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A computational sensorimotor model of target capture behavior by the echolocating bat, Eptesicus
fuscus, was developed to understand the detection, localization, tracking, and interception of insect
prey in a biological sonar system. This model incorporated acoustics, target localization processes,
flight aerodynamics, and target capture planning to produce model trajectories replicating those
observed in behavioral insect capture trials. Estimates of target range were based on echo delay,
azimuth on the relative intensity of the echo at the two ears, and elevation on the spectral pattern of
the sonar return in a match/mismatch process. Flapping flight aerodynamics was used to produce
realistic model trajectories. Localization in all three spatial dimensions proved necessary to control
target tracking and interception for an adequate model of insect capture behavior by echolocating
bats. Target capture using maneuvering flight was generally successful when the model’s path was
controlled by a planning process that made use of an anticipatory internal simulation, while simple
homing was successful only for targets directly ahead of the model bat. © 2001 Acoustical Society
of America. 关DOI: 10.1121/1.1381026兴
PACS numbers: 43.80.Ka, 43.80.Lb, 43.58.Ta, 43.60.Cg, 43.60.Lq 关WA兴

I. INTRODUCTION

Bats use active sensing by echolocation for spatial orientation with acoustic signals. This involves the transmission, reception, and processing of ultrasound, and yields spatial acoustic information about the environment. Animal
sonar systems operate with sensorimotor feedback control, in
which spatial acoustic information carried by echoes guides
behavior. In echolocating bats, echo-dependent motor behaviors include adjustments in the position of the head and pinnae, in the activity of the muscle groups controlling the flight
path, and in the production patterns of sonar signals. The
bat’s motor responses 共head, pinna, and body movements;
sonar vocalizations兲 to spatial information carried by echoes,
in turn, have a direct impact on the acoustic input to its sonar
receiver 共Valentine and Moss, 1998兲. Biological sonar thus
requires the coordinated operation of auditory and motor systems, and a central goal of this modeling study is to deepen
our understanding of these component systems and their interactions.
Acoustic information carried by sonar reflections allows
the echolocating bat to determine the three-dimensional 共3D兲
position of a target in space. The arrival time, intensity, and
spectrum of echoes at the two ears encode the location of an
object in azimuth and elevation. In terrestrial animals, azimuth can be estimated from interaural time- or intensity difference 共ITD or IID兲 cues 共Blauert, 1997; Grothe and Park,
1998; Harnischpfeger, Neuweiler, and Schlegel, 1985; Shia兲
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mozawa et al., 1974; Simmons et al., 1983兲. However, Pollak 共1988兲 has shown that time and intensity trade off in
binaural auditory neurons, which supports the alternative
view that ITDs are not useful cues for localization in bats
since the maximum ITDs 共no greater than 55 s in E. fuscus;
Koay et al., 1998兲 are much smaller than the neural latency
shifts introduced by head shadowing 共several ms in Jen and
Chen, 1988; discussed in Moss and Schnitzler, 1995; Pollak,
1988兲. Elevation can be estimated from interaural differences
in the return spectra generated by the structure of the pinna
and tragus 共Grinnell and Grinnell, 1965; Lawrence and Simmons, 1982; Wotton, Haresign, and Simmons, 1995, 1996;
Wotton and Simmons, 2000兲 or by asymmetric movements
of the pinna 共Mogdans, Ostwald, and Schnitzler, 1988;
Walker, Peremans, and Hallam, 1998兲, as seen in Rhinolophus ferrumequinum. In E. fuscus, the elevation-dependent
spectral profile of the echo appears to be important, as this
species’ pinnae do not have the mobility seen in R. ferrumequinum. The third dimension, the distance between the bat
and a target, can be determined from the time delay between
the outgoing sound and the returning echo 共Hartridge, 1945;
Simmons, 1973兲.
To capture prey successfully, the bat must control its
flight path to arrive at a location within 2–3 cm of the insect
共Trappe and Schnitzler, 1982; Webster and Griffin, 1962兲.
Often the bat positions itself above the prey item to scoop it
up with its tail membrane, requiring precise information
about target azimuth, elevation, and distance. Webster and
Brazier 共1965兲 discuss the accuracy of this positioning,
pointing out that in wingtip captures, ‘‘the very tip of the
wing is often bent over to form a catching shelf or groove
about half an inch square.’’ The bat’s capture plan is ex-
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pressed as adjustments in the flight path, changes in the call
generation pattern, and the timing and coordination of the
final capture maneuver with the wing or tail membrane. An
important question is whether the bat controls this process by
anticipating or predicting the future position of the target or
using the current position estimate in a nonpredictive mode.
This question can be fully addressed only when a moving
target is present, but some insight can be derived from studies of stationary target capture, as some basic nonpredictive
tactics such as simple homing are identifiable.
A second question concerns the directional components
of the target’s position that may be required by the bat’s
sonar system at various stages of insect capture. Range, azimuth, and elevation information characterize a target’s position in 3D space, and can be used in any strategy. Azimuth
and elevation without range can be used by simple nonpredictive strategies, such as lead pursuit 共where the bat aims to
fly ahead of the target兲, lag pursuit 共where the bat aims behind the target兲, and simple homing 共where the bat flies at the
target兲. The bat can also triangulate a stationary target from a
distance to fully localize it without using range. Azimuth and
elevation need not be estimated simultaneously, but can be
estimated over a series of sonar signals if the bat modulates
the acoustic input to its two ears by rotating its head or
flicking its ears, providing enough data to localize a nonmaneuvering target in both azimuth and elevation. This mechanism appears to be used by the bat, R. ferrumequinum
共Mogdans et al., 1988; Walker et al., 1998兲. Whether the bat
requires target range information to successfully intercept insect prey is important, as localization parameters provide the
primary input to the bat’s capture planning algorithm.
A third question involves the bat’s control of its head
aim when it pursues targets on the wing. In particular, where
is the bat directing its sonar beam when it tracks and intercepts insect prey? The direction of the beam affects the values of the localization cues used by the bat to estimate azimuth and elevation and is an input to the algorithm by which
those cues are extracted from the return. The bat’s head aim
is difficult to observe in wide-angle infrared video recordings
of target capture in a laboratory flight room, but Webster and
Brazier 共1965兲 in high-speed photographic studies of insect
pursuits on the wing and Masters et al. 共1985兲 in a study of
target tracking from a platform have reported that bats keep
head aim locked to the target with an accuracy of about ⫾5
deg. This question can be addressed indirectly by modeling
the head aim process to determine whether the model bat
must turn its head to face a target to produce the localization
accuracy needed for successful insect capture.
Masters 共1988兲 and Kuc 共1994兲 have published computational models of the prey-capture process. Masters followed up on experimental work by Webster and Brazier
共1965兲, who had reported that bats accustomed to catching
Drosophila in the lab showed progressive changes in their
behavior when presented with mealworms projected ballistically in the air over a series of trials. At first the bats attempted to catch the mealworms by flying above them, but
later modified their flight paths to approach the insects from
below. These observations suggested to them that the bats
J. Acoust. Soc. Am., Vol. 110, No. 2, Aug. 2001

