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Dutta A, Lev-Ari T, Barzilay O, Mairon R, Wolf A, Ben-
Shahar O, Gutfreund Y. Self-motion trajectories can facilitate ori-
entation-based figure-ground segregation. J Neurophysiol 123: 912–
926, 2020. First published January 22, 2020; doi:10.1152/jn.
00439.2019.—Segregation of objects from the background is a basic
and essential property of the visual system. We studied the neural
detection of objects defined by orientation difference from back-
ground in barn owls (Tyto alba). We presented wide-field displays of
densely packed stripes with a dominant orientation. Visual objects
were created by orienting a circular patch differently from the back-
ground. In head-fixed conditions, neurons in both tecto- and thalam-
ofugal visual pathways (optic tectum and visual Wulst) were weakly
responsive to these objects in their receptive fields. However, notably,
in freely viewing conditions, barn owls occasionally perform peculiar
side-to-side head motions (peering) when scanning the environment.
In the second part of the study we thus recorded the neural response
from head-fixed owls while the visual displays replicated the peering
conditions; i.e., the displays (objects and backgrounds) were shifted
along trajectories that induced a retinal motion identical to sampled
peering motions during viewing of a static object. These conditions
induced dramatic neural responses to the objects, in the very same
neurons that where unresponsive to the objects in static displays. By
reverting to circular motions of the display, we show that the pattern
of the neural response is mostly shaped by the orientation of the
background relative to motion and not the orientation of the object.
Thus our findings provide evidence that peering and/or other self-
motions can facilitate orientation-based figure-ground segregation
through interaction with inhibition from the surround.

NEW & NOTEWORTHY Animals frequently move their sensory
organs and thereby create motion cues that can enhance object
segregation from background. We address a special example of such
active sensing, in barn owls. When scanning the environment, barn
owls occasionally perform small-amplitude side-to-side head move-
ments called peering. We show that the visual outcome of such
peering movements elicit neural detection of objects that are rotated
from the dominant orientation of the background scene and which are
otherwise mostly undetected. These results suggest a novel role for
self-motions in sensing objects that break the regular orientation of
elements in the scene.

active vision; barn owls; camouflage breaking; optic tectum; ouchi
illusion

INTRODUCTION

Active vision, or the controlled ego-motion of sensory or-
gans, generate sensory cues that can enhance perception (Black
and Yuille 1992; Findlay 1998). Examples include moving the
point of view to enhance depth perception (Kim et al. 2016) or
whisking to enhance spatial resolution (Kleinfeld et al. 2006).
Understanding mechanisms of active sensing remains a chal-
lenge in animal vision, and yet, most neurobiological studies
on vision explore neural activation in static conditions, where
both the eyes and the head of the animals are fixed, effectively
eliminating the effects of active sensing behavior. The reliance
on results from restrained, passive-viewing animal models
stems from simplicity of analysis to technical limitations;
however, it obscures the important aspect of active visual
processing.

In the current study we addressed a special case of active
vision in barn owls. Barn owls lack prominent eye movements
in their orbital sockets (Harmening and Wagner 2011) and
therefore move their head in peculiar ways to compensate for
this limitation. When freely scanning the environment, barn
owls will occasionally perform stereotypic side-to-side small-
amplitude motions of their head, a behavior known as peering
(Ohayon et al. 2006). Peering motions are believed to facilitate
depth perception via motion parallax (van der Willigen et al.
2002). However, it is possible that such motions serve addi-
tional, yet unknown purposes, including the extraction of
supplemental cues. To address this question in controlled
conditions, we adapted a strategy that allows studying possible
effects of self-motion while recording from head-restrained
animals. This was achieved by first measuring peering trajec-
tories in freely viewing conditions (Barzilay et al. 2017) and
later presenting the corresponding dynamic visual stimuli to
head-restrained subjects. Specifically, these stimuli were pre-
sented on the screen while being shifted dynamically along
trajectories that induce similar relative motion on the retina as
in the peering motions.
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This paper reports results obtained from neural recordings in
the intermediate/deep layers of the optic tectum (OT), the avian
homolog of the superior colliculus (SC). Neurons in these
layers are characterized by clear excitatory receptive fields
(RF) that are organized to form a retinotopic map (Knudsen
1982), and they respond most strongly to motion or flashing of
small objects inside their RFs (Verhaal and Luksch 2015;
Woods and Frost 1977). However, responses to stimuli inside
the RF are highly modulated by visual content in the surround
(Mysore et al. 2010; Zahar et al. 2012). For example, the
response to a bar in the RF is substantially suppressed when
additional bars appear outside of the RF (Dutta et al. 2016).
Therefore, neural activity in the OT is believed to reflect the
perceived saliency of the element in the RF (Dutta and Gut-
freund 2014). Indeed, focal lesions in the map induce space-
specific visual and auditory neglects (Knudsen et al. 2017;
Wagner 1993).

We studied the responses to wide-field displays of a densely
packed texture that is characterized by a dominant orientation
of furlike stripes. Visual objects (targets) were created by
selecting a circular area of the display and orienting it differ-
ently from the background. The tectal responses to the target in
the RF were weak and essentially absent in peripheral RFs
(�5° from the visual center). However, shifting the visual
display (target with background) along trajectories that corre-
sponded to natural peering motions induced robust neural
responses to the targets in the same tectal neurons that where
unresponsive to the targets when presented without motion.
Further analysis revealed that the temporal pattern of the
response is mostly determined by the orientation of the back-
ground stripes relative to the motion rather than the orientation
of the target’s stripes: a scene moving orthogonal to the
background’s dominant orientation induced more suppression
of the RF response compared with a scene moving parallel to
the background’s dominant orientation.

MATERIALS AND METHODS

Animals. Seven adult barn owls (Tyto alba) of both sexes were used
in this study. The owls were hatched and raised in captivity, and
housed in aviaries equipped with perching spots and brooding boxes.
All procedures were in accordance with the guidelines and approved
by the Technion Institutional Animal Care and Use Committee. All
surgical procedures were performed under isoflurane anesthesia, and
in all recording sessions the animals were sedated with mixture of
oxygen and nitrous oxide. During recording sessions no painful
procedures were carried out.

