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CHAPTER 3

Movement detection in arthropods

Martin Egelhaaf and Alexander Borst

Max-Planck-Institut fiir biologische Kybernetik, Spemannstrafie 38, D-7400 Tiibingen, Germany

1. Introduction

Motion information is an important visual cue in
various behavioral contexts. This is particularly
true in fast moving animals since during self-
motion the retinal images of the visual surround
change continually. Thus, it is not surprising that
many arthropod species have been found to use
motion information for visual orientation (see
Srinivasan, this volume; Collett et al., this vol-
ume; Hengstenberg, this volume). The preponder-
ance of vision and, in particular, of motion vision
in these species is reflected at the structural level
by the often huge compound eyes (e.g. Nilsson,
1990), the large share of the visual system in the
entire mass of the brain (e.g. Strausfeld, 1976),
and the abundance of neurons that have been
found at various levels of the nervous system
which respond direction selectively to motion
(insects: e.g. Wehner, 1981; Hausen and Egel-
haaf, 1989; see also Hausen, this volume; crus-
tacea: e.g. Wiersma and Yanagisawa, 1971; San-
deman et al., 1975b).

The central topic of this review is the computa-
tions by which such directionally selective re-
sponses are extracted from the moving visual
surround. In arthropods, these computations have
been characterized, so far, mainly in formal terms
by algorithmic models (see Borst and Egelhaaf,
this volume). Only recently promising attempts
have been made towards understanding them also
in terms of synaptic interactions between nerve
cells. A thorough understanding of the primary

process of motion detection is particularly im-
portant, since, being the first step of motion
analysis, all subsequent motion dependent pro-
cessing stages operate on the representation of
this primordial motion information.

2. Experimental paradigms: indicators of
movement detection

Ideally, it would be desirable to monitor the
activity of the movement detectors themselves.
However, this is usually not possible because the
most peripheral directionally selective neurons in
the visual system are often small and can rarely be
recorded sufficiently long for a detailed input-
output analysis (e.g. fly: McCann and Dill, 1969;
Mimura, 1971, 1972; DeVoe and Ockleford, 1976;
DeVoe, 1980; Penisten, 1988; Gilbertet al., 1991;
locust: Osorio, 1986).

Detailed stimulus-response analyses are often
only possible using other, less direct, indicators of
the performance of biological movement detec-
tors. Historically the older techniques are be-
havioral and go back to studies on motion per-
ception of arthropods done in the first half of
this century (insects: Gaffron, 1934; Hertz, 1935;
Gavel, 1939; crustacea: Buddenbrock and Fried-
rich, 1933). Behavioral techniques combined with
system-analytical approaches were first used in
the fifties and early sixties (Hassenstein, 1951,
1958, 1959; Hassenstein and Reichardt, 1956;
Reichardt, 1957; Reichardt and Varji, 1959; Var-
ju, 1959; Varji and Reichardt, 1967; for review,
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see Reichardt, 1961). It was here that one of
the fundamental models of visual motion detec-
tion, the correlation-type movement detector was
derived. These seminal studies subsequently
prompted other investigators to employ related
behavioral paradigms for an analysis of motion
detection also in other species (e.g. fly: Fermi and
Reichardt, 1963; Gotz, 1964; McCann and Mac-
Ginitie, 1965; Eckert, 1973; Geiger and Poggio,
1975; Buchner, 1976; Pick and Buchner, 1979;
Reichardt and Guo, 1986; Reichardt and Egel-
haaf, 1988; Borst and Bahde, 1986; for review,
see Buchner, 1984b; Reichardt, 1987; bee: Kun-
ze, 1961; locust: Thorson, 1964, 1966a,b; Kien,
1974a; crab: Kunze, 1964; Horridge, 1966; San-
deman et al., 1975a; Sandeman and Erber, 1976;
Fleischer, 1980; Nalbach, 1989). Despite these
early successes, behavioral paradigms have one
inherent disadvantage: the motor output is rather
distant from the site of motion detection and
further processing steps may intervene with the
output signals.

This limitation was, at least partly, overcome
by electrophysiological recordings from motion
sensitive neurons. With only a few exceptions
(see e.g. Kien, 1974b, 1975; Sandeman et al.,
1975b; Rind, 1990; Ibbotson et al., 1991; Mad-
dess et al., 1991; Osorio, 1991), these analyses on
the mechanisms underlying movement detection
were all done in the fly. In the posterior part of the
third visual ganglion, the lobula plate, there reside
relatively large directionally selective visual in-
terneurons (see Hausen, this volume) which allow
a detailed stimulus response analysis (McCann
and Dill, 1969; McCann, 1973; Marmarelis and
McCann, 1973; McCann, 1974; Zaagman et al.,
1977, 1978, 1983; Dvorak et al., 1980; Maste-
broek et al., 1980, 1982; Srinivasan and Dvorak,
1980; Lenting et al., 1984; Riehle and Franceschi-
ni, 1984; Maddess and Laughlin, 1985; Maddess,
1986; Ruyter van Steveninck et al., 1986; Borst
and Egelhaaf, 1987, 1990; Egelhaaf and Rei-
chardt, 1987; Egelhaaf and Borst, 1989, 1990a,
1992a; Egelhaaf et al., 1989a,b, 1990; Frances-
chini et al., 1989; Schuling et al., 1989; Gilbert

1990). Other thoroughly studied large-field neu-
rons, the so-called DCMD and LGMD in locusts
(Rowell, 1971), although called “movement de-
tectors” are not motion-specific elements: they
respond to motion in different directions and to
changes in brightness equally well (Rowell and
O’Shea, 1976). This is also true for many classes
of so-called “movement fibres” in crustaceans
(e.g. Wiersma et al., 1983).

Another approach to motion information pro-
cessing is the deoxyglucose technique. Here meta-
bolically active parts of the brain are labelled with
radioactive deoxyglucose. This approach pro-
vided an overall mapping of the representation of
motion specific information in the nervous sys-
tem of flies (Buchner et al., 1984; Bausenwein et
al., 1992).

3. Motion detection is performed in parallel by
retinotopic arrays of local movement detectors

Arthropods perceive the motion not only of spe-
cific features which pop out of the visual surround
but also of statistical patterns without any pro-
nounced object (Reichardt and Varju, 1959; Has-
senstein, 1959; Reichardt, 1961; Varji and Rei-
chardt, 1967; Marmarelis and McCann, 1973;
McCann, 1974; Egelhaaf, 1985a,b; Maddess and
Laughlin, 1985). This suggests that motion detec-
tion in arthropods is not a high-level process
where the identification of certain features is a
prerequisite (see Borst and Egelhaaf, this vol-
ume). Instead, the motion detection system is
likely to operate on rather low-level representa-
tions of the visual surround.

Motion detection is a local process which com-
pares the changes in light intensity at neighboring
points in the visual field. There are various lines
of evidence for this proposition. (i) Small angle
displacements — of even less than the angular
distance between the optical axes of neighboring
photoreceptors — may lead to pronounced direc-
tionally selective responses both in behavioral
paradigms (e.g. Thorson, 1966a; McCann and
MacGinitie, 1965; Horridge, 1966; Hirsh, 1977)



as well as in electrophysiological experiments
(McCann and Dill, 1969; Zaagman et al., 1977,
Mastebroek et al., 1980). (ii) Motion specific
responses are elicited when only a small number
of ommatidia are exposed to the motion stimulus
(Gotz, 1964; McCann and MacGinitie, 1965;
Kunze, 1964; McCann, 1973; Sandeman, 1978;
Doujak, 1985; Reichardt and Egelhaaf, 1988;
Egelhaaf et al., 1989b). By using high precision
optical stimulation of photoreceptors looking at
neighboring points in visual space it could even
be shown that activation of only two retinal input
channels is sufficient to induce directionally se-
lective motion specific responses both in opto-
motor behavior (Kirschfeld, 1972) as well as in
visual interneurons (Riehle and Franceschini,
1984; Franceschini et al., 1989; Schuling et al,,
1989). Since many of the different directionally
selective responses can be evoked from almost
anywhere in the visual field, it can be concluded
that the first explicit representation of motion
information is computed in parallel by arrays of
local mechanisms which cover the entire visual
field.

