition 2 paths that lead369

to capture (see Fig. 6). Comparing the paths for condition370

3 with those for conditions 1 and 2 it can be seen that the371

radius of curvature for the loops is larger for condition 3.372

For conditions 1 and 2 the controller will typically reduce373

the speed when turning as both the turning and the speed374

reduction are caused by the prey moving towards the pe-375

riphery of the field of view. This speed reduction will result376

in a tighter turn than is possible with a constant speed of377

2.5 m/s as is the case for condition 3.378

Figure 9 shows the mean value of � as a function of time379

for the last second before capture. The figure compares the380

simulation results with the average � as observed by Ghose381

et al. [20]. The figures reveal that for all conditions the382

simulated bat trajectories tend to converge to � = �1 close383

to capture in accordance with the evidence from the real384

bat experiments. However, close to capture, the gamma385

values obtained in the simulations tend to be somewhat386

higher than those reported by Ghose et al. [20].387

Figure 10 depicts the error angle �

e

as a function of388

time over the last second before capture. As for the �389

criterion, the simulated data are compared with empiri-390

cal data. Ghose et al. [20] reported the �

e

for a number of391

capture trials. Here, we have extracted the envelope of the392

error traces reported by Ghose et al. [20]. We extracted,393

for each instance the largest positive and negative value394

for Y
e

from the reported traces. In this case, the sim-395

ulated values of �

e

for condition 1 remain contained the396

most within the empirical error envelope [20], in particular397

when close to target, but the differences with the results398

for conditions 2 and 3 are small.399

Figure 11 depicts for the three conditions the fit to400

the data of the delayed differential model for the error401

angle �

e

proposed in [19]. For all three conditions the 402

value of the product k

e

⌧

e

, respectively given by -0.36, - 403

0.17 and -0.48, all comply with the stability constraint 404

k

e

⌧

e

> �⇡/2. The value ⌧

e

= 120 ms extracted from the 405

experimental data in [19] falls in between the delays ⌧
e

for 406

conditions 1 and 2, the gain k

e

= �3.55 extracted from the 407

experimental data is higher than the corresponding values 408

for all conditions. Overall the values for condition 1 match 409

the experimentally observed ones the best. 410

4. Discussion 411

To the best of our knowledge, we present the first model 412

to decouple the head rotation from the body rotation by 413

implementing the adaptive control law as proposed by 414

Ghose and Moss [18] and Falk et al. [11]. Our results show, 415

that in combination with reactive beam aiming [43], this 416

mechanism is sufficient to support capture of erratically 417

moving prey. As in the work of Kuc [38], Masters [44] and 418

Bar et al. [4], our model consists entirely of reactive (non- 419

predictive) loops. Erwin et al. [10] conducted experimental 420

trials with real bats to calibrate their model. In these ex- 421

periments, bats often flew past the prey, looped around, 422

and returned to capture the prey. This lead them to adapt 423

their model to include a predictive mechanism to initiate 424

this looping. In our model, such a mechanism is absent. 425

Nevertheless, we observed (qualitatively) similar behav- 426

ior: simulated bats that missed the target looped around 427

coming in for another attempt. This behavior is a direct 428

result of the decoupling of the gaze direction and the flight 429

direction, as commonly observed in bats [17, 57, 17, 20]. 430

Indeed, contrary to the assumption made by the prey pur- 431

suit models proposed so far [10, 38, 44, 4], flight and gaze 432

directions can (and often do) differ. Our results indicate 433

that this divergence between flight direction and gaze di- 434

rection allows both our model and the real bat to fly past 435

the prey while still focusing on it. The time delayed cou- 436

pling then describes how the flight direction ’catches up’ 437

with the gaze direction. 438

The advantages for a bat of decoupling gaze and flight 439

direction derive from the considerably different response 440

times of the body and the head. The head has low inertia 441

and short response time. In contrast, the body (deter- 442

mining the flight direction) has higher inertia and longer 443

response time. The difference in responsiveness between 444

the two systems can be appreciated by evaluating the his- 445

tograms of the instantaneous angular accelerations of both 446

the head and the body (Fig. 12). The distributions of the 447

angular accelerations of the body are localized around zero 448

degrees per second. In contrast in conditions 1 and 3, the 449

angular accelerations of the head are more uniformly dis- 450

tributed and correspond with the maximum values much 451

more often indicating that the controller makes extensive 452

use of the higher responsiveness of the head. It should 453

be pointed out that these extreme values mostly occur to- 454

gether with short interpulse interval values, resulting in 455

small actual head/gaze angle corrections. Note that in 456
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Figure 6: Basic statistics about the flight paths for each of the three conditions. (a) Capture success rate, (b) Boxplot of average velocities
across trials (only trials in which the bat captured the prey are included), (c) Boxplots of flight durations across trials (only trials in which
the bat captured the prey are included). P-values above each panel refer to the results of a Kruskal-Wallis H-tests for independent samples.

