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Optimal Localization by
Pointing Off Axis
Yossi Yovel,1 Ben Falk,2 Cynthia F. Moss,2 Nachum Ulanovsky1*
Is centering a stimulus in the field of view an optimal strategy to localize and track it? We
demonstrated, through experimental and computational studies, that the answer is no. We trained
echolocating Egyptian fruit bats to localize a target in complete darkness, and we measured the
directional aim of their sonar clicks. The bats did not center the sonar beam on the target, but instead
pointed it off axis, accurately directing the maximum slope (“edge”) of the beam onto the target.
Information-theoretic calculations showed that using the maximum slope is optimal for localizing the
target, at the cost of detection. We propose that the tradeoff between detection (optimized at
stimulus peak) and localization (optimized at maximum slope) is fundamental to spatial localization and
tracking accomplished through hearing, olfaction, and vision.
ost sensory systems allow some active
control over the information acquired
from the environment (1–6). Nowhere
is this more evident than in echolocating bats
(4, 7–10), which control many aspects of their
sonar signal design (4, 7, 9, 11–16) and use
returning echoes to orient and forage in the dark
(4, 7–16). We trained Egyptian fruit bats to fly
in a large flight room and land on a spherical
target while relying exclusively on sonar (17).
The bats’ three-dimensional (3D) position was
measured with two infrared cameras, and the
shape and direction of their sonar beam pattern
were measured with a 20-microphone array (17)
(Fig. 1, A to D, and movie S1).
At the beginning of each trial, the target was
randomly repositioned. Subsequently, the bat
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searched for the target, approached it, and landed
on it, either by a straight flight or a curved
trajectory (Fig. 1C and fig. S1). Unlike microbats (microchiropteran bats), which emit laryngeal tonal calls, Egyptian fruit bats are megabats
(megachiropteran bats) that produce very short
(50- to 100-ms) impulse-like tongue clicks, with
frequencies centered at 30 to 35 kHz (fig. S2).
While flying, bats typically emitted pairs of
clicks, with an ~20-ms interval within the click
pair and an ~100-ms interval between the
pairs (Fig. 1A and fig. S3) (18, 19). The bats
pointed their sonar beam toward the left or
the right, in an alternating manner as follows:
left→right→100-ms interval→right→left (Fig. 1D
and movie S1).
We observed two different phases of behavior. During the first stage, the bats did not
necessarily lock their click pairs onto the target,
and the directions of clicks were widely distributed (the “unlocked” phase). At the final
stage, the bats directed their sonar clicks so that
the vector average of the pair of clicks pointed
toward the target with accuracy better than 30°
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(17). We refer to this as the “locked” phase
(Figs. 1E, arrows, and 2A, top, and fig. S1C).
During this phase, 0.5 s before landing, 80% of
the click pairs were locked with accuracy better
than 15° (Fig. 2A, bottom, gray lines). In 10%
of the trials, the bats locked onto the target with
average accuracy better than 5°. The left-right
orientation of the clicks in the locked phase
implies that the bats did not direct the maximum
intensity of the click toward the target, contradicting the common notion that bats steer their
sonar beam in order to maximize the signal-tonoise ratio (SNR) of the echoes (13, 20).
Another possible strategy would be for the
bats to direct the maximal slope of the beam’s
emission curve toward the target, because this
would maximize changes in reflected echo
energy that result from changes in the relative
position of the bat and the target. Plotting the
directional span of the beams between the right
and left maximum slope (green lines in Fig. 1, E
and F, and fig. S1, C and D) showed that the
bats consistently placed the maximum slope of
their beams onto the target (Fig. 1F and fig.
S1D; the top and bottom of the green lines are
close to direction 0°). Next, we examined the
population distribution of the directions of the
beams’ maximum intensity and maximum slope
(Fig. 2, B and C, top two rows). Before locking,
the bats directed their sonar beams over a wide
range of angles, spanning >100° around the target (Fig. 2B, top). After locking, however, they
clearly directed their beam so that the maximum
slope of the intensity curve of the beam, and not
its peak, was on the target (Fig. 2C, middle row).
All six bats exhibited this behavior (fig. S4).
When the maximum slope of the beam is directed toward an object, any motion of the object
relative to the bat will result in the largest possible
change in echo intensity. The sign of the energy
change (positive or negative) corresponds to the
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Fig. 1. Examples of flight and echolocation behavior. (A) Representative
time signal showing four click pairs. The y axis shows signal amplitude (on a
linear scale, with the largest excursion normalized to 1). (B) Schematic of bat
emitting a right click. Ellipse, sonar beam in polar coordinates; Gaussian
curve, sonar beam in Cartesian coordinates; black dot, peak intensity. The
green line connects the two points of maximum slope. (C to F) Examples of
two behavioral trials. (C) Top view of the room. Blue line, bat’s flight trajectory; short black lines, sonar beam directions for all clicks; arrow, point of
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To further test this “detection-localization
tradeoff” hypothesis, we conducted a control experiment in which a large reflecting board was
positioned 50 to 80 cm behind the target (17).
Such a reflector returns strong echoes that arrive
shortly after the target’s echo, thus acting as a
powerful acoustic masker that interferes with target detection. Indeed, some bats changed their
beam-steering strategy; initially they maintained
the left→right→right→left pattern as described
above, but then, in the final approach (~1 s before
landing), they directed both clicks of each click
pair forward and pointed at the target a part of the
emission curve that was close to the beam’s peak
(Fig. 3C, bottom, black dots, and fig. S6). This
switch in strategy was exhibited by bats that chose
to fly directly toward the target. It should increase
echo energy and improve detection (improve SNR).
The bats’ flexibility in steering their emission beams
suggests that in our main experiments (Figs. 1 and
2), the animals actively chose to direct the maximum slope of the beam toward the target.
It remains an open question whether other
echolocating animals (microbats, dolphins, swiftlets, etc.) use the maximum-slope strategy for localizing objects. All studies that tested beam steering
in microbats (13, 20, 23) did so in the context of
small targets, which created a detection problem.
We predict that, when localization is paramount
and detection is not challenged, microbats would
also use the slope-based optimal-localization