4. Computational structure of movement de-
tectors

The correlation-type movement detector was pro-
posed long ago as the basic mechanism under-
lying motion vision in various insect and crusta-
ceans (citations, see Section 2). Despite some
conflicting evidence concerning the details of the
movement detector structure (Kien, 1974a, 1975),
a coherent view is gradually emerging concerning
the different steps by which motion is computed
from the time-dependent brightness changes of
the retinal image. Amongst the different species,
by far the most detailed knowledge has been
accumulated for the fly. We will, therefore, con-
centrate here on this species.

Figure 1 sketches the principal steps of motion
computations by the fly together with the corre-
sponding responses to a moving grating pattern
with sinusoidal brightness distribution. The reti-
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nal input signals are smoothed by the Gaussian
shaped sensitivity distribution of the photorecep-
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Fig. 1. Elaborated version of the correlation-type movement
detector as proposed to underly motion vision in flies, and its
response 10 a sinewave grating moving with a constant velocity
from the left to the right. The retinal input signals are sensed by
photoreceptors with a Gaussian shaped sensitivity function and
are temporally band-pass filtered (BP) before they feed into the
movement detector. The Gaussian filters remove the high spatial
frequency components from the retinal image; the main conse-
quence of the temporal filter is to eliminate to a large extent the
signal components resulting from the background luminance.
Each movement detector consists of two mirror-symmetrical
subunits. Their output signals are subtracted from each other. In
each subunit the signal of one input channel is delayed by some
sort of low-pass filter (&) and subsequently multiplied by the
instantaneous signal of the neighboring input channel. Due to
this nonlinear interaction, the resulting output is no longer a
sinusoid but is composed of the fundamental and second harmo-
nic of the temporal frequency of the input signals. In the model
simulation shown here, the subtraction stage is not exactly
balanced and the detector subunit which contributes to the final
response with a negative sign has the smaller gain. For this
reason the final detector output still contains a second harmonic
frequency component.
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tors before they are fed into a temporal band-pass
filter which boosts brightness changes at the
expense of the steady background luminance. The
signals eventually feed the movement detector.
Each detector consists of two mirror-symmetrical
subunits. In each subunit, the signals from neigh-
boring points in visual space interact in a multipli-
cative way after one of them has been delayed by
some low-pass filter. The final detector response
is obtained by subtracting the two subunit out-
puts. On average, each detector subunit performs
a kind of spatio-temporal cross-correlation of its
filtered retinal input signals. This formal opera-
tion leads to a useful motion estimate, because
during pattern motion the two detector input
channels receive, with a certain time shift, the
same input. Since one of them is delayed by the
detector, the cross-correlation of the input signals
is maximum for a particular velocity of the stimu-
lus pattern. The detector subunit, thus, responds
directionally selective to motion. However, such
a detector subunit may also respond to correlated
input which is independent of the direction of
motion, such as changes in the mean brightness.
These motion-independent response components
can be eliminated by subtracting the output of two
mirror-symmetrical subunits from each other. If
such a detector is mathematically perfect, it re-
sponds with the same amplitude, but a different
sign, to motion in opposite directions (for a more
detailed explanation of the correlation model, see
Borst and Egelhaaf, this volume).

4.1. Spatial input organization

Basically two techniques have been used to deter-
mine the spatial input organization of the move-
ment detection system.

One of them uses a high precision optical
procedure to stimulate individual photoreceptors
or photoreceptors with a common optical axis. If
photoreceptors looking at different points in vis-
ual space are successively stimulated, apparent
motion can be mimicked. By varying the relative
position of the stimulated receptors, the angular

distance between the input stations (“sampling
base™) and the orientation of the movement detec-
tors have been analyzed (Kirschfeld, 1972; Riehle
and Franceschini, 1984; Franceschini et al., 1989;
Schuling et al., 1989).

The other approach makes use of the fact that
the spatial frequency dependence of the move-
ment detector response depends in a characteristic
way on the sampling base of the detector. For a
grating pattern with sinusoidal brightness dis-
tribution the response is proportional to sin
(27A@/A), with A¢g and A designating the sam-
pling base of the detector and the spatial wave-
length of the pattern, respectively (Fig. 2) (Varju,
1959; Gotz, 1964; Buchner, 1984; Borst and
Egelhaaf, 1989). For instance, if the spatial wave-
length of the stimulus pattern is equal to the
sampling base, the detector cannot detect the
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Fig. 2. Dependence of the fly’s motion detection system (deter-
mined by its optomotor tuming behavior) as a function of the
spatial wavelength of the stimulus pattem. The pattern was
moved with a temporal frequency of 1.3 Hz. The spatial wave-
length is given in units of the angular distance between neigh-
boring sampling points of the ommatidial lattice (Ag). As
predicted by the correlation model positive responses are ob-
tained for spatial wavelengths larger than 2A¢, whereas negative
responses are obtained for spatial wavelengths between 2A¢ and
Ag. (To illustrate the intrinsic spatial transfer properties of the
movement detector, the experimental data have been subjected
to specific corrections so that they can be considered to represent
reactions which would be expected if the receptors had needle-
shaped spatial sensitivity distributions; modified from Buchner,
1976.)



motion of such a pattern, because both input
channels receive exactly the same input. The
largest responses are expected for spatial wave-
lengths which lead to phase differences of the
detector input signals of 90° (4 = 4A¢). For larger
and for smaller wavelengths the responses de-
crease again. For phase shifts between 180° and
360° (A¢< A < 2A¢) the responses may become
inverted, signalling the wrong direction of mo-
tion. This phenomenon occurs if the sampling
stations of the movement detector are too sparse
to sufficiently resolve the stimulus and is known
as spatial aliasing or geometrical interference
(Varjud, 1959; Gétz, 1964). From the experiment-
ally determined spatial frequency dependence of
the motion detector response the sampling base
can be derived (for details, see Buchner, 1976,
1984) as has been done in a large number of
studies (Hertz, 1935; Gavel, 1939; Hassenstein,
1951; Kunze, 1961; Gétz, 1964; McCann and
MacGinitie, 1965; Geiger and Poggio, 1975;
Buchner, 1976; Pick and Buchner, 1979; Maste-
broek et al., 1980; Borst and Bahde, 1987; Zan-
ker, 1990; Hateren, 1990).

In the fly, qualitative differences in the spatial
arrangement of the pairs of receptors were found
to contribute to the overall response of the move-
ment detection system under conditions of dark
and light adaptation. In the light adapted eye, the
response is dominated by nearest neighbor inter-
actions between pairs of photoreceptors (Kirsch-
feld, 1972; Buchner, 1976; Riehle and France-
schini, 1984; Schuling et al., 1989). At low light
levels photoreceptors at angular distances of 2, 4,
6 and 8 times the interommatidial angle become,
in addition, involved (Pick and Buchner, 1979;
Schuling et al., 1989).

As a consequence of its two input channels, a
correlation-type movement detector reveals an
intrinsic apparent spatial band-pass filter charac-
teristic, even if the input channels transmit all
spatial frequencies equally well. The intrinsic
spatial frequency dependence of the detector may
be altered if spatial filters are inserted peripheral
to the site of motion detection. Since in arthro-
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pods the sampling base is essentially determined
by the spacing of the two-dimensional array of
photoreceptors, their bell-shaped spatial sensitiv-
ity distribution (for review, see Hardie, 1985) will
have an immediate influence on the spatial fre-
quency transfer characteristic of the motion de-
tection system (Varji, 1959; Gotz, 1965b; Borst
and Egelhaaf, 1989; Borst and Egelhaaf, this
volume). As can be inferred from the experiment-
ally determined spatial frequency dependence in
flies, the width of the sensitivity distribution is
carefully matched to the sampling base of the
movement detection system in such a way that
mainly those spatial frequencies of the moving
stimulus are attenuated which would otherwise
lead to aliasing (Go6tz, 1965b). Hence, in the fly
the spatial input organization of the movement
detection system is almost optimally matched to
the optical properties of the eye to guarantee a
high performance in motion detection.

