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SUMMARY

Compensatory eye, head or body movements are essential to stabilize the gaze or the path of locomotion.
Because such compensatory responses usually lag the sensory input by a time delay, the underlying control
system is prone to instability, at least if it operates with a high gain in order to compensate disturbances
efficiently. In behavioural experiments it could be shown that the optomotor system of the fly does not
get unstable even when its overall gain is so high that, on average, imposed disturbances are compensated
to a large extent. Fluctuations of the animal’s torque signal do not build up. Rather they are accompanied
by only small-amplitude jittery retinal image displacements that rarely slip over more than a few
neighbouring photoreceptors. Combined electrophysiological experiments on a pair of neurons in the fly’s
optomotor pathway and model simulations of the optomotor control system suggest that this relative
stability of the optomotor system is the consequence of the specific velocity dependence of biological
movement detectors. The response of the movement detectors first increases with increasing velocity,
reaches a maximum and then decreases again. As a consequence, large-amplitude fluctuations in pattern
velocity, as are generated when the optomotor system tends to get unstable, are transmitted with a small
gain leading to only relatively small torque fluctuations and, thus, small-amplitude image displacements.

L. INTRODUCTION

Compensatory reactions mediated by eye, head or
body movements are an essential prerequisite for
stabilizing the gaze or path of locomotion against
disturbances. These behavioural reactions are con-
trolled by feedback systems that, in many cases, rely on
th‘e visual system as the major source of information.
Visual cues are particularly useful, because deviations
from the intended path of locomotion or direction of
gaze lead to characteristic displacements of the entire
retinal image. These displacements are evaluated by
the nervous system and exploited to generate corrective
motor responses. The responses affect the retinal input
and, ideally, compensate for the disturbance. In all
biological systems such compensatory responses lag the
sensory input with an inevitable delay. As a conse-
quence, the feedback may cause the system to become
unstable, at least, if it has to operate with a high gain
In order to compensate disturbances efficiently. This
means that the output of the system may get out of
control and increase without bound (for review, see
Land 1992).

Evolution never would have tolerated control sys-
tems that may get unstable; therefore specific strategies
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can be expected to be employed by nervous systems to
prevent instability. Not only biological systems have to
cope with the problem of instability. Also technical
control systems have to be designed in a way that
stability of operation is ensured. Quite generally, this
can be achieved by including, in the control circuit,
additional elements that reduce the overall gain when
the system tends to get unstable and oscillations start to
build up (e.g. Kuo 1991). In the context of com-
pensatory eye and/or body movements this has been
assumed to be accomplished by the addition of
subsidiary loops to the basic control circuit. For
instance, it has been proposed that a signal pro-
portional to the motor output is fed back to the main
circuit in order to control the overall gain of the
system. In essence, this signal is assumed to cancel out
the effect of the feedback loop before oscillations can
build up (Young 1971 ; Robinson et al. 1986; Lisberger
et al. 1987). According to another proposal, a signal
proportional to retinal slip speed bifurcates from the
main feedback loop and is fed into a series of a highpass
filter, a rectifier and a lowpass filter. When the system
starts to generate high-frequency fluctuations, the
output signal of the subsidiary loop reduces the overall
gain of the proposed model system and thus prevents
instability (Kirschfeld 1991).

All these proposals have two features in common:
(i) they rely on elements that have to be added to
the basic control system; (ii) they implicitly assume,
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without specifying how this might be accomplished,
that the velocity of the retinal image displacements is
transmitted faithfully to the optomotor controller. In
the following it is shown by behavioural and electro-
physiological experiments on the fly as well as by
model simulations that no such additional elements are
required to explain the stability of its optomotor
control system, if the dynamical properties of the
movement sensitive elements (Egelhaaf & Borst 1993)
in the input lines of the control system are taken into
account. The gain of these elements automatically
decrcases when the retinal velocity gets too large. The
response fluctuations, which occur when the system
starts getting unstable, occur with high-velocity image
displacements; consequently, the intrinsic properties of
the movement-sensitive elements thus ensure that the
output of the optomotor control system cannot get
unstable and the resulting position jitter of the retinal
image stays relatively small.

2. MATERIAL AND METHODS

The experimental analysis was done with female
sheepflies (Lucilia cuprina, Calliphoridae) that were
obtained from laboratory stocks (CSIRO, Division of
Entomology, Canberra).

