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Flying animals must successfully contend with obstacles in their natural
environments. Inspired by the robust manoeuvring abilities of flying animals,
unmanned aerial systems are being developed and tested to improve flight
control through cluttered environments. We previously examined steering
strategies that pigeons adopt to fly through an array of vertical obstacles
(VOs). Modelling VO flight guidance revealed that pigeons steer towards
larger visual gaps when making fast steering decisions. In the present exper-
iments, we recorded three-dimensional flight kinematics of pigeons as they
flew through randomized arrays of horizontal obstacles (HOs). We found
that pigeons still decelerated upon approach but flew faster through a
denser array of HOs compared with the VO array previously tested. Pigeons
exhibited limited steering and chose gaps between obstacles most aligned to
their immediate flight direction, in contrast to VO navigation that favoured
widest gap steering. In addition, pigeons navigated past the HOs with more
variable and decreased wing stroke span and adjusted their wing stroke
plane to reduce contact with the obstacles. Variability in wing extension,
stroke plane and wing stroke path was greater during HO flight. Pigeons
also exhibited pronounced head movements when negotiating HOs, which
potentially serve a visual function. These head-bobbing-like movements
were most pronounced in the horizontal (flight direction) and vertical direc-
tions, consistent with engaging motion vision mechanisms for obstacle
detection. These results show that pigeons exhibit a keen kinesthetic sense of
their body and wings in relation to obstacles. Together with aerodynamic flap-
ping flight mechanics that favours vertical manoeuvring, pigeons are able to
navigate HOs using simple rules, with remarkable success.

1. Introduction

Moment-to-moment navigation through a complex obstacle-laden ecosystem is
necessary for the evolutionary success and survival of flying animals. Flight
navigation through cluttered environments requires exceptional aerodynamic
manoeuvring performance coordinated by rapid processing of sensory cues.
The manner in which flying animals manoeuvre to avoid obstacles and select
flight paths has become a growing focus of investigation. Studies of animal
flight navigation also hold promise for inspiring more robust algorithms for
short-range navigation of unmanned aerial systems (UAS) [1,2].

Birds and insects rely heavily on visual cues for short-range navigation to
avoid obstacles, pursue prey [3-5] and select flight paths [6-13], whereas
many bats and some specialized species of birds [14,15] rely on echolocation
when foraging and during transit flights [16—19]. When flying through narrow
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openings, birds demonstrate a strong kinesthetic sense of body
position and movement with respect to nearby obstacles, redu-
cing their risk of wing and/or body damage associated with
obstacle contacts [20-22].

Obstacle negotiation is also arguably a central compo-
nent of successfully deploying autonomous mobile robots in
unstructured real-world environments. The main challenges
in obstacle negotiation are to identify relevant obstacles, deter-
mine the manoeuvres needed to avoid them and to execute
the manoeuvres with appropriate dynamics. Obstacle avoid-
ance can be achieved via path planning and/or reactive
control [23]. Path planning requires some level of spatial
map information [24]. However, for many robotic applications,
an accurate map of the environment is not available and can
be computationally expensive to obtain. Instead, the use of
relatively simple sensory heuristics for guidance provides an
alternative approach and has been explored to model visual
guidance by animals, ranging from insects to humans
[25-29]. Such a heuristics approach has been successfully
used to guide autonomous robots. Good examples are UAS
obstacle avoidance and autonomous landing, using optic
flow [30-32]. Understanding the behavioural strategies, used
by animals for guiding movement in cluttered environments,
has key relevance to robotic applications.

Behavioural strategies, however, are difficult to extract,
because an animal typically integrates multiple sensory cues
and chooses from a multitude of possible actions. Visually
guided behaviours constrain the role of sensory modalities,
which can be further simplified, using an artificial visual
environment [11,13,33]. In past work [34], we developed a
simple obstacle negotiation behavioural paradigm and model-
ling procedure to evaluate possible behavioural strategies used
by pigeons (Columba livia) to navigate through an artificial
forest. By recording the flight trajectories of the pigeons in
the horizontal (XY) plane and combining their trajectories
with obstacle positions, we were able to reconstruct the
visual cues that pigeons might use to navigate past obstacles.
Rather than using obstacle avoidance strategies [29,35] or
time-to-collision (7) [36,37] as steering cues, we developed a
gap-aiming guidance model based on proportional-derivative
(PD) control with a fixed delay. We extensively searched for the
gains and visuomotor delays that best described the observed
manoeuvring flight trajectories. We used our model to test
whether pigeons selected the widest gap or the gap most in
line with their flight direction to navigate past vertical obstacles
(VOs). We found VO negotiation was best described by pro-
portional steering control driven by the error between their
flight direction and the desired opening, with pigeons biasing
their steering towards larger gaps, rather than those most in
line with their flight bearing or their destination direction.
A widest gap-aiming model was able to predict up to 80% of
the observed flight paths, given only the initial conditions.

Flying animals must navigate past horizontal as well as
VOs when flying through natural environments. An obstacle’s
orientation relative to the wing stroke plane imposes funda-
mental constraints on obstacle avoidance biomechanics and
aerodynamics. While VOs require pigeons and other flying
animals [21,22] to pause at the end of a stroke reversal or
narrow their wingspan at mid-stroke, horizontal obstacles
(HOs) likely allow birds to keep their wings extended for
brief glides to manoeuvre past obstacles. Whereas VOs chal-
lenge a bird to generate lateral forces, HOs require changes in
vertical force, which therefore require different aerodynamic

mechanisms. Here, we examine the flight trajectories and strat-
egies that pigeons adopt to negotiate HOs and propose three
hypotheses according to biomechanical and aerodynamic con-
straints. First, the control authority of birds is likely greatest in
the vertical plane, as the majority of aerodynamic lift pro-
duction is to support the animal’s weight against gravity. We
therefore expect pigeons to navigate HOs at higher average
speeds, but assist braking and conserve energy by converting
kinetic energy (KE) into potential energy (PE), resulting in an
upward bias of their flight trajectories. Second, because the
bird’s body-wing profile is oriented more parallel to the
HOs, the acceptable gap size for navigation between obstacles
may be much smaller. We therefore expect that the widest gap-
aiming model may not best describe HO navigation in the ver-
tical plane, as it did for VO navigation in the horizontal plane
[34]. Finally, pigeons must make adjustments in wing stroke
amplitude and stroke plane angle to avoid contact with the
obstacles, while also controlling body pitch to adjust flight tra-
jectories through HOs. We test these hypotheses by analysing
pigeon kinematics during HO flight.

2. Material and methods

Four wild-caught adult rock doves, C. livia, (pigeons; 353 + 37 g
body mass) used in the experiments were housed, trained and
studied at the Concord Field Station (Bedford, MA) in accordance
with protocols approved by Harvard University’s Institutional
Animal Care and Use Committee (animal experimentation proto-
col no.: 98-04). Over the course of two weeks, seven pigeons
were trained to fly between two 1 m high perches and vocally
discouraged from landing on the floor. The interperch distance
was gradually increased until the perches were positioned perma-
nently on either end of a 3 m wide by 3 m high by 20 m long
corridor. The four pigeons that flew most consistently (as subjec-
tively assessed by the trainer) were selected as study subjects for
flight navigation. Following training, 20 HOs (HO, 1.25cmx
3 m, figure 1a) were semi-randomly positioned across a hexagonal
lattice with edges of 0.2 m. For each trial, an obstacle was semi-
randomly allocated to one of six locations for each of 20 grid
locations on a 2x2m area (figure 1d). The HO forest started
10m from the obstacle flight take-off perch and ended 8 m
before the landing perch (similar corridor location as for our
prior study of VO flight [34]). The resulting HO distributions aver-
aged 4.8 obstacles m 2, significantly denser than the VO forest in
our previous study, which averaged 1.7 obstacles m 2. However,
the VOs had a diameter of 3.8 cm, substantially exceeding the
1.25 cm diameter of the HOs used here. We used Bungee™
cords drawn tight between eye-bolt anchors installed in the lateral
walls of the obstacle field as HOs (rather than the plastic poles used
for the VO navigation study), to ensure that the pigeons would not
land on an obstacle but would fly through the obstacle field to land
on the far perch. Four permanent HOs were set above and two
permanent obstacles were set near the ground (black dots,
figure 1a) to ensure that the pigeons navigated through the HO
forest. For simplicity, we refer to flights without the 20 semi-
randomly distributed obstacles as non-obstacle flights (NO
flights), even though the six permanent obstacles were present
for all flights. The walls of the corridor were uniformly covered
with white polyethylene sheets.