4.2. Preprocessing of the detector input signals

What information on the visual surround is fed
into the movement detector? Three alternative
preprocessing schemes of the movement detector
input are often discussed with respect to biologi-
cal motion vision: (i) The retinal input signals
may be spatio-temporally filtered in such a way
that brightness changes lead to large detector
input signals, whereas a steady background lumi-
nance to only relatively small ones. In the sim-
plest case, this may be achieved by a linear filter
as has already been proposed in the early studies
on insect motion vision (Hassenstein and Rei-
chardt, 1956; Hassenstein, 1958; Reichardt, 1961;
Varju and Reichardt, 1967; see also Egethaaf and
Borst, 1989, 1990a). (ii) The retinal input signals
may be rectified in such a way that both bright-
ness increments and decrements lead to the same
output signal (full-wave rectification). (iii) The
retinal input signals may segregate into two paral-
lel pathways which either respond to brightness
increments and decrements only (half-wave recti-
fication) and then feed separate on- and off-detec-
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tors, the responses of which are only added after-
wards. The latter type of movement detector
preprocessing has recently been proposed for the
fly (Franceschini et al., 1989).

The preprocessing of the detector input has
been investigated by using apparent motion stimu-
li. When the brightness of the two movement
detector input channels is either increased or
decreased in a stepwise manner one after the
other, four different stimulus combinations are
possible: both signals can change with the same
polarity, i.e. either an on-on or off-off sequence,
thereby mimicking apparent motion of either a
bright or a dark edge. Alternatively, both signals
can change their brightness with a different polar-
ity, i.e. either an on-off or an off-on sequence;
these stimulus conditions mimic a situation which
hardly occurs in reality, i.e. motion of an edge
which simultaneously reverses its contrast. In
psychophysics, this sort of stimulus has frequent-
ly been used and called “reversed phi” motion
stimulus (e.g. Anstis and Rogers, 1975).

The alternative preprocessing schemes lead to
the same detector responses for contrast transi-
tions of the same sign and indicate apparent
motion in the proper direction. For sequences of
contrast transitions with different polarity, how-
ever, different responses are predicted (Fig. 3):
Without rectification, negative responses are ob-
tained signalling apparent motion in the opposite
direction. Since with a full-wave rectification
brightness increments and decrements are no long-
er distinguished, positive dztector responses are
expected for all four sequences of apparent mo-
tion. In the case of a segregation into separate on-
and off-channels feeding different movement de-
tectors, no responses are predicted for contrast
transitions of different polarity. With these appar-
ent motion stimuli it should thus be possible to
distinguish between the three ways of preproces-
sing the input to the movement detector.

These predictions were tested in an identified
directionally selective cell residing in the lobula
plate of the fly’s brain (Fig. 3). Whereas the
responses are positive for apparent motion with

contrast transitions of the same polarity, they are
negative for contrast changes of different polarity
(Egelhaaf and Borst, 1990b, 1991b). In this re-
spect, the fly motion detection system behaves in
the same way as has been reported for human
observers for apparent motion stimuli with suffi-
ciently small angular distances (e.g. Anstis and
Rogers, 1975; Santen and Sperling, 1984; Chubb
and Sperling, 1989). Moreover, the results shown
in Fig. 3 are in accordance with earlier analyses
on beetles (Hassenstein, 1958; Reichardt, 1961)
and the fly (McCann, 1973), but in contrast to a
recent study on the H1-cell of the fly (Franceschi-
ni et al., 1989). In the latter study no responses to
contrast transitions of opposite polarity were ob-
tained. These discrepancies might be due to the
fact that Franceschini and co-workers (France-
schini et al., 1989) used high contrast stimuli and
dark adapted animals, whereas in the experiments
shown in Fig. 5 light adapted animals and smaller
contrasts were employed.

Hence, at least for the light adapted fly and
moderate contrasts, the retinal input is spatio-
temporally filtered peripheral to the movement
detector in such a way that the signals originating
from the background luminance are eliminated to
a large extent, and brightness changes are repre-
sented according to their polarity. Nevertheless,
this preprocessing of the movement detector input
is not perfectly linear, because the responses do
not have the same amplitude under the four
stimulus conditions tested in Fig. 3. This suggests
some sort of asymmetry in the detector input
channels with respect to the processing of bright-
ness increments and decrements, respectively
(Egelhaaf and Borst, 1992a; see also Quenzer and
Zanker, 1991).

4.3. Temporal movement detector filter

There are various ways to characterize the tempo-
ral transfer properties of the movement detector
filter. For a correlation-type movement detector
optimal responses are obtained when the velocity,
say of a moving bar, is matched to the delay
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introduced by the movement detector filter. The As predicted, the response amplitude of motion
detector responds with smaller amplitudes to ve- sensitive neurons in the fly initially increases
locities both smaller and larger than this optimal with increasing interstimulus time interval, then
velocity. Hence, it should be possible to estimate reaches its maximum and finally declines again
the detector time constant by using apparent mo- (McCann, 1973; Franceschini et al., 1989; Schu-
tion stimuli with a variable interstimulus interval. ling et al., 1989; Egelhaaf and Borst, 1991b,

Apparent Motion Stimuli
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Fig. 3. Preprocessing of the movement detector input signals. The upper three rows illustrate the predicted consequences of different
types of signal preprocessing on the detector responses to four different types of apparent motion stimuli (indicated above the four
vertical columns). Upwards and downwards deflections of the stimulus traces indicate brightness increments and decrements,
respectively. When the retinal input signals are preprocessed in such a way that the polarity of brightness changes remains preserved,
the movement detector response to apparent motion in the preferred direction is positive for brightness changes of the same sign and
negative for brightness changes of opposite sign. Fullwave rectification leads to positive detector responses under all four stimulus
conditions. Halfwave rectification and segregation of the detector input signals into separate on- and off-channels feeding different
movement detectors which are only added afterwards, yields positive overall responses during apparent motion sequences of brightness
changes of the same sign and no responses to apparent motion of different sign. The bottom row shows the time course of the motion
dependent component of the average response of the lobula plate H1 neuron as obtained from ten flies. The Tesponses are not
compatible with any of the rectification schemes and suggest that brightness changes of the stimulus are represented at the movement
detector input according to their polarity. (Modified from Egelhaaf and Borst, 1992a.)
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1992a). However, one should be cautious about
attributing the interstimulus time interval that
leads to the optimal detector response directly to
the detector time constant, because the optimal
time interval also depends on the stimulus para-
meters. For instance, apparent motion stimuli
consisting of brief flashes lead to response optima
at much smaller interstimulus time intervals than
do sequences of flashes with a longer duration
(Egelhaaf and Borst, 1992a).

The optimal velocity of a movement detector
depends not only on the actual motion stimulus
but also on the stimulation history preceding this
stimulus. This is because the time constant of the
movement detector filter is not constant but set, to
some extent, by the motion stimulus itself. During
sustained motion, the filter time constant was
concluded to vary over almost three orders of
magnitude: it decreases with increasing adapting
velocity, but eventually increases again, if the
adapting velocity becomes too large (Ruyter van

B

Response [spikes/s]

Steveninck et al., 1986; Borst and Egelhaaf, 1987;
see also Maddess and Laughlin 1985; Maddess et
al., 1991). As will be discussed in Section 5.1, the
dynamic range of the motion detection system
becomes enlarged in this way.

4.4. Nonlinear interaction between the detector
input channels

The essential nonlinear interaction between the
movement detector input channels was concluded
to be a multiplication. Only two lines of evidence
for this conclusion will be discussed here.