had learned the motion of the targets and were adjusting for
it in their capture planning.
Masters modeled the bat’s flight path as it followed three
strategies: nonpredictive, predictive one sonar pulse ahead,
and predictive to the path intersection. The target was modeled to follow a ballistic trajectory, and the bat’s flight aerodynamics was modeled assuming a fixed minimum turning
radius and a constant velocity. He showed that the curvature
of the model bat’s flight trajectories indicated the strategy
used; he also demonstrated that a nonpredictive strategy was
feasible, and observed that the bat’s previous experience with
the target trajectory was a potentially confounding variable.
Kuc 共1994兲 developed his model to better understand the
sensorimotor processes in prey capture by echolocating bats.
He simulated a call consisting of a 25-kHz fundamental and
a single 50-kHz overtone and used simple models of the
beam pattern and the transfer characteristics of the bat’s ear
and head. The model did not perform complete localization;
instead, range was used only to schedule the calls. Kuc’s
model controlled flight by using a simple homing strategy,
zeroing the offset of the target from a center axis by measuring the difference between the return intensities at the two
ears for azimuth and the difference between the intensity in
the fundamental and overtone for elevation. The model
homed on the target and collided with it. The model bat’s
reaction time was set equal to the intercall interval, which
became unrealistically short during the terminal buzz. Aerodynamics was simplified, with the model bat flying at a constant speed, without banking, and with a unlimited turn rate.
Kuc’s model bat captured targets using simple homing
based on azimuth and elevation, and he showed that narrowband measurements of target intensity in each ear at 25 and
50 kHz were sufficient to support this. His model was successful for stationary targets, but his assumptions did not
include the fine coordination of spatial acoustic information
and orienting behavior that is observed in natural insect capture maneuvers by echolocating bats.
Our present paper reports the initial results from a twophase study of bat sensorimotor integration. The first phase
involved the development and calibration of a computational
model of the prey-capture process and an investigation of the
positional cues and motor behaviors likely to be required for
the successful capture of a stationary target. This refined
Kuc’s approach by the inclusion of biologically realistic data
on call acoustics, aerodynamics, and target localization, with
the goal that the model would replicate the complex maneuvers seen during insect pursuit and capture. Empirical data
were used to calibrate and validate the model, ruling out
various alternative algorithms for target localization and capture planning. The second phase introduces moving targets to
fully investigate whether the bat uses predictive or nonpredictive strategies to capture insect prey on the wing, and our
findings from the second study will be reported in a subsequent publication.
II. METHODS
A. Behavioral calibration

Measurements of the flight and acoustic behavior of bats
during capture of stationary targets 共tethered mealworms,
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Tenebrio molitor兲 in an open room were used to provide data
for calibrating and validating the model. The methods used
to collect and analyze these data are described in Wilson and
Moss 共2001兲 and are summarized below.
1. Animal subjects

The bats used in the behavioral trials were selected from
a group maintained in the bat vivarium at the University of
Maryland. These bats were collected 共in July and August of
1997兲 from private homes in Maryland, housed two or three
to a cage, exposed to a reversed 12:12-hour light–dark cycle,
maintained at 12–16 grams body weight, and fed during experiments. Animal husbandry was carried out in accordance
with guidelines established and overseen by the Institutional
Animal Care and Use Committee at the University of Maryland.
2. Behavioral studies of echolocation behavior

Seven echolocating big brown bats 共E. fuscus兲 were
trained to capture tethered whole mealworms 共T. molitor兲 in
a large flight room (6.4⫻7.4⫻2.6 m) with the ceiling and
walls lined with acoustical foam 共Sonex™, Illbruck兲 and a
carpeted floor. Insect capture data from two of the bats were
used in the calibration trials, and data from the other five
were used in the validation trials. Two genlocked 共frame synchronized兲, high-speed video cameras 共Kodak MotionCorder,
640⫻240 pixels, 240-Hz frame rate, and 1/240-s shutter
speed兲 were positioned just below the ceiling in opposite
corners of the flight room. A volume 2.2⫻2.2 共horizontal兲
⫻1.6 m 共vertical兲 within the region defined a calibrated
space for reliable 3D reconstruction of the bats’ flight path. A
calibration frame 共Peak Performance Technologies兲 was
placed in the center of the flight room and videotaped by
both cameras prior to each recording session.
Experiments were carried out using only longwavelength 共⬎650 nm兲 lighting 共Plexiglas #2711, Reed Plastics, and Bogen Filter #182兲 to eliminate the use of vision by
the bats 共Hope and Bhatnagar, 1979兲. Mealworms were suspended at a height of about 1.0 m above the floor by
monofilament line 共Trilene Ultra Thin, 0.1-mm diameter兲
within a 5.3-m target area in the center of the room. Once
each bat achieved a consistent capture rate of nearly 100%,
audio and video recordings of its capture behavior began.
A small marker 共Scotchlite™ reflective tape folded to
present eight reflective surfaces from different angles兲 was
glued to the bat’s head and/or back where fur had been removed by depilatory cream 共Nair®兲. This marker reflected IR
back to the cameras as a bright spot that was used to help
track the bat’s position during subsequent reconstruction of
its three-dimensional flight path.
A mealworm was suspended at a randomly selected location within the target area, and then the bat was released in
a random direction to orient on the target area and find the
mealworm. So that the bat would not memorize the target
area, the mealworm was suspended outside the calibrated
region of the room 50% of the time, and those trials were not
video recorded.
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The high-speed video cameras were used to record target position, bat flight path, and capture behavior. The resulting images were used in calculation of the three-dimensional
positions of the bat, target, and microphones.
Echolocation signals were recorded using two ultrasonic
transducers 共Ultrasound Advice兲 placed within the calibrated
space. Microphone output was amplified 共Ultrasound Advice兲 and recorded on direct channels of a high-speed tape
recorder 共Racal Store-4 at 30 in. per s兲. An FM channel of
the tape recorder was used to record TTL synch pulses corresponding to the start of each video frame and gated to the
end of video acquisition.
B. Model description