Four synchronized high-speed video cameras (two Integrated
Design Tools, Inc. model N5S1 recording 2336 x 1728 pixel images
and two Photron model PCI recording 1024 x 1024 pixel images)
recorded the pigeons’ flight trajectories at 250 Hz. The calibrated
volume of the four cameras included the HO field, as well as an
approximately 2 m approach to the obstacles (figure 1a). Infrared
LEDs were used as active markers to facilitate tracking of key
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Figure 1. Flight corridor with horizontal obstacles (HOs). (a) Pigeons were trained to fly down a 3 m wide x 3 m high x 20 m long corridor between two 1 m
high perches (dashed blue line; takeoff—left; landing—right). The corridor ceiling was covered by plastic mesh netting to enable four high-speed video cameras to
capture the pigeon’s flight paths from above. Flights were recorded (solid blue trace) from 2 m prior to, until passage through, a forest of HOs (black and grey dots).
(b) Infrared, 2.4 mm LEDs mounted on the bird's head, body and wings (coloured circles on black silhouette) were tracked in the camera views and used to
reconstruct three-dimensional flight positions. The head centre (blue dot) was approximated by a weighted average of two head LEDs (not shown). (c) Marker
positions for an example flight through the HOs (thick black and grey lines). Upstroke phases are depicted in small, grey symbols, whereas downstroke phases
are in bold for the left (green) and right (purple) wings, along with the body (grey) and head (blue). (d). Four fixed HOs (black) define the upper height
of the field, and two fixed obstacles (black) were placed near the ground. Within an evenly distributed grid (grey dashes), 20 HOs (grey dots and lines in (a)
and (c), respectively) were semi-randomly allocated to one of six locations (i—vi) for every trial. The resulting obstacle distributions across a hexagonal lattice

with edges of 0.2 m (red dashes) yielded an average obstacle density of 4.8 obstacles m ™~

landmarks on the birds (figure 1b; Vishay Intertechnology, Inc.,
Malvern, PA). The LEDs were powered by a battery pack secured
to the dorsal side of the torso, near the centre of mass of the bird.
Two LEDs attached to either end of a 5.5 cm piece of balsawood
were secured to the bird’s head with thermoplastic adhesive and
elastic tape. A weighted average of these two LEDs approximated
the centre of the head. Three LEDs mounted via elastic tape to the
bird’s torso provided three-dimensional measurements of body
position and orientation. The feathers on the dorsal side of the
head and the torso were carefully trimmed to reduce relative
motion of the LEDs. LEDs mounted halfway along the shaft of
the ninth primary of the left and right wings were used to calculate
kinematic variables relevant to flight manoeuvres (table 1 and
figure 5¢,d). To prevent the wires from interfering with wing

2

motion, we secured the wires with small amounts of thermoplastic
adhesive to the ventral side of the elbow and wrist joints, while
guiding the wires along the ventral side of brachium and ante-
brachium of each wing. The weight of all components added to
each bird totalled 9.7 4 0.8% of their body mass.

Using the four «calibrated high-speed camera views,
three-dimensional positions of the LEDs were reconstructed in
MATLAB within the 9 m® volume covering the approach and
obstacle forest (MathWorks, Natick, MA); [38]. Only flights in
which the birds did not contact the obstacles were accepted for
analysis. For every marker, the positional data were filtered, using
a cubic spline filter with tolerances that resulted in marker speeds
that most closely matched those obtained with a fourth-order,
zero time lag Butterworth filter, using a low-pass cut-off frequency
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Table 1. Local wing kinematics, normalized to NO flight downstroke values. Mean + s.d. of individual wing kinematics. Significant differences between NO and  [JJi}
HO flights are in italics.

stroke amplitude (%) stroke duration (%) wing speed (%) wing extension (%) stroke plane angle (%) ?_,

downstroke é
HO flights 1033 4+ 13.0 924 1+ 103 13.5 + 245 933 + 32 779 £+ 6.6 =
upstroke .............................................................................................................................. §
NO flghts  987+41 988+ 60 1101 + 38 787 +67 913+ 24 <

equal to the average wingbeat frequency. Raw positional data were
smoothed with a cubic spline to avoid poor performance near the
tails of the time-varying positional traces [39].

The three non-collinear body LEDs were used to define a body
frame with orthogonal axes along the anatomical anteroposterior,
AP, mediolateral, ML and dorsoventral, DV, axes. After expressing
the wing markers in the body frame for each individual, a least-
squares linear regression of all wing positions projected on the
midsagittal plane was used to separate downstrokes from
upstrokes: wings were defined to be in downstroke when wing
marker velocities were directed anteroventrally in the direction
of the regression trend line. If not, wings were defined to be in
upstroke. Instead of defining wing amplitude as the one-dimen-
sional angle between two extreme wing orientations, we used
the integral distance travelled by a wing marker during each half
stroke to define wing stroke amplitude. Similarly, the down/
upstroke duration was the time a wing marker spent in down/
upstroke, and wing speed was the average speed over the duration
of down/upstroke. The stroke plane angle was defined as the angle
between the AP axis and linear regressions of wing positions
during down/upstroke projected on the midsagittal plane
(figure 5b). We did not separate left from right wing to quantify
these metrics for downstroke versus upstroke, as navigation past
HOs is likely to be independent of contralateral asymmetries in
wing kinematics. Wing extension was defined as the average Eucli-
dian distance between the two wing markers at 50% duration of
each half stroke.

To identify likely candidates for manoeuvring mechanisms used
in negotiating HOs, we additionally determined stroke-to-stroke
variability in amplitude, duration and speed as the standard devi-
ation across all strokes, for each individual. Variability in wing
extension was quantified as the average deviation in the mediolateral
direction of the wing markers from the mean stroke trajectories (dark
and grey lines in the frontal views in figure 5b,c). Similarly, variability
in stroke path was quantified as the average deviation in the wing
markers’ sagittal plane motion relative to regression lines through
all down/upstroke marker positions of each individual.

We applied a false discovery rate (FDR) controlling procedure
[40] in multiple significance testing between NO and HO flights.
Correlations between changes in potential and KE over the forest
flight sections were tested with multiple least-squares linear
regression models (JMP, SAS Institute, Cary, NC). These mixed-
effect statistical models included a random effect of bird identity
to correct for individual effects. We compared FDR adjusted
p-values, p*, with a significance level of a = 0.05.

3. Experimental results

3.1. Characteristic features of horizontal obstacle flight
Despite the denser array of HOs, HO flights (blue, figure 2a)
involved less steering by the pigeons in the XZ plane (87% of

trials less than 30°) compared with VO flights (red) in the XY
plane (87% of trials less than 60°). Overall, the mean trajec-
tory for each set of obstacle flights matched the destination
direction of the landing perch. As for VO flights, HO flights
showed little evidence of path planning during the approach,
with little or no evidence of steering until within 0.5-1.5 m of
the obstacle field. Pigeons decelerated when approaching
the obstacles (6.2 + 1.1 ms ™' greater than 1 m before versus
5.6 +1.0ms ! within 1m), but still flew past the HOs at
higher speeds (5.0 +1.0ms ') compared with VO flight
speeds (3.9 + 0.5 ms™'; figure 2b). Steering was also more
variable, as well as being substantially less strong, during
HO flights compared with VO flights (figure 2c). For
example, 42.8% of HO flights involved less than 10° of total
steering whereas only 17.5% of VH flights had such low
steering. Pigeons consistently traded off KE for PE and vice
versa within the HO forest (multiple LS-regressions model:
p < 0.0001; figure 2d). No such correlation was present for
NO flights (p = 0.06). However, counter to our expectation,
we did not observe a bias of converting KE to PE within
the obstacle forest. PE changes were small compared with
KE changes, and pigeons also converted PE to KE when
flying through the HO field.