A distinguishing feature of a motion detection
system with a multiplicative interaction is that its
mean responses to a complex pattern are invariant
with respect to the relative phases between its
different spatial frequency components (Hassen-
stein, 1959; Reichardt and Varji, 1959; Varjd,
1959; Reichardt, 1961; Varji and Reichardt,
1967; Gétz, 1972; Zaagman et al., 1978; Grzy-
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Fig. 4. Phase invariance as evidence for a multiplicative interaction between the movement detector input channels. Responses of the
large-field neuron H1 in the lobula plate to three different types of stimulus patterns (patterns 1, 2, and 3; A) as a function of velocity.
Two of the stimulus patterns (patterns 1 and 2; A) were composed by superposition of the two squarewave gratings with different
spatial frequencies (8.4° and 2.1°) as shown by the two upper traces in the left diagram; these test patterns differ only with respect to the
relative phase of the squarewave gratings. Stimulus pattern 3 has a different spatial frequency content: it is derived from pattern 1 by an
interchange within each period of a dark and a bright zone. Whereas the response amplitudes to the patterns with the same spatial
frequency content (pattern 1 and 2) are very similar, the responses to pattern 3 differ considerably. Continuous lines are predictions
based on the correlation model. (Modified from Zaagman et al., 1978.)



wacz and Koch, 1987). This principle of phase
invariance is an amazing property of the motion
detection system since the appearance of a stimu-
lus pattern may change dramatically if the relative
phases between its spatial frequency components
are altered (Fig. 4A). Nevertheless, insects re-
spond in about the same way to all these patterns
when moving, while patterns composed of slight-
ly different spatial frequencies may lead to sig-
nificantly different response amplitudes (Hassen-
stein, 1959; Reichardt, 1961; Zaagman et al.,
1978; see Fig. 4B). Interestingly, the performance
of the human motion vision system is similar in
this respect (Santen and Sperling, 1984).
Another criterion of a multiplication-like inter-
action between the detector input channels relies
on the time course of the local movement detector
response to grating patterns with sinusoidal
brightness distribution. As a consequence of the
preprocessing of the retinal input signals (see
Section 4.2), it can be assumed that in the fly
sinusoidal brightness modulations are not much
distorted when arriving at the movement detector.
Multiplication of two sinusoids with a given
frequency results in a signal which consists of this
frequency and its second harmonic (Grzywacz and
Koch, 1987; Egelhaaf et al., 1989b; see Fig. 1).
Hence, the frequency content of local motion de-
tector responses is a fingerprint of the kind of non-
linear interaction between the detector input chan-
nels. If the fundamental and second harmonic fre-
quency are the only components present, this in-
teraction can be approximated by a multiplication.
Significantly, this kind of temporal response mo-
dulation is seen in the postsynaptic potentials of
local movement detectors of the fly (Egelhaaf et
al., 1989a,b; see Fig. 5) and a butterfly (Ibbotson et
al., 1991). This feature is independent of the tem-
poral frequency of the stimulus pattern, although
the relative contribution of both components may
vary (Fig. 5). Applying white-noise techniques to
the fly visual system (Marmarelis and McCann,
1973) it has also been concluded that the detector
nonlinearity can be approximated by a multiplica-
tion over a wide range of temporal frequencies.
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4.5. Movement detection as a two-stage process:
the subtraction stage

A mechanism which relies exclusively on the
nonlinear interaction between the two input chan-
nels will show a high direction selectivity only if
very specific assumptions are met with respect to
the signal preprocessing (Borst and Egelhaaf,
1990). Direction selectivity can be considerably
enhanced if two such single stage processes with
opposite polarity are subtracted from each other.

Good evidence for a subtraction stage as part of
the fly’s motion detection system can be obtained
by manipulating the relative strength of the two
detector subunits by which they contribute to the
overall response (Borst and Egelhaaf, 1990).
When both detector subunits have the same gain,
responses with the same amplitude but a different
sign are obtained for motion in opposite direc-
tions. If the relative gain of the detector subunit
being subtracted decreases, the response to mo-
tion in the null direction becomes smaller and,
eventually may invert its sign. Hence if the rela-
tive gain is sufficiently low, the responses to
motion in both directions may be positive. If such
a sign inversion of the movement detector re-
sponse is observed, the motion detection mecha-
nism can be assumed to have a subtraction stage
separate from the nonlinear interaction. If there
exists only one subunit with a high direction
selectivity, a change of its gain should only affect
the amplitude of the responses without affecting
their sign.

If the positive and negative detector subunits
converge on a postsynaptic cell with an excitatory
and an inhibitory synapse, respectively, their rela-
tive gain can be altered by changing this cell’s
membrane potential. The outcome of such an
experiment on a large-field lobula plate neuron of
the fly is shown in Fig. 6 for two activity levels of
the cell. Under all stimulus conditions the cell
responds directionally selective to motion of the
test stimulus. Without manipulating the mem-
brane potential, the response amplitude is positive
for both directions of motion. When the cell is
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Fig. 5. Temporal frequency composition of the movement detector response as evidence for a multiplicative interaction between the
detector input channels. Left diagrams: graded membrane potential changes of an identified large-field element of the fly’s lobula plate
(HS) to motion of a sinewave grating with a temporal frequency of 1 Hz in its preferred and null direction. Since this cell spatially pools
motion information from large parts of the visual field, spatial integration had to be prevented in order to infer indirectly the functional
properties of local movement detectors from its response. This was done by presenting only a fraction of a spatial wavelength of a
sinewave grating to the eye through a small slit (for details, see Egelhaaf et al., 1989b). The brightness modulations in the middle of the
slit are shown below the response traces. Right diagrams: mean power spectra of the time dependent responses of local movement
detectors as derived from similar response traces as shown in the left diagrams obtained in another lobula plate large-field neuron (H1).
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Fig. 6. Direction selectivity of the lobula plate neuron H1 before
and after altering its firing rate by background motion as
evidence for the subtraction stage. Because of the large receptive
field of this cell, it was possible to alter the membrane potential
by presenting a moving background stimulus and superimposing
on this a small test stimulus. The monitor screen was therefore
partitioned in a central window where the test stimulus is
displayed and a background (see inset). The change of spike
frequency in response 1o the test stimulus is indicated for two
conditions. When the background is at rest, motion of the test
stimulus in both the preferred and null direction leads to an
increased spike frequency (left diagram). When the background
pattern is moving in the preferred direction (right diagram)
motion of the test stimulus in the null direction leads to a
decrease of spike frequency while motion in the preferred
direction still increases its response. The cell’s firing rate with
the test stimulus stationary is indicated on the left side of the
zero line; the numerical values of the responses are given in
spikes/s below or above the corresponding columns. Data are
means and S.E.M. of the responses of ten flies. (Modified from
Borst and Egelhaaf, 1990.)

depolarized, the response to motion in the pre-
ferred direction remains positive, whereas it be-
comes negative during motion in the null direc-
tion (Borst and Egelhaaf, 1990).
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This result provides evidence that in the fly two
opponent movement detector subunits are sub-
tracted from each other on the large-field cells in
the third visual ganglion. This conclusion is cor-
roborated by the finding that in another large-field
cell in the fly’s third visual ganglion the input
impedance decreases during motion in both the
preferred and null direction (Gilbert, 1990). How-
ever, motion detectors usually do not respond
with the same time course and amplitude but with
an opposite sign to motion in opposite directions
(Figs. 5 and 6). This indicates that the subtraction
stage is not mathematically perfect and may be
the consequence of the excitatory and inhibitory
synapses usually having a different driving force.
Therefore, the detector also responds to some
extent to brightness modulations of stationary
patterns (Egelhaaf et al., 1989b).

4.6. Cellular basis of motion detection

Despite our detailed knowledge of the computa-
tions performed by the fly’s motion detection
system, most of them cannot yet be attributed
unambiguously to identified neuronal elements in
the brain or to synaptic interactions between
nerve cells.