Electrophysiological procedures. The owls were prepared for re-
peated electrophysiological recording sessions in a single surgical
procedure: the birds were anesthetized with 2% isoflurane in a 4:5
mixture of nitrous oxide and oxygen. Lidocaine (lidocaine HCl 2%
and epinephrine) was injected locally at the incision site. A craniot-
omy of 1 cm in diameter was performed 0.6 cm lateral to the midline
and 1.7 cm anterior from the anterior tip of dorsal neck muscles. A
recording chamber was then cemented to the skull (Unifast dental
cement mixed with VetBond tissue adhesive) over the craniotomy.
The chamber was filled with chloramphenicol ointment (5%) and
sealed with a cap. The bird was allowed to recover overnight and
returned to its aviary.

At the beginning of each electrophysiological session, the owl was
anesthetized briefly with isoflurane (2%) and nitrous oxide in oxygen
(4:5). Once anesthetized, the owl was wrapped in a holding jacket and
positioned in a stereotaxic apparatus inside a double-walled, sound-
attenuating chamber (internal size: 2.05 m � 1.7 m � 1.95 m). The

head was fixed to the apparatus after alignment of the visual axis using
retinal landmarks (as described in Reches and Gutfreund (2008a).
After the bird was fixed, isoflurane was removed and the bird was
maintained on a steady mixture of nitrous oxide and oxygen (4:5). The
cover of the recording chamber was removed, and a tungsten epoxy-
coated electrode (0.5–1.5 M�; Alpha-Omega, Nazareth, Israel) was
driven using a motorized manipulator. Since eye movements in barn
owls are limited to a range that is smaller than �2° (du Lac and
Knudsen 1990), we did not immobilize or control for eye movements.
The recorded electrical signal was amplified, digitized, filtered
(313�5,000 Hz), and stored using the AlphaLab SnR system (Alpha
Omega, Nazareth, Israel). In each experiment, a threshold was set
online to select the larger units in the recording sites isolating action
potentials from a small cluster of neurons (multiunit recording). At the
end of each recording session, the recording chamber was treated with
chloramphenicol ointment (5%) and closed. The owl was then re-
turned to its home flying cage for at least 1 wk before the next
recording session.

Identification of the location of the recording site was based on
stereotaxic coordinates and on the expected physiological properties:
the OT was recognized by characteristic bursting activity and spatially
restricted visual and auditory receptive fields. Position within the OT
was determined based on the location of the visual receptive field. The
intermediate layers of the OT were located beneath the bursty layers
and identified based on a transition from bursty activity to regular
firing (Knudsen 1982; Netser et al. 2010). Once reaching the inter-
mediate layers, the electrode was advanced in small steps to search for
sites with clear units and visual responses. Several recording sites
(10–20) were collected in each experimental day along multiple
electrode penetrations. Recording sites were separated by at least 300
�m. All recording sites were from the anterior part of the OT having
visual receptive fields between left and right 25° and up and down 20°
relative to the center of the visual field.

Measurement of peering motions. Peering motions were measured
in a different study by three-dimensional (3-D) tracking of four
infrared reflectors [Vicon system; see Barzilay et al. (2017) for
details] rigidly attached to the owl’s head in a cross shape lying on a
plane approximately parallel to the owl’s binocular plane. Briefly, the
owls were positioned to perch at the center of a large laboratory room
in normal light conditions and normal ambient sounds. The owl’s head
was continuously tracked for a period of ~30 min. In an offline
analysis, epochs of peering motions were identified and reconstructed
in 3-D. The 3-D trajectories of the four markers (sampled at 120 Hz)
served as the basis for computing the corresponding 2-D trajectories
on the screen.

Computation of 2-D trajectories from peering movements of head.
First, for each sampling point, a reference frame was computed
consisting of the center of the rigid body formed by the four markers
as the origin and three vectors: “front,” a unit vector in the direction
of gaze; “right,” an orthonormal vector lying in the rigid-body plane;
and “up,” a vector orthonormal to the previous two. These reference
frames were then used to simulate a corresponding 2-D trajectory of
a virtual target on a display screen. The simulation consisted of the
following steps. Initially, the target was set at a distance of 1.5 m
(corresponding to the screen distance in the experimental chamber)
from the origin of the initial reference frame, in the direction of gaze
(the corresponding “front” vector). At each subsequent reference
frame, a retina was modeled as a hemisphere of 7 mm in radius (Bravo
and Pettigrew 1981). To project the fixed target onto the retina at each
frame, we considered the vector from the target to the center of the
hemisphere. The projection was evaluated as the intersection point
between the hemisphere and the line induced by the computed vector.
The resulting retinal trajectory was then used to simulate a corre-
sponding 2-D trajectory of the target on a virtual screen, assuming the
retina is fixed (a condition reflecting the stimulation during the
electrophysiological sessions). The screen was set as a plane perpen-
dicular to the initial gaze direction at a distance of 1.5 m. The origins
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of all reference frames during peering were then aligned with the
origin of the initial reference frame, and their corresponding target
image was projected back from the retina to that virtual screen via the
intersection of a line through the origin. By combining all points, the
result is a dynamic target trajectory that would project to a static retina
in a way that matches the projection of a static target on a retina under
peering motion.

Visual stimulation. Computer generated visual displays were pro-
jected (XD400U projector; Mitsubishi, Japan; 72-Hz refresh rate) on
a large calibrated white screen positioned 1.5 m in front of the owl.
Size of the projected area was 150 cm � 115 cm, corresponding to
53° � 42°. Stimuli consisting of oriented textured patterns were
generated and presented by custom-written codes with Psychtoolbox
running in MATLAB (Brainard 1997). Luminance of the screen was
17 cd/m2. In detail, textures were created by convolving a matrix of
random noise with a two dimensional filter for linear motion of
predefined length and angle. The filter coefficient was first computed
using the in-built fspecial function in MATLAB, and then the matrix
of random noise was convolved with the coefficient using the imfilter
function in MATLAB to generate orientation texture. Contrasting
objects were created by cutting a circle with a diameter of 100 pixels
(corresponding to a view angle of ~4° in diameter) from the display
and rotating it relative to the background by some orientation (see
insets in Figs. 1–3). The first type of control stimuli, with iso-
orientation objects (termed thereafter the “illusory contour” condi-
tion), were created by copying a circular patch from a different
location in the oriented texture and pasting it in the designated object
position (see inset in Fig. 1A). A second type of control stimuli
contained no objects at all (termed thereafter the “background” con-
dition; see inset in Fig. 1A).