Consistent with the reduced steering observed for horizon-
tal navigation and the possibility that manoeuvring to navigate
past HOs is less demanding, the frequency of obstacle contacts
(determined across individual trials) with HOs (19.8 4 3.5%,
n=4) was much less than the frequency of contacts with
VOs (37.7 + 13.6%, n=3). Whereas 100% of VO contacts
were made with one or both wings, only 8.7% of HO contacts
were by the wings. The remainder resulted from contacts with
the head, body, feet or tail of the bird. Obstacle contacts did
not temporally cluster in earlier flights, and occurred with a
variable distribution over HO flight trials.

The pigeon'’s bearing angular velocity (w) in the XZ plane
fluctuated in a stereotypic sinusoidal pattern when flying with-
out obstacles (figure 32). When phase-corrected, all pigeons
showed similar time-varying patterns of w, with each pigeon
having a unique frequency and magnitude. In these NO flights,
the periodicity in head direction changes is possibly caused by
oscillating pitch torques occurring at the wingbeat frequency
[41]. A smoothing cubic spline filter was used to approximate
the pigeon’s steering signal (ws), which showed virtually no
steering for non-obstacle flights (figure 32). When negotiating
HOs, w fluctuated much more erratically (figure 3b). An over-
lay of all trials from the four pigeons for HO flights shows that
some trials reached more than three times the amplitude of
bearing w compared with normal flights (figure 3b). One
example HO trace (figure 3c) illustrates the substantial

€60091L0¢C £ Smo{ aiv)iapuf



(a) -
horizontal obstacle (HO) flights
~LT vertical obstacle (VO) flights 12
B e 1 _ @ ”_
o ——— + 0
~ -~ = = _ | < .
r - . LK change
| 0 PR )OI in potential
I i [}
| \ = energy (J) |
) -1 0 1 -1.5 P L I 2.5
o ~
¢
(b) (© S\,
50 50 AN
HO flights HO flights S
40 VO flights 40 VO flights - Aa
£ 8
] 2 ) A
5% 5% 25 4 )
= = 2
= 20 s 20 %EA‘.AAA
= A
10 10 ‘3AA A, o
| A
0 2 4 6 8 10 0 30 60 90 4

average speed (ms™1)

total steering (deg)

5L

Figure 2. Pigeons trade off potential and kinetic energy, but fly faster and steer less past horizontal obstacles (HOs) compared with vertical obstacle (VO) flights.
(a) HO flights (blue) involved less steering in the XZ plane compared with VO flight navigation (red) in the XY plane (VO data originally reported in [34]). Overall, the
mean trajectory for each set of obstacle flights matched the destination direction of the landing perch. As for VO flights, HO flights showed little evidence of path
planning during the approach, with little or no evidence of steering until within 0.5—1.5 m of the obstacle field (dashed lines are s.d. of pooled traces). (b) Pigeons
slowed down but flew past the HOs at a more variable and higher speed (5.0 + 1.0 m s compared with VO flight speeds (3.9 & 0.5m s71). (0) Overall
steering was also more variable as well as being lower in magnitude during HO flights compared with VO flights. For example, more than 40% of HO flights
involved less than 10° of total steering. (d) Changes in potential energy (PE) relative to kinetic energy (KE) over flight sections within the HO forest were generally
exchanged to conserve the pigeon’s mechanical energy state (each shade of blue and symbol represents an individual; multiple LS-regressions model: p << 0.0001).
No such trend was present for NO flights (grey symbols; p = 0.06). In the HO forest, however, PE changes were generally small and failed to show a bias for
increased PE with decreased KE, indicating that in some trials the pigeons also steered down and increased flight speed in the forest.

amplitude modulation as well as some frequency modulation
of w. Again, we can use the same cubic spline filter to extract
the steering signal (ws). An overlay of all the approximated
steering signals for HO flights (figure 3d) shows qualitative
differences relative to the steering signals for VO flights
(figure 3e). Whereas the steering for VO flights is smooth and
persistent, the steering for HO contains transient large ampli-
tude features. Although we observed little evidence of flight
trajectory deviations prior to entering the obstacle field, the
bearing angular velocity during the pigeon’s approach for
HO flights fluctuates more compared with no-obstacle flights
shown in figure 3a. Distributions of steering signal prior to
(grey) and during (black, shaded red) VO flight navigation
show that steering dramatically increased when the pigeons
entered the VO field (figure 3f, right). In contrast, the distri-
butions of steering signal prior to (grey) and during (black,
shaded blue) HO field navigation (right) differ much less
(figure 3f, left).

3.2. Head and wing motions during horizontal
obstacle flight

A striking behavioural difference compared with non-obstacle
flights was the presence of larger head speed fluctuations
during obstacle flights (figure 4a—c). Head speed oscillated
periodically, following a lower-frequency trend determined
by the flight speed. Therefore, spline-filtered head speed con-
taining only frequencies less than 50% wingbeat frequency

were considered to represent flight speed. Relative head speed
was determined by subtracting flight speed from global head
speed. Relative body speed was similarly determined by sub-
tracting the low frequency trend of body speed, obtained by
spline-filtering the body speed with the same filter settings
used to obtain flight speed, from global body speed. The
mean + s.d. (shaded areas) of individual mean cross-
correlations of relative body speed with relative head speed
for NO flights peaked at a time lag near 0s (figure 4d, left
panel), indicating synchronous relative head and body speed
fluctuations when no obstacles were present. In contrast,
during HO flights, fluctuations in relative body speed and rela-
tive head speed were nearly counter phase to each other
(figure 4e, right panel). The autocorrelations of relative body
and head speed contain periodic local maxima and minima
near the wingbeat frequency, indicative of periodicity in
both relative body speed and relative head speed (figure 4d).
To quantify the relative head speed fluctuations, we computed
the variability in global head speed as the mean rectified
relative head speed. Head speed variability was consistently
higher during HO flights than during NO flights for three-
dimensional speed, as well as for each of the velocity
components along the three corridor axes (figure 4f; all p* <
0.006). Variability in head speed was particularly pronounced
in the X- (corridor fore—aft) and Z (vertical)-directions.
Together with increased variability of global head speed
during HO flights, we also observed a significant increase
in translational head movements relative to the body during
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Figure 3. Determination of the pigeon’s steering signal for horizontal versus vertical obstacle (VO) flights. The pigeon’s steering signal (w,) was deduced from the
head velocity direction (bearing) in the vertical, XZ plane. (a) The pigeon’s head bearing angular velocity, w, fluctuated in reqular sinusoidal pattern during flights
without obstacles, matching phase-corrected flight-averages of w for each individual. A cubic spline-smoothing fit approximated changes in flight bearing with near
zero steering for NO flights. (b) During HO flights, « fluctuated more strongly and erratically (overlay of all trials; n = 74). During HO flights « occasionally
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used a smoothing spline fit to approximate the steering signal (w,). (d,e) Whereas steering for VO flights is qualitatively smooth and persistent, the steering
for horizontal obstacles (HOs) contains transient, large amplitude features (overlays of s for HO and VO flights in blue and red, respectively). Although we
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more compared with NO flights shown in (a). () Distributions of steering signal prior to (grey) and during (black, shaded blue) HO field navigation (left). Steering
differed little when the pigeons entered the VO field. In contrast, the distributions of steering strength prior to (grey) and during (black, shaded red) VO field

navigation (right) reflect a dramatic increase.