1. Programming

The model was developed using the C⫹⫹ programming
language 共ISO/IEC, 1998; Stroustrup, 1997兲 running on a
Macintosh computer. The Metrowerks Codewarrior PRO 5.0
C⫹⫹ programming environment was used.
The model was a combined continuous/discrete event
simulation, with the system state elements that change continuously updated at each event. It was written using both
object-oriented and generic programming techniques
共Austern, 1998兲, making use of a time-ordered queue to sequence the scheduling and execution of events, and updating
the continuous components of the system state from event to
event using an adaptive 4th/5th-order Runge–Kutta integration algorithm 共Press et al., 1988兲. There was an event every
1/240th second synchronous with each video frame and additional events that were scheduled asynchronously.
2. Model design

The model consisted of five major functions, which ran
asynchronously. The target position function was responsible
for maintaining and updating the target position, which in
this study was held fixed. The acoustics function was responsible for scheduling and generating the call, integrating its
position through space to the single target and back, and
triggering sensory processing after a specified reaction time
delay. The sensory processing function then used the echolocation return data to generate a measurement of the relative
position of the target for updating the target state estimate.
The motor planning function used the target state to plan and
control the motor actions of the model, and the motor response function finally maintained and updated the state of
the model bat.
3. Acoustics

Acoustics was modeled using the sonar equation 关Eq.
共1兲, based on Camp, 1970; Møhl, 1988; Skolnik, 1980兴, with
the SNRdB being the signal to noise ratio of the return in
decibels for each 1-kHz band. Target detection was assumed
to occur if the total signal energy between 25 and 40 kHz
exceeded an absolute detection threshold assumed to reflect
both the internal noise of the bat’s nervous system and sensitivity of its auditory receiver in that range of frequencies.
The components of the echolocation return signal—signal
level 共SL兲, transmission losses 共TL兲, and target strength
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共TS兲—were explicitly modeled. Of the noise components,
noise spectral density 共Nd兲 and noise bandwidth 共BW兲—the
product of which is the noise power entering the receiver in
the spectral frequencies to which it is sensitive—were assumed to be negligible relative to the detection threshold.
The directivity of the pinnae 共DI兲 was explicitly modeled.
Model calibration indicated that a signal level corresponding
to ⫺1 dB was strong enough for the model bat to detect a
simulated insect target at realistic ranges, and that figure was
used in the study.
共 SL⫺2TL⫹TS兲 ⫺ 共 No⫹BW⫺DI兲 ⫽SNRdB.

共1兲

Calibration data for the individual components of the
acoustics model were taken from the literature. A realistic
call pattern based on Hartley and Suthers 共1989兲 was used
with a maximum sonar transmission level of 104 dB peakto-peak sound-pressure level at 10 cm in the frequency range
of 30–33 kHz 共Kick, 1982兲. The model applied greater attenuation to high-frequency components of the call 共Hartley,
1989兲 as an adjustment to the transmission loss computed
from the spatial divergence of the signal. The target crosssection fluctuations were based on Griffin 共1967, Fig. 6, p.
291兲 and were modeled statistically, assuming a uniform distribution of orientations. The mean target strength 共TS兲 was
taken from data reported by Webster and Brazier 共1965, their
Figs. II-6 and II-7兲. The transfer function of the bat’s ear was
based on data reported by Wotton 共1994兲 and Wotton et al.
共1995, 1997兲.
For computational feasibility, the bat’s call was modeled
as an impulse in time 共rather than the bat’s FM sweep兲 with
a spectral intensity pattern that varied in azimuth and elevation. These patterns were stored in a table, and the model
interpolated linearly between tabulated points. The eartransfer functions were stored similarly in three-dimensional
tables, indexed by azimuth, elevation, and frequency. The
frequency range was from 20 to 80 kHz with an interval of 1
kHz, and the azimuth and elevation were indexed corresponding to 10-deg intervals between ⫺70 to ⫹70 deg.
Intercall intervals changed as a function of range and
were estimated from the vocalization data of the calibration
trials. The interval value at long range was 66 ms, and that
figure was used when the target was unlocalized or for azimuths and elevations where the model bat was not facing the
target. Otherwise, the scheduling of call emissions was based
on the model bat’s estimate of its range to the target.
The reaction time of the bat was modeled as a constant
100-ms delay between the reception of the sonar return and
the resulting update to the target state and changes to the
model’s behavior. This was chosen as a representative value
for auditory responses in bats 共Casseday and Covey, 1996兲
and is consistent with the reaction times reported in behavioral studies 共Cahlander, McCue, and Webster, 1964; Cahlander and Webster, 1960; Kalko, 1995兲. Reaction times of
50-, 200-, and 400-ms were also studied.
4. Sensory processing