During the experiment, the rough location of the RF was first
identified by manually moving a black dot on the screen, followed by
fine-grain mapping of the RF by scanning a grid of locations at 4°
resolution around the initial location. Following this mapping, the
texture stimulus was presented covering the whole screen while the
circular object was positioned at the center of the RF. In the static
display, each stimulus was presented for 400 ms followed by 1.6 s of
neutral (gray) screen. The different types of stimuli (target differing
by 90° from background, target defined by contour, uniform back-
ground without target, etc.) were randomly interleaved and each
presented 15–20 times. In the motion simulation experiments, the
display was first flashed on the screen with the target in the RF and
remained static for 1 s, and then the whole display was moved on the
screen along one of four peering trajectories (see insets in Fig. 3) or
along an anticlockwise circular trajectory with a diameter of 2° (Figs.
7 and 9). Following the motion, the display again was maintained
static for 1 s and changed to the next trial. Different types of stimuli
and trajectories were randomly interleaved, and each type was dis-
played 15–20 times.

Data analysis. The time points of spike discharges (threshold
crossings) of all trials were aligned temporally in raster plots. To
observe the time course of the response, peristimulus time histograms
(PSTHs) were generated with 20-ms time bins, and in some experi-
ments with 25-ms time bins. To produce the population average
responses, PSTHs were normalized to the maximal bin size in each
experiment and averaged across the population of recorded sites. The
standard errors of the mean (SE) were depicted as the width of
the PSTH curves around the average. Neural responses to textures
were quantified as area under the curve of the average PSTH in a
given time window after stimulus onset minus the areas under curve
for the same time immediately before stimulus onset. The time
window for analysis was equal to the stimulus duration plus 200 ms,
starting from the onset of stimulation. Differences between population
responses were analyzed using a paired t test.

To map the visual receptive field (RF) of the recording site, first a
dark spot was moved manually on the screen while the owl was
listening to the neural discharge. This initial stage was used to

estimate the point of maximal discharge (center of RF). The responses
to small-diameter dark circles (~2.5° diameter, 200-ms duration, 1-s
interstimulus interval) at different positions on the screen were mea-
sured, starting with the center of the RF and spanning horizontally in
alternating directions away from the center, at intervals of 4°. If the
response was smaller than 20% of the response at the center, further
spanning to that direction was stopped. Normalized responses (to the
maximal response) were 2-D smoothed and displayed in 2-D color
plots (see Fig. 2).

To address similarities between temporal response patterns to
different stimuli, population PSTHs were cross-correlated. The mean
normalized response of the whole trace was extracted from the PSTH
to bring it to an average level of zero. Cross-correlation values were
normalized by dividing with the maximum value of autocorrelation
coefficient at time lag zero.

To measure the motion direction tuning (see Fig. 5), the motion
trajectories were binned at 20-ms bins. For each bin, the direction of
motion was plotted against the mean number of spikes five bins later
(to compensate for a 100-ms neural response delay). Responses were
normalized to the maximal response in the recording site to average
across the population of recording sites.

To compute the average phase of the response in the circular
motion experiments (see Figs. 7 and 9), spike times were converted to
phases in a 2-s cycle and binned at 4.5° intervals. Phase angles where
doubled (multiply the angle by 2; if the result is larger than 360,
reduce 360), to correct for the bimodal circular distribution, and the
mean Rayleigh angle was calculated. Watsun’s U2 test was used for
nonparametric two-sample testing of circular data.

RESULTS

We collected data from 159 recording sites in the right OT
of four barn owls. Recording sites were at the intermediate/
deep layers. The RF centers ranged between �25° to �10° in
azimuth and �20° to �20° in elevation (minus sign designates
left in azimuth and down in elevation). Center of visual field
was determined using retinal landmarks as in Reches and
Gutfreund (2008b).

We measured multiunit responses to orientation-defined cir-
cular targets displayed on the screen within the center of the
RF. Targets were embedded either in a contrasting oriented
background (90° difference) or in iso-orientation background
(illusory contour condition); see Fig. 1A, insets, for an illus-
tration of stimulus types. In the initial set of experiments (54
sites) we displayed the target and background, or background
alone, on the screen for 400 ms without movements followed
by an interstimulus interval (ISI) of 2 s of gray screen. Figure
1A shows the population PSTHs for all six stimulus types.
Average responses to targets of 90° orientation contrast re-
sulted in slightly higher spike rates compared with the illusory
contour targets or the background alone. This difference was
apparent at the late stage of the response following the initial
response to stimulus onset. The responses to orientation-de-
fined targets over the responses to background were significant
(paired t test, n � 54, P � 0.035 for horizontal targets and P �
0.021 for vertical targets). The responses to illusory contour
targets compared with the background were not significant
(paired t test, n � 52, P � 0.94 for horizontal targets and P �
0.34 for vertical targets).

Figure 1B shows the RFs centers of the recording sites. Note
that all recordings were in the right OT, and thus the bias of RF
locations was toward the left side (contralateral). To examine
differences in orientation contrast sensitivity across the visual
field, we divided the screen in two: the central part (right from
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�5° azimuth) and the peripheral part (left from �5° azimuth).
Figure 1C shows the population PSTHs for the central part and
the peripheral part, separately. Responses to targets of the
population of neurons with RFs in the central part were
significantly larger for vertical targets in horizontal background
over the responses to the background alone (paired t test, n �
32, P � 0.004) and marginally insignificant for horizontal
targets in vertical background (paired t test, n � 32, P � 0.06),
whereas neurons with receptive fields in the periphery showed,
at the population level, no significant responses to orientation-
defined targets over the responses to the background alone
(paired t test, n � 22, P � 0.9 for vertical targets and P � 0.33
for horizontal targets). Thus we conclude that the neural
detection of the differently oriented targets in static displays
was in general weak, appeared late in the response, and was
absent completely in peripheral RFs.

