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Q) Visual Flight Control and Navigation in
e Honeybees: Applications to Robotics

Mandyam V. Srinivasan

Unlike vertebrates, insects have immobile eyes with fixed-focus optics.
Therefore. t} nfer the di bi ¢ ‘ 1
extent to which the directions of gaze must converge to view the object,
or by monitoring the refractive power that is required to bring the im-
age of the object into focus on the retina. Furthermore, compared with
human eyes, the eyes of insects are positioned much closer together,
and possess inferior spatial acuity (Horridge, 1977). Therefore, the
precision with which insects could estimate range through binocular

. 1d 1 : 1 i ted ttivel -
tances, even if they possessed the requisite neural apparatus (Sri-
nivasan, 1993). Not surprisingly, then, insects have evolved alternative
strategies for dealing with the problems of visually guided flight. Many
of these strategies rely on using image motion, generated by the insect’s
own motion, to infer the distances to obstacles and to control various
maneuvers (Horridge, 1987; Srinivasan, 1993, 1998).

Here we describe three ways in which flying honeybees use cues
based on image motion to navigate safely to a goal. The specific naviga-
tional problems considered are: negotiating narrow gaps and avoiding
obstacles, controlling flight speed, and performing smooth landings.
We also briefly describe tests of the effectiveness of these strategies by
implementation in robots.

NEGOTIATING NARROW GAPS AND AVOIDING OBSTACLES

When a bee flies through a hole in a window, it tends to fly through its
center, without colliding with the rims. How does she gauge and bal-
ance the distances to the two rims?

One possibility is that the bee does not measure distances at all, but
simply balances the speeds of image motion on the two eyes, as she
flies through the opening. To investigate this possibility, Kirchner and
Srinivasan (1989) trained bees to enter an apparatus that offered a re-
ward of sugar solution at the end of a tunnel. Each side wall carried a
pattern consisting of a vertical black-and-white grating (figure 29.1).
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Figure 29.1 [Illustration of an experiment which demonstrates that flying bees infer
range from apparent image speed. The shaded areas represent the means and standard
deviations of the positions of the flight trajectories, analyzed from video recordings of
several hundred flights. (Adapted from Srinivasan et al. 1996.)

The grating on one wall could be moved horizontally at any desired
speed, either toward the reward or away from it. After the bees had
received several rewards with the gratings stationary, they were filmed
from above as they flew along the tunnel. When both gratings were
stationary, the bees tended to fly along the midline of the tunnel—that
is, equidistant from the two walls (figure 29.1a). But when one of the
gratings was moved at a constant speed in the direction of the bees’
flight—thereby reducing the speed of retinal image motion on that eye
relative to the other eye—the bees’ trajectories shifted toward the side
of the moving grating (figure 29.1b). When the grating moved in a
direction opposite to that of the bees’ flight—thereby increasing the
speed of retinal image motion on that eye relative to the other—the
bees’ trajectories shifted away from the side of the moving grating
(figure 29.1c). These findings demonstrate that when the walls were
stationary, the bees maintained equidistance by balancing the speeds of
the retinal images in the two eyes. A lower image speed on one eye
evidently caused the bee to move closer to the wall seen by that eye. A
higher image speed, on the other hand, had the opposite effect.

Were the bees really measuring and balancing image speeds on the
two sides as they flew along the tunnel, or were they simply balancing
the contrast frequencies produced by the succession of dark and light
bars of the gratings? This question was investigated by analyzing the
flight trajectories of bees when the two walls carried gratings of differ-
ent spatial periods. When the gratings were stationary, the trajectories
were always equidistant from the two walls, even when the spatial
frequencies of the gratings on the two sides—and therefore the contrast
frequencies experienced by the two eyes—differed by a factor of as
much as four (figure 29.1d). When one of the gratings was in motion,
the trajectories shifted toward or away from the moving grating (as
described above) according to whether the grating moved with or
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against the direction of the bees” flight (figure 29.1e, f). These results
indicate that the bees were indeed balancing the speeds of the retinal
images on the two eyes and not the contrast frequencies. The above
findings are true irrespective of whether the gratings possess square-
wave intensity profiles (with abrupt changes of intensity) or sinusoidal
profiles (with gradual intensity changes) and irrespective of whether
the contrasts of the gratings on the two sides are equal, or considerably
different (Srinivasan et al., 1991). Thus, the honeybee’s visual system is
capable of measuring the image velocities in the two eyes robustly and
independently and using this information to steer a collision-free path
through the gap.