Sensory processing was responsible for maintaining the
target state estimate. Range was estimated from the roundtrip acoustic travel time to the target and azimuth from the
J. Acoust. Soc. Am., Vol. 110, No. 2, Aug. 2001

intensity difference of the returns in the two ears. This algorithm was designed to produce an accurate range estimate
when the model bat was approaching the target. The time
associated with each measurement was the time of return
receipt, rather than the time the call was reflected by the
target, so that the raw range measurement had to be adjusted
for potential movement of the bat model towards the target
between the call generation and echo detection times. As a
result, when the model bat did not approach the target, the
range estimate had negative bias.
Azimuth was estimated by comparing the measured IID
with a set of standard values. These were produced based on
the response of the model to a set of standard spherical targets 共sized to produce a target strength change of ⫺20 dB at
10 cm兲 arrayed in azimuth at 2-m distance and 0 elevation.
The algorithm for elevation treated the wideband spectral
measurements as vectors in a high-dimensional vector space
共Apostol, 1967, Chap. 12兲 and computed the elevation estimate by comparing them to a set of standard spectra generated within the model for the standard targets positioned at 2
m, at 0 azimuth and at 10-deg elevation intervals. The elevation for the best matching spectrum was used as the elevation
measurement.
The model performed a state update only if the target
was detected in both ears. The algorithm for determining this
integrated the return signal energy in each ear in the frequency range between 25 and 40 kHz and compared that to
an absolute detection threshold. If the target was detected in
a single ear, the model bat turned towards that ear to increase
the target intensity in the other ear. If the target was detected
in both ears, the positional cue measurements were used by
the model to update the target state estimate.
The position and velocity of the target, of the model
bat’s body center of mass, and the model’s estimate of the
target position were stored in Cartesian coordinates, and the
bank angle of the bat was stored in radians. In the sensory
processing function, these were converted into range, azimuth, and elevation by translating to the head from the bodycentered coordinates and using the current direction of the
head and the current bank angle to define a head-centered
coordinate system. The inverse transformation was similarly
handled.
Alternative models of head aim behavior were explored
in the model and controlled by an input parameter, with the
bat either facing forward throughout the trial or facing the
target whenever it was localized in the forward hemisphere.
5. Motor planning

The motor planning function maintained a simple
scheme of action based on when the target had been detected, the target location estimate, and the state of the model
bat. The final capture maneuver was handled by having the
model level out and begin straight flight at a range of 0.28 m
from the target during final approach. This distance was
based on experimental data from the calibration trials showing the bat leveling out and extending its tail membrane to
form a pouch to capture the mealworm at about that distance.
Both simple target homing and an anticipatory algorithm
making use of a predictive internal simulation of the capture
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process to control the flight to the target 共Rosen, 1985兲 were
investigated for the motor planning function. The simple target homing algorithm was similar to that used by Kuc 共1994兲
and consisted of turning the flight vector of the model bat to
face the target.
The anticipatory algorithm was developed after it was
noted in the calibration trials that the real bat did not simply
home on the target, but often flew past, looped around, and
returned to capture the insect. In this algorithm, if an internal
simulation of the capture predicted that the trajectory generated by a simple homing strategy would miss the target location, additional tactics were implemented. The model first
attempted to tighten its turn by slowing. If that succeeded in
setting up a capture, the model bat would follow a tight
circle into the target, similar to the trajectories seen in some
calibration trials. If that then also failed, the capture attempt
was abandoned, with the model climbing away from the target and returning for a second attempt.

pixel resolution using magnification. The reflective marker
placed on the bat’s head and /or back was marked in each
video frame where visible. The trajectory was extrapolated
when the reflective marker was not visible over a segment of
video frames 共e.g., when concealed by a wing兲. The marker
spanned several video pixels, and the center of the marker
was estimated by eye and digitized.
The accuracy of the system was within ⫾0.5% over the
calibrated volume. The three-dimensional space calibration
frame provided 25 control points for direct linear transformation 共DLT兲 calibration. The calibration procedure produced a
mean residual error of 1.0 cm in each coordinate for the 25
control points.
The bat’s velocity was estimated from the difference between position measurements separated by a time interval of
100 ms, producing a mean error of 0.245 m/s. Acceleration
was estimated by measuring the change between two velocity estimates separated by a 200-m interval, resulting in a
mean error of 1.73 m/s2.

6. Motor response

The motor response function computed a thrust, lift, and
bank angle to execute the commands provided by motor
planning. Those values were then used to compute the current acceleration vector and the rate of change of bank as
input to a Runge–Kutta integrator to update the model state.
A simple flapping-flight model 共Rayner, 1979, 1987兲
was used to estimate the maximum lift and thrust combinations the real bat could generate at various airspeeds and
angles of attack. This was based on data from Norberg
共1987, 1990兲 and computed the lift, thrust, and drag of the
model bat flight stroke in 1/240th s increments, assuming
13.5 wingbeats per second 共Wilson and Moss, 2001兲. Each
wingbeat was modeled in ten equal spanwise increments.
The model bat was assumed to have a mass of 15 g, with a
30-cm wingspan and 0.015-m2 wing area, corresponding to a
slightly retracted wing. Stall angle used was 1/3 radian based
on von Mises 共1959兲. Velocity at the tip of the wing was 5
m/s. Bat speed was varied from 1.0 to 4.5 m/s and the resulting lift, thrust, and drag forces were computed for 0.1-radian
increments of the stroke plane angle from 0.0 to 1.0 radians.
The resulting values were then fitted with a second-order
polynomial approximation (r 2 ⫽0.99) to give an equation
that was used in the model.
Aerodynamic limits 共preferred speed and maximum tolerated acceleration兲 were estimated from an aerodynamic
analysis 共von Mises, 1959兲 of the calibration trial data. Behavioral data from the calibration trials showed that the bats
could decelerate as quickly as 4 m/s2, which was in excess of
the deceleration that drag alone would produce, so the model
was designed to use reversed thrust to slow.

2. Audio processing methods

The model was calibrated to replicate the bat’s intercall
timing 共onset to onset兲 as a function of range and orientation
relative to the target. This timing was derived from recordings of the bat’s sonar vocalizations processed from three
channels of the Racal Store-4 reel-to-reel recorder. Sounds
were played back at 1/4th the recording speed 共7.5 in/s兲 and
digitized using a National Instruments board 共AT-MIO-16-1兲
with a sampling rate of 60 kHz per channel, resulting in an
effective sampling rate of 240 kHz per channel. Custom software 共LABVIEW兲 trimmed the digitized audio data to begin
with the first and end with the last frame of video acquisition
and output files were exported to a digital signal-processing
program 共SONA-PC, Waldmann兲. Using Sona-PC, a fast Fourier transform 共FFT兲 was performed over 256 points per time
step, with 16 –20 points being replaced in each time step and
displayed as time waveforms and spectrograms. The onset
time, duration, and start- and end frequencies of the first
harmonic of the emissions were marked with a cursor on the
display and downloaded to a spreadsheet program 共MICROSOFT EXCEL 97兲. Audio and video data were then merged
in a single analysis file in order to associate vocal behavior
with bat position at call onset.