In the next set of experiments, we examined the effects on
the responses in the OT of moving the displays (background
and targets) along trajectories defined by measured peering
motions (see MATERIALS AND METHODS). Figure 2A shows an
example of one such trajectory, starting at point I and ending at
point III. An example of a typical RF from a recording site in
the deep/intermediate layers is shown in Fig. 2B. Drawn to
scale on this RF is the motion trajectory from Fig. 2A. The
amplitude of the trajectory is small relative to RF size, result-
ing with the targets mostly maintained within the boundaries of
the RF throughout the motion. Examples of five additional RFs
are shown in Fig. 2C; the largest RF recorded in this population
is on the right and the smallest on the left. The displacement of

the peering motion was small even relative to the smallest RF.
In this study we examined responses to four motion trajectories
that varied in displacement between 1.58° horizontally and
1.92° vertically. Figure 3 shows a single recording site exam-
ple of responses to the four trajectories (A–D). One second
before movement onset, the texture display was switched on
and stayed static. At time 0 the display began moving by
following one of the four trajectories (shown at left of each
panel). From the raster plots and accompanying PSTHs, sev-
eral common features can be drawn from all trajectories. First,
no apparent difference between responses to the target and
background only is observed before the onset of motion (period
before gray box in Fig. 3). This is consistent with the results of
Fig. 1 showing weak or no responses to static targets on
background compared with background alone. Second, during
the motion of the display, clear responses can be seen to the
orientation-defined targets (blue curves) over the responses to
the background alone (note that background alone was also
moved along the same trajectories) or over the responses to the
illusory contour condition (purple and red curves, respec-
tively). Third, the responses are not locked to motion onset but
appear in specific epochs during the motion trajectory. The
timings of these epochs clearly varied between trajectories
(compare Fig. 3, A–D) as well as between stimulus orientations
(compare Fig. 3, A–D, right vs. left).

The above experiment was repeated in 31 recording sites.
Figure 4, A–C, shows the normalized PSTHs of all site for
motion trajectory 1 (TR1). The sites are sorted according to the
azimuth of the RF, from the most peripheral (contralateral) to
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Fig. 1. Response of tectal neurons to targets
in texture patterns presented static on the
screen. A: population peristimulus time his-
tograms (PSTHs) showing the responses to
orientation difference targets (blue curves),
illusory contour targets (orange curves), and
background (purple curves). Width of the
curves designates the SE. Left, average re-
sponses to horizontal targets and horizontal
background; right, average responses to ver-
tical targets and vertical background. Gray
area represents the stimulus duration of 400
ms. Top insets illustrate the different types
of stimuli. Right inset shows the power spec-
tral density (psd) of the texture in cycles/
deg; dashed line designates the estimated
acuity threshold in barn owls (4 cycles/deg).
B: an x-y plot showing the estimated posi-
tions of the centers of the receptive fields in
azimuth (Az) and elevation (El) of the 59
recording sites used in this experiment. Zero
azimuth and zero elevation is the center of
the visual field. Vertical line on left 5° di-
vides the space into 2 ranges for analysis:
left of the line (lateral region) and right of
the line (central region). C: population aver-
age PSTHs showing responses to the stimuli
as in A, normalized to results from all sites
from the lateral region (top panels) and re-
sults from all sites in the central region
(bottom panels).
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the most central (ipsilateral). Individual responses across tectal
sites, birds, and days displayed a consistent pattern of response
that was not apparent for background-only motion (Fig. 4C) This
can be also seen in the average PSTHs to the four trajectories (Fig.
4, D–G). The population responses followed the same pattern as
the single example in Fig. 3: no responses to targets during the
static phase, whereas dramatic responses were evoked during
motion. The average responses to the target, during motion, was in
all trajectories significantly above the responses to the background
alone during the same motion trajectory (paired t test, n � 31 for
vertical targets; n � 20 for horizontal targets, P 	 0.01; spike
count window: the duration of motion � 100 ms). On the other
hand, the average responses to the appearance of the target in the
RF, before motion onset, were not significantly different from
responses to background [paired t test, n � 31 for vertical targets;
n � 20 for horizontal targets, P � 0.05 (except for horizontal
target in TR3, P � 0.02); spike count window: 500 ms from onset
of display].

The clear pattern of epochs of responses shown in the single
site in Fig. 3 was maintained after averaging, indicating that
individual recording sites tended to respond more or less
during the same parts of the trajectory. Interestingly, targets of
opposite orientations (vertical vs. horizontal) traveling along
similar trajectories generated different patterns of activity, an
effect most apparent in Fig. 4D where the responses to a simple
trajectory are shown. In this case the average response pattern
seems exactly out of phase: the peaks in the responses to
horizontal targets appear in the troughs of the responses to the
vertical target. This can be also seen in the colored trajectories
in the right insets of Fig. 4. The areas along the trajectories
where firing rates crossed a threshold (marked in red) do not
match between horizontal and vertical targets. We therefore

analyzed the responses per motion direction (see MATERIALS

AND METHODS). Figure 5A shows the average response as a
function of motion direction for TR1, pooled from all record-
ing sites (same data as in Fig. 4D). In this simple trajectory a
separation can be seen between responses to a vertical target in
a horizontal background (blue dots) and responses to a hori-
zontal target in a vertical background (red dots). In the former,
the neurons seem to fire more near-horizontal motions,
whereas in the latter, they fire more near-vertical motions. The
same analysis, but with results taken from the more complex
trajectory (TR4), shows a similar trend, albeit not as clearly
(Fig. 5B). Data from all four trajectories, separated for vertical
and horizontal targets, are shown in Fig. 5, C and D, respec-
tively. The slopes of the linear regression lines between the
mean neural response and the absolute motion relative to
horizon, in both types of targets, are significantly different
from zero (ANOVA, n � 522, P 	 0.001). The slopes in the
two display modes are in opposite directions. Thus this anal-
ysis reveals a significant tendency to fire more when the motion
is perpendicular to the target orientation and parallel to the
background orientation.