The mechanism described above can also be used to avoid obstacles.
For example, consider a situation in which an insect flies along a

to the intended trajectory, it will generate a high image velocity in the
left eye, causing the insect to veer to the right (provided there isn’t an
equally close object on the other side repelling it back). Thus, the “cen-

tering” response described above is also likely to mediate obstacle
avoidance. Indeed, it has been shown that flying bees strongly avoid

stimuli that present rapid movement (Srinivasan and Lehrer, 1984;
Srinivasan and Zhang, 1997).

CONTROLLING FLIGHT SPEED

Do insects control the speed of their flight and, if so, how? Work by
David (1982) and by Srinivasan and colleagues (1996) suggests that
flight speed is controlled by monitoring the velocity of the image of the
environment.

David (1982) observed fruit flies flying upstream in a wind tunnel,
attracted by an odor of fermenting banana. The walls of the cylindrical
wind tunnel were decorated with a helical black-and-white-striped pat-
tern, so that rotation of the cylinder about its axis produced apparent
movement of the pattern toward the front or the back. With this setup,
the rotational speed of the cylinder (and hence the speed of the back-
ward motion of the pattern) could be adjusted such that the fly was
stationary (i.e., did not move along the axis of the tunnel). The appar-
ent backward speed of the pattern then revealed the ground speed that
the fly was “choosing” to maintain, as well as the angular velocity of
the image of the pattern on the fly’s eyes. In this setup, fruit flies tended
to hold the angular velocity of the image constant. Increasing or de-
creasing the speed of the pattern caused the fly to move backward or
forward (respectively) along the tunnel at a rate such that the angular
velocity of the image on the eye was always “clamped” at a fixed value.
The flies also compensated for headwind in the tunnel, increasing or
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decreasing their thrust so as to maintain the same apparent ground
speed (as indicated by the angular velocity of image motion on the
eye). Experiments in which the angular period of the stripes was varied
revealed that the flies were measuring (and holding constant) the an-
gular velocity of the image on the eye, irrespective of the spatial struc-
ture of the image.

Bees appear to use a similar strategy to regulate flight speed (Srini-
vasan et al., 1996). When a bee flies through a tapered tunnel, she de-
creases her flight speed as the tunnel narrows so as to keep the angular
velocity of the image of the walls, as seen by the eye, constant at about
320°/sec (figure 29.2). This suggests that flight speed is controlled by
monitoring and regulating the angular velocity of the image of the en-
vironment on the eye. (That is, if the width of the tunnel is doubled, the
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of uniform width does not change her speed when the spatial period
of the stripes lining the walls is abruptly changed (figure 29.3). This
indicates that flight speed is regulated by a visual-motion-detecting
mechanism that measures the angular velocity of the image largely in-
dependently of its spatial structure.

An obvious advantage of controlling flight speed by regulating im-

s that-the 1 - aftvsl 1 ‘
speed when negotiating a narrow passage.

The above findings offer simple strategies for autonomous navigation
of robots along corridors. By balancing the speeds of the images of the
two side walls, one can ensure that the robot progresses along the mid-
dle of the corridor without bumping into the walls. Furthermore, the
speed of the robot can be adjusted to a safe value by holding constant
the average velocity of the images of the two walls.

Four different laboratories have now built robots that negotiate cor-
ridors successfully using the bee-derived principle of balancing lateral
image motion (Coombs and Roberts, 1992; Sandini et al., 1993; Duchon
and Warren, 1994; Weber, Venkatesh, and Srinivasan, 1997). Computa-
tionally, this method is far more amenable to real-time implementation
than methods that use stereo vision to calculate the distances to the
walls.