3. Statistical analyses and hypothesis testing

A commercial motion analysis system 共Peak Performance Technologies Motion Analysis System-Motus兲 was
used to digitize both camera views using a Miro DC-30 Plus
interface and to calculate the three-dimensional location of
points marked in both camera views. Digitization was to 1/4-

Statistical analysis of the modeling runs was performed
using the S-PLUS exploratory analysis tool 共Statistical Sciences, 1995兲. Measurements were stored in a relational database 共MICROSOFT FOXPRO兲, with each record containing the
sample values for the independent variables, the specific
group or case being studied, the time of the target capture,
and a ‘‘censoring’’ variable indicating whether the model run
was continued until capture occurred or terminated at 4 s.
For comparative analysis of multiple modeling runs, these
data were used as input for a statistical test consisting of a
combination of the log-rank test and the Peto–Wilcoxon test
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1. Video processing methods
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TABLE I. Statistical sensitivity of the model to variation in the calibration
data. The  2 statistic was computed using the log-rank test 共Harrington and
Fleming, 1982兲; d f —degrees of freedom, p—probability.
Case
Ear-transfer pattern
Call pattern
Target fluctuation
Target spectral
variation

2

df

p

0.1
3.4
0.2
1.2

1
1
1
1

0.801
0.0345
0.653
0.274

abilities greater than 80% occurring only within a zone that
was within 20 deg of the midline and between ⫹10 and ⫺10
deg elevation 关see Fig. 1共b兲兴.

2. Sensitivity

FIG. 1. Capture success fraction for 共a兲 anticipatory and 共b兲 simple homing
strategies in the right frontal half hemisphere both for a grid of target locations initially 2 m from the model bat, ten samples per position.

with an estimator approximately distributed as a chi-squared
statistic with one degree of freedom 共see Harrington and
Fleming, 1982兲.
III. RESULTS
A. Model calibration and validation

1. Calibration

The model was calibrated against the behavior seen in
16 empirical trials selected as representing typical target capture behavior in E. Fuscus. In these runs, the model bat was
given the same initial state 共body position and velocity兲 as
the real bat and modeled in its approach to the target. 共The
initial state was estimated from the position of the bat at the
beginning of the video recording and the velocity estimated
from the positions at the beginning and 100 ms later.兲 The
model was then calibrated by revising the algorithms of the
model and input parameters incrementally until the observed
behavior was replicated, much as a neural network is trained.
It was then validated against an additional 15 empirical trials
and finally run against a grid of standard spherical targets
positioned at 2 m from the initial position of the model bat.
The probability of capture of the standard targets using an
anticipatory motor planning algorithm is presented in Fig.
1共a兲. Capture probabilities of 80% or higher were seen for
initial elevations between 40 and ⫺10 deg out to 30 deg
azimuth, and for initial elevations between ⫺20 and ⫺30
deg out to 20 deg azimuth. Performance using the simple
homing strategy was markedly poorer, with capture probJ. Acoust. Soc. Am., Vol. 110, No. 2, Aug. 2001

The sensitivity of the model to variation in the acoustical
calibration data was investigated 共see Table I兲. Only replacement of the realistic call pattern with an isotropic pattern 共an
unrealistic pattern with the same intensity spectrum at all
azimuths and elevations兲 produced a statistically significant
difference in the model’s performance at the 5% level, with
the isotropic pattern performing more poorly. The isotropic
pattern eliminated information that could be used to estimate
elevation, so this was unsurprising. Calibration data changes
that did not affect model performance included statistical
smoothing of the ear-transfer function 共to smooth away local
features that did not extend over more than 30% of the azimuth, elevation, or frequency range兲, elimination of target
cross-section fluctuation 共so that the target echo amplitude
didn’t flicker兲, and elimination of random target spectral intensity variation 共which could have affected the elevation
estimation algorithm兲.
The model was insensitive to maximum acceleration tolerated during maneuvering flight 共a standard of 1.49 times
the acceleration of gravity兲 and to maximum acceleration
tolerated prior to target localization 共a standard of 1.33 times
the acceleration of gravity兲. It was also insensitive to preferred speed 共3.32 m per second was the standard兲. Unrealistic performance was seen in turns when the model used
steady-state aerodynamics, and it was also unrealistic when it
used drag for deceleration. The model was realistic when the
model used flapping-flight aerodynamics and reversed thrust
for deceleration.
In those trials with an initially unlocalized target, model
performance was very sensitive to the timing of when the
model bat left its search pattern and began to approach the
target. It was also sensitive to reaction time, detection threshold, and call timing as they affected this. The model performance when the reaction time was 200 ms or longer was
particularly poor due to this sensitivity and also possibly due
to lack of control.
Finally, although the exact trajectory produced in each
model run was sensitive to the timing and values of the simulated sensory measurements, so that the choice of random
number seed had a visible effect on the trajectory, the model
was statistically insensitive to the choice of random number
seed.
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3. Validation

that point; otherwise, a similar trajectory would have been
expected.

