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ABSTRACT
Insectivorous bats capture their prey in flight with impressive success. They rely on the echoes of 
their own ultrasonic vocalization that yield acoustic snapshots, which enable target tracking on 
a rapid time scale. This task requires the use of intermittent information to navigate a dynamically 
changing environment. Bats may solve this challenging task by building internal models that 
estimate target velocity to anticipate the future location of a prey item. This has been recently 
tested empirically in perched bats tracking a target moving across their acoustic field. In this 
report, we build on past work to propose a new model that describes bat flight trajectories 
employing predictive strategies. Furthermore, we compare this model with a previous model of 
bat target interception that has also been employed by some visually guided animals: parallel 
navigation.
Abbreviations: HTTP, Hybrid Target Trajectory Prediction; CATD, Constant Absolute Target 
Direction; CB, Constant Bearing; PN, Parallel Navigation
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Introduction

Insectivorous bats are highly effective aerial predators 
that use echolocation to track and capture small insect 
prey in flight. Echolocation is an active sensing system 
by which bats probe their surroundings with ultrasonic 
vocalizations and analyze the features of the returning 
echoes that reflect from objects in the environment 
[1–3]. Bats are engaged in an evolutionary arms race 
with insect prey that has led to their use of sophisti
cated tracking strategies to counter evasion. Unlike 
other predators that use vision as their primary sensory 
system, and thus have a continuous stream of stimulus 
information to track moving targets, bats must com
pute the 3D trajectories of flying insects from sequences 
of echo snapshots [4]. Acoustic and neural delays that 
accumulate between the time the bat emits a call and 
executes a motor response could compromise success
ful execution of this task [5]. If the bat relied exclusively 
on location information from the last returning echo to 
orient to a target, the computed position of the prey 
item would be obsolete by the time the bat initiated 
appropriate motor responses for capture. In a recent 
study, we trained big brown bats, Eptesicus fuscus, to 
perch on a platform and track a target that moved 
laterally across its sonar field [6]. We quantified the 
direction of the bat’s head aim and sonar call rate and 
developed mathematical models showing that big 
brown bats can anticipate a target’s future position. 

These results support the conclusion that bats build 
internal models of target motion, challenging an earlier 
proposal from our lab that bats can use a strategy, that 
offsets acoustic and neural delays by maintaining 
a constant absolute target direction (CATD) to plan 
prey interception without invoking an internal model 
of target motion [7]. This strategy could be implemen
ted by nulling changes in head direction or the appar
ent motion of acoustic background, which would not 
necessarily require an internal model of target motion; 
however, these alternatives were not directly assessed. 
Interestingly, the CATD reported in bats shows simila
rities with parallel navigation (PN) employed by guided 
missiles [8], and visually guided animals like hawks [9] 
and robber flies [10]. Parallel navigation relies on keep
ing each line-of-sight vector parallel to one another 
during the pursuit, and it enables interception as long 
as the predator is moving faster than the prey and the 
line-of-sight vector is shortened over time [8,11]. If 
both prey and predator are moving in straight lines, 
PN can be achieved by maintaining a fixed angle 
between the line-of-sight to the prey and the movement 
vector of the predator, and in this case PN is equivalent 
to constant bearing (CB) [10,11]. If the trajectory lines 
are not straight, PN occurs naturally if a time-optimal 
CATD strategy is used, in which the bearing changes 
depending on the target velocity and the predator-prey 
relative position. Past demonstration of CATD in bats 
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does not incorporate the discrete and dynamic sam
pling of target location, essential components of echo
location [7,9]. Dynamic sonar sampling is evidenced by 
the bat’s active adjustments of echolocation call rate as 
it transitions through the search, approach and attack 
phases of insect pursuit, and is featured in the steering 
law described in [12]. This law reveals an adjustable 
linkage between the bat’s sonar beam axis and its flight 
path (acoustic gaze angle), and its flight turn rate; 
modulated by a gain factor that varies with the stage 
of insect pursuit, as defined by echolocation call rate 
[12]. As shown in [6], a predictive model of target 
motion that assumes the bat estimates target velocity 
through a sequence of echo snapshots and further 
adjusts its head angle by a fixed offset can account for 
the sonar tracking behavior of a perched animal. Here, 
we extend this model from a perched bat to explore its 
validity in accounting for target tracking and intercep
tion of a flying bat, by combining target velocity esti
mates from echo snapshots and a fixed head angle 
offset with the adaptive steering law [6,12]. This new 
model, referred to here as a hybrid target trajectory 
prediction (HTTP) strategy, makes use of an internal 
model of target motion in aerial predator-prey encoun
ters. We compare HTTP with a variant of CATD that 
also takes into account the discrete nature of the acous
tic information that the bats rely on to execute target 
tracking in flight.