In the behavioural experiments (§3) two CRT
screens (Tektronix 608) were used for visual stimu-
lation. The stimulus pattern was generated at a frame
rate of 183 Hz by an image synthesizer (Picasso,
Innisfree). Monitors were placed symmetrically at an
angle of 45° with respect to the long axis and
perpendicular to the horizontal plane of the fly. The
angle between the screens, thus, amounted to 90°. The
fly was positioned in such a way that it faced the centre
of cach screen with one eye at a horizontal position of
55° or —55° (right and left monitor, respectively) and
at an angular vertical position of 0°, with 0° referring
to the frontal midline of the animal. The horizontal
and vertical extent of the screens amounted to 70° and
55°, respectively. The stimulus pattern consisted of a
vertical squarewave grating with five periods per
screen. The mean luminance was 44 cd m™2, the
contrast was 0.92. The same visual stimulation set-up
was used in the neuronal replay experiments where the
velocity dependence of optomotor neurons in the fly’s
third visual neuropil was determined (§6). In the
neuronal closed-loop experiments (§5) a single CRT
screen was placed symmetrically directly in front of the
fly. Its horizontal and vertical extent amounted to 72°
and 57° respectively. Eight periods of a squarewave
grating with a contrast of 0.99 and a mean luminance
of 16 cd m™? were displayed on the screen. In both the
behavioural as well as the electrophysiological experi-
ments, the pattern parameters, such as spatial wave-
length and contrast, were chosen as to elicit strong
responses because in the closed-loop situation these are
accompanied with a high gain and may thus be most
critical with respect to the stability of the optomotor
control system.
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On the stability of an optomotor control system