HO flights compared with non-obstacle flights, with the
envelope of head positions and its variability increasing
more than twofold in the anatomical dorsoventral direction
across individuals (p* = 0.015; table 2 and figure 5b,c). Both
increased global head speed variability and relative head
translational movements indicate the same increase in head-
bobbing-like movements during HO flights when compared
with NO flights.

In addition to increasing head movements, the pigeons
also altered particular wing kinematics parameters while nego-
tiating the HO forest. To account for variation in marker
placement among individuals, local wing kinematics were
normalized to the individual downstroke means during NO
flights (table 1; for non-normalized values, see electronic sup-
plementary material, table S1). To navigate past the HOs, the
pigeons tilted their wing stroke plane backward by increasing
the anterior sweep of the wings, compared with the stereotypic
pattern of wing movements during non-obstacle flight and
while approaching the obstacles (table 1; p* = 0.005 for upstroke
and downstroke). They also reduced downstroke and upstroke

wing extension (table 1; p* = 0.013 and 0.016, respectively),
compared with NO flight. Lastly, HO manoeuvres were
associated with more variable wing extension (p* = 0.045 and
0.002 for downstroke and upstroke, respectively) and wing
path (p*=0.001 for downstroke and upstroke; table 3 and
figure 5b,c) movements. Overall, averages of wing stroke ampli-
tude, duration and thus, wing speed, however, did not differ
between NO versus HO flights (table 1); nor were these metrics
more variable in the HO forest (table 3).

3.3. Guidance modelling results

We have shown previously that pigeons navigating past
VOs can be modelled as a proportional controller with a
fixed delay [34]. For the purpose of comparing VO and HO
flights, we used the same proportional controller (gain =
4.7 57!, delay = 134 ms) to compute the predictive power of
each guidance rule as a function of sensory uncertainty. The
pigeon’s bearing angular velocity Gpigeon served as the control
variable, which evolved the flight trajectory over time. The
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head speed fluctuations in the presence of obstacles. (a,b) As illustrated by
representative trials, head speed fluctuates more during HO flight compared
with an NO flight (solid blue lines; light, NO; dark, HO flight). Head speed oscil-
lates periodically, following a lower frequency trend determined by the pigeon’s
flight speed (dashed black lines). Body speed fluctuates at lower amplitudes and
with no clear phase-relation to head speed. (c) Relative head speed, determined
by subtracting flight speed from global head speed, oscillates more strongly
during HO flight compared with NO flight, particularly near and within the
HO forest (X > 0 m). (d) The mean 4 s.d. (shaded areas) of individual
mean cross-correlations of relative body speed with relative head speed for
NO flights peaks at a time lag near 0 s (grey line, left panel), indicating syn-
chronous relative head and body speed fluctuations when no obstacles are
present. In contrast, during HO flights (right panel), fluctuations in relative
body and head speeds are nearly counter-phase. The autocorrelations of
the body and head (orange for body, blue for head) contain periodic local
maxima and minima, indicating periodicity near the wingbeat frequency. (e)
Head speed variability, based on the mean rectified relative head speed, is
higher during HO flights than during NO flights for three-dimensional speed,
as well as for individual velocity components along the three corridor axes
(all p* < 0.006). Head speed fluctuations are particularly pronounced in the
fore—aft and vertical directions.

Table 2. Variability of local head positioning. Mean + s.d. of individual
variability of head position. Significant differences between NO and HO
flights are in italics.

variability variability variability
along AP along ML along DV
(cm) (cm) (cm)
NOfights ~064+05 ~ 088+024 0771015
HO flights 115+061 075+012 756+ 044

model applied a corrective term to Bpigeon as a function of
the deviation from the ideal steering aim. The ideal steering
aim was determined by a choice of gap given 134 ms prior
to the moment of steering correction. Three gap-aiming
rules were evaluated: largest gap, flight direction gap and
destination gap (figure 6a). These gaps were evaluated within
a +30° ‘attention zone’ (yellow-shaded cone, figure 6a,b),
which matched the prior maximal steering range that was
observed for pigeons during VO navigation. As a reference,
we also implemented an obstacle avoidance model that drove
the pigeon’s steering aim away from obstacles within a given
range (figure 6b). Specifically, each ‘in-range’ obstacle contribu-
ted an aim bias, and the sum of all these biases determined the
ideal aim for the pigeon for this steering strategy.

In reality, any visual system has sensory noise, which
degrades the exact knowledge of the obstacle angular position.
We simulated this sensory uncertainty by replacing the angular
positions of the obstacles by a random sample from a Gaussian
distribution centred at the actual obstacle position (figure 6c).
Two example sets of simulated flights (grey traces) relative to
the observed flight trajectory (red trace) are shown based on
the flight direction rule and the largest gap rule (figure 6d),
given a sensory uncertainty of +5°. Owing to the random
uncertainty of the obstacle location, the simulated pigeon
trajectories may bifurcate from the same initial condition.
Thus, some simulated trials will match the observed trajectory,
whereas some will not (solid versus dashed grey lines,
figure 6d). By running the simulation 50 times per trial across
many trials, we quantified the percentage of successful trajec-
tory reconstruction (predictive power) for each steering rule,
both on average and at a maximum level.

By changing the level of sensory uncertainty (figure 6c), we
evaluated how the predictive power changes for each steering
rule as a function of increasing sensory uncertainty. When the
sensory uncertainty is zero, the flight trajectory is deterministic
and the predictive power is fixed. As a result, the modelled
simulations cannot accommodate any subtle degeneracy of
the flight trajectory (e.g. if two gaps have practically the same
quality, then the model and the real pigeon could pick different
gaps despite having the same guidance strategy). At the other
extreme, when the sensory uncertainty approaches 30°, the
simulated pigeon essentially cannot determine the location of
any particular obstacle within its +30° ‘attention zone’.

In carrying out these simulations, we first found that ran-
domly steering to gaps of a given angular threshold within the
+30° attention zone results in predictive powers less than 50%,
all of which converge to 50% when sensory uncertainty reaches
30° (figure 6e). This established a baseline from which we can
evaluate the predictive performance of other steering rules. The
fact that randomized ‘blind” steering still accounts for half of
the flight trajectories indicates that the pigeons did not exhibit
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Figure 5. Horizontal obstacle (HO) manoeuvring is associated with changes in wing stroke trajectories and wing extension, as well as increased head movements.
(a) Lateral view of a representative HO flight (same trial as figure 1d) as the pigeon approaches and then flies through the HO forest (20 grey circles semi-randomly
distributed at right). Wing stroke patterns (left, green; right, red) are stereotypic during downstroke (larger, coloured symbols) and upstroke (smaller, grey symbols)
as the pigeon approaches, but exhibit variable paths to navigate between obstacles and to avoid obstacle contacts. Positions of the head during downstroke (large
blue symbols) and upstroke (small grey symbols) are shown relative to the three body markers (grey points) and are, not surprisingly, less variable in their trajectory
than the motions of the bird’s wings. Wing and body motions during NO flight (lower left inset) are highly reqular in pattern, similar to those observed during the
approach section to the obstacle field in the HO flight. (b,c) Lateral and frontal views of the left (green) and right (red) wing trajectories relative to the body,
together with head positions (blue), follow more regular movement patterns during NO flight (b) compared with flight in the HO forest (c). Regressions of wing
paths during downstroke (orange) and upstroke (grey) document wing stroke plane angles relative to the anteroposterior body axis (orange arc, left panel for the
downstroke plane angle). The stroke plane angles for both the downstroke and upstroke are lower in the forest, compared with NO flights, for the represented
individual and across individuals (table 1). The reduced stroke plane angles are caused by more anteriorly swept wings during downstroke. The pigeons also reduce
their wingspan in the obstacle forest, both during downstroke and upstroke (shown for downstroke in frontal view). Furthermore, HO manoeuvres are associated with
more variable wing extension ((b), right panel) and stroke paths ((c), left panel), as well as a more variable head positioning along the dorsoventral body axis ((c),
right panel). (a-c) Pigeon silhouettes are approximately to scale.