The first significant processing stage in the
motion detection pathway, the temporal band-
pass filtering of the retinal input signals, is likely
to be the result of the combined transfer proper-
ties of the photoreceptors and their postsynaptic
elements in the first visual ganglion, the lamina.
In essence, neural mechanisms acting in the lami-
na were concluded to take a kind of spatio-
temporal average of the photoreceptor signals,
which is subtracted from the receptor input (for
review, see Laughlin, 1987). By this operation the
retinal input signals are band-pass filtered (Jarvi-

(Caption Fig. 5, continued) The responses were obtained at four different temporal frequencies (indicated in the figure) and represent
mean values and S.E.M. from ten different flies each. The responses to both motion in the preferred and null direction are modulated
periodically over time mainly with the fundamental frequency and second harmonic of the temporal frequency of the stimulus. The
relative contribution of fundamental and second harmonic frequency component varies with the temporal frequency of the stimulus.
(Left diagrams, modified from Egelhaaf et al., 1989b; right diagrams, Egelhaaf and Borst, unpublished.)
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lehto et al., 1989), just as was derived from the
responses of the fly’s motion detection system for
the preprocessing of its input signals (Section
4.2): changes in brightness are over-represented
at the expense of the steady background luminan-
ce. Although there is still some conflicting evi-
dence with respect to the role of the different
elements of the first visual ganglion in the motion
pathway (Srinivasan and Dvorak, 1980; Coombe
et al., 1989), this suggests that some of the
preprocessing steps of the motion detector input
signals take place here (for a detailed discussion,
see Egelhaaf and Borst, 1992a).

It is not possible at present to localize the most
important processing step in motion detection, the
multiplicative interaction between neighboring
retinal input signals. However, two lines of evi-
dence suggest that it takes place in the second
visual ganglion, the medulla: (i) small-field ele-
ments were found there in both flies (Mimura,
1971; Mimura, 1972; DeVoe and Ockleford,
1976; DeVoe, 1980; Penisten, 1988; Gilbert et al.,
1991) and locusts (Osorio, 1986) which are, at
least to some extent, directionally selective. (ii)
Retinotopic motion specific activity patterns were
observed in the medulla by deoxyglucose map-
ping of nervous activity (Buchner et al., 1984;
Bausenweinetal., 1992). Although much is known
about the anatomy of the medulla (Strausfeld,
1976; Strausfeld, 1989; Fischbach and Dittrich,
1989), it would be premature to correlate the
nonlinear interaction stage between the movement
detector input channels with any of the anatomi-
cally described elements. Since the subtraction
between the two detector subunits of the formal
movement detector model has been concluded to
take place on the dendrites of the lobula plate
large-field neurons (see Section 4.5), it is sug-
gested that the motion-specific output elements of
the medulla correspond to the detector subunits.
This conclusion is corroborated by the fact that
the motion specific medulla elements have a
much lower direction selectivity than the large-
field cells of the lobula plate (DeVoe and Ockle-
ford, 1976; DeVoe, 1980; Penisten, 1988; Gilbert

et al., 1991). Hence, the large-ficld elements of
the lobula plate correspond to the output element
of the formal movement detector model. Interest-
ingly, this implies that, at least in the lobula plate
of the fly, this output element does not exist as a
local neuron that is part of a retinotopic array of
equivalent units, but rather as large-field neurons
which spatially integrate over large arrays of pair.
of oppositely directed detector subunits.

Despite considerable efforts, the cellular basis
of the multiplicative interaction between the
movement detector input channels is not yet un-
derstood. There are various models that approxi-
mate to some extent a multiplication (see Borst
and Egelhaaf, this volume). Although some of
these cellular models were proposed to play a role
in motion detection of insects (Thorson, 1966b;
Srinivasan and Bernard, 1976; Schmid and Biilt-
hoff, 1988; Schmid, 1989), the experimental evi-
dence on which any of these proposals is based is,
so far, not compelling. The most popular cellular
model, the shunting inhibition model (Torre and
Poggio, 1978), relies on the nonlinear interaction
of an excitatory and a GABAergic inhibitory
synapse that receive their inputs from neighbor-
ing points in visual space. Signals are transmitted
by the excitatory synapse during motion in the
preferred direction, while they are suppressed by
the inhibitory synapse during motion in the null
direction. This mechanism owes its popularity to
the finding that direction selectivity of motion
sensitive cells in the vertebrate retina (Wyatt and
Daw, 1976; Caldwell et al., 1978; Ariel and Daw,
1982; Ariel and Adolph, 1985; see also Amthor
and Grzywacz, this volume) and the visual cortex
(Sillito, 1977) but also in the fly (Schmid and
Biilthoff, 1988) is greatly reduced by application
of GABA antagonists. This has been interpreted
as an interference with the essential nonlinear
interaction of the detector input channels and,
thus, in favor of the shunting inhibition model
(Ariel and Adolph, 1985; Koch et al., 1986;
Schmid and Biilthoff, 1988). This interpretation,
however, is only conclusive if direction selectiv-
ity is acquired in a single processing step, just by
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GABAergic inhibitory synapses on the movement detector re-
sponse. (A) Model predictions. Upper diagrams: the neuronal
realization of the multiplication-like interaction is assumed to be
represented by the interaction between an excitatory and a
GABAergic inhibitory synapse as proposed in the shunting
inhibition model of movement detection (Torre and Poggio,
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component of the movement detector response. Lower diagram:
the negative input to the subtraction stage of the formal move-
ment detector model is assumed to correspond to a GABAergic
inhibitory synapse in a neuronal implementation of the detector.
If this synapse is blocked by a GABA antagonist, the power of
the second harmonic should increase. (B) Power of the second
harmonic frequency component in the local movement detector
response to motion in its preferred direction as derived indirectly
from the large-field lobula plate cell H1 (see legend of Fig. 5)
before and after injection of the GABA antagonist picrotoxinin
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the nonlinear interaction of the movement detec-
tor input channels. It may not be compelling in the
case of a two-stage process of motion detection,
since then direction selectivity may also be re-
duced when the subtraction process is impaired
by GABA antagonists. To decide between these
alternatives, i.e. effects of GABA antagonists on
the nonlinear interaction vs. subtraction, informa-
tion is required that is more specific than direction
selectivity. The occurrence of the second har-
monic frequency component in the local move-
ment detector response is suggested to be a result
of the multiplication-like interaction between its
input channels (Figs. 1 and 5). If the nonlinear
interaction is eliminated by blocking GABAergic
synapses, this frequency component should dis-
appear from the responses. In contrast, if GABA-
ergic synapses are responsible for the subtraction
process the second harmonic should increase
(Fig. 7A), because the subtraction process is
thought to attenuate the second harmonic (Fig. 1).
Following application of a GABA antagonist
while recording from a large-field cell in the
lobula plate of the fly, the second harmonic
frequency component was found to increase con-
siderably (Fig. 7B) (Egelhaaf et al., 1990). This
finding indicates that GABA is the inhibitory
transmitter of the negative detector subunit at the
subtraction stage of the formal movement detec-
tor model. Furthermore, it suggests that GABAer-
gic inhibitory synapses are not the basis of the
nonlinear interaction between the movement de-
tector input channels.

On this experimental basis, it may be sugges-
tive to conclude that the nonlinear interaction
between the detector input channels is based on a

(indicated by arrow). The data represent the time course of the
mean values and S.E.M. obtained from 10 flies. The broken line
indicates the zero line. After picrotoxinin injection the mean
power of the second harmonic frequency component increases
steeply and only returns to its preinjection level after approxi-
mately 40-50 min. This result indicates that GABAergic inhibi-
tory synapses are involved at the subtraction stage rather than in
the nontlinear interaction between the movement detector input
channels. (Modified from Egelhaaf et al., 1990.)
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facilitatory process. So far, however, there is no
positive evidence for this interpretation. An en-
hancement of the response, as is usually observed
during apparent motion in the preferred direction
of motion sensitive cells (e.g. Hausen 1982a;
Riehle and Franceschini 1984; Schuling et al.,
1989; Egelhaaf et al., 1989b), can only be re-
garded as evidence for a facilitatory motion detec-
tion scheme if direction selectivity is acquired by
a single processing stage. However, if there is in
addition a subtraction stage, a preferred direction
enhancement would also be expected for an in-
hibitory nonlinear interaction. In the reverse case,
observing a null direction suppression in the
experimental data cannot be taken as evidence for
a nonlinear interaction based on inhibition, be-
cause it would also be expected for a facilitatory
interaction in a two-stage mechanism (see Borst
and Egelhaaf 1990).