Following the experiment described above, we turned to
measure the effect of orientation difference between the target
and the background. Toward that end we measured from 32
tectal sites the responses to three types of targets, randomly
intermixed: 10°, 45°, and 90° orientation of target relative to a
horizontal background (see Fig. 6, top). The population PSTHs
for 90° difference in a horizontal background (blue curves)
reveal again the same pattern of activation demonstrated in Fig.
4. Targets with orientation contrast of 45° induced a remark-
ably similar pattern of activation to 90° contrast targets. Tar-
gets of 10° contrast from background induced weaker re-
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Fig. 2. Two-dimensional trajectories of peering motions. A: calculated trajectory of one of the peering motions used in this study. Motion begins at point I and
ends at point III. AI, AII, and AIII show 3 displacements of the target relative to a fixed red circle. The view angle of the diameter of the red circle corresponds
to ~8°. The positions correspond with points I, II, and III, indicated by arrowheads on the trajectory at left. White asterisk marks a point on the image and
illustrates the motion of the scene relative to the red circle. The asterisk and the red circle were not shown in the experiment. B: an x-y plot showing azimuth
(Az) on the x-axis and elevation (El) on the y-axis. Color shows the boundaries of an example receptive field (RF). The motion trajectory of the peering motion
in A, left, is superimposed to scale on the RF. C: examples of visual RFs measured from 5 different recording sites in the optic tectum (OT). The motion trajectory
of the peering motion in A, left, is superimposed to scale on the RFs. Far left example shows the largest RF measured in this experiment, and far right example
shows the smallest RF.
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sponses; however, the temporal pattern still matched the motif,
as can be judged by the zero phase shifts of the cross-
correlograms (Fig. 6, insets). These results suggest that the
temporal pattern of activation is not determined by the orien-
tation of the targets, which varied in this experiment from 90°
to 10°, but rather by the orientation of the background, which
was maintained fixed.

The peering motions are complex trajectories, making it
difficult to isolate the factors that induce responses. Therefore,
in the next experiment, we reverted to uniform circular motion.
First, a target defined by a 90° orientation difference (Fig. 7A,
inset) was positioned at the center of the RF, and then the
whole display (target � background) was shifted along a
circular trajectory 2° in diameter, completing a full cycle in 2
s. Diameter of the circular trajectory and its speed were chosen
to be near the range of the typical amplitudes and speeds of the
peering trajectories (the uniform tangential velocity of the
circular motion on the screen was ~8 cm/s, and the mean
tangential velocities of the peering motions were 8.8, 11.4, 6.4,
and 6.3 cm/s for TR1, TR2, TR3, and TR4, respectively).
Motion was anticlockwise, starting and ending at 0° (east).
Figure 7A compares the response pattern to a horizontal target
(blue curve) with the response pattern to a vertical target (red
curve). The response pattern is shifted by half a cycle. With
correction for the typical 100-ms visual response delay of deep
tectal neurons (Gutfreund et al. 2002), it becomes clear that
when the horizontal target (blue curve) is moving upward (near
east) or downward (near west), a response epoch is triggered;
when it is shifted leftward (near north) or rightward (near
south), the response is diminished. The opposite holds for the
vertical target (red curve): response peaks appear when the
target is near north or near south. This explains why there are
three response peaks for horizontal targets and only two for
vertical targets.

To further analyze the temporal pattern of the responses, we
calculated for each of the 22 recording sites the Rayleigh angle
in the 2-s cycle (see MATERIALS AND METHODS). The distribution
of angles is shown in the polar plot of Fig. 7B. The average
angles of the two stimulus conditions (vertical vs. horizontal)
are significantly different (Watson U2 test, n � 22, P 	
0.0001) and are about orthogonal to each other: the horizontal
target population is distributed closer to 0° and the vertical
target population closer to 90° (Fig. 7B, blue and red marks,
respectively). Note that even though in this analysis we cor-
rected the phases by a 100-ms response delay, the means and
medians are rotated anticlockwise from zero angle by ~25°.
This can also be seen in the average PSTHs in Fig. 7A: the
onset of response epoch is about 100 ms after the beginning of
motion; however, the peak of the epoch is reached ~150 ms
later, which can account for the additional 25°. Thus the results
from the uniform circular motion experiment show, again and
more clearly, that motion that is perpendicular to the orienta-
tion of the target’s stripes and parallel to the background’s
stripes triggers a response epoch.
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Fig. 3. Example of neural responses from a single recording site to the 4
motion trajectories TR1–TR4. A: raster plots and normalized peristimulus time
histograms (PSTHs) to horizontal targets and horizontal background (left) and
raster plots and normalized PSTHs to vertical targets and vertical background
(right). Targets could either be oriented by 90° from their background or have
the same orientation of the background but be defined by a contour (see insets
at top). Raster plots and accompanied PSTHs show the responses separately for
90° difference (blue), illusory contour (orange), and background (purple). At
time 0 the whole display began to move along the trajectory shown at left.
Circle designates the start of the trajectory. Gray boxes designate the time
during which the display was in motion. White areas designate the times during
which the display was static on the screen. B–D: responses of the same
recording site to the motions along the corresponding trajectories shown at left
for TR2–TR4, respectively. Conventions as in A.
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Which is more important for triggering the response, the
orientation of the background or the orientation of the target?
To isolate the effect of the background orientation from the
effect of the target orientation, we displayed targets that were
oriented 45° relative to background (Fig. 7C). In this case the
target orientation was the same, whereas the backgrounds
were either vertical (blue curve) or horizontal (red curve). The
average response amplitude was smaller compared with the
90° differences; however, the temporal pattern of the response
was similar. Again, a shift of half a cycle was apparent between
the two conditions. The insets show the cross-correlograms
between the average responses to 45° differing targets and the
corresponding responses to 90° differing targets. Both corre-

lograms peak at zero phase shift. Thus we conclude that the
temporal pattern of the response is dominated by the back-
ground orientation, while the orientation of the target relative
to background is important to determine the amplitude but not
the temporal pattern. By plotting the angle between the motion
direction and background orientation as a function of time,
shifted by 100 ms to compensate for the visual response delay
(cf. top curves in Fig. 7C), it becomes clear that shortly after
the scene is moving parallel to the dominant orientation of the
background (
deg � 0°), responses to the target increase.
When the motion is perpendicular to background orientation
(
deg � 90°), the responses decrease. This can also be seen in
the polar plot in Fig. 7D, depicting the distributions of the
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responses to the targets oriented 90° differently from the background, orange curves show responses to the targets defined by contour, and purple curves show the
responses to motion of the background without the target. Width of the curves designates the SE. Gray areas designate the time during the motion. Motion trajectories
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mean phase of the responses in the circle. The two populations
are significantly separated (Watson U2 test, n � 22, P 	
0.0001); however, in this case the target orientation is the same
and only the background orientation is inverted. Thus, when
the background is horizontal, motion that is near horizontal
elicits more responses, and when the background is vertical, it
is the vertical motion that elicits more responses. Interestingly,
in targets of both 90° and 45° orientation difference, the
average responses to vertical backgrounds (Fig. 7, A and C,

blue curves) were stronger compared with horizontal back-
grounds (Fig. 7, A and C, red curves), a bias that may reflect an
inherent preference of the population response to vertical
backgrounds.