much steering. On the other hand, if the simulated pigeon were to generally only as good as randomly aiming to a gap with zero
steer away from all obstacles within a certain range from its cur- sensory noise; as sensory uncertainty increases, the predictive
rent position, then the predictive power of obstacle avoidance is power of obstacle avoidance decreases further (figure 6f).
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Table 3. Stroke-to-stroke variability of local wing kinematics. Mean = SD of individual variability of wing kinematics. Significant differences between NO and  [JEI}
HO flights are in italics.

variability in stroke

variability in
stroke duration (ms)

variability in
wing speed (ms™")

variability in wing
extension (cm)

variability in stroke

amplitude (cm) path (cm)

downstroke
B
HOflights 9.6 + 09 13+
e

NO flights  83+07 1545
B

In contrast, if the simulated pigeon steers towards the
largest visual gap within its attention zone (blue trace,
figure 6g), then 70% of observed flights are accurately recapitu-
lated with zero sensory uncertainty. However, as sensory
uncertainty increases, predictive power quickly drops below
50% and does not substantially improve with a further increase
in sensory uncertainty. If the simulated pigeon steers towards
the gap most aligned with its flight direction (or bearing), pre-
dictive power increases from 54% (zero sensory uncertainty) to
nearly 70% as sensory uncertainty reaches 5° (magenta trace,
figure 6g). Notably, predictive power plateaus and remains
stable for this gap-aiming rule as sensory uncertainty increase
up to 30°. This suggests that pigeons may have a strong steering
bias towards maintaining their flight direction, regardless of
other visual cues. Finally, steering towards gaps most aligned
to the pigeon’s destination direction results in uniformly low
(approx. 43%) predictive power (orange trace, figure 6g).

Overall, these results suggest that a gap-aiming behaviour
better describes pigeon steering to navigate HOs than does an
obstacle repellence model, and that steering to gaps most
closely aligned with the bird’s current flight direction best
predicts observed flight trajectories.

4. Discussion

Speeding through a cluttered environment is an extreme
sensorimotor challenge, which reduces sensory accuracy and
limits computational resources by imposing a time pressure,
while simultaneously increasing the cost of failure through
the potential of high-speed collisions. We have shown that
pigeons can fly through obstacle arrays of both vertical and
horizontal orientations while maintaining relatively high
speed. They achieve this by employing simple visual heuristics
and by tolerating minor contacts with the obstacles. Specifi-
cally, while pigeons slowed down and steered towards the
largest visual gap between VOs, when flying past HOs they
maintained higher speed and preferred gaps that were more
aligned to their flight direction, despite a denser obstacle
arrangement. Both these gap-aiming strategies are supported
by flight guidance work showing that bees [42] and budgeri-
gars [11] adjust their flight path and speed to balance left
versus right optic flow, as steering to a gap essentially balances
the angular motion of obstacles to either side of the gap.

To navigate HOs, pigeons adopted several behavioural
modifications, which may have important sensory and motor
implications. Tilting the wing upstroke plane backward is a sig-
nature of a tip-reversal upstroke that enhances the ability to

00 3
01 +02
+02 46 + 03

generate extra lift [43] at slower flight speeds. The pigeons
also actively increased horizontal fore—aft and vertical transla-
tional movements of their head when flying through HOs,
which could engage motion vision mechanisms (e.g. motion
parallax, hyperacuity) or visually stabilize some obstacles
(e.g. bar fixation). Whether such head motion truly serves a
visual function and what function remain unclear and will
require future investigation.

4.1. Flight differences for navigating horizontal versus
vertical obstacles

To negotiate close-range obstacles of either vertical or horizontal
orientation, the pigeons exhibited a reactive approach to naviga-
tion, with little evidence of prior path planning following perch
takeoff. Little, if any, steering was observed until the pigeons
were within 0.5-1.5 m of the obstacle field (figure 3a). Although
the pigeons consistently slowed down during their approach to
the obstacle fields, they flew significantly faster past the HOs
than they did past VOs (figure 3b). Even though the vertical
pole obstacles were thicker, the HOs were more densely distrib-
uted with a larger number of obstacles. Overall, obstacle density
likely has a stronger effect on manoeuvring requirements than
obstacle dimensions, as most of the required steering to avoid
obstacles is determined by the dimensions of the body part
that needs to avoid the obstacle, rather than the small (extra)
width of (vertical) obstacles.

We hypothesized that pigeons would trade-off reduced KE
with increased PE, biasing their flight paths upward (+Z) to
facilitate HO navigation; however, we found no evidence of
this. Although overall changes in PE were small, when PE
decreased a significant increase in KE was observed and vice
versa (figure 2d). Flying through HOs seems less challenging
than flying through VOs. Consistent with this, there was a sub-
stantially greater incidence of vertical (38% of flights) than
horizontal (20%) obstacle contacts, in which 100% of VO con-
tacts were with the wings, versus only 9% for HOs. The high
incidence of wing (and body) contacts that we observed indi-
cates the challenging nature of the experimental designs. In
fact, we initially challenged pigeons to fly through even
denser distributions of HOs (7.5 obstacles m~2), but none of
the birds managed to fly through. Nevertheless, pigeons
were highly successful in executing both sets of obstacle navi-
gation flight trials, consistent with their ability to fly through
extremely narrow spaces [21]. Clearly, a limitation of our exper-
imental design is that the HOs were of a different size
and spacing density compared with the VOs, limiting direct
comparisons between the two sets of experiments.
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Figure 6. Aiming for gaps most aligned with the flight direction best predicts the observed limited steering past horizontal obstacles in the pigeon. The pigeon’s
guidance strategy was evaluated by simulating four simple steering rules given observed initial conditions. (a) Following the gap-aiming paradigm that we intro-
duced in previous work [34], we categorize gaps between obstacles (denoted by asterisks) based on their angular size and position: largest visual gap, flight
direction gap and destination gap. Gaps are considered within a + 30° attention cone (yellow shading) over a range of 1.5 m (the maximum steering and reaction
distance we observed for vertical obstacle navigation). Our model assumes that the pigeon steers towards one type of gap throughout its obstacle flight. (b) As a
reference, we implemented an obstacle repellence model [35] in which each obstacle within a certain range contributes to the steering aim of the pigeon. The
pigeon’s steering aim results from the weighted contribution of all obstacles within this range. (c) In reality, animals can never perfectly measure obstacle positions.
We simulate this sensory uncertainty by introducing Gaussian noise, with a tunable standard deviation. (d) Given a sensory uncertainty of 5°, the model pigeon
generates different trajectories from the same initial conditions. Some trajectories match the observed trajectory (solid grey lines) and some do not (dashed grey
lines). Here, we show one particular trial simulated by two different gap-aiming rules. By repeating the simulation 50 times, we quantify the predictive power of a
specific guidance rule. (e) To establish a baseline for the predictive power of different steering rules, we first simulate randomly chosen gaps given a minimum gap
size threshold. The average predictive powers (solid lines) for all three conditions are below 50% given zero sensory uncertainty. As sensory uncertainty increases, the
random gap selection simulations converge to 50%, with the maximum predictive powers (dashed lines) approaching 60%. (f) The obstacle repellence model has
average predictive powers (solid lines) close to 50% at zero sensory uncertainty but degrades quickly as sensory uncertainty increases, particularly when guided by
more distant obstacles. A similar trend is observed in maximum predictive powers (dashed lines). (g) The largest visual gap rule (blue) exhibits the highest predictive
power at zero sensory uncertainty, but drops quickly with as little as 5° sensory uncertainty. The flight direction gap rule (magenta) is most robust and maintains
predictive power close to 70% from 5° to 30° sensory uncertainty. The destination gap rule (orange lines) never predicts more than 50% of the flights. The flight
direction gap rule maximally predicts the actual flight trajectories by just over 70% (pink dashed line). (Online version in colour.)