Results

We combined two empirically tested models [6,12] to 
generate a new hybrid model that can describe the 
flight path of a free-flying bat that is actively echolocat
ing in pursuit of a target. We call this combined model 
Hybrid Target Trajectory Prediction (HTTP). We com
pute the bat’s sonar beam axis (head aim) at a moving 
target by estimating target velocity from five successive 
echoes and a fixed head angle offset 6.2 degrees (these 
parameters reliably reproduce the predictive tracking 
behavior of perched bats) [6]. The body of the bat 
follows the bat’s head aim, as described in [12], with 
a gain ‘k’ and delay ‘tau’ that depends on the distance of 
the bat to the prey (k = 3.21, tau = 148 ms during the 
search phase; k = 4.24, tau = 128 ms during the 
approach phase; k = 6.26, tau = 96 ms during the attack 
phase; phase transition distances as described in [13]). 
Collectively, these parameters determine the model 
bat’s flight path. For the purpose of this work, we 
mimicked the echolocation behavior of Eptesicus fuscus, 
a bat species that decreases pulse interval (PI) as it 

approaches a target, through three phases: Search 
(PI = 107.5 ms), Approach (PI = 13.3 ms), and Attack 
(PI = 6.5 ms) [12]. We assumed the bat’s velocity was 
4.2 m/s, representing its average velocity, as reported in 
[14]. The target was modeled as a coleopteran, which 
has been described as the preferred food source of this 
bat species [15], flying at an average of 1 m/s, as 
described in previous reports [16,17]. The flight path 
for both bat and prey is computed in 1 ms increments. 
We also computed the flight path of a bat employing 
CATD, but instead of continuous information about 
the target location, the bat receives intermittent mea
surements, driven by discrete echolocation sampling, 
that yield target velocity estimates from the last five 
echo returns. Thus, both the CATD variant shown 
here and HTTP take into account the discrete sampling 
of target position through echolocation. Figure 1(a) 
shows an example trajectory for a prey item (dashed 
line), the flight path as calculated by our variant of 
CATD (yellow line) and the flight path based on the 
HTTP model (blue line). We compared these trajec
tories to CB, setting the constant bearing angle to 
a range from 0 to 30 degrees, in 10º increments 
(Figure 1(b)).

Conclusion

Previous research [7] showed that the bat’s prey capture 
behavior can be described by a flight trajectory that 
minimizes time to capture, given the instantaneous posi
tion and velocity vector of the prey item (CATD). This 
strategy showed a better fit with the bat’s flight path 
selection than CB. However, CATD fails to take into 
account the discrete nature of echolocation that yields 
intermittent information about the prey’s location. This 
may explain why CATD produces a better fit to the bat’s 
flight behavior in the last phase of insect pursuit when 
echolocation sample rate increases. We recently showed 
that an anticipatory model predicts the head aim (aligned 
with the sonar beam axis) of a perched bat [6]. This 
model incorporated naturalistic sampling of sonar target 
location through echolocation, and we extended it to 
build a Hybrid Target Trajectory Prediction (HTTP) 
model by applying a steering law [8] to predict perfor
mance in aerial prey capture [12]. We also extended 
CATD to incorporate discrete updates on target position 
through echolocation and compared the predicted flight 
path with that of HTTP and CB trajectories. We 
observed that different models generated similar trajec
tories to intercept prey, yet they are sufficiently distinct 
that future research is needed to determine which model 
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produces an overall better fit to observed flight behavior 
in free-flying bats, or whether different capture phases 
are most accurately described by different models. 
Furthermore, it is plausible that bats may also integrate 
estimates of target mass and flight parameters to contend 
with erratic prey maneuvers. We aim to further compare 
these models in the lab by training bats to capture mov
ing prey in flight and compare the reconstructed trajec
tories to those proposed by the models presented in this 
report. Our future directions will include the expansion 
of target tracking models and the use of neural networks 
to explore the extent to which an animal’s behavioral 
state (e.g. search, approach or attack phases) and 
a target’s evasive maneuvers (e.g. loops or dives) drive 
switches in tracking and interception strategies. These 
advances will further the understanding of predator-prey 
interactions, auditory motion tracking in mammals and 
inspire algorithms for automated tracking of dynamic 
auditory objects.
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