From this discussion several conclusions can
be drawn concerning the cellular nature of motion
detection in the fly: (i) the peripheral preproces-
sing of the movement detector input signals is the
result of the combined spatio-temporal transfer
properties of the retina and the first visual gang-
lion. (ii) The essential nonlinear interaction be-
tween the movement detector input channels pro-
bably takes place in the second visual ganglion.
(i) The subtraction stage of the formal move-
ment detector model is located on the dendritic
tree of the large-field cells in the third visual
ganglion; it uses GABA as inhibitory transmitter
of the detector subunit that is subtracted.

5. Information represented by biological move-
ment detectors: functional considerations

The local motion detectors of arthropods are not
pure velocity sensors which signal the correct
pattern velocity in terms of direction and magni-
tude. For instance, their output is modulated over
time, even if the stimulus pattern moves with a
constant velocity (Fig. 4). Hence, the instanta-
neous output signal of local movement detectors
does not indicate the velocity of the correspond-

ing pattern elements. Only the mean response
amplitudes signal to some extent the direction of
motion (Egelhaaf et al., 1989). This suggests that
some further processing of the local detector
signals is required in order to obtain meaningful
information on the moving visual surround.

There are various ways to achieve this end (see
Borst and Egelhaaf, this volume). However, in
arthropods rather simple computational strategies
are used in tasks such as the stabilization of gaze
(Egelhaaf and Borst, 1992b; see also Hausen, this
volume). Spatial integration plays an important
role in this context. This is possible because a
large number of local movement detectors control
only a relatively small number of output channels,
such as the different muscular systems which
mediate the compensatory motor responses.
Hence some sort of pooling of the retinotopic
motion information has to take place. Therefore,
we focus here on what information about the
moving retinal images is represented by the spa-
tially integrated response of local movement de-
tectors.

5.1. Dynamic range

One of the most important features of a move-
ment detection system is the dynamic range over
which it responds to-motion. The dynamic range
of the steady state responses of a lobula plate
large-field neuron in the fly is shown in Fig. 8.
The mean response amplitude increases at first
over a velocity range of about two orders of mag-
nitude with increasing velocity, then it reaches a
maximum and finally declines again (Zaagman et
al.,, 1978; Mastebroek et al., 1980; Hausen,
1982b; Eckert, 1980; Maddess and Laughlin,
1985; Ruyter van Steveninck et al., 1986). A
similar dependence on pattern velocity is found in
the optomotor responses of the fly (Fermi and
Reichardt, 1963; McCann and MacGinitie, 1965;
Buchner, 1984) and of other arthropod species
(beetle: Hassenstein, 1959; Reichardt, 1961; bee:
Kunze, 1961; Ibbotson and Goodman, 1990; Ib-
botson 1991; dragonfly: Olberg, 1981; butterfly:
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Fig. 8. Dynamic range of the motion detection system of the fly.
Steady-state responses of the lobula plate large-field neuron HS
of the fly as a function of pattern velocity. The pattern was a
grating with a spatial wavelength of 13.2°. The mean response
amplitude first increases monotonically with increasing pattern
velocity, reaches its response optimum and then declines again
(see upper diagram). The velocity range which led to maximum
responses was tested with a finer resolution (bottom diagram).
Within one order of magnitude of pattern velocities almost the
same mean response amplitudes are obtained. (Redrawn from
Hausen, 1982b.)

Ibbotson et al., 1991; crab: Kunze, 1964; Hor-
ridge and Sandeman, 1964; Sandeman et al.,
1975b). Despite differences in the dynamic range
over which the different systems are sensitive to
motion, all lack a one-to-one relationship between
pattern velocity and movement detector response;
instead any given response level corresponds to
two different pattern velocities. This implies that
the animal cannot disambiguate whether it is
confronted with fast or with slow motion from the
response amplitude of the movement detection
system alone (Gotz, 1975). This dependence of
the response amplitude on pattern velocity is an
intrinsic property of the correlation-type move-
ment detector (Reichardt and Varju, 1959; Varj,
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1959; Reichardt, 1961). Even if there are no
additional temporal filters in the movement detec-
tor input channels and all temporal frequencies
are transmitted equally well, an optimum velocity
is always obtained. The location of the optimum
velocity is then exclusively determined by the
temporal filter of the movement detector.

Since in the fly the time constant has been
suggested to vary with the stimulus conditions
(see Section 4.3), the dynamic range of the mo-
tion detection system is expected to shift with the
prevailing stimulus conditions. Over a range of
pattern velocities of about one to two orders of
magnitude the time constant decreases with in-
creasing pattern velocities. Accordingly, the opti-
mum response of the movement detectors should
be shifted towards higher temporal frequencies.
By such a mechanism, the range of velocities that
result in large response amplitudes at the detector
output is increased. Broad response optima have
been found for the optomotor tuming reaction
(Gotz, 1965a; Borst and Bahde, 1987) as well as
in the large-field elements of the third visual
ganglion (Hausen, 1982b; Ruyter van Steveninck
et al., 1986; see Fig. 8).

Interestingly, crabs seem to use a different
strategy to increase the overall dynamic range of
the movement detection system mediating their
optokinetic responses. From behavioral experi-
ments it was concluded that crabs are likely to
have three parallel motion detection systems,
rather than only a single one, with time constants
that span a range of more than three orders of
magnitude (Sandeman and Erber, 1976; Flei-
scher, 1980; Nalbach, 1989).

5.2. Pattern dependence of the movement response

Additional ambiguities with respect to the repre-
sentation of pattern velocity are introduced be-
cause the response of the arthropod motion detec-
tion system as well as of the correlation-type
movement detector also depends on the contrast
and texture of the stimulus pattern.

Since the input signals of correlation-type
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movement detectors are multiplied, the resulting
response should be a quadratic function of pattern
contrast. However, with saturation nonlinearities
in the motion pathway, this is expected to hold
only for small contrasts. For higher contrasts, the
response amplitudes then may approach a final
plateau value, just as has been found in various
systems at both the behavioral and neuronal level
(Gotz, 1964; Hengstenberg and Gotz, 1967;
Buchner, 1976; Srinivasan and Dvorak, 1980;
Fleischer, 1980; Lenting et al., 1984; Maddess
and Laughlin, 1985; Egelhaaf and Borst, 1989,
1990a). This characteristic contrast dependence is
not the result of a simple output saturation of the
motion detection system, since we may obtain
different response plateaus for different veloc-
ities. One reason for this may be saturation non-
linearities in the movement detector input chan-
nels (Fleischer, 1980; Egelhaaf and Borst, 1989,
1990a; however, see also Haag et al., 1992). In
this way the detector output becomes, apart from
low contrasts, relatively independent of pattern
contrast, while its response can still be influenced
by pattern velocity. This is a simple means to
achieve, at least to some extent, contrast invari-
ance. .