In seeking to explore whether other orientation-defined tex-
tures will trigger the same phenomenon, in the next experiment
we replaced our dense texture patterns (both targets and back-
ground) with high-contrast sinusoidal gratings. Targets were
circular patches having either 90° contrast to the background
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(orientation targets) or shifted in the grating’s phase by half a
cycle (illusory contour targets; see insets in Fig. 8). We first
examined the static condition where the target in the RF is
presented together with its background on the screen. Four
spatial frequencies were used: 0.5, 1, 2, and 4 cycles/deg. The
average responses to background showed two peaks, corre-
sponding to onset and offset of display (purple curves). Illusory
contour targets and orientation differing targets at 0.5 cycle/
degree also induced responses in between the two peaks (Fig.
8, A and B, left). On average, the responses to orientation
targets were larger than the responses to their illusory contour
target counterparts (paired t test; n � 21, vertical target, P �
0.0005; horizontal target, P � 0.0045), and responses to
illusory contour targets were larger than the responses to
background only (paired t test; n � 21, vertical target, P �
0.0009; horizontal target, P � 0.0027). However, responses to
both illusory contour and orientation targets degraded with
higher spatial frequencies (Fig. 8, A and B, right). At spatial
frequencies of 2 and 4 cycles/deg, mostly no significant dif-
ferences were observed at the population level between re-

sponses to background and targets (2 cycles/deg: n � 10,
vertical orientation target, P � 0.17; horizontal orientation
target, P � 0.86; vertical illusory contour target, P � 0.08;
horizontal illusory contour target, P � 0.23; 4 cycles/deg: n �
28, vertical orientation target, P � 0.88; horizontal orientation
target, P � 0.09; vertical illusory contour target, P � 0.03;
horizontal illusory contour target, P � 0.28). Therefore, for the
next experiment, where circular motion was applied, we tested
targets in background at spatial frequencies of 2 cycles/deg,
which was just below the spatial frequency threshold for neural
detection of the targets in static conditions.

Moving the orientation-defined targets along a circular path
with the same dimension and speed as in Fig. 7 resulted in clear
responses to the targets (blue vs. purple curves in Fig. 9).
Results were qualitatively similar to those obtained with
densely textured targets and background (compare with Fig. 7).
However, an effect of motion on the responses was also
observed with illusory contour targets (red curves in Fig. 9).
Note that in texture conditions, illusory contour targets did not
elicit substantial responses during motion (red curves in Fig.
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4). This provides another opportunity to examine how the
background orientation dominates the pattern of the response.
The average PSTHs were converted to polar displays (correct-
ing for the 100-ms response delay). The orientation contrasting
targets (Fig. 9, C and D) show a clear orthogonal relationship
between the responses to the two background orientations, as
in Fig. 7. The illusory contour targets (Fig. 9, E and F) show
also an orthogonal relationship between the two grating
orientations with a neural preference of horizontal motion
for horizontal stripes and vertical motion for vertical stripes.
However, a slight difference between the contrasting targets
and the illusory contour targets is evident. The latter are
significantly rotated counterclockwise (Watson U2 test, n �
5, P 	 0.05) by ~15°.

Next, we explored the extent to which the effect of motion
on the neural responses is unique to the OT or can be found in
other visual brain areas. We thus recorded from 58 sites in the
visual Wulst of three barn owls. The visual Wulst is the avian
homolog of the mammalian visual cortex (Nieder and Wagner
2000; Pettigrew and Konishi 1976). Visual information arrives
at the visual Wulst via a separate pathway (thalamofugal
pathway) from the visual pathway of the OT (tectofugal path-
way; Bravo and Pettigrew 1981). In this experiment we pre-
sented stimuli similar to those in Fig. 6, i.e., whole screen
densely packed textures with a circular target defined by an
orientation difference from the background. Average horizon-
tal size of RFs in visual Wulst was 5.6° � 3.1° (n � 49; width
of Gaussian fit at 50% of maximum). This is slightly smaller
than the average RF size of intermediate/deep layers of OT

(~8°; Zahar et al. 2012) but still larger than the trajectory size.
Unlike in the OT, neurons in visual Wulst are mostly sensitive
to the orientation of the stimulus in their RF (Nieder and
Wagner 1999; Pettigrew and Konishi 1976). Therefore, in this
experiment we first measured the orientation tuning of each
recording site and adjusted the orientation of the texture in the
circular target to fit the best orientation of the recorded site.
Background was then adjusted accordingly to produce a target
with orientation difference of 90° or 10°. Figure 10, A–C,
shows an example of RF measurement and orientation tuning
from one recording site. In this example maximal responses
were registered for a bar oriented 135° from the horizon (Fig.
10C), and therefore the target orientation was set to 135° and
the background to 45° or 125° to produce a target orientation
difference of 90° or 10°, respectively (Fig. 10D). The display
was first presented statically on the screen with the target at the
center of the RF. After 1 s, the display began moving in a circle
(diameter of 2°) to finish a full cycle in 2 s (similar to the
parameters used in Fig. 7). Figure 10E shows the PSTHs from
all recording sites for 90° targets, 10° targets, and background.
During motion, responses were not precisely locked to a
certain phase of the motion and no apparent response pattern
emerges to the target vs. the background. The population
average PSTHs, shown in Fig. 10F, were very different from
the results in the OT (compare with Fig. 7A). During the static
display (1 s before onset of motion), all stimuli triggered a
broad epoch of response that was followed by an epoch of
inhibition. No significant difference between targets and back-
ground was observed. After the initiation of motion (time 0 in
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Fig. 10F), all stimuli, targets and background, elicited a single
response epoch without an apparent difference between the
targets and backgrounds. Thus, at the population level, neurons
in visual Wulst discriminated targets from backgrounds in
neither the static conditions nor the motion conditions. The
effect of scene motion on the responses to targets compared
with backgrounds was not apparent in the population of neu-
rons from visual Wulst.