The criterion for successful replication was a capture
time within 25% of the value seen in the behavioral trial
requiring similar tactics. The first criterion was chosen based
on the observed magnitude of the variation in bat velocity in
the calibration trials at standard points—2.86 m/s with a
standard deviation of 0.52 m/s at capture and of 2.70 m/s
with a standard deviation of 0.59 m/s at a point 200 ms
before capture. Limiting the second criterion to a similar
choice of tactics was based on the observation that the tactics
of the model were robust, but the exact trajectory followed
by the model was dependent on the precise timing of the
model’s commitment to attempt capture of the target. The
tactics seen in the calibration trials 共produced by two bats兲
reappeared in the validation trials 共produced by five other
bats兲 along with some new tactics. Twelve of 15 validation
trials were successfully replicated.
The most commonly observed tactic in the behavioral
trials was a circling maneuver with the bat slowing to
sharpen its turn while remaining near the target, a tactic the
model used when it anticipated that simple homing would
fail. If this tactic also failed, the model was programmed to
abandon the pass and fly out to try again.
A few validation trials with novel tactics showed that the
anticipatory motor planning algorithm generated simpler behavior than that actually observed. In one trial the model bat
homed directly on the target in all modeling runs investigated, but the real bat flew above the target and turned and
dove to capture it at the last moment. In other trials, the real
bat delayed its capture of the target by 250–325 ms, usually
by circling around it, while the model bat homed directly at
the target. These trials—viewed in a context where the model
consistently chose more direct flight paths than the real bat,
even when successful—raised the question of whether the
assumptions about the motor reaction time or initial target
localization were in error. This led to a sensitivity study of
these questions 共Fig. 2兲 using a trial that began about 850 ms
before contact. The behavior of the real bat 共shown at the
top兲 was consistent with capture using an anticipatory strategy, first slowing to sharpen its turn to compensate for a
delayed start of 50–100 ms, and then homing on the target.
The next four rows show various modeling runs, with different initial conditions 共localized or unlocalized target兲, motor
planning algorithms 共anticipatory or simple homing兲, and
motor reaction times 共50, 100, 200, and 400 ms兲.
In Fig. 2, the observed bat’s behavior was most similar
to the pattern shown in the first row for the model, with
motor reaction times of 50–200 ms. With the 400-ms reaction time, the model bat flew past the target and made a sharp
turn to intercept it. The sharp turn illustrated for this model
run resembled the real bat’s behavior in some insect capture
trials, where it performed a tight climbing turn to do a quick
change of direction. The second and fourth rows show that a
simple full-speed homing strategy initiated immediately after
target localization would have been successful but did not
match the observed trajectory. Since the real bat had probably localized the target before the start of the video recording, this suggests the bat had not committed to the capture at

The model computed range by measuring the echo delay
between call and return time, dividing that by the speed of
sound to estimate the round-trip distance, and adjusting the
estimate to account for the model bat’s motion towards 共or
away from兲 the target between the call emission and echo
return times. This adjustment was designed to minimize the
range error at the point where the model bat initiated its final
capture maneuver 共at a range of 0.28 m based on the distance
measured in the calibration trials兲, and produced a systematically negative range error when the bat was not flying towards the target. The error in range varied smoothly with
time for each individual trial, producing recognizable trajectories in the plots. Figure 3共a兲 shows the model’s range localization error compared to the actual range for the validation runs, with anticipatory strategies and 100-ms reaction
time. The mean value of the range localization error over 974
samples in the 15 validation runs was ⫺1.3 mm with a standard deviation of 2.4 mm.
Errors in azimuth were produced by the linear interpolation used to estimate azimuth from the sound intensities in
the two ears. Figure 3共b兲 shows the model’s azimuth error as
a function of range with a mean value of 0.2 deg and a
standard deviation of 2.2 deg.
The model was designed to use spectral measurements
consisting of 1-kHz narrow-band intensity samples between
20 to 80 kHz from each ear in a match/mismatch process for
estimating elevation. The elevation error had two sources: a
quantization error introduced by the 5-deg interval between
the comparison spectra and any error in the choice of the
best-matching comparison spectrum. Figure 3共c兲 shows the
model’s elevation error as a function of range with a mean
value of 0.8 deg and a standard deviation of 2.0 deg. As the
model bat neared the target, azimuth and elevation were able
to change more rapidly, and the target was more likely to be
out of the region where localization was most accurate. This
produced higher angular error values when the model bat
was near the target.
When the model used simple homing as its motor planning algorithm, only using range to schedule the capture maneuver, its overall capture performance was poorer than the
anticipatory model for targets located off-axis. When the
model used anticipatory motor planning, it functioned poorly
if any of the three localization components 共range, azimuth,
and elevation兲 were missing. Azimuth and elevation were
important at all stages of the model’s capture process, and
range was required in those trials with an anticipatory strategy where the model bat maneuvered.
The model was also modified so that the head would
either aim in the direction of flight throughout the run or at
the target once it was localized. In the latter case, the model
bat circling a target would turn its head up to 90 deg toward
the target. This had little effect when the underlying behavioral trial used a simple homing strategy, but when the model
bat had to maneuver, successful interception occurred only
when head aim at the target was enabled.
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B. Localization cues and capture performance

FIG. 2. Sensitivity study of a validation trial seen from above, with the reaction time and motor planning algorithm being varied. The columns show model
runs with reaction times of 50, 100, 200, and 400 ms. The rows show the model bat approaching targets that were at an unknown 共unlocalized兲 or known
共localized兲 location at the beginning of the run, and with an anticipatory or a simple homing algorithm. Coordinates are in meters. Target location is shown
by a box; bat trajectory by the line and the arrow shows direction of flight.

IV. DISCUSSION

Webster and Brazier 共1965兲 studied the insect capture
behavior of the echolocating bat, Myotis lucifugus, when pursuing moths in foliage. The moths used evasive maneuvers,
changing their direction of flight up to 90 deg in 200 ms. The
speed of the bats’ reaction to the moth maneuvers, while
simultaneously avoiding branches and twigs, suggests a relatively direct translation of sensory data into motor behavior.
The modeling reported here begins to provide some insight
into the important parameters for successful prey interception by echolocating bats. In particular, the results of the
modeling suggest that the bat anticipates when and where the
J. Acoust. Soc. Am., Vol. 110, No. 2, Aug. 2001

target will be at the point of interception and plans its motor
behavior to position itself in 3D space to capture the prey at
a specified location.
A. Model performance