The mean response amplitudes of motion de-
tectors depend also on the spatial frequency con-
tent of the stimulus pattern (Varjd, 1959; Kunze,
1961; Kunze, 1964; Gotz, 1964; McCann and
MacGinitie, 1965; Eckert, 1973; Eckert, 1980;
Buchner, 1984; Reichardt, 1987; Reichardt and
Guo, 1986; Ibbotson 1991; Ibbotson et al., 1991).
This may be illustrated most conveniently for
grating patterns moving with a constant velocity.
For a given spatial wavelength, the response has
an optimum at a certain velocity (Fig. 8). For
larger spatial wavelengths the response optima
are predicted to be shifted towards higher veloc-
ities in such a way that the ratio of the optimum
velocity and the spatial wavelength of the pattern,
i.e. the temporal frequency of the stimulus, is
constant. This is even true for spatial wavelengths
less than twice the detector’s sampling base
which, because of spatial aliasing effects (see

Section 4.2), lead to reactions opposite to the
direction of motion. This is not trivial since, due
to under-sampling, the effective spatial wave-
lengths being resolved by the movement detector
and, accordingly, the apparent velocity of the
contrast borders along the detector axis may be-
come very large and may even increase to infinity
for a pattern wavelength corresponding exactly to
the sampling base. In contrast to the correla-
tion-type movement detector, motion detection
schemes that encode the velocity along their axes
of orientation (see Borst and Egelhaaf, this vol-
ume) are expected under these conditions to re-
spond with ever increasing amplitudes (Gétz,
1964; Buchner, 1984; Zanker, 1990; Hateren,
1990). When the experimentally determined re-
sponse optima of the fly are plotted for various
combinations of pattern velocities and spatial
wavelengths into a wavelength/velocity diagram,
they are found to be located, to a good approxima-
tion, on a straight line just as is predicted for the
correlation model (Fig. 9). The same result was
obtained in humans for various criteria to estimate
the performance of the motion detection system
(Watanabe et al., 1968; Tolhurst et al., 1973;
Pantle, 1974; Kelly, 1979; Burr and Ross, 1982;
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Fig. 9. Dependence of the velocity optima on the spatial
wavelength of the stimulus pattern. The optomotor following
response was used as indicator of the performance of the fly’s
motion vision system. For pattern wavelengths (1) between A¢
and two times A¢ (A¢: sampling base of the detector) the
responses become inverted due to under-sampling (indicated by
the black dots). (Redrawn from Gotz, 1972.)



Wright and Johnston, 1985; for a more detailed
discussion of this comparative aspect, see Borst
and Egelhaaf, 1989).

The prediction that the velocity dependent re-
sponse optima of the motion detection systemn are
located approximately on a straight line in a
spatial wavelength/velocity diagram holds only
for the mathematically perfect correlation-type
movement detector after its responses have set-
tled at their steady-state level. Deviations may
occur if (i) the two movement detector subunits
are not perfectly balanced, (ii) the detector filter
has a variable time constant, (iii) the movement
responses are determined before the system has
reached its steady-state, or (iv) square-wave in-
stead of sine gratings are used in the experiments.
These strict requirements for the stimulus condi-
tions are not always met in experimental studies
(e.g. Kien, 1975). Moreover, different response
optima were described, for instance, for steady-
state and transient responses (see Section 5.3) in
the motion detection system of the fly (Hausen,
1982b; Maddess and Laughlin, 1985). In any
case, it is not surprising to find that in biological
motion vision systems, even if they are based on a
correlation-type movement detector, the response
optima do not always occur at a constant temporal
frequency (Borst and Bahde, 1986).

5.3. Representation of the time course of pattern
velocity

The time course of spatially integrated movement
detector responses reflects only to a limited extent
the time course of transiently changing motion
stimuli (Borst and Bahde, 1986; Egelhaaf and
Reichardt, 1987; Egelhaaf and Borst, 1989,
1990a). Since under natural conditions movement
detection systems often do not operate under
steady-state conditions (see Collett et al., this
volume; Srinivasan, this volume), an assessment
of how motion transients are represented at the
output of biological motion detectors may be
important from a functional point of view.

In the following we focus on two types of
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transient motion stimili, (i) an abrupt onset of
motion of a grating pattern with sinusoidally
modulated brightness and (ii) sinusoidal oscilla-
tions of this pattern with different frequencies and
amplitudes. In Fig. 10 mode! simulations of the
spatially integrated movement detector responses
are compared with the corresponding electrophy-
siological data obtained from wide-field move-
ment-sensitive cells in the third visual ganglion of
the fly. At the onset of motion both the cellular
responses and the model reach their steady-state
level only after some time; during the transition
period the response oscillates with the temporal
frequency of the stimulus (Fig. 10A) (Borst and
Bahde, 1986; Maddess, 1986; Egelhaaf and
Borst, 1989, 1990a). The time constant of the
decay reflects to some extent the time constant of
the movement detector filter. With an adaptive
detector time constant, the decay of the response
depends, in addition, on the time constant of the
adaptive process. The oscillations seen in Fig.
10A occur only after a periodic pattern starts
moving. If the pattern has a random texture the
responses smoothly decline to their steady state
level (unpublished model simulations; for experi-
mental results, see Maddess and Laughlin, 1985).
When the pattern velocity changes sinusoidally,
the time course is smooth and follows the pattern
motion quite well as long as the oscillation fre-
quency and amplitude are sufficiently low (Thor-
son, 1964; Reichardt and Guo, 1986; Egelhaaf
and Reichardt, 1987; Nalbach, 1989). For higher
frequencies and amplitudes characteristic distor-
tions in the response profiles become visible in
both the model and the cellular responses (Fig.
10B) (Egelhaaf and Reichardt, 1987). These dis-
tortions are not the result of extreme stimulus
conditions far beyond the optimal operating range
of the system. Rather they occur while the move-
ment detection system shows its maximal re-
sponse amplitudes.

These findings demonstrate that the time course
of the spatially integrated responses of correla-
tion-type movement detectors and the fly’s mo-
tion detection system is proportional to pattern
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Fig. 10. Representation of the time course of pattern velocity. The diagrams on the left of both A and B are the responses of
directionally selective large-field intemeurons (H1- and HS-cell, respectively) of the fly. The diagrams on the right are the
corresponding simulated outputs of a spaually integrated array of correlation-type movement detectors. A, Spike frequency of the H1
-cell in response to the onset of motion of a grating with a low temporal frequency (upper panels) and a higher temporal frequency
(middle pannels). The stimulus duration is indicated by the lower panels. In the responses of the fly’s interneuron the temporal
frequencies were 2 Hz (upper panel) and 16 Hz (middle panel); in the model simulations the temporal frequencies were 2 Hz (upper
panel) and 10 Hz (middle panel); a first-order low-pass filter with a time constant of 50 ms was used as movement detector filter.
Initially, the responses oscillate with the temporal frequency of the stimulus until they settle at their steady-state level. This is due to the
delay inherent in the detector. The oscillations were more pronounced at higher temporal frequencies. B, Graded membrane potential of
the HS-cell in response to a sinusoidal grating pattem oscillating sinusoidally with a frequency of 8 Hz (see lower panel) and with
different amplitudes. In the upper panels of both the computer model and the fly’s cell, the oscillation amplitude was low ( 2.5°), and
the responses follow the velocity modulations of the stimulus more or less smoothly. At higher oscillation amplitudes (+ 10°, middle
panels), characteristic distortions occur. These data suggest that in both the model and the experiment, the movement detector signal is
proportional to the velocity of the stimulus pattern only within a limited dynamic range. (Modified from Egelhaaf and Borst, 1989;
Egelhaaf and Reichardt, 1987; Borst and Egelhaaf, 1989.)

velocity only within a limited dynamic range of
pattern motion. Beyond this dynamic range, con-
siderable deviations occur. These response tran-
sients are the inevitable consequence of the tem-
poral filters of the motion detection mechanism
and occur even without any adaptive process.
This suggests that the dynamics of detector re-
sponses have to be considered if transient stimuli
are used. In general, such data cannot be ex-
plained purely on the basis of the steady-state
detector theory without running the risk of draw-
ing erroneous conclusions (e.g. Eckert and Ham-
dorf, 1981).

Whether the time course of a particular motion

stimulus is represented faithfully at the output of
the movement detection system depends on the
relation of the movement detector time constant
and the temporal frequency content of the stimu-
lus. In principle, there are two ways to increase
the dynamic range over which the responses are
proportional to pattern velocity:

(i) Adaptation of the detector time constant: as
has already been discussed (Sections 4.3 and 5.1),
there are indications that the time constant of the
fly motion detection system adapts to the pre-
vailing stimulus conditions. Since the time con-
stants become shorter for higher velocities, the
spatially integrated movement detector responses



are proportional to pattern velocity within a larger
dynamic range.