DISCUSSION

Neurons in the deep/intermediate layers of the OT are
known to respond to salient objects in their RFs (Dutta and
Gutfreund 2014; Kardamakis et al. 2015). Yet, when presented

on the screen, the responses in the OT to the orientation-
defined targets used in this study were typically weak and
occurred in recording sites with RFs near the center of vision,
i.e., where the density of photoreceptors is higher (Bravo and
Pettigrew 1981; Hazan et al. 2015). While it is possible that the
perception of these targets is manifested by activity elsewhere
in the brain, visual Wulst neurons did not discriminate such
targets from backgrounds either. The weak neural discrim-
inability in both OT and visual Wulst may be expected based
on the relatively low visual acuity of barn owls. The maximal
detection frequency was estimated in barn owls, by using a
two-alternative forced-choice task to detect the orientation of
high-contrast static sinusoidal gratings on a computer screen,
to be 2–4 cycles/degree (Harmening et al. 2009; Orlowski et al.
2012), while much of the orientation information in the dense
texture images we used was above this threshold (Fig. 1, inset).
Indeed, during testing with sinusoidal gratings in static condi-
tions, the population of neurons in the OT discriminated the
targets from background at low spatial frequencies but mostly
lost this ability at spatial frequencies higher than 2 cycles/deg
(Fig. 8). Interestingly, the responses to the static presentation
of the stimulus resembled results obtained from V1 in awake
macaque monkeys (Zipser et al. 1996). In both species the
contextual modulation from the surround appeared late in the
response and was relatively weak compared with the initial
response.

In real life, targets do not appear, remain static on the retina,
and then disappear. The objects are continuously in the envi-
ronment, and it is the animal that is moving around. For this
reason, it is of interest to explore how image motion induced
by typical self-motions affects the neural responses. It has been
argued that motion (self-induced or external) provides visual
benefits that can improve acuity (Ratnam et al. 2017; Rucci et
al. 2018). Moreover, retinal motion can separate objects from
a distant background via a process called motion parallax (Kim
et al. 2016). Motion parallax for 3-D perception is a strategy
used by a variety of species, from insects to humans (Lehrer
and Srinivasan 1994; Rogers 1993). Barn owls, as well as other
owl species, commonly perform head peering motions that
generate motion parallax cues (Ohayon et al. 2006; van der
Willigen et al. 2002). However, barn owls also use stereovision
for depth perception (Nieder 2000). It is therefore an open
question what is the added value obtained by the peering
motions. Perhaps the peering’s self-motions provide additional
cues for the owl that are not related to depth. Here we reveal a
possible additional advantage of self-motions in the segrega-
tion of objects that are defined by orientation differences from
their background. Orientation-based figure segregation and
saliency are common in visual animals, including barn owls
(Harmening et al. 2011; Mokeichev et al. 2010; Nothdurft
2000; Orlowski et al. 2015; Reichenthal et al. 2019), indicating
its importance for ecological vision. The peering movements
may provide motion parallax cues for depth-based segregation
together with motion-generated cues for orientation-based seg-
regation. That the same motion provides two complementary
cues simultaneously (depth and orientation) may provide an
advantage for integration of the information to enhance object
detection (Chandrasekaran 2017). Barn owls rely on detection
of small targets in challenging and highly cluttered environ-
ment. Hence, any additional cues for camouflage breaking (Pan
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et al. 2017) may be important for the survivability of the
animal.

A hint for the neural mechanism of the reported phenome-
non comes from the observation that it is the orientation of the
background that is dominant in determining the temporal
pattern of the response and less the orientation of the target in
the RF. This is counterintuitive, as we expect the response to be
shaped by the stimulus inside the RF. However, responses in
the OT are strongly context dependent (Dutta et al. 2016;
Khanbabaie et al. 2007; Marín et al. 2012; Mysore et al. 2011;
Zahar et al. 2018). The isthmotectal loop is a specialized
circuitry that induces a strong, long-range, lateral inhibition
and a cholinergic excitatory drive in the RF of the salient
stimulus (Asadollahi et al. 2011; Maczko et al. 2006; Wang et
al. 2006). The potent, long-range inhibition arrives from the
nucleus isthmi pars magnocellularis (Mahajan and Mysore
2018; Wang et al. 2004). This extensive network of lateral
inhibition in the OT enables the more powerful stimulus to
suppress responses to its competitors (Mysore and Knudsen
2013) and is presumably responsible for a variety of effects of
surrounding elements on the responses to the target in the RF
(Dutta et al. 2016; Marín et al. 2007; Zahar et al. 2012). Thus
the response of tectal neurons is largely a result of a compe-
tition between what is in the RF and what is out of the RF