Using anticipatory motor planning, the model showed
realistic capture performance for initial target positions between the acoustic axes of the ears 共at ⫾30-deg azimuth兲 and
with initial elevations between ⫺10 and ⫹40 deg. The model’s spatial localization performance was about 0.8 cm at 15
cm 共about the distance of a wingtip catch兲, which was better
than the 1.5 cm estimated in three dimensions by Webster
and Griffin 共1962兲 and also better than the estimated 1.27 cm
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required for a wingtip catch reported by Webster and Brazier
共1965兲. Standard deviations of localization accuracy were estimated to be 2.4 mm for range, 2.0 deg for azimuth, and 2.2
deg for elevation. The azimuthal localization performance
was comparable with the 1.5-deg threshold for discriminating the azimuthal separations of thin rods, reported by Simmons et al. 共1983兲 and was somewhat better than the 3.0 deg
estimated for elevation by Lawrence and Simmons 共1982兲.
On the other hand, the model had markedly better performance than the minimum audible angle of about 14 deg reported in Koay et al. 共1998兲 for passive localization in azimuth, which corresponds to about 3.5– 4 cm at a 15-cm
range, too large for the wingtip catch that E. fuscus is sometimes seen to make. Clearly the task demands of passive

localization are distinct from those of active echolocation,
which may explain the very different behavioral estimates of
localization performance.
Figure 1 shows that the model failed to capture targets
when they were outside a zone defined by the acoustic axes
of the ears and the upper half of the frontal hemisphere when
the model bat was initially facing forward. This is interesting, given the high capture rate observed in the laboratory
insect capture experiments, and evidence from laboratory
and field studies that vespertilionid bats use a search cone
150–180 deg wide 共Griffin, Webster, and Michael, 1960;
Kalko, 1995兲. The general pattern of tactics used by the
model in its successful captures—simple homing at full
speed for near-zero elevations, slower homing captures
above that, and multiple target passes at very high and low
elevations as the model anticipated that the first pass would
fail—showed no sensitivity to initial target azimuth. This
suggests that the poor model performance seen at large azimuths was not due to failure to select the correct tactics, but
instead might be attributed to the model bat’s failure to localize the target adequately.
This model performance is consistent with acoustic studies of the combined directional characteristics of the bat’s
sonar emission and receiver reported in Wotton, Jenison, and
Hartley 共1997兲, and suggests that the head of E. fuscus would
shadow low-elevation targets from both ears and that interaural intensity differences 共IIDs兲 should also be ambiguous
at azimuths outside the acoustic axes of the two ears. Since
this bat species can capture targets with about 90% reliability
in behavioral trials and often uses ‘‘pouncing’’ tactics to capture targets from above, the modeling is incomplete in how it
handles localization. To deal with the problem of shadowing
low-elevation targets, E. fuscus may face slightly downward
or use scanning motions to cover the lower half of the frontal
hemisphere. Recordings of echolocation calls produced by E.
fuscus in the field reveal alternations in signal intensity are
consistent with the proposed head-scanning behavior by bats
共Surlykke and Moss, 2000兲.
To localize targets at large azimuths, E. fuscus may use
interaural time differences 共Simmons et al., 1995兲, to supplement intensity differences. There may also be cues hidden in
the intensity spectrum, given the evidence that intensity and
time differences trade off 共Pollak, 1988兲. Alternatively, these
bats may simply maneuver to bring candidate targets into the
zone where they can be localized. These ideas will be explored in future modeling.
The model was used to investigate why the FM bat aims
its head at the target with an estimated accuracy of about ⫾5
deg 共M. lucifugus in Webster and Brazier, 1965兲. As noted
above, the localization performance of the model was best
when the target was initially between the two ears and above
the region shadowed for both ears. This is a 60- to 80-deg
cone forward of the bat, and the behavioral trial data indicate
that the bat frequently captured a target using maneuvers that
would take it outside that forward cone if the bat did not aim
its head at the target. The trajectories followed by the bats in
the behavioral trials appear to be consistent with a body orientation that would allow them to keep the target in that cone
with less than 90 deg of head rotation.
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FIG. 3. 共a兲 Range; 共b兲 azimuth; and 共c兲 elevation localization performance
of the model during the validation runs. Each dot represents the error associated with a single call, plotted against range. There were 974 samples from
15 validation runs using anticipatory planning and 100-ms reaction time.
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B. Comparison with other models

Kuc’s 共1994兲 model attempted to reduce to zero an elevation error signal at the two ears that was estimated as a
linear combination of the target intensity in the fundamental
and the overtone. The model presented here was initially
designed to use that approach, but the complex pattern of
biologically realistic target echoes was incompatible with the
use of linear interpolation in this task. The model was therefore redesigned to compare simulated wideband spectral intensity measurements 共taken every 1 kHz between 20 and 80
kHz in each ear兲 to calibrated standard spectra to find a nearest match. The elevation for the best-matching comparison
spectrum was then used as the estimate of the elevation of
the target. This approach is likely to be a simplified representation of the biological processing since it uses an impulse rather than an FM sweep as input, but it avoids having
to explicitly identify an elevation-dependent notch 共as discussed in Wotten et al., 1996兲, and allows other elevationdependent spectral cues to be used as well. This approach
was successful in the model, but a realistic representation of
what occurs in sonar localization by FM bats would require a
fast match/mismatch in auditory processing. The modeling
runs also suggest that a general change in shape of the intensity spectrum with elevation, rather than specific detection of
a spectral notch, may be a robust elevation cue, since it
would make more use of the information in the echo. The
model showed how this approach might be calibrated to the
environment, adapting to the humidity 共Hartley, 1989兲 and
the bat’s current call pattern 共Hartley and Suthers, 1989兲,
which Griffin 共1958, p. 184兲 notes can vary a great deal 共see
also Surlykke and Moss, 2000兲.
Both Masters 共1988兲 and Kuc 共1994兲 used simplified
aerodynamics in their models. Masters assumed a fixed minimum turning radius and a fixed velocity of 5 m/s. Kuc assumed a fixed velocity of 3 m/s, no banking, and unlimited
turn rate. Both sets of assumptions are inconsistent with the
behavioral data, and produce flight trajectories that differ
from those calculated from high-speed video recordings of
insect captures by echolocating bats. Although the present
model continues to use simplified aerodynamics, the banking
and maneuvering it simulates interact with acoustics and motor planning in complex ways, for example, showing that
target tracking requires an accurate estimate of the bat’s own
state, including bank, yaw, and pitch. Planning the target
capture also needs this state estimate, since the bat’s speed
controls how quickly it can turn and what regions of the
space around it can be easily accessed in an attempt to intercept the target. This suggests that further work in flight aerodynamics would provide valuable insight into the sensorimotor process underlying target capture by bats.
C. Target capture behavior