This optimal-localization strategy is not free
of cost. When pointing the maximum slope of the
emission curve and not its peak toward an object,
less energy (6 dB) is reflected back from the
object (Fig. 3, A and B), and this reduces object
detectability, decreasing the maximal detection
range by ~16% (17). We hypothesize, therefore,
that the part of the beam between the peak and
the maximum slope of the emission curve can be
used by bats to trade off between detection and
localization. The beam’s peak provides optimal
detection, whereas the maximum slope provides
optimal localization. The bat could direct the
beam according to the task, target properties, or
ambient noise. Bats landing on an acoustically
salient object, as in our experiments, preferred to
maximize spatial localization in order to land accurately. A bat confronted by a detection problem,
such as a small target, a noisy environment, or a
strong masker, should act to maximize detection
by placing the beam’s peak on the target (22). A
bat that needs both detection and localization will
have to compromise between the two positions
on the emission curve (Fig. 3B). Indeed, the area
between the peak and the slope was directed
toward the target more often than the area beyond
the slope, which is consistent with a detectionlocalization compromise [Fig. 2C, top; the peak’s
distributions are significantly skewed toward the
target at angle 0°; t test: gright = –0.42, P < 0.001;
gleft = 0.26, P < 0.001 (17)].

Angle relative to target (degs)

direction of motion. We hypothesized that Egyptian
fruit bats lock the maximum slope on the target as a
strategy that maximizes their sensitivity to changes
in target azimuth, in order to better localize the target.
To test this “optimal-localization” hypothesis, we used the Fisher information (FI) measure
that is commonly used to assess sensitivity to
small differences (21). To estimate the FI at
different angles relative to the target, we computed joint probability-density functions of the
intensities and angles for all clicks (17). After
locking, the beam-steering strategy used by the
bats maximized the FI in the direction of the
target (Fig. 2C, bottom row). There is a secondary peak in the FI curve, because each
emission curve has two points of maximum
slope (one on each side). The secondary peak is
higher because of the inherent asymmetry of the
beam (Fig. 3A). Because the FI is a measure
that meets a theoretical optimality criterion (21),
this result implies that the strategy used by the
bats is optimal for localizing the target based on
the intensity of reflected echoes.
We ruled out an alternative explanation for
the bats’ behavior, namely that they might have
placed the peaks of the beams on the target’s
edges. In this case, we would expect the angle
between the pair of clicks to increase as the bat
approaches the target, because the angular extent
of the target increases. However, we found no
such increase in angle (fig. S5).