(a) Behavioural experiments

Behavioural experiments were performed with a
torque meter that allows the measurement of the fly’s
compensatory optomotor turning responses while the
animal is flying stationarily in space (Fermi &
Reichardt 1963; Gotz 1964). The fly was glued to a
triangular piece of cardboard. With this cardboard
triangle the fly could be fixed to the torque meter. The
torque meter was operated under closed-loop con-
ditions, i.e. the animal’s yaw torque response was fed
back to the visual stimuli in basically the same way as
under natural flying conditions. This feedback was
achieved by reading the torque signal into a computer
that calculated the visual consequences of the fly’s
actions and reactions and modified the visual input
accordingly (figure 1a). This system, thus, formed a
kind of computer-behavioural hybrid. The torque
signal was sampled at a frequency of 400 Hz by a 12-
bit analog-to-digital converter of an 1/O card (2801A,
Data Translation) plugged into a 486 PC. This signal
was transformed into image motion in the following
way. The position of the stimulus pattern was
controlled via the image synthesizer with a seven-bit
resolution for the spatial phase of the grating. Every
2.5 ms a seven-bit signal was sent from the computer
via the digital port of the 1/O card to the external
phase input of the image synthesizer. This output
signal displaced the grating depending on the external
motion bias as well as on the amplitude and sign of the
momentary torque. For some time during the experi-
ments an external motion bias was added to the input
of the control system that, under open-loop conditions,
would have displaced the stimulus pattern with a
constant velocity. The torque signals and the tume
during which an external motion bias was imposed
were stored. Thus, it was possible in the electro-
physiological experiments to replay the same time-
dependent motion traces that were generated under
behavioural closed-loop conditions. This procedure
was used previously to replay those stimuli in be-
havioural open-loop experiments that were generated
beforehand under behavioural closed-loop conditions
(Heisenberg & Wolf 1988). As in previous studies (e.g-
Reichardt 1973 ; Reichardt & Poggio 1976; Heisenberg
& Wolf 1984; Heisenberg & Wolf 1988) the image
motion induced by the fly’s own actions and reactions
was controlled in such a way that the yaw torque was
proportional to the resulting pattern velocity. A
‘coupling coefficient’ was chosen which led to an
angular pattern velocity of 10.8°s™ for a torque of
Ix 10 Nm. Basically the same results as those
reported here were obtained for a wide range of
coupling coefficients (M.E. and A.-K.W., in prep-
aration; see also Wolf & Heisenberg 1990). The torque
signal was lowpass filtered with a cutoff at 5 Hz. This
cutoff frequency was chosen because it is well below the
resonance frequency of the torque meter and its
associated electronics. However, it was confirmed in
control experiments that the characteristic features of
the behavioural responses did not change quahtatlvely
when the cutoff was set to either 10 or 2 Hz. Before
data acquisition could start, the zero torque level had
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Figure 1. Control circuits approximating the fly’s optomotor system. The circuits differ in the extent that is simulated
on a computer (shaded areas in the diagrams). (a) Computer-behavioural hybrid: A flying fly is the centre of the
control circuit. The fly is tethered to a torque compensator (not shown) that allows measurement of its instantaneous
torque. In contrast to free flight, the torque signal generated by the fly does not lead to turns of the animal that
normally would induce retinal image displacements. Rather the visual consequences of self:motion are simulated by
feeding the torque signals into a computer and transforming them into image displacements on a CRT screen (for
convenience, only a single screen is shown, whereas in the behavioural closed-loop experiments two screens were used,
one in front of either eye; see §2). The image displacements are assumed to be proportional to the torque; their
amplitude depends on the gain of the feedback loop. In addition to the self-induced image displacements, an
additional motion bias can be imposed on the optomotor control system. (5) Computer—neural hybrid: The torque
responses of the flying fly are substituted by the simultaneously recorded spike responses of a pair of optomotor
neurons, the H1 cells, in both halves of the brain followed by a subtraction stage and a temporal lowpass filter (first
order; time constant: 750 ms). The output of this filter is assumed to correspond to the torque response and to control
the visual input of the system in the same way as described in (a). (¢) Model circuit: the pattern motion on a real
monitor as well as the optomotor neurons is substituted by simulated pattern motion that is fed into an array of
correlation-type movement detectors, the output of which is spatially integrated and delayed. Hence all the
components of the control circuit are modelled. The brightness values of the changing retinal image were processed
by equidistant movement detectors that were stimulated by a sinewave grating. For the sake of clarity adjacent
movement detectors were drawn separately although they share one input line. Each detector consists of two mirror-
Symmetrical subunits. In each subunit, one of the input signals is lowpass filtered (7) and multiplied (M) with the
unfiltered signal of the adjacent input channel. The output signals of an array of movement detectors are summed,
with the two mirror-symmetrical subunits contributing with either a positive (filled arrowheads) or negative sign
(open arrowheads) to the overall response. Then the noise is added to the signal which, after a delay, is fed into a
lowpass filter (first order; time constant: 750 ms). The delay amounts to either 60 or 75 ms depending on whether
the behavioural or neuronal closed-loop performance is simulated. As in (4), the output of this filter is assumed to
correspond to the torque response. This signal leads, via a feedback loop, to displacements of the simulated visual
surround and thus to changes in the simulated retinal input. (d) As (c) without correlation-type movement detectors.
The retinal input of this standard linear control circuit corresponds to the velocity of the pattern.
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10 be adjusted. An estimate of the zero torque level was
obtained by time-averaging, under closed-loop con-
ditions, the 1ly's responses for one minute while an
external motion bias was applied 1o the pattern which
Aternated between clockwise and counterclockwise
rotation every five seconds. Becanse the mean torque
determined i this way sometimes drifted to- other
levels, this computer-controlled procedure for deter-
mining the zero torgue level was repeated after every
ten sweeps of data acquisition for details, see War-
secha 1994 ASYST  Keithley Instrumentsi was used
as o programming language for data acquisition and

evaluwation. One thousand and twentyv-cight sweeps of

19 f1ies. in total, were recorded. A considerable amount

of variability was found in the responses. One end of

this range is characterized by slow changes of the
torque that may last for several seconds and do not
show any obvious relation to the motion stimulus. The
other end of the variability range is represented by
vesponses that lead to a good compensation of the
external motion bias and thus retleet a high internal
gain of the svstem In these traces there is atendency
towards periodic fluctuations around the mean re-
sponse level see §3 . Because a linear feedback control
swstem exhibiting this kind of oscillations is on - the
brink of instability, these response traces are par-
ticularly important in the present context. Therefore,
139 of these sweeps were selected for further analysis
and used as stimuli in electrophysiological experiments
in which the velocity dependence of an optomotor
neuron was determined.