The observed higher flight speeds, fewer obstacle contacts
and more limited steering suggest higher agility in vertical
manoeuvring past HOs. This higher agility is likely based on
the greater control authority that birds and other flapping
animals have for producing aerodynamic force in the vertical
direction to support their weight. Further, whereas VOs often
require birds to pause their wings at stroke reversal [21,22],
limiting the aerodynamic force that the wings can generate
while in this position, pauses in the wingbeat cycle can occur
at mid-downstroke, with the wings held in a gliding posture
that allows effective aerodynamic force generation, to facilitate
HO manoeuvring. Although HO manoeuvring may be less
challenging than VO navigation with respect to flight

aerodynamics, the pigeons still needed to steer clear of
obstacles and/or reduce the vertically projected area swept
by the wings, to reduce wing contacts with the obstacles
(figure 5a). As a result, pigeons exhibit more variable wingbeat
patterns when negotiating HOs when compared with the
highly stereotypic patterns observed for non-obstacle flight
(figure 5b versus c).

4.2. Behavioural adjustments associated with horizontal
obstacle flight

As expected, we observed significant adjustments in wing
stroke kinematics as pigeons navigated through the HO field.
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The pigeons tilted their wing stroke plane backward by increas-
ing the anterior sweep of the wings and reduced their
mid-stroke wing extension in comparison with the stereotypic
patterns of wing movements observed during non-obstacle
flights (table 1). Increased variability in wing extension and
stroke paths were also observed in both downstroke and
upstroke during HO manoeuvring (table 3 and figure 5b,c),
despite the fact that overall averages of wing stroke amplitude,
duration and wing speed did not differ between NO versus HO
flights. Manoeuvring through a HO forest involves mostly
vertical flight path changes. Steering up or down likely involves
modulation of body pitch, and thus the generation of pitch tor-
ques [44]. It is difficult to infer torque-generating mechanisms
from changes in mean wing kinematics and their variability,
between level flight and vertical manoeuvring flight past
HOs. However, the observed changes in stroke plane angle,
particularly more anteriorly swept wings, likely relate to shift-
ing the centre of aerodynamic pressure anteriorly and
dorsally, later in downstroke and early in upstroke, to produce
a pitch-up torque. Similarly, changes in wing stroke trajectories
produce roll torque in pigeons during turning flight [41].

A surprising behavioural modification during obstacle flight
was the increase in head speed fluctuations (figure 4a,b,¢). Cross-
correlations between relative head speeds and relative body
speeds suggest independent modulation of the head, and not
a simple mechanical coupling between the head and the body.
In the global frame of reference, we observed significantly
greater vertical head-bobbing-like movements relative to the
pigeon’s body during HO flights compared with non-obstacle
flights (figure 5b versus c). The greater than twofold increase
in dorsoventral head motion has the potential to enhance
motion parallax, which can be used in depth perception of the
HOs. Alternatively, the increased head movements could
serve to stabilize the obstacle image on the retina, which may
aid depth perception through improved measurement of relative
velocity [45]. The observed obstacle-dependent head move-
ments are similar to the head-bobbing observed in pigeons
prior to landing and reminiscent of the head-bobbing observed
during walking in many bird species, both of which are thought
to serve a primarily visual function [46—49]. The absence of clear
head-bobbing in non-obstacle flights is consistent with a lack of
head-bobbing during take-off flight [46].

4.3. Strategic differences in horizontal versus vertical
obstacle flight navigation

Clear strategic differences were observed for pigeon flight navi-
gation through horizontal versus VOs. Notably, while the VO
flights can be well described by steering to the largest visual
gap [34], HO flights are best modelled as steering to the gap
most aligned to the current flight direction. This shift of steering
preference is likely due to biomechanical constraints and aero-
dynamic differences associated with flying past horizontal
versus VOs. In order to steer past VOs, pigeons must find an
opening that allows them to clear both wings sufficiently.
Thus, large gap sizes seemed to be preferred. In contrast,
pigeons can fit through much narrower horizontal openings
given that they can coordinate the wing posture properly. As
a consequence, they appear to simply aim for the gap closest
to their current flight direction. It is interesting, however, that
the largest gap rule outperforms the flight direction gap rule
given low sensory uncertainty. In fact, the 70% predictive
power of steering to the largest visual gap between HOs at

zero uncertainty is comparable to the predictive power for the
same gap selection rule for VO flights [34]. It, therefore, seems
likely that a bird may simultaneously assess available gap
sizes for clearance consideration and their alignment to the
bird’s current bearing for biomechanical convenience. In our
modelling approach, we tested each steering strategy indepen-
dently, but there is no reason why a bird should not and could
not apply both strategies at the same time. Although it is
unclear if and how these two strategies are integrated during
other flight manoeuvring behaviours, our modelling results
for both vertical and HO flight navigation suggest that the rela-
tive importance of gap size for steering control is a function of
obstacle orientation and perhaps flight speed.

Reactive navigation through both horizontal and VOs is
also better described by gap aiming rather than by obstacle
repellence. Obstacle repellence has been a useful way to
model route selection to negotiate a small number of obstacles
[29,35]. However, summing up the repellent contributions
from all obstacles could lead to conflicting steering signals.
For faster movement through a large number of obstacles, a
gap-aiming strategy performs much better. Fundamentally,
by steering away from obstacles rather than towards an avail-
able gap, there is no knowledge of what regions of the
cluttered environment are obstacle-free. For this reason, gap-
aiming is a more comprehensive and likely successful approach
for attempting to create obstacle negotiation heuristics,
especially for large numbers of obstacles.

4.4, Relevance to quidance of bioinspired autonomous
aerial systems

Our previous [21,34] and current studies of pigeon obstacle
flight suggest that flying animals employ two general strate-
gies to negotiate obstacles at high speed: visual heuristics and
collision tolerance. How can these inspire new control schemes
for UAS? ‘Reactive autonomy’ incorporates obstacle avoidance,
and is the most active area of guidance control research in aerial
robotics [2]. Visual heuristics provide fast alternatives to con-
ventional map-based approaches and are commonly found in
animal navigation. To date, the most reliable flights through
cluttered environments are only observed in flying animals or
drones piloted remotely by a human via non-stereo visual feed-
back (exemplified by the increasingly popular sport of drone
racing). While extracting visual heuristics from flying animals
enables discovery of efficient control schemes for obstacle nego-
tiation, it might similarly be fruitful to extract visual heuristics
of human steering strategies for UAS, as has been recently
attempted [50]. Finally, collision tolerance, which birds and
other flying animals achieve well, is also being explored in the
aerial robotics community [51,52]. Consequently, we expect
that parallel investigation of obstacle flight guidance from
both experimental biology and control engineering will con-
tinue to contribute key insights for successfully realizing
autonomous robots that move among and around us.

Data availability. Data are available at: https://figshare.com/s/
667dbcb6ab5 adf7b249e.

Authors’ contributions. I.G.R., H.T.L. and A.A.B. conceived the study. L.G.R.
and A.A B. designed the study. .G.R. and P.S.B. performed the exper-
iments and processed the data. I.G.R. performed the statistics and
analyses for the behavioural modification. H.T.L. performed the ana-
lyses comparing V.O. and H.O. flights, and implemented the flight
guidance models. LG.R.,, HT.L. and A A.B. wrote the manuscript
with critical input from P.S.B.

€6009107 :£ smo4 awppiu  biobuiysigndAiaposiedorsysi E


https://figshare.com/s/667dbcb6a65adf7b249e
https://figshare.com/s/667dbcb6a65adf7b249e
https://figshare.com/s/667dbcb6a65adf7b249e

Competing interests. We declare we have no competing interests.
Funding. This research was supported by a grant from the Office of

Naval Research (ONR, N0014-10-1-0951) to A.A.B.