0

locking onto target. (D) Close-up on locked part of the trials in (C); same
notation as in (C). Gray curves, polar representation of the beams (dB scale).
(E) Diagrams of beam angles relative to the target for the same two trials.
Green lines connect the beam’s right and left maximum slope. Gray lines, clicks
that did not meet the inclusion criteria (17); black dots, direction of beam’s
peak; blue line, average direction of each pair of black dots; arrows, point of
locking. (F) Close-up on the locked part of (E); same notation as in (E). The
bats tended to place the maximum slope (end of green lines) onto the target.
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Fig. 2. Population analysis shows that bats optimize angular localization by locking the maximum slope of the beam onto the target. (A) Top: Direction of click pair (vector average) relative
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blue lines in Fig. 1E; black arrow, average time of locking onto target. Bottom: The same for all
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Fig. 3. The tradeoff between detection and angular localization. (A) Average left click and right
click (averaged across all locked clicks of all bats).
The emission curve is asymmetric (less steep on
the side directed toward the target). This explains
the higher secondary peaks in the FI curve (Fig.
2C, bottom). (B) Detection-localization tradeoff
for the biosonar of Egyptian fruit bats. Magenta,
detection (in normalized units); cyan, localization
(azimuthal discriminability, d′). The x axis shows
the angle within the emission beam, shown between the peak and 36°. The localization accuracy
decreases beyond the maximum slope. (C) Example of flight trajectory and echolocation behavior
for one trial from the masker experiments (detection problem). Top and bottom, same notations as
in Fig. 1, C and E, respectively; red line, masker.
Approximately 1 s before landing, the bat switched
from a left-right maximum-slope strategy to a peak
strategy (black dots).

strategy; however, because microbat biosonar is
based on single pulses instead of double clicks
(4, 7–10), the microbats would always place one
of the beam’s slopes on target (for example,
right→right→right…) and analyze echo-amplitude
changes between successive calls. The mechanism by which Egyptian fruit bats direct their
beams left→right is not entirely clear [supporting
online material (SOM) text], but the alternating
clicks of these megabats are certainly advantageous in that comparing two different slopes doubles the intensity difference.
Previous neurophysiological studies in microbats have reported auditory neurons tuned to echo
amplitude (24). Our results point to the possibility that, in megabats, upstream of such echoamplitude–tuned neurons, there might be neurons
that are sensitive to the amplitude difference of
two successive echoes (20 ms apart). In both
microbats and megabats, the directional accuracy
of passive hearing is 10° to 15° (25), whereas
active mechanisms, such as described here, could
underlie the improved accuracy of 1.5° to 5° during active echolocation (12, 20).
We further hypothesize that the tradeoff
between detection (SNR) and localization is a
general dilemma in sensory systems. If we
describe the intensity of a stimulus (for example,
olfactory or visual) as a contour in space, its
peak would be optimal for detection, but the
maximum slope is optimal for spatial localization. For example, we predict that an organism
following an odor trail should follow the line of
the maximum slope of the odor concentration in
order to optimize the tracking accuracy and
minimize movement jitter (Fig. 4). A study that
measured odorant spatial distribution in an
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olfactory-tracking task indicated that Drosophila
larvae seem to follow a trajectory between the
peak and the maximum slope (26). Similarly, in
the case of vision, we predict that when tracking large moving objects, humans would place
their fovea on the object’s intensity slope to
optimize tracking. Finally, several recent studies
have reported sensory neurons that best encode
stimulus location via the maximum slope of their
tuning curve (22, 27–29), not via the peak firing
rate of the tuning curve. Such coding maximizes
the discriminability of the on-slope stimulus, paralleling our behavioral results, which show an
optimal-localization strategy at the sensor’s
behavioral level.
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Axon Extension Occurs
Independently of Centrosomal
Microtubule Nucleation
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Microtubules are polymeric protein structures and components of the cytoskeleton. Their dynamic
polymerization is important for diverse cellular functions. The centrosome is the classical site of
microtubule nucleation and is thought to be essential for axon growth and neuronal differentiation—
processes that require microtubule assembly. We found that the centrosome loses its function as a
microtubule organizing center during development of rodent hippocampal neurons. Axons still extended
and regenerated through acentrosomal microtubule nucleation, and axons continued to grow after laser
ablation of the centrosome in early neuronal development. Thus, decentralized microtubule assembly
enables axon extension and regeneration, and, after axon initiation, acentrosomal microtubule nucleation
arranges the cytoskeleton, which is the source of the sophisticated morphology of neurons.
he centrosome is regarded as the primary
source of microtubules in axonal and
dendritic growth (1, 2). It is thought that
microtubules assemble at the centrosome, then are
released and move along the axon through motor
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proteins (1, 3, 4). Furthermore, in vitro the
centrosome directs axon formation in vertebrate
and invertebrate neurons (5, 6), but this has not
been confirmed in vivo (7). Microtubules, however, can also assemble locally from subunits or
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small oligomers within the axon (8–10). Indeed,
flies that lose centrosomes during development
seem to develop a largely normal nervous system,
where the direction of axon outgrowth appears
not to be affected (11). Thus, the role of the centrosome and centrosomal microtubule nucleation
in axon growth is controversial (12–15).
To define the role of the centrosome in microtubule nucleation during neuronal development,
we first determined where microtubules are nucleated during the development of rodent hippocampal neurons. Microtubules were depolymerized
with nocodazole, and the microtubule nucleation
sites were examined after washout of the drug
(Fig. 1A). In young neurons that had just initiated
an axon [2 days in vitro (DIV)], microtubules
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