The design and performance of one of these robots (Weber, Ven-
katesh, and Srinivasan, 1997) is shown in figure 29.4. The robot is ap-
proximately the size of a small skateboard, with a single video camera
mounted facing upward (figure 29.4a). This camera captures views of
the side walls (one of each wall) through a mirror assembly positioned
above the lens. Video information from the camera is transmitted to a
computer, where the image velocities of the two walls, induced by the
motion of the robot, are measured. (The algorithms for measuring im-
age motion are described in Srinivasan, 1990, 1994 and Srinivasan et al.,
1997.) The computer then issues appropriate steering commands to the
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Figure 29.2 Experiment investigating visual control of flight speed. Bees flying through
a tapered tunnel decrease their flight speed when the tunnel narrows, and increase the
speed when it widens. The dots and vertical bars represent means and standard devia-
tions of flight speed measured at various locations. The dashed line shows the theoreti-
cally expected flight speed profile if the bees were to hold the angular velocity of the
images of the walls constant at 320 deg/sec as they fly through the tunnel. The data in-
dicate that bees control flight speed by holding constant the angular velocity of the image
of the environment. (Adapted from Srinivasan et al. 1996.)
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Figure 29.3 Two experiments (a, b) examining control of flight speed in tunnels of con-
stant width, each lined with black-and-white gratings whose spatial period changes
abruptly in the middle. The dots and vertical bars represent means and standard devia-
tions of flight speed measured at various locations. Bees flying through such tunnels
maintain a nearly constant flight speed regardless of whether the period increases (a) or
decreases (b). This suggests that the speed of flight is controlled by a movement-detecting
system which measures and holds constant the speeds of the images of the walls accu-
rately regardless of their spatial structure. (Adapted from Srinivasan et al. 1996.)

robot to ensure that it stays close to the mid-line of the tunnel. The
tunnel-following performance of the robot is illustrated by the exam-
ples shown in figure 29.4b—e. In all cases, the robot reliably follows the
axis of the corridor. The presence of an obstacle next to one of the walls
(figure 29.4e) causes the robot to go through the middle of the gap
remaining between the obstacle and the other wall. Additional control
algorithms have been developed for controlling the speed of the robot.
Speed control is achieved by holding constant the sum of the image
speeds from the two walls, thereby ensuring that the robot automati-
cally slows down to a safe speed when the corridor narrows, like the
bee in figure 29.2. Thus, the strategies used by flying bees to negotiate
narrow gaps and to regulate flight speed do appear to be feasible.

PERFORMING SMOOTH LANDINGS

The seminal work of Gibson (1950) has highlighted the optic-flow cues
that can be brought to bear in controlling the landing of an aircraft.
Studies of landing behavior in flies have revealed that, as a surface is
approached, the expansion of the image of the surface provides strong
cues that are used to control deceleration and trigger extension of the
legs in preparation for contact (Goodman, 1960; Eckert and Hamdorf,
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Figure 29.4 (a) Frontal view of corridor-following robot. (b—e) Performance in variously
shaped corridors, of width approximately 80-100 em. (Adapted from Srinivasan et al.
1997.)

1980; Wagner, 1982; Borst and Bahde, 1988). There is also evidence that
the rate of expansion of the image is used to infer the time to contact
the surface, even if the insect does not possess explicit information
about the speed of its flight or the distance to the surface (Wagner,
1982).

However, when an insect makes a grazing landing on a flat surface,
cues derived from image expansion are relatively weak. This is because
the dominant pattern of image motion is then a translatory flow in the
front-to-back direction. Given that flying insects often make grazing
landings on flat surfaces, what are the processes by which such land-
ings are orchestrated? Recently, Srinivasan and colleagues (2000) have
investigated this question by videotaping trajectories, in three dimen-
sions, of bees landing on a flat, horizontal surface.

Two examples of landing trajectories, reconstructed from the data,
are shown in figure 29.5a, b. A number of such landing trajectories
were analysed to examine the variation of the instantaneous height
above the surface (), instantaneous horizontal (forward) flight speed
(Vf), instantaneous descent speed (V;) and descent angle (o). These
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Figure 29.5 (a, b) 3-D reconstruction of two typical landing trajectories, from video
films. Vertical lines depict height above surface. (c) Illustration of some of the variables
analysed to investigate the control of landing. h (cm): height above surface; Vy (cm/sec):
horizontal (forward) flight speed; V; (cm/sec): vertical (descent) speed; Tan™! B (deg or
rad): descent angle, where B is the ratio of instantaneous descent speed to instantaneous
forward speed.

variables are illustrated in figure 29.5c. Analysis of the landing tra-
jectories revealed that the descent angles were indeed quite shallow.
The average value measured in 26 trajectories was approximately 28°
(Srinivasan et al., 2000).

Figure 29.6a, b shows the variation of flight speed with height above
the surface, analyzed for two landing trajectories. This data reveals one
of the most striking and consistent observations of this study: Hori-
zontal speed is roughly proportional to height, as indicated by the
linear regression on the data. When a bee flies at a horizontal speed
of Vy cm/sec at a height of /i cm, the angular velocity o of the image of
the surface directly beneath the eye is given by

Vi

@ =" rad/sec
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height (h) above the surface, for four different landing trajectories. The straight lines are
linear regressions through the data, as represented by the equations. v denotes the re-
gression coefficient.

From this relationship, it is clear that if the bee’s horizontal flight speed
is proportional to her height above the surface (as shown by the data),

then the anoular velocity of the imaoce of the crirface ag seen bv the ave
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must be constant as the bee approaches it. This angular velocity is
given by the slope of the regression line. The angular velocity of the
image varies from one trajectory to another, but is maintained at
an approximately constant value in any given landing. An analysis
of 26 landing trajectories revealed a mean image angular velocity of
~500°/sec (Srinivasan et al., 2000).
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These results reveal two important characteristics. First,
on a horizontal surface tend to approach the surface at a relatively
shallow descent angle. Second, landing bees tend to hold the angular
velocity of the image of the ground constant as they approach it.

What is the significance of holding the angular velocity of the image
of the ground constant during landing? One important consequence is
that the horizontal speed of flight is then automatically reduced as the
height decreases. In fact, by holding the image velocity constant, the
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horizontal speed is regulated to be proportional to the height above
the ground, so that when the bee finally touches down (at zero height),
her horizontal speed is zero, thus ensuring a smooth landing. The at-
tractive feature of this simple strategy is that it does not require explicit
measurement or knowledge of the speed of flight, or the height above
the ground. Thus, stereoscopic methods of measuring the distance of
the surface (which many insects probably do not possess) are not re-
quired. What is required, however, is that the insect be constantly in
motion, because the image motion resulting from the insect’s own mo-
tion is crucial in controlling the landing.

The above strategy ensures that the bee’s horizontal speed is zero at
touchdown, but does not regulate the descent speed. How is the de-
scent speed controlled? Plots of descent speed versus height reveal a

are shown in figure 29.6c, d. This finding implies that landing bees
control their forward flight speed to hold the image velocity of the
ground constant and couple the descent speed to the forward speed, so
that the descent speed decreases with the forward speed and also be-
comes zero at touchdown. These two rules, operating together, ensure
a smooth landing.
model to make some predictions about the landing characteristics? We
have seen from figure 29.6a, b that the speed of forward flight is con-
trolled by holding the angular velocity of the image of the ground con-
stant. As discussed above, this ensures that the instantaneous forward
flight speed, V¢(t), is proportional to the instantaneous height /(t) above
the ground. That is,

Vi(t) = w.h(t) (29.1)
where the constant of proportionality, w, is the angular velocity of the
image in radians per second. We have also seen, from figure 29.6c, d,
that the descent speed, V;(t), is proportional to the instantaneous for-
ward speed. That is,

_dh(t)

Va(t) = = B.V(t 29.2
where B is a constant of proportionality corresponding to the ratio of V;
to Vy.
Substituting equation 29.1 into equation 29.2, we obtain
dh(t
B.w.h(t) + d—<t) =0 (29.3)

This differential equation can be solved for h(t) to yield
h(t) = h(ty).e @B (29.4)
where h(fy) is the height at the initial time t = f,.
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Figure 29.7 Variation of height (k) with time (f, denoting frame number) for four differ-
ent landing trajectories. The interframe interval is 40 msec. The curves show least-squares
fits of exponential functions as specified by equation 29.4.

Equation 29.4 predicts that, during landing, the height should de-
crease exponentially with time. The four examples shown in figure 29.7
reveal that the variation of height with time indeed approximates an
exponential function very closely, thus reinforcing the model’s validity.

The evolution of the forward speed, V(f), during landing is obtained
by inserting equation 29.4 into equation 29.1:

Vi (t) = w.h(to).e P10 (29.5)

This implies that the bee’s forward flight speed should decrease ex-
ponentially with time, a prediction that is confirmed by the data (not
shown here). We can go one step further and predict the way in which
the cumulative horizontal distance traveled by the bee should increase
with time. This distance, H, is obtained by integrating over time the
expression for the forward flight speed, Vi(f), from equation 29.5:

t t

H = J v, (t).dt = J h(tg).e~ B0 gy (29.6)
fy tp

Integration yields

H= h(;”) [1— e @Bt (29.7)
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Figure 29.8 Variation of cumulative horizontal distance travelled (H) with time (f, denot-
ing frame number) for four different landing trajectories. The interframe interval is 40 msec.
The curves show least-squares fits of saturating exponential functions as specified by
equation 29.7.

Equation 29.7 predicts that the cumulative horizontal distance travelled
should increase as a saturating exponential function of time. The four
examples shown in figure 29.8 reveal that the variation of horizontal
distance traveled with time indeed approximates a saturating exponen-
tial function very closely. This finding further reinforces the model’s
validity.

In summary, landing bees regulate the forward speed of their flight
by holding constant the velocity of the image of the ground in the eye.
As a consequence, the forward speed is tightly linked to the height
above the ground and is proportional to it. Furthermore, when a bee is
in “landing mode,” the rate of descent is coupled to the forward speed
and is proportional to it. The coupling factor B determines the angle of
descent. This landing strategy ensures that both the forward speed and
the descent speed are reduced progressively as the bee approaches the
ground, and are both zero at touchdown. Such a model predicts that,
during landing, the height above the ground should decrease expo-
nentially with time. It also predicts that the cumulative horizontal dis-
tance traveled should increase as a saturating exponential function. We
have been able to verify both of these predictions experimentally.
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These findings reveal what appears to be a surprisingly simple and
effective strategy for making grazing landings on flat surfaces. A safe,
smooth landing is ensured by following two simple rules: (a) adjusting
the speed of forward flight to hold constant the angular velocity of the
image of the surface as seen by the eye, and (b) making the speed of
descent proportional to the forward speed. This produces landing tra-
jectories in which the forward speed as well as the descent speed de-
crease progressively as the surface is approached, both approaching
zero at touchdown.

What are the advantages, if any, of using this landing strategy? We
can think of three attractive features. First, the strategy is very simple
because it does not require explicit knowledge of instantaneous height
or flight speed. Second, the control of forward and descent speeds is

because the image velocity can then be maintained at a level at which
the visual system is most sensitive to deviations from the “set” velocity,
thereby ensuring that the control of flight is as precise as possible.
An alternative strategy, for instance, might be to approach the sur-
face at constant flight speed, decelerating only toward the end. Such
a constant-speed approach, however, would cause the image velocity
. 4 ] frces hed—and Htevel
at which the image velocity measurements may no longer be precise
enough for adequate flight control. This situation would be avoided by
the bee’s landing strategy, which holds the image velocity constant.
Third, an interesting by-product of the bee’s landing strategy is that the
projected time to touchdown is constant throughout the landing pro-
cess (details in Srinivasan et al., 2000). In other words, if, at any time
during the landing process, the bee were to stop decelerating and con-
tinue downward at constant velocity, the time to contact the ground
would be the same, regardless of where this occurs in the landing tra-
jectory. From the landing trajectories, one calculates a projected time to
touchdown of about 0.22 sec. Thus, it appears that landing bees allow
themselves a “safety margin” of a fifth of a second to prepare for touch-
down if they were to abandon the prescribed landing strategy at any
point, for whatever reason, and proceed toward the ground in the same
direction without further deceleration.

The tendency exhibited by bees to adjust their forward speed ac-
cording to the speed of the image in the eye is not restricted to landing
situations. As we saw earlier, even cruising bees use the same tech-
nique to regulate their flight speed. Thus, the use of image speed to
control flight speed appears to be a general, more or less “hard-wired”
feature of insect flight. The only addditional control mechanism that is
brought into play during landing is that which couples the descent
speed to the forward speed—to ensure a smooth touchdown.
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A little reflection will reveal that the landing strategy described here
can be used by an aerial vehicle to dock with any surface, regardless of
its orientation: horizontal, vertical, or oblique. All that is required is
that the vehicle approach the surface in a straight line, and hold the
image velocity constant during the approach. This will automatically
ensure that the vehicle’s speed decreases as the surface is approached,
ensuring smooth docking. In the special case in which the surface is
approached perpendicularly, the image velocity will be zero in the
“straight-ahead” direction: The flow field has a pole there. However,
the strategy can still be implemented by holding constant the image
speed in an annular region surrounding the pole, or in a large region
centered on the pole.

The feasibility of the landing strategy described above has been

ing a visual system. Vision is provided by a video camera mounted on
the gantry head, which can be translated in three dimensions (x, y, and
z). For the purpose of implementing the landing strategy, translatory
motion of the camera is restricted to the forward (x) and downward
(—z) directions. There is no rotary motion about the z-axis.
The system is placed under closed-loop control by using a computer
] ] T the by 4] :
and to control the motion of the gantry. A view of the gantry and
camera is shown in figure 29.9. The floor, defined to be the landing
surface, is covered with a visual texture consisting of a black-and-white
Julesz pattern. The camera faces downward and views the floor. The
velocity of image motion is measured by using an image interpolation
algorithm (details of which are given in Srinivasan, 1994).
Landing is controlled as follows. The system is required to maintain a
constant descent angle (tan ! B) and a constant image angular velocity,
set, as it descends. In the first time step, the gantry moves the camera
head along the direction of descent at an arbitrarily chosen initial
speed. The image velocity is measured during this step, using the im-
age interpolation algorithm. Let us denote the measured image velocity
by @yeqs- In the next step, the speed of motion of the head is increased
or decreased, depending upon whether the the measured image veloc-
ity is lower or greater than the set image velocity. Specifically, the for-
ward speed V(i + 1) of the camera during the next step is related to the
current speed V(i) by

Vf(l-!-l) _ Vf(l) Wget

(29.8)

Wiyeas

The speed of descent is also corrected by the same factor, because the
forward and descent speeds are proportional to each other and linked
by the desired angle of descent. This speed correction ensures that the
image velocity during the next step will have the desired value ws,
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Figure 29.9 View of robotic gantry, showing camera head and visual texture on the floor.

provided the camera maintains its present altitude. However, because
the camera continues to descend during the new step, the forward
speed in the following step would have to be reduced further. Thus,
both the forward and descent speeds decrease continuously as the
camera descends, reaching very low values when the camera is close to
the ground.

Landing trajectories generated by the gantry, using this procedure,
are shown in figure 29.10a for three different descent angles: —26.5°,
—45°, and —63.5°. The image velocities maintained during these three
landings are shown in figure 29.10b. It is clear that the image velocity,
though somewhat noisy, is held reasonably constant. The height of the
camera decreases exponentially with time (figure 29.10c), as do the for-
ward speed and the speed of descent. These behaviors are as expected
from the proposed control strategy. Comparable results were obtained
when the floor was covered with other textures, such as a newspaper,
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Figure 29.10 Landing trajectories generated by the robotic gantry. (a) Height versus
distance traveled for three different descent angles: —26.5° (circles), —45° (squares) and
—63.5° (triangles). (b) Variation of image angular velocity as a function of time. The sym-
bols in this and other panels refer to the three different descent angles, as in (a). (c) Vari-
ation of height with time. (d) Variation of forward speed and descent speed with time. For
clarity the descent speed data are shown on a reversed time scale, decaying from right to
left. The line curves in (c) and (d) depict least-squares fits of exponential functions to the
data.

or with twigs, bark, and leaves to simulate a more natural outdoor en-
vironment (data not shown).

The results with the robotic gantry suggest that the strategy pro-
posed is a feasible one for landing on flat surfaces. In undulating ter-
rain, the system reduces the forward and descent speeds when the
ground rises toward the camera, and increases them when the ground
falls away. This is obviously a desirable feature, but has limitations in
that the system cannot cope with a situation in which the ground in
front rises abruptly to a level above the camera’s current height.

CONCLUSIONS

Analysis of vision in simple natural systems, such as those found in
insects, can often point to novel ways of tackling tenacious problems in
autonomous navigation. This is probably because insects, with their
“stripped down” nervous systems, have been forced to evolve inge-
nious strategies to cope with visual challenges within their environ-
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ment. This article has outlined three ways in which insects use motion
cues to perceive their environment in three dimensions and navigate in
it. The feasibility of each of these strategies has been tested by imple-
mentation in a robot. In constructing these robots, the aim is not to
copy insect vision in the literal sense. Rather, the intent is to embody
and test the principles of visual information processing that we have
gleaned from the biology. The next step is to investigate whether these
principles can be used to advantage in the design of visually based
control systems for autonomously flying vehicles.
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