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Abstract. Behavioral experiments suggest that insects
make use of the apparent image speed on their compound
eyes to navigate through obstacles, control flight speed,
land smoothly, and measure the distance they have flown.
However, the vast majority of electrophysiological record-
ings from motion-sensitive insect neurons show responses
which are tuned in spatial and temporal frequency and
are thus unable to unambiguously represent image speed.
We suggest that this contradiction may be resolved at
an early stage of visual motion processing using nondi-
rectional motion sensors that respond proportionally to
image speed until their peak response. We describe and
characterize a computational model of these sensors and
propose a model by which a spatial collation of such sen-
sors could be used to generate speed-dependent behavior.

1 Introduction

An extensive series of behavioral experiments has shown
that honeybees utilize the apparent angular speed of the
image on their two compound eyes for a wide variety
of visually based navigation and control tasks (Srini-
vasan et al. 1996). A bee made to fly through a tun-
nel has been shown to match the apparent speed of
the walls to the left and right of its flight path to
center itself in the tunnel (the “centering response”,
Kirchner and Srinivasan 1989). Bees flying through a
tapered tunnel have been shown to control their flight
speed by holding apparent image speed constant, thus
flying slower when the tunnel is narrower. During land-
ing, the altitude and forward speed of a bee’s flight are
well predicted by a model that holds constant the angular
speed of the image of the surface upon which the bee is
landing (Srinivasan et al. 2000). Similar behavioral conclu-
sions have been drawn about other insects (David 1982),
although for practical reasons none are as well studied as
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the bee. This behavioral dependence on image speed has
been shown to be largely independent of image contrast
and spatial frequency content (Srinivasan et al. 1991).

The fact that bees use image speed for navigation is diffi-
cult to explain based on electrophysiological recordings
from insect neurons sensitive to visual motion. The major-
ity of such recordings reveal neurons that are not tuned to
image speed but rather respond best to stimuli with a par-
ticular combination of spatial and temporal frequency
(Hausen 1982). Although the response of such neurons
saturates at low stimulus contrast and is thus largely
independent of contrast (Egelhaaf and Borst 1989), this
spatiotemporal frequency (STF) tuned response implies
that the speed tuning of a motion-sensitive neuron is
dependent on the spatial frequency content of the image.
The compensatory optomotor response of insects is
very well predicted by the responses of such neurons
(Hausen and Egelhaaf 1989), but it has been shown
(Srinivasan and Zhang 1993) that the optomotor response
cannot account for the speed-dependent behaviors
discussed above. In primates, where extremely similar
STF-tuned neurons also appear to be the predominant
representation of image motion (Nakayama 1985), it has
been suggested that image speed may be estimated by com-
bining a group of STF-tuned motion neurons with differ-
ent tunings (Grzywacz and Yuille 1990). However, this
neuron-intensive strategy seems unlikely in insects given
their relatively small total number of neurons. Ibbotson
(1991) has recorded from insect neurons that appear to
signal image speed, but it is not clear that these responses
are independent of image spatial frequency. Dror et al.
(2001) have shown that, in a natural image setting, STF-
tuned neurons are approximately tuned to image speed.
However, this does not fully explain honeybee behavioral
insensitivity to the spatial period of grating stimuli
(Srinivasan et al. 1996).

A clue to this puzzle is provided by a behavioral
experiment in which honeybees were made to fly along
a tunnel one wall of which contained a computer-gen-
erated “checkerboard” visual stimulus (Srinivasan and
Zhang 1993). This stimulus could move coherently in
any of the four cardinal directions, or it could consist
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Fig. 1. Computational models of motion detection. High-pass fil-
ters are interposed in each input pathway from the photoreceptors,
in general agreement with the responses of insect lamina and medulla
neurons that are possible input pathways to the elementary motion
detection circuit (Buschbeck and Strausfeld 1996; Higgins et al.
2004). HPF and LPF respectively indicate high-pass and low-pass
filters, 7 indicates a multiplication, and X a sum. a The Hassenstein—