References

Barry AJ, Jenks T, Majumdar A, Lin HT, Ros IG,
Biewener AA, Tedrake R. 2014 Flying between
obstacles with an autonomous knife-edge
maneuver. In 2074 IEEE Int. Conf. on Rob. And
Automa. (ICRA), 31 May—7 June, Hong Kong, China,
pp. 2559—-2559. Piscataway, NJ: IEEE.

Floreano D, Wood RJ. 2015 Science, technology and
the future of small autonomous drones. Nature
521, 460—466. (doi:10.1038/nature14542)

Tucker VA, Tucker AE, Akers K, Enderson JH.

2000 Curved flight paths and sideways vision in
peregrine falcons (Falco peregrinus). J. Exp. Biol.
203, 3755-3763.

Mischiati M, Lin HT, Herold P, Imler E, Olberg R,
Leonardo A. 2015 Internal models direct dragonfly
interception steering. Nature 517, 333-338.
(doi:10.1038/nature14045)

Combes SA, Rundle DE, Iwasaki JM, Crall JD. 2012
Linking biomechanics and ecology through
predator —prey interactions: flight performance

of dragonflies and their prey. J. Exp. Biol. 215,
903-913. (doi:10.1242/jeh.059394)

Gotz KG. 1968 Flight control in Drosophila by visual
perception of motion. Kybernetik 4, 199—208.
(doi:10.1007/BF00272517)

Collett T. 1980 Angular tracking and the optomotor
response: an analysis of visual reflex interaction in a
hoverfly. J. Comp. Physiol. 140, 145—-158. (doi:10.
1007/BF00606306)

Egelhaaf M, Hausen K, Reichardt W, Wehrhahn C.
1988 Visual course control in flies relies on neuronal
computation of object and background motion.
Trend. Neurol. 11, 351-358. (doi:10.1016/0166-
2236(88)90057-4)

Eckmeier D, Geurten BRH, Kress D, Mertes M,
Kern R, Egelhaaf M, Bischof HJ. 2008 Gaze
strategy in the free flying zebra finch (Taeniopygia
guttata). PLoS ONE 3, e3956. (doi:10.1371/journal.
pone.0003956)

Fry SN, Rohrseitz N, Straw AD, Dickinson MH. 2009
Visual control of flight speed in Drosophila
melanogaster. J. Exp. Biol. 212, 1120—1130.
(doi:10.1242/jeb.020768)

Bhagavatula PS, Claudianos C, Ibbotson MR,
Srinivasan MV. 2011 Optic flow cues guide flight in
birds. Curr. Biol. 21, 1794—1799. (doi:10.1016/].
ub.2011.09.009)

Bhagavatula PS, Claudianos C, Ibbotson MR, Srinivasan
MV. 2014 Behavioral lateralization and optimal route
choice in flying budgerigars. PLoS Comput. Biol. 10,
€1003473. (doi:10.1371/journal.pchi.1003473)

Ros 1G, Biewener AA. 2016 Optic flow

stabilizes flight in ruby-throated humminghirds.

J. Exp. Biol. 219, 2443 —2448. (doi:10.1242/
jeb.128488)

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

2].

28.

Acknowledgements.

We thank S. Gagliardi, G. T. Clifton and
C. D. Williams for help with data collection. We further thank two

anonymous reviewers for their suggestions.

Brinklov S, Fenton MB, Ratdliffe JM. 2013
Echolocation in oilbirds and swiftlets. Front. Physiol.
4, 123. (doi:10.3389/fphys.2013.00123)

Griffin DR, Thompson D. 1982 Echolocation by cave
swiftlets. Behav. Ecol. Sociobiol. 10, 119—-123.
(doi:10.1007/bf00300171)

Simmons J, Fenton M, O'Farrell M. 1979
Echolocation and pursuit of prey by bats. Science
203, 16—21. (doi:10.1126/science.758674)
Norberg UM. 1990 Vertebrate flight, 291 p.

New York, NY: Springer.

Ghose K, Horiuchi, TK, Krishnaprasad PS, Moss CF.
2006 Echolocating bats use a nearly time-optimal
strategy to intercept prey. PLoS Biol. 4, e108.
(doi:10.1371/journal.phio.0040108)

Sandig S, Schnitzler HU, Denzinger A. 2014
Echolocation behaviour of the big brown bat in an
obstacle avoidance task of increasing difficulty. J. Exp.
Biol. 217, 2876 —2884. (doi:10.1242/jeb.099614)
Schiffner 1, Vo HD, Bhagavatula PS, Srinivasan MV.
2014 Minding the gap: in-flight body awareness in
birds. Front. Zool. 11, 1-9. (doi:10.1186/512983-
014-0064-y)

Williams (D, Biewener AA. 2015 Pigeons trade
efficiency for stability in response to level of
challenge during confined flight. Proc. Nat! Acad.
Sci. USA 112, 3392-3396. (doi:10.1073/pnas.
1407298112)

Vo HD, Schiffner |, Srinivasan MV. 2016 Anticipatory
manoeuvres in bird flight. Sci. Rep. 6, 27591.
(doi:10.1038/srep27591)

Raja P, Pugazhenthi S. 2012 Optimal path planning
of mobile robots: a review. Int. J. Phys. Sci. 7,
1314-1320. (doi:10.5897/1)PS11.1745)

Snape J, Guy SJ, van den Berg J, Manocha D. 2014
Smooth coordination and navigation for multiple
differential-drive robots. In Experimental Robotics:
The 12th Int. Symp. On Experimental Robotics

(eds O Khatib, V Kumar, G. Sukhatme),

pp. 601-613. Berlin, Germany: Springer.
Boeddeker N, Kern R, Egelhaaf M. 2003 Chasing a
dummy target: smooth pursuit and velocity control
in male blowflies. Proc. R. Soc. Lond. B 270,
393-399. (doi:10.1098/rsph.2002.2240)

Land MF. 1992 Visual tracking and pursuit: humans
and arthropods compared. J. Insect Physiol. 38,
939-951. (doi:10.1016/0022-1910(92)90002-U)
Moussaid M, Helbing D, Theraulaz G. 2011 How
simple rules determine pedestrian behavior and
crowd disasters. Proc. Natl Acad. Sci. USA 108,
6884 —6888. (d0i:10.1073/pnas.1016507108)
Olberg MR, Worthington HA, Venator RK. 2000 Prey
pursuit and interception in dragonflies. J. Comp.
Physiol. A 186, 155—162. (doi:10.1007/
$003590050015)

29.

30.

3N

32.

33

34.

35.

36.

37.

38.

39.

40.

41.

Warren WHJr. 1998 Visually controlled locomotion:
40 years later. Ecol. Psychol. 10, 177-219. (doi:10.
1080/10407413.1998.9652682)

Beyeler A, Zufferey JC, Floreano D. 2009 optiPilot:
control of take-off and landing using optic flow.
In Proc. The 2009 European Micro Air Vehicle
Conference And Competition (EMAV' 09), 14—17
September, Delft, The Netherlands.

Grabe V, Biilthoff HH, Giordano PR. 2012 On-board
velocity estimation and closed-loop control of a
quadrotor UAV based on optical flow. In Robotics
and Automation (ICRA), 2012 IEEE Int. Conf,, 14—18
May, St Paul, MN, pp. 491-497. Piscataway, NJ:
|EEE.