Finally, the present model shows that three-dimensional
target localization is necessary to replicate the full set of
insect capture behaviors exhibited by the echolocating FM
bat. For simple homing strategies, range was not needed to
produce the trajectories seen in the behavioral trials, but was
still required to deploy the bat’s tail membrane in the final
J. Acoust. Soc. Am., Vol. 110, No. 2, Aug. 2001

capture maneuver at the appropriate time. Azimuth and elevation were needed for all trials, which is not surprising,
given that flight maneuvers cause the bat to bank, translating
azimuth to elevation and elevation to azimuth.
The behavior seen in the experimental trials fell into
three primary categories: captures using a simple homing
strategy, delayed captures 共where the bat circled or flew past
the target before turning for the capture兲, and two-pass maneuvers to gain a position from which a simple homing capture could then be staged. Similar tactics were previously
noted by Griffin et al. 共1960兲, Webster and Brazier 共1965兲,
Miller and Olesen 共1979兲, Miller 共1984兲, Kick and Simmons
共1984兲, Schnitzler et al. 共1988兲, and Kalko 共1995兲, but the
modeling of those trials now confirms that aerodynamics and
acoustics constrain the bat by limiting the points in nearby
space that it can easily fly to or sample using echolocation.
Selection of the most direct path to target capture does not
seem to be a central factor driving the bat’s behavior. The
real bats rarely homed along a fast straight trajectory to the
target, preferring slower homing trajectories that curved into
the target, and sometimes deferred a direct capture. This has
also been seen in the field and possibly reflects a strategy to
maximize capture success in view of the erratic and evasive
flight behavior of some insect prey 共Kalko, 1995; Surlykke,
1988兲.
Some of the maneuvers seen in the experimental trials
can now be understood as implementing a simple plan to
gain a position above and aiming at the target, from which a
homing capture can be attempted. Other trials suggest that
the bat localized the target before committing to capture it.
Execution of many of these plans appears to involve anticipatory control, since they often required starting a maneuver
at some specific position relative to an already localized target.
A likely explanation of some of these delayed captures is
that the bat was carefully positioning itself in 3D space to
maximize its probability of successful target capture. The
capture maneuver involves tight coordination of the timing
of the distance-dependent vocalization patterns and positioning of the tail or wing membrane with respect to the insect to
successfully intercept the prey. The bat may need to approach the insect from a specific direction and with specific
timing to perform this maneuver successfully, especially if
the target is moving. Different behavior may be seen when
the insect is free to evade the bat, and new experiments in the
lab will provide insight into this area. Studies combining
sensorimotor modeling with behavioral experiments using
moving targets are underway to illuminate these questions.
The two motor planning algorithms investigated were
not fully satisfactory. Simple homing was effective in only
part of the forward hemisphere and could not handle targets
to the side that were closer than the turn radius of the bat.
The anticipatory motor planning algorithm used tended to
produce sharper turns than those observed in the behavioral
trials and resulted in straight rather than curved trajectories
toward the insect. A third algorithm 共‘‘adaptable homing’’兲 is
now being explored. This estimates the maximum speed the
model bat would have to fly to be able to pass through the
target location using homing guidance, then adjusts to that
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speed by climbing and using reverse thrust. This is expected
to improve the performance of the model in future studies.
V. CONCLUSIONS

This new sensorimotor model melds a small repertoire
of motor tactics with biologically realistic acoustics and
aerodynamics to replicate the echolocating FM bat’s target
capture behavior from experimental trials. Kuc 共1994兲 had
proposed his model as a ‘‘small step toward understanding
the power of acoustic information processing employed in
nature.’’ Using Kuc’s work as a starting point and taking the
next step of adding biological realism in selected areas, this
model has shown how the elevation span for capture can be
increased from 20 to 50 deg, while maintaining the same
azimuthal cone. Kuc’s homing model, lacking memory and
using only azimuth and elevation signals to collide with the
target, did not fully model how bats capture insects. The
present model incorporates the use of distance information,
which is required for the bat to accurately time its rangedependent vocal production patterns and to position itself at
the point of intercept to collect 共not collide with兲 the prey
item.
A model using a small number of narrow-band intensity
samples from each ear to estimate elevation, such as that
employed by Kuc 共1994兲, encounters difficulties when presented with echoes with realistic intensity spectra. A model
that collects a spectral intensity sample over a wide band
seems to be robust against noise and performs well for targets within a 60-to-80-deg cone in front of the bat.
Realistic aerodynamics constrains the bat’s behavior
more than was suggested in Kuc’s 共1994兲 and Masters’s
共1988兲 models. The bat has to bank to turn and is limited in
the maximum accelerations that it can generate, often forcing
it to maneuver to perform the target capture. Further research
into the aerodynamics of echolocating bats, such as E. fuscus, in maneuvering flight will be valuable for understanding
the role of aerodynamic constraints in defining target capture
behavior.
Rapid target capture does not appear to be the preferred
strategy for the bat. There is evidence that the bat does not
commit immediately to target capture, instead delaying capture beyond the time simply required to maneuver to a collision with the target. The purpose of those delays is unclear,
but may include target classification or maneuvers to maximize the success of target capture with a potentially long
response latency. The good performance of the model with a
reaction time of 100 ms suggests that anticipatory planning
of tightly timed behaviors can compensate for the delay between receipt of the sensory stimulus and the corresponding
motor response.
The demonstration that the model can capture targets
over a wide range of elevations and azimuths, despite a reaction time of 100 ms or more, also shows that target capture
algorithms need not have millisecond responsiveness. Timing seems to be important when maneuvers have to be initiated, but with accurate 3D localization of a stationary target,
those maneuvers can be scheduled hundreds of milliseconds
in advance of their execution. Capture of evading insects is
likely to be more difficult for the bat, but once the insect
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commits to an escape maneuver, it limits its future ability to
turn or accelerate, so that a good prediction of the insect’s
motion path would still allow the bat to schedule maneuvers
in advance. Hence, an accurate representation of the environment that takes into account the constraints on the behavior
of the objects being modeled may allow the most economical
control of behavior, whether the system is concerned with
making or avoiding contact with objects.
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