Figure 7: Example flight trajectories resembling the paths resulting from the CATD for each of the three conditions: (left) condition 1,
(middle) condition 2, (right) condition 3. Top row: top views. Bottom row: Side views.
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Figure 8: Example flight trajectories different from the paths resulting from the CATD for each of the three conditions: (left) condition 1,
(middle) condition 2, (right) condition 3. Top row: top views. Bottom row: Side views.

Figure 9: Plots of the distribution of �t (eq. 10) as a function of time to capture. In each panel, the heat map depicts the distribution of �t
for the current simulations. The overlaid curves show the data from behavioral experiments reported by Ghose et al. [20] and the mean and
median values of �t for the simulations.

Figure 10: Plots of the distribution of �e (eq. 11) as a function of time to capture. In each panel, the heat map depicts the distribution of
�e for the current simulations. The overlaid curves show the data from behavioral experiments reported by Ghose et al. [20] and the mean
and median values of �e for the simulations.
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Figure 11: Fitting the evolution in time of �e by the delayed differential equation d�e
dt

= ke�e(t� ⌧e) as proposed in [19].

Figure 12: Distribution of the angular accelerations of the head and
body in the different conditions. Top row: yaw, bottom row: pitch.

condition 2 the head is fixed and this extra degree of free-457

dom can not be exploited by the controller.458

In summary, our simulations suggest that the high re-459

sponsiveness of the gaze direction together with its partly460

uncoupled nature from the flight direction, allows bats to461

pursue and capture insects using reactive control. Rapid462

gaze shifts seem to be a bat’s way of coping with unpre-463

dictable prey behavior and the limited field of view sonar464

provides [62]. Modeling the gaze direction as fixed with465

respect to the body could explain why previous modeling466

studies reported low capture rates using reactive pursuit467

strategies. Indeed, as shown in figure 6, fixing the head468

to the body has a detrimental effect on the success rate.469

This confirms that, at least in our simulations, decoupling470

the head and the body is critical for successful capture.471

We did not explicitly model the CATD. Nevertheless,472

we found that the error angles �

e

and their evolution in473

time as well as the �-statistic corresponded largely to the474

values reported by Ghose et al. [19, 20]. In particular, the475

median and average values for �
e

were close to 0 (fig. 10).476

In addition, � approached -1 close to capture (fig. 9). Al-477

though, the values for gamma, close to capture, were found478

to be larger than those reported by Ghose et al. [20] and479

the numerical values of the parameters k

e

and ⌧

e

differed480

from the ones experimentally derived by Ghose et al. [19].481

Looking at the trajectories in our simulated hunting se-482

quences, we notice that some trials resemble the behavior483

reported by Ghose et al. [19, 20] very closely while others 484

are clearly different. Therefore, we conclude that flight 485

paths resembling those predicted by the CATD can arise 486

from different control strategies, e.g. the one proposed 487

in this paper, provided the right conditions, i.e. initial 488

prey position and flight direction relative to the bat, are 489

present. 490

So far, the CATD has only been demonstrated in two 491

studies on the same species of bat (Eptesicus fuscus). There- 492

fore, it remains to be seen how wide-spread this strategy 493

is across species and environmental conditions. Indeed, 494

the flight paths reported by Corcoran and Conner [8] of 495

Myotis volans chasing moths seem to indicate that the 496

CATD might not be used by all species of bat in all situa- 497

tions. Given our finding that CATD-like paths can result 498

from other pursuit strategies and the limited evidence on 499

the CATD across species and conditions, we suggest that 500

further studies are needed to elucidate when bats use the 501

CATD. 502

Evasive responses elicited by bat calls have been doc- 503

umented in a range of insect prey [28]. Several authors 504

have assessed the evasive behavior of moths [55, 67] and 505

other prey [e.g. 45, 42, 20]. Nevertheless, only limited data 506

on the actual flight paths of insect prey showing evasive 507

behavior are available [8, 20]. Data on the flight paths of 508

unresponsive prey, i.e. insects showing no evasive behav- 509

ior, are even more scarce. Hence, we reverted to modelling 510

prey as executing random trajectories. A similar approach 511

was taken by Kuc [38]. However, as the behavior of the real 512

bat is driven by the motion of the prey, the dynamics of 513

the prey’s flight will determine which strategies are feasible 514

and optimal [52]. Hence, as an alternative to the CATD 515

hypothesis proposed by Ghose et al. [19, 20], we conjec- 516

ture that CATD-like paths observed in real bats when 517

confronted with real prey are an emergent phenomenon 518

arising from the interaction of a reactive pursuit strategy 519

with real prey flight dynamics. At this moment however, 520

insufficient data on the flight behavior of real prey is avail- 521

able to decide between these two alternative hypotheses. 522

We conclude that prey behavior represents an important 523

hiatus in our current understanding of sonar based prey 524

capture 525
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