(ii) Spatial low-pass filtering: the time course
of the movement detector response not only de-
pends on pattern velocity and the time constant,
but also on the spatial frequency content of the
stimulus pattern. Responses that are not propor-
tional to the pattern velocity are more likely to
occur if the pattern is composed of high spatial
frequencies. For instance, assume two patterns
that are smoothed to a different extent and are
oscillated sinusoidally with different frequencies.
The smoother pattern shows the characteristic
deformations of the response profiles only at
higher oscillation frequencies than the pattern
which contains the finer spatial detail (Fig. 11).
This indicates a trade-off between the spatial
acuity of the movement detection system and the
dynamic range of pattern motion where the move-
ment detector output represents the time course of
pattern velocity faithfully. Thus, an arthropod eye
with its relatively poor spatial acuity, in terms of
foveate vertebrate standards, should be able to
properly represent the time course of pattern
velocity up to higher velocities and velocity
changes. These considerations further suggest
that the totally different spatial transfer properties
of the vertebrate visual system, at least of the
psychophysically determined high spatial fre-
quency channels, should have considerable con-
sequences for its ability to represent fast move-
ments and movement transients. This is all the
more true, since the psychophysically estimated
movement detector time constants of the human
motion detection system are in the same order of
magnitude as has been found in the fly (e.g.
Doorn and Koenderink, 1982; Baker and Brad-
dick, 1985; Koenderink et al., 1985; Wilson,
1985).

6. Conclusions: coding efficiency of biological
motion detectors

Movement leads to intensity variations in the
retinal image which are spatio-temporally corre-
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Fig. 11. Consequences of spatially smoothing the stimulus
pattern on the time dependent response of the movement detec-
tion system. A stimulus pattern is smoothed to a different extent
by Gaussian shaped spatial filters (left and right columns) and
oscillated sinusoidally (see bottom traces) with different oscilla-
tion frequencies in front of an array of correlation-type move-
ment detectors the output signals of which are spatially in-
tegrated. At low oscillation frequencies, the detector response
follows smoothly the pattern velocity. A higher frequencies
characteristic distortions in the response profiles occur. These
distortions, however, occur for the pattern which has been
smoothed to a higher extent at higher oscillation frequencies
than for the pattern which shows more spatial detail. (Egelhaaf,
unpublished.)

lated. Ideally, a movement detector would only
respond to these movement-dependent signals.
There may be, however, two additional compo-
nents in the input signals which are not the
consequence of motion: (i) correlated input which
is independent of the direction of motion, such as
the mean luminance or changes of it. (ii) Uncorre-
lated input signals which are the result of noise in
the visual pathway peripheral to the movement
detector. If a movement detection mechanism
also responds to these motion independent signal
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components, its ability to signal the direction of
motion deteriorates and its direction selectivity is
reduced. Therefore, specific measures have to be
taken to prevent a movement detector from re-
sponding to both types of motion-independent
input signals.

Correlation-type movement detectors do not
respond to these motion-independent input sig-
nals, as long as all their processing steps are
realized in a mathematically perfect way. This,
however, can hardly be expected for any biologi-
cal system, given the properties of the available
neuronal hardware. With respect to coping with
the consequences of imperfections, the movement
detection mechanisms realized in arthropods ap-
pear to be particularly advantageous.

To achieve a given degree of direction selectiv-
ity, a detector with two subsequent processing
stages is much less demanding with respect to the
spatio-temporal filtering of the input signals than
its single stage counterpart (Borst and Egelhaaf,
1990). This is because subtraction of the output of
two oppositely oriented detector subunits reduces
those response components which are independ-
ent of the direction of motion. Indeed, this useful
but rather simple processing step has been found
to be implemented in the motion detection system
of the fly (see Section 4.5).

Imperfections of the subtraction stage have less
severe consequences if correlated motion-inde-
pendent response components do not arise at all in
the detector subunits, or are as small as possible.
In the fly visual system, this is achieved to some
extent by spatio-temporal band-pass filters pe-
ripheral to the site of motion detection which
reduce the representation of background lumi-
nance (see Sections 4.2 and 4.6). As a conse-
quence, the detector can acquire a high degree of
direction selectivity even with an unbalanced
subtraction stage.

The uncorrelated motion-independent signals
arising at all stages of the motion pathway as a
result of noise are also much reduced, at least in
the fly, by the design principles of the motion
detection system. Multiplication as detector non-

linearity (see Section 4.4) and a representation of
brightness changes according to their polarity at
the movement detector input (see Section 4.2)
lead to responses which are, on average, inde-
pendent of uncorrelated input signals even at the
level of the detector subunit. This is not the case if
the input signals are rectified (see Section 4.2):
both a segregation of the input in separate on- and
off-channels as well as a full-wave rectification
favor detector responses to uncorrelated input
signals and, thus, to any noise originating periph-
eral to the multiplication stage. In the case of any
of these rectifying preprocessing schemes, elimi-
nation of these response components has to rely
exclusively on the subtraction stage. Thus, a
motion detection mechanism with an input rectifi-
cation is much more demanding than the motion
detection mechanism as described for the fly with
respect to the precision of its spatio-temporal
input filters and its subtraction stage to achieve a
given degree of direction selectivity.

The efficiency of the motion detection system
of the fly, the animal where this has been ana-
lyzed in greatest detail, is further increased by
several adaptational changes. The resolution of
the motion detection system, for instance, ap-
proaches, under conditions of light adapation, the
resolution limit of the compound eye. At low light
levels, the high spatial resolution is sacrificed in
favor of an increased sensitivity (Section 4.1).
Moreover, the time constant of the movement
detector filter has been suggested to adapt in a
way which ensures large response amplitudes
and, thus, an increased sensitivity to motion over
a wide dynamic range (see Sections 4.3; 5.1 and
5.3).

In conclusion, the motion detection system of
arthropods seems to yield large directionally se-
lective responses under almost all stimulus condi-
tions which may be encountered by the animal: (i)
It responds to motion over a wide range of veloc-
ities. (ii) It is sensitive to motion for a wide range
of light intensities. (iii) It is sensitive even to very
small contrasts. (iv) It is constructed in a way
which makes it relatively immune to noise. (v)



Problems which may arise from response tran-
sients during fast velocity changes are minimized
owing to the low spatial acuity of the compound
eye. Hence, the motion detection system is more
designed to give large, reliable responses than to
encode correctly the retinal velocity in terms of
direction and magnitude.

Although it is possible, at least in principle, to
calculate the correct retinal velocity field on the
basis of motion measurements provided by
correlation-type movement detectors (see Borst
and Egelhaaf, this volume), this is demanding in
terms of computational expenditure and, in addi-
tion, may be more time consuming. In any case, it
depends on the task that has to be solved whether
a faithful representation of the retinal velocities in
the different parts of the visual field is necessary
or not. In arthropods all the different motion
dependent behaviors that have been studied so far
are involved in some way with visual orientation
(see Srinivasan, this volume; Collett et al., this
volume; Hengstenberg, this volume). Since, in
particular, in fast flying insects orientation be-
havior is often very fast and virtuosic, there is not
much time for complicated visual information
processing following motion detection. More-
over, since in most visual orientation tasks the
motion detection system is part of feedback con-
trol systems, the requirements for an unambi-
guous representation of stimulus velocity may be
not as demanding as would be the case otherwise.
For instance, explicit representations of different
retinal motion patterns can be extracted simply by
intra- and interocular integration over appropri-
ately directed local movement detectors (Egel-
haaf and Borst, 1992b; see also Hausen, this
volume). All these rather parsimonious computa-
tional strategies used in the motion pathway of
arthropods are obviously sufficient to transform
retinal motion patterns into appropriate internal
representations which are then used to guide the
different routines of motion-dependent orienta-
tion behavior.
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