of interleaved rows or columns moving in opposite direc-
tions. Bees were observed to alter their lateral flight path
to avoid the moving stimulus regardless of its direction
or coherence. The experimenters concluded that the ver-
tical flight path of the bee was controlled by a mech-
anism akin to the optomotor response, responsive to
coherent wide-field motion but not to interleaved small-
field motion, with a temporal frequency bandwidth of
less than 100 Hz. In comparison, they concluded that
the lateral flight path of the bee was controlled by a
mechanism that responded to wide-field or small-field
interleaved motion without regard to coherence or direc-
tion, with a temporal frequency bandwidth of 100 Hz or
more. This experiment suggests that the neuronal mech-
anism underlying this “movement avoidance” response
incorporates a spatial collation of an array of small-
field nondirectional motion units. Further, these small-
field nondirectional motion units must be sensitive to
image speed, not STF (to account for the centering
response), and active at higher temporal frequencies than
the optomotor response. Motion-sensitive neurons that
respond without regard to stimulus direction may be pres-
ent in the medulla of the locust (Osorio 1991) and the
fly (Douglass and Strausfeld 1996) and are integral to
a recent computational model of dipteran elementary
motion detection (Higgins et al. 2004).

The response of STF-tuned neurons and the opto-
motor behavioral response are well modelled by
the Hassenstein—Reichardt (HR) correlation model
(Hassenstein and Reichardt 1956; Van Santen and Sper-
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Reichardt (HR) model, which produces an output whose sign indi-
cates stimulus direction. This model is composed of two opposite
facing “subunits” whose outputs are subtracted at the final stage.
b One subunit of the HR model. This unit is most sensitive to right-
ward stimulus motion. ¢ Nondirectional motion unit, equivalent to
two opposite-facing HR subunits with their outputs added, rather
than subtracted, as in a

ling 1985), shown in Fig. la. Zanker et al. (1999)
have suggested that imbalanced versions of the HR
model, and particularly a single directional subunit
(Fig. 1b), could produce responses that are more
independent of image spatial structure than STF-tuned
units. We here address that suggestion, argue based on the
above evidence that neurons which are sensitive to mov-
ing visual stimuli without regard to direction could be the
neuronal basis of behavioral speed sensitivity, and propose
a computational model both for the nondirectional mo-
tion units and for how speed-dependent behavior could be
generated from such units.

2 Methods

Numerical evaluations of the mathematical expressions
given in Results were carried out using the Matlab pack-
age (The Mathworks, Natick, MA, USA). All of the deri-
vations employed visual stimuli with a single space dimen-
sion; that is, the visual input to the motion detector array
could be expressed as a one-dimensional spatial pattern
that moved over time.

Stimuli used in the derivations were moving sinusoidal
gratings

S(t,x):%~(1—|—C-Sin(a)t~t+wx~x)) (1)
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where C is the contrast, w; the temporal frequency, and
w, the spatial frequency. Note that this sinusoid is offset
to be strictly positive and thus correspond to luminance.

If the spacing between photoreceptors is A, then the
relative phase between sinusoidal inputs to neighbor-
ing optic cartridges is ¢, = w, - A. For simplicity, in
our evaluations we allowed A =1, and thus photore-
ceptors are one space unit apart. No explicit low-pass
spatial filtering was incorporated to account for opti-
cal processing (Snyder 1979), but spatial frequencies
higher than 0.3 cycles per optic cartridge are not con-
sidered since higher spatial frequencies are extremely
attenuated by the modulation transfer function of insect
optics, preventing spatial aliasing. The upper limit of the
spatial frequency axis would be 0.5 cycles per optic car-
tridge, at which aliasing would occur.

All temporal filters were first order with a time constant
t of 50 ms. High-pass filters were assumed to completely
remove the sustained component of the signal. The expres-
sion for first-order high-pass filter magnitude response 4
used in the derivations was

wt T
V14 (w-7)?

The expressions for low-pass filter magnitude response 4,
and phase response ¢, used in the derivations were

hi(o) = 2

1
h = 3
2(wy) \/m ( )
and
P2 (w) =—tan"" (w; - 7) (4)
3 Results

The most straightforward way to synthesize a unit re-
sponsive to motion without regard to direction would be
to compute directional motion with the HR model and
then take the absolute value. However, since the frequency
bandwidth of the behavioral responses to nondirectional
motion stimuli exceeds that of directional optomotor-like
responses (respectively the lateral versus vertical flight
mechanisms of Srinivasan and Zhang 1993), it seems
unlikely that this is the case. Units downstream of the
directional motion computation cannot respond to stim-
ulus frequencies already filtered out at an earlier stage.
Rather, it must be that the nondirectional units precede
the directional computation or are in a separate pathway
altogether.