Thurrowgood S, Moore RID, Soccol D, Knight M,
Srinivasan MV. 2014 A biologically inspired, vision-
based guidance system for automatic landing of a
fixed-wing aircraft. J. Field Robot. 31, 699-727.
(doi:10.1002/rob.21527)

Dakin R, Fellows TK, Altshuler DL. 2016 Visual
guidance of forward flight in hummingbirds reveals
control based on image features instead of pattern
velocity. Proc. Natl Acad. Sci. USA 113, 8849—8854.
(doi:10.1073/pnas.1603221113)

Lin HT, Ros G, Biewener AA. 2014 Through the eyes of a
bird: a modeling paradigm for obstacle flight. J. R. Soc.
Interface 11, 1-12. (doi:10.1098/rsif.2014.0239)
Fajen BR, Warren WH. 2003 Behavioral dynamics of
steering, obstacle avoidance, and route selection.
J. Exp. Psychol. Hum. Percept. Perform. 29,
343-362. (doi:10.1037/0096-1523.29.2.343)

Lee DN, Reddish PE. 1981 Plummeting gannets:

a paradigm of ecological optics. Nature 293,
293-294. (doi:10.1038/293293a0)

Xiao Q, Frost BJ. 2009 Looming responses of
telencephalic neurons in the pigeon are modulated
by optic flow. Brain Res. 1305, 40—46. (doi:10.
1016/j.brainres.2009.10.008)

Theriault DH, Fuller NW, Jackson BE, Bluhm E,
Evangelista D, Wu Z, Betke M, Hedrick TL. 2014 A
protocol and calibration method for accurate multi-
camera field videography. J. Exp. Biol. 217, 1843.
(doi:10.1242/jeb.100529)

Walker JA. 1998 Estimating velocities and
accelerations of animal locomotion: a simulation
experiment comparing numerical differentiation
algorithms. J. Exp. Biol. 201, 981.

Benjamini Y, Hochberg Y. 1995 Controlling the false
discovery rate: a practical and powerful approach to
multiple testing. J. R. Stat. Soc. B (Method) 57, 289—300.
Ros 1G, Badger MA, Pierson AN, Bassman L,
Biewener AA. 2015 Pigeons produce aerodynamic
torques through changes in wing trajectory during
low speed aerial turns. J. Exp. Biol. 218, 480—490.
(doi:10.1242/jeb.104141)

€6009107 :£ smo4 awppiu  biobuiysigndAiaposiedorsysi E


http://dx.doi.org/10.1038/nature14542
http://dx.doi.org/10.1038/nature14045
http://dx.doi.org/10.1242/jeb.059394
http://dx.doi.org/10.1007/BF00272517
http://dx.doi.org/10.1007/BF00606306
http://dx.doi.org/10.1007/BF00606306
http://dx.doi.org/10.1016/0166-2236(88)90057-4
http://dx.doi.org/10.1016/0166-2236(88)90057-4
http://dx.doi.org/10.1371/journal.pone.0003956
http://dx.doi.org/10.1371/journal.pone.0003956
http://dx.doi.org/10.1242/jeb.020768
http://dx.doi.org/10.1016/j.cub.2011.09.009
http://dx.doi.org/10.1016/j.cub.2011.09.009
http://dx.doi.org/10.1371/journal.pcbi.1003473
http://dx.doi.org/10.1242/jeb.128488
http://dx.doi.org/10.1242/jeb.128488
http://dx.doi.org/10.3389/fphys.2013.00123
http://dx.doi.org/10.1007/bf00300171
http://dx.doi.org/10.1126/science.758674
http://dx.doi.org/10.1371/journal.pbio.0040108
http://dx.doi.org/10.1242/jeb.099614
http://dx.doi.org/10.1186/s12983-014-0064-y
http://dx.doi.org/10.1186/s12983-014-0064-y
http://dx.doi.org/10.1073/pnas.1407298112
http://dx.doi.org/10.1073/pnas.1407298112
http://dx.doi.org/10.1038/srep27591
http://dx.doi.org/10.5897/IJPS11.1745
http://dx.doi.org/10.1098/rspb.2002.2240
http://dx.doi.org/10.1016/0022-1910(92)90002-U
http://dx.doi.org/10.1073/pnas.1016507108
http://dx.doi.org/10.1007/s003590050015
http://dx.doi.org/10.1007/s003590050015
http://dx.doi.org/10.1080/10407413.1998.9652682
http://dx.doi.org/10.1080/10407413.1998.9652682
http://dx.doi.org/10.1002/rob.21527
http://dx.doi.org/10.1073/pnas.1603221113
http://dx.doi.org/10.1098/rsif.2014.0239
http://dx.doi.org/10.1037/0096-1523.29.2.343
http://dx.doi.org/10.1038/293293a0
http://dx.doi.org/10.1016/j.brainres.2009.10.008
http://dx.doi.org/10.1016/j.brainres.2009.10.008
http://dx.doi.org/10.1242/jeb.100529
http://dx.doi.org/10.1242/jeb.104141

42.

43.

4,

45.

Srinivasan M, Zhang S, Lehrer M, Collett T.

1996 Honeybee navigation en route to the goal:
visual flight control and odometry. J. Exp. Biol. 199,
237-244.

Tobalske BW. 2007 Biomechanics of bird flight. J. Exp.
Biol. 210, 3135-3146. (doi:10.1242/jeb.000273)
Ros 1G, Bassman LC, Badger MA, Pierson AN,
Biewener AA. 2011 Pigeons steer like helicopters
and generate down- and upstroke lift during
low speed turns. Proc. Natl Acad Sci. USA 108,
1999019 995. (doi:10.1073/pnas.1107519108)
Nakayama K. 1985 Biological image motion
processing: a review. Vis. Res. 25, 625-660.
(doi:10.1016/0042-6989(85)90171-3)

46.

47.

48.

49.

50.

Davies MNO, Green PR. 1988 Head-bobbing

during walking, running and flying: relative

motion perception in the pigeon. J. Exp. Biol. 138, 71.
Frost BJ. 1978 The optokinetic basis of head-
bobbing in the pigeon. The J. Exp. Biol. 74,
187-195.

Necker R. 2007 Head-bobbing of walking birds.

J. Comp. Physiol. A 193, 1177-1183. (d0i:10.1007/
$00359-007-0281-3)

Friedman MB. 1975 Visual control of head
movements during avian locomotion. Nature 255,
67-69. (doi:10.1038/255067a0)

Ross S, Melik-Barkhudarov N, Shankar KS, Wendel
A, Dey D, Bagnell JA, Hebert M. 2013 Learning

51.

52.

monocular reactive UAV control in cluttered
natural environments. In Robotics and

Automation (ICRA), 2013 IEEE Int. Conf,, 6— 10 May,
Karlsruhe, Germany, pp. 1765—1772. Piscataway,
NJ: |EEE.

Briod A, Kornatowski P, Zufferey JC, Floreano D.
2014 A collision resilient flying robot.

J. Field Robot. 31, 496—509. (doi:10.1002/rob.
21495)

Mueller MW, D’Andrea R. 2014 Stability and control
of a quadrocopter despite the complete loss of one,
two, or three propellers. In 2074 [EEE Int. Conf. on
Robotics and Automation (ICRA), 31 May—07 June,
Hong Kong, China. Piscataway, NJ: IEEE.

€6009107 :£ smo4 awppiu  biobuiysigndAiaposiedorsysi E


http://dx.doi.org/10.1242/jeb.000273
http://dx.doi.org/10.1073/pnas.1107519108
http://dx.doi.org/10.1016/0042-6989(85)90171-3
http://dx.doi.org/10.1007/s00359-007-0281-3
http://dx.doi.org/10.1007/s00359-007-0281-3
http://dx.doi.org/10.1038/255067a0
http://dx.doi.org/10.1002/rob.21495
http://dx.doi.org/10.1002/rob.21495

	Rules to fly by: pigeons navigating horizontal obstacles limit steering by selecting gaps most aligned to their flight direction
	Introduction
	Material and methods
	Experimental results
	Characteristic features of horizontal obstacle flight
	Head and wing motions during horizontal obstacle flight
	Guidance modelling results

	Discussion
	Flight differences for navigating horizontal versus vertical obstacles
	Behavioural adjustments associated with horizontal obstacle flight
	Strategic differences in horizontal versus vertical obstacle flight navigation
	Relevance to guidance of bioinspired autonomous aerial systems
	Data availability
	Authors’ contributions
	Competing interests
	Funding

	Acknowledgements
	References