(Marín et al. 2007; Mysore et al. 2010). Our results show that
when the motion of the scene is parallel to the orientation of the
background, the neurons are activated by the stimulus in the
RF, whereas when the motion is orthogonal to the orientation
of the background, they are not. We hypothesize that the
circular and side-to-side motions create transitions between
higher optic flow (motion perpendicular to the dominant ori-
entation) and lower optic flow (motion parallel to the dominant
orientation) in the surround. These, through the extensive
lateral inhibition of the isthmotectal loop and/or other sources
of inhibition (Luksch 2003), induce inhibition and release from
inhibition that boosts the responses to the target in the RF. The
reason such responses appear when the target is oriented
differently from the background, but not for background alone,
is because in the latter, the excitatory and inhibitory drives
maintain balance throughout the motion, whereas in the for-
mer, the inhibition can be out of phase with the excitatory drive
in the RF. This mechanism is reminiscent of the mechanism
proposed to underlie object-motion-sensitive ganglion cells in
the retina (Baccus et al. 2008; Olveczky et al. 2003): when the
motion in the RF is coherent with the motion outside the RF,
the inhibition epochs from the surround (via amacrine cells)
coincide with the excitation epochs from the RF and the
responses are eliminated. When the motion inside is incoherent
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Fig. 10. Summary of results from visual Wulst. A: an example of the average response of a single recording site in visual Wulst as a function of the azimuth
of the stimulus relative to the owl’s center of gaze (negative is left). Red curve is a Gaussian fit to the data. Error bars are SE. B: average responses of the same
recording site in A as a function of the elevation of the stimulus relative to the owl’s center of gaze (negative is down). C: average responses of the same recording
site to 4 bar orientations at the center of the receptive field. Error bars are SE. D: diagram depicting the experimental paradigm. In this example the target is rotated
135° from horizon to fit the orientation of the bar that gave rise to the maximal response (in C). The background is either orthogonal to the target (45°) or rotated
10° clockwise from the target. E: color-coded graphs showing the distribution of responses in visual Wulst. Each row represents the average response as a function
of time from a single recording site. The stimulus was flashed on the screen at the leftmost point of the graph, stayed static for 1 s, and started to move along
a circular trajectory for 2 s. Vertical bar designates the duration of display motion. Graphs show separately the responses to the 90° differing target, the 10°
differing target, and the background only. F: population average responses to the 3 stimulus types, shown in insets (target orthogonal to background, target
10° from background, or background alone). Vertical dashed lines contain the period from onset of motion to end of motion (2 s). Width of the lines
designates the SE.
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with the motion outside, the inhibition epochs do not coincide
with the excitation epochs and the ganglion cell is free to
respond to the excitation induced by motion. Our results do not
exclude the possibility that the observed responses are an
outcome of retinal circuitry, but the observation that the effect
was not seen in visual Wulst supports a computation that is
specific to the OT.

The above-suggested mechanism leaves one question open:
if it is the temporal asynchrony between epochs of excitation
from the center and epochs of inhibition from the surround that
lead to the enhanced responses, why is it that the temporal
pattern of the responses seems invariant to the orientation of
the target relative to motion? The orientation of the target
relative to motion should modulate the pattern of excitation in
the RF and thus affect the temporal pattern, as well. A possible
answer is that because of the relatively small target size and the
low acuity of the barn owl (Harmening et al. 2009), the
excitation is mostly driven by the motion of the illusionary
contour created at the edge of the target and less by the
orientation of the stripes in the target. Indeed, larger orientation
differences between the target and the background (clearer
illusionary contours) produced larger responses and vice versa
(Figs. 6 and 7). When targets and backgrounds were of sinu-
soidal gratings, we did observe a small but significant shift of
the temporal pattern of the responses correlated with the
orientation of the target stripes (compare Fig. 9C with Fig. 9F
and Fig. 9D with Fig. 9E). In these conditions the luminance
contrast of the stripes is high, and thus the orientation of the
stripes in the target relative to motion may be more influential
on the excitatory drive compared with the dense texture pat-
tern.

The experiment using constant velocity circular motions
(Figs. 7 and 9) demonstrate that the specific kinematics of
peering motions is not a necessary condition for elucidating the
effect. We predict that self-motion that minimizes the inhibition
from the surround (i.e., parallel to the dominant orientation) below
the excitatory drive to the RF will boost responses that are
otherwise hidden. The spontaneous peering motions that we
measured were kinematically rich, including circular motions and
mix of rotations and translations (Barzilay et al. 2017). Thus a
possible advantage of peering motions over other self-motions of
the barn owl, such as head drifts, head saccades, and locomotion,
is that it samples multiple motion directions in a relatively short
time and in small amplitudes.

Neurons in the optic tectum are mostly sensitive to motion of
objects in their RF (Frost et al. 1990). Thus an increase in tectal
responses is predicted to produce a perception of motion in the
RF over its background. Surprisingly, laboratory members
viewing the stimulus motion displays used in this study occa-
sionally perceived an illusion of the target as if slightly jittering
relative to the background. This seems to be a variant of the
known Ouchi illusion (Fig. 11), where a circular patch of
vertically oriented checkerboard bars is perceived as if floating
above a background consisting of horizontally oriented check-
erboard bars. When the whole display is moved in a side-to-
side or circular motion, the target is perceived as if slightly
moving relative to background. The pattern was first created by
the Japanese artist Hajime O� uchi (Spillmann et al. 2016) and
later was the subject of several psychological studies and
theories of vision (Ahissar et al. 2015; Greene et al. 2016;
Khang and Essock 1997; Spillmann 2013). Interestingly, we

observe that the orientation-contrasting stimulus that produced
strong responses in object-motion-sensitive neurons in barn
owls also induced illusionary object motion in human observ-
ers. This gave rise to the intriguing speculation that our results
can serve as neural correlates for the Ouchi illusion. The SC is
functionally preserved across taxa (Kardamakis et al. 2015)
and is responsible for saliency and local motion detection in
both mammals and birds (Davidson and Bender 1991; Dutta
and Gutfreund 2014; Krauzlis et al. 2004; Waleszczyk et al.
2004; White et al. 2017). Thus the results reported in this
article lead to a testable hypothesis that SC activity contributes
to the perception of motion in the Ouchi illusion and other
illusions of motions.

Previous studies in the OT of barn owls and pigeons, as well
as in the SC of cats and monkeys, revealed strong sensitivity to
motion opponency (Davidson and Bender 1991; Frost and
Nakayama 1983; Mandl 1985; Zahar et al. 2012): responses to
a moving target in the RF are suppressed if the background or
other objects are moving in the same direction and is strong
when the other objects are moving in an opposite direction.
This neural behavior was attributed to a role of the OT in
suppression of responses to self-motions (Frost et al. 1990). In
the present study we moved the object and the background
coherently, as in self-motion and not as in relative object
motion, and yet revealed strong responses to the object. Thus
self-motion can enhance saliency detection of targets even if
they are not moving relative to background. This capacity may
have an ecological meaning: an owl flying and/or moving its
head in the woods is expected to experience pop-outs of objects
that break the regular orientation of the scene. Thus our results
point to the possibility that active vision may aid in augmenting
the perception of odd orientations in the scene.

Fig. 11. Motion illusion named after the Japanese artist Hajime O� uchi. The
circular center appears as if floating and jittering above the background. The
perception of the relative motion between the circle and the background is
enhanced if the image is moved in front of the head while the eyes’ fixation
point is relatively maintained.
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