(b) Model simulations

Model simulations of the optomotor control system
were performed on a 486 PC using ASYST as the
programming  language. The main features of the
model control svstem are outlined in ¥4 figure 1o
The parameters were chosen to lie within a physio-
logically plausible range and fit the stimulus conditions
of the corresponding experiments. Analogous to the
optomotor neurons in the third visual neuropil that
pool the signals of many local motion sensitive neurons,

in the model the output of a one-dimensional array of

correlation-type movement - detectors was spatially
inteerated  FEgclhaat of alo 1989 0 The movement
detectors consisted of two mirror-ssmmetrical subunits
that shared the same two input ines: Fach subunit was
composed of two branches, one of which was equipped
with a first-order owpass filter time constant: 52,5 ms:

see Ruvier vam Steveninek et al. 1986 Borst & Feelhaat

1987 Fgelhaal & Reichardt 1987 The signals of both
branches were multiplied withina subunit. The output
signals of an array of movement detectors were
summed. with the two subunits contributing with
cither a positive or negative sign to the overall response
tor review, see Borst & Eeelhaat 1989 The angular
separation of the two input lines of the detectors was set
to 2.3° Although the exact detector spacing s not
known for Lucilia, this is hikelv to be within the same
range as for Musca 2°: Pick & Buchner 1979 and
Calliphora 1.2 2.3°, depending on the eve region:
Franceschini et al. 1979, Based on the experimental
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results of the present study, the delay of the model
torque was set to 75 or 60 ms when behavioural or
neuronal responses, respectively, were simulated. Gaus-
sian noise was added to the signal after the spatial
integration stage. As a first approximation o a
temporal integration stage in the optomotor control
system - Egelhaal 1987 Wolf & Heisenberg 19901, a
first-order lowpass filter was implemented with a time
constant of 750 ms sce Warzecha 1994). The feedback
gain was adjusted as specified for the various model
simulations in the corresponding figure legends. In
addition simulations of a standard lincar model circuit
were performed §3:. Here the movement detectors in
the input lines of the optomotor control circuit were
omitted and the input to the lowpass filter assumed to
he proportional to pattern velocity (Figure 1d).

(c) Electrophysiological experiments

For clectrophysiological experiments the animals
were dissected as described previously (Warzecha et al.
19931, In brief: after the head capsule was opened, the
brain was supplied with Ringer’s solution (for com-
position, see Hausen 1982a: to avoid desiccation.
Electrolvtically sharpened tungsten electrodes insu-
lated with varnish were used to record extracellularly
from the HI cell. a spiking neuron in the optomotor
pathway that can be identified individually in different
fliecs  Hausen 1981'. The electrodes had resistances
between 2 and 8 MQ. Recorded signals were amplified
by standard electrophvsiological equipment. The
spikes were transtormed into pulses of fixed height and
duration that were fed to the computer through the
same 1/0 card as was used in the behavioural
experiments. In the neuronal closed-loop experiments
figure 14: see §31 the H1 cells in both halves of the
brain were recorded simultaneously in their telo-
dendritic regions. The signals were sampled at a
frequency of 800 Hz. The spike count in consecutive
time bins obtained from the left neuron was subtracted
from the spike count in the corresponding time bins
obtained from the right cell. The resulting difference
signal was temporally lowpass filtered in exactly the
same way as the summed movement detector output in
the model simulation  see above: and then used via a
feedback loop to control the visual stimulus. This was
done in the same wav as described above for the
behavioural closed-loop experiments. The coupling
coeflicient for this computer neural hybrid was varied
as described in §5. In the experiments where the
velocity dependence of the H1 neuron was determined
the data were sampled at a frequency of 1.2 kHz and
evaluated in a conventional wav as detailed in §6.

3. BEHAVIOURAL ANALYSIS OF
OPTOMOTOR COURSE STABILIZATION

The performance of tethered flving flies in stabilizing
their flight course was analysed with the computer—
behavioural hybrid. The mean response to 139 stimulus
presentations obtained from five flies is shown in figure
2a. After the spontaneously generated torque was
recorded for 7.5s (only the last 3.75 s of which are
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Figure 2. Averaged (a) and individual (b) behavioural
responses to motion and their visual consequences as
determined on the basis of the optomotor control circuit
shown in figure 1a. For a duration of 7.5 s (indicated by the
bars underneath the diagrams) an external motion bias with a
constant velocity of 44° s™! was added to the pattern displace-
ments induced by the fly’s own torque. Upper traces: torque
response in a closed-loop situation. Middle traces: corre-
sponding retinal angular velocity of the pattern; the open-
loop velocity is indicated by a dashed horizontal line. Bottom
traces: angular position of the pattern. The angular positions
that five arbitrarily chosen pattern elements would assume
in an open-loop situation are indicated by thin lines. As the
size of the monitor screens was limited not all of these pattern
elements are visible at all times. Note that the origin of the
ordinate scale is arbitrary for a periodic pattern. One section
of the unaveraged position trace is expanded. The straight
line through this section indicates the mean time-depen-
dent angular position as determined from the average angular
velocity for the time interval shown by the inset. Averages
shown in (a) are obtained from 139 responses of five flies.

Phil. Trans. R. Soc. Lond. B (1996)

displayed in figure 24) an external motion bias was
added for another 7.5 s to the signal generated by the
fly itself. If the torque signal had not been fed back to
the visual stimulus (‘open-loop’ conditions), this
imposed motion bias would have displaced the stimulus
pattern with a constant velocity of about 44°s™". (The
exact velocity depends on the location on the screen
due to perspective distortion.) Following the time
interval with imposed motion bias the spontancous
activity was recorded again for 3.75 s. Without external
motion bias flies are expected to turn equally often to
the left and to the right. Therefore, on average, flics
should not induce displacements of the stimulus pattern
during this time. These expectations are confirmed to
a large extent, as is shown for the averaged responscs in
figure 2a (middle and bottom panels). However, a
slight drift of the pattern can be discerned during the
time without motion bias. This apparent asymmetry is
most likely due to the variability of behavioural
responses (Warzecha 1994) and the limited sample of
flies that were included in the average. When an
external motion bias is added, flies generate a torque
signal that, after a brief transient phase, compensates
most of this motion bias (difference in mean slip speed
before and during motion bias: 9.4, of the cor-
responding open-loop velocity). Accordingly, the angu-
lar position of the pattern does not change very much.
After the imposed motion bias stops, flies, on average,
stop generating the compensatory torque responsc.
Consequently, the mean slip speed, after a brief
transient, returns to the value it assumed before the
motion bias was added. The onset of the recorded
torque response lags the onset of the motion bias by 75
to 90 ms. It should be noted that about 25 ms of this
delay have to be attributed to the torque compensator
and the subsequent electronic system.

In contrast to the average performance of the
computer—behavioural hybrid, the unaveraged torque
signals are characterized by pronounced fluctuations
over time (figure 26). Similar torque fluctuations have
been described previously for Drosophila (Mayer 1989;
Wolf & Heisenberg 1990). To characterize the fluctu-
ations of the unaveraged responses, the spectral density
of each of the 139 response traces was calculated. The
mean power density spectrum resulting from averaging
these spectral densities reveals a distinct peak at about
9 Hz (figure 3). The shape of the power density
spectrum does not depend much on the cutoff
frequency of the compensator electronics. Merely the
peak was found to shift to slightly higher or lower
values, when the cutoff frequency was set to 10 or 2 Hz,
respectively. The existence of this peak illustrates that
there is a strong periodic component in the response
traces. Hence, it is suggested that the fluctuations do
not simply represent noise.

What are the visual consequences of the pronounced
torque fluctuations? To answer this question the slip
speed and the corresponding angular position of.thc
stimulus pattern were plotted as a function of time
(figure 25, middle and bottom diagram). The sl.xp-
speed fluctuations are very pronounced both dur.mg
time intervals with and without external motion bias.
With a standard deviation of 35.8° 571 determined for
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Figure 3. Mcan power density spectrum of torque responses
to an imposed motion bias. Power spectra were calculated by
a fast Fourier algorithm. Responses within a time interval of
5.12 s starting 2.38 s after the onset of the imposed motion
bias were taken into account. This interval length was chosen
because it corresponds to a number of data points amounting
to an integral power of two, the number required for the fast
Fourier algorithm. The average contribution of each fre-
quency component and its associated standard error of the
mean are shown for a range of frequencies between 0.2