We are motivated by data on the transmedullary cells
of the fly (Douglass and Strausfeld 1995; Buschbeck and
Strausfeld 1996), which appear anatomically to com-
bine the local photoreceptor signal with delayed sig-
nals from neighboring optic cartridges, to synthesize a
nondirectional motion unit as shown in Fig. lc. This
model is equivalent to two HR subunits facing in oppo-
site directions with their outputs added, rather than sub-
tracted as in the directional HR model. However, these

two subunits are spatially offset and do not share the
same two photoreceptors. Due to this arrangement, the
two multiplications implied by opposing HR subunits can
be combined by adding the two neighbor signals before
the multiplication, as shown below. The output of a right-
facing HR subunit could be computed as the product of
signals (shown in Fig. 1¢) S1gp and S,y. The output of a
spatially offset left-facing HR subunit could be similarly
computed as the product of Sy and S3yp. The sum of
these two subunits is

OND = S1HL - S20 + S21 - S30L = S21 - (S1HL + S3HL) Q)

where the second regrouped term is computed directly by
the model of Fig. 1c.

The mean response of each of the three computational
models shown in Fig. 1, with identical time constants, to
a drifting sinusoidal grating can be directly computed (see
Methods for details and definitions).

The mean response of the directional HR model
(Fig. 1a) can be shown to be

2

_ C
Onp ==~ +hi - ha-sin(g2) sin(g) (6)

and, substituting in the expressions for filter magnitude
and phase response,

- C?  (w7) .
Onr = Py sin(wy) (7
A contour plot of this response as w, and stimulus speed
(v=w/w,) are varied is shown in Fig. 2a. As expected,
over most of the spatial frequency range, the speed tun-
ing of the HR model is strongly dependent on w,. At very
high spatial frequencies, the tuning reaches its minimum
dependence on w, (asevidenced by the contour lines nearly
parallel to the spatial frequency axis), but it is question-
able whether insects could make use of this tuning due
to the low-pass spatial filtering inherent in early optical
processing (Snyder 1979).

The mean response of the HR subunit (Fig. 1b) can be
shown to be

2

- C
Osup = T -3 -y - cos(¢a+ @) ®)

and, substituting in the expressions for filter magnitude
and phase response,

6o _C @)
SETR (T + (- 1))

-cos(wy —tan" (- 7)) 9)
Figure 2b shows the contour plot of this response. As
shown by Zanker et al. (1999), for positive stimulus speeds
the speed tuning of this unit is less sensitive to w, than the
full HR model, as evidenced by the contour lines nearly
parallel to the spatial frequency axis. However, the asym-
metry of this speed tuning and the fact that null-direction
responses may be positive or negative make it difficult to
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Fig. 2. Contour plots of model responses as stimulus speed and spa-
tial frequency are varied. Contour lines nearly parallel to the spatial
frequency axis indicate speed tuning insensitivity to spatial frequency.
a Response of HR model, which has a speed tuning very depen-
dent on spatial frequency over most of the spatial frequency
range. b Response of HR subunit, which has peak responses

see how this unit alone could functionally be used to con-
trol behavior.

The mean response of the nondirectional unit (Fig. 1c)
can be shown to be

2

- C
Oxp=" -hi - hy - cos(¢) - cos(¢;)

(10)
and, substituting in the expressions for filter magnitude
and phase response,

_ C2 )2
Onp = — (w¢- 1)

T U+ 00 -cos(wy)

(1D

It can be shown that this mean response is the same as
if the two HR subunits employed in the model were not
spatially offset but rather shared the same two photorecep-
tors. The contour plot of this response is shown in Fig. 2¢

0
Stimulus speed (optic cartridges per second)

10 20 30

(for positive stimulus speeds) relatively independent of stimu-
lus spatial frequency. ¢ Response of nondirectional unit, which
also shows a weak dependence of speed tuning on spatial fre-
quency over a range. Contour lines have been drawn every
0.005 response units. Solid lines indicate contours of positive
responses; dotted lines indicate negative responses

and, like the HR subunit, has contour lines nearly paral-
lel to the spatial frequency axis indicating an insensitivity
of speed tuning to spatial frequency over a range of w;.
Unlike the HR subunit, this response is symmetric in speed
and thus responsive to motion stimuli without regard to
their direction. The negative responses at high spatial fre-
quency would be attenuated by optical low-pass filtering
(Snyder 1979). Zanker et al. (1999) have shown that the
peak response of the HR subunit is relatively insensitive
to spatial frequency. This is not true of the nondirectional
model. In fact, the peak response is tuned in STF like the
HR model. However, as shown in Fig. 3, over a range of
spatial frequency the speed response of the nondirectional
unit is approximately proportional to stimulus speed from
zero until the peak, quite unlike the directional HR model.
This proportionality is due to the term cos(w,) in (11),
which roughly approximates 1/w? for a range of spatial
frequency. Since stimulus speed can be computed as w;/w,,
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Fig. 3. Speed tuning of the nondirectional motion unit as spatial
frequency is varied. Bold lines show a constant multiple of absolute
speed. Black curves show mean response of the nondirectional motion
unit at spatial frequencies (from largest response to smallest) of 0.09,
0.14, and 0.20 cycles per optic cartridge. The peak response of the
nondirectional unit is tuned in temporal frequency, but until the peak,
responses roughly follow the line of constant speed. Light grey curves
show the absolute value of the HR model mean response at the same
three spatial frequencies; its speed tuning is highly dependent on the
spatial frequency

this curve is roughly proportional to the square of stim-
ulus speed for very small w;. As the curve grows towards
its peak, the slope of the curve decreases, giving an overall
rough proportionality to absolute speed.

This implies that, over a range of stimulus spatial fre-
quency, the response of a collation of such nondirectional
units in each eye could be compared to match left and
right image speed. This could be achieved even if the left
and right stimuli had different spatial frequency content,
as long as both were in the range of speed tuning insensi-
tivity. This idea is illustrated in Fig. 4. This scheme would
work only if stimulus speeds were such that the responses
of the nondirectional units had not reached their peak. It
is conceivable that bees control their flight speed such that
this is the case. Bees need to perceive image speed over
only about a decade of spatial frequency and typically fly
at speeds that result in image speeds between 300° and
600° per second on the compound eye [M.V. Srinivasan
(2001), personal communication].

4 Discussion

We have presented a computational model of a visual
motion unit that responds to moving stimuli without
regard to direction. The existence of such a unit in the
visual processing system of insects is motivated by
both behavioral (Srinivasan et al. 1996) and electrophys-
iological (Osorio 1991; Douglass and Strausfeld 1996)
evidence. The architecture we have proposed for this
unit, a modification of the canonical HR model, is
inspired by the neuroanatomical architecture of trans-

medullary cells in the fly (Buschbeck and Strausfeld
1996). Over a range of spatial frequency, the response
of these units is approximately proportional to stimu-
lus speed until the peak response is reached. We have
suggested a model by which speed-dependent behavior
consistent with experimental evidence could be generated
using a spatial collation of such units in each compound
eye.

A detailed investigation of the behavioral depen-
dence of the centering response on spatial frequency
could motivate whether either the subunit or nondirec-
tional models are predictive and could also distinguish
between them. Both the subunit and nondirectional mod-
els predict that the centering response will become depen-
dent on the spatial frequency content of narrowband
grating stimuli at low spatial frequency. The nondirec-
tional model, but not the subunit model, predicts that
this will also happen at high spatial frequency. Such
experiments are complicated in practice by the nonuni-
form spatial resolution of the compound eye and by the
low-pass spatial filtering that is inherent in early insect
visual processing (Snyder 1979). In fact, such spatial
filtering, if properly matched to the parameters of the
motion detectors, could assure that for all spatial frequen-
cies that generate reasonably strong motion responses the
response of such neurons would depend only on stimulus
speed independent of spatial frequency.

Behavioral investigations of the effects of grating spa-
tial frequency would in principle be better carried out
with sinusoidal gratings rather than square-wave gratings,
which in addition to the fundamental spatial frequency
also provide odd harmonics at a wide range of higher
frequencies. However, simulations of the computational
models shown in Fig. 1 with square-wave-grating stimuli
have mean responses (not shown) very similar in shape to
those with sinusoidal stimuli shown in Fig. 2. The higher
harmonics of these gratings are attenuated by the low-
pass filtering operation in each motion sensor and have
little effect on the mean response.

In addition to the moving gratings previously men-
tioned, Srinivasan and Zhang (1993) also investigated
the effects of a nonmoving counterphase flicker (revers-
ing contrast) visual stimulus on the movement avoidance
response of honeybees. They found that a flickering stim-
ulus did elicit a change in lateral flight path, but that
this response was significantly weaker than the response
to a motion stimulus at the same temporal frequency. In
response to a sinusoidal counterphase flickering stimulus

Sc(t,x)zéo(1+Cosin(a)fot)-sin(a)x~x)) (12)

the nondirectional motion unit of Fig. 1c¢ can be shown to
have a mean output
2

_ C .
Onp = = R - hy - cos(¢a) - sin(wy (po + 1))

X [sin(wx po) + sin(wx (po +2))] (13)

where py is the spatial position of the leftmost photore-
ceptor with respect to the flickering sinusoidal grating.
Compared to the response to a motion stimulus (10), the
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response to flicker has half the magnitude, the same tem-
poral frequency tuning, and a spatial frequency tuning
that is dependent on the position py. At any given position
po, the flicker response can be no stronger than that to
motion, but at certain positions (py = —1) can be much
weaker. When averaged over space, this flicker response is
certainly weaker than that to motion, and thus does not
contradict the behavioral data.

The motion response of lobula plate tangential cells
is known to saturate with contrast (Egelhaaf and Borst
1989), and this makes their response independent of con-
trast over a wide range. Such contrast saturation would
also have to be incorporated into the nondirectional mo-
tion model in order for its responses to be truly speed
dependent. Presumably this could be accomplished by the
introduction of a saturating nonlinearity in the input path-
way, as suggested by Egelhaaf and Borst (1989).

The computational models of motion detectors
shown in Fig. 1 are for one-dimensional images.
Although the HR and subunit models need not be
altered for two-dimensional imagery, a two-dimensional
version of the nondirectional motion model might
incorporate delayed versions of the photoreceptor
signals from any or all of the six neighboring optic
cartridges. A unit incorporating all six neighbors
would be completely insensitive to the two-dimensional
direction of stimulus motion. This truly nondirectional
motion unit would best subserve a model of honeybee
movement avoidance behavior, since the lateral flight path
of the bee in the experiments of Srinivasan and Zhang
(1993) was affected equally by vertical as well as horizon-
tal small-field interleaved motion. It is also possible to
synthesize an “orientation-tuned” nondirectional motion
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Fig. 4. Conceptual model of
image speed matching using
nondirectional motion units
(shown as ND). Nondirectional
motion units across each
compound eye are spatially
summed (X) to provide an
estimate of stimulus speed. The
yaw turn angle of the insect is
computed proportional to the
difference between left and right
estimated image speeds

unit by selective integration of neighboring photorecep-
tor signals. By this method a unit could be made sensitive
to motion along only a single axis of the compound eye
without regard to direction.

The relatively smaller frequency bandwidth of the
behaviors ascribed to directional versus nondirectional
motion units requires that nondirectional units precede
the directional computation or are in a separate path-
way. With a sinusoidal grating input, the outputs of
nondirectional motion units from two neighboring optic
cartridges have the same amplitude and a relative phase
of ¢,. We suggest that data regarding speed-dependent
behavior and the optomotor response could be reconciled
by a model in which the outputs of nondirectional motion
units themselves become input to a directional motion
detector employing the HR model or a more phys-
iologically plausible mathematical equivalent such as
the Barlow—Levick model (Barlow and Levick 1965).
This suggestion is supported by a recent model of dip-
teran elementary motion detection (Higgins et al. 2004).
The first stage of motion processing in such a model
would allow speed-dependent behavior with a wide
frequency bandwidth to be generated from nondi-
rectional motion units, and the second stage would
allow STF-tuned behavior with a smaller-frequency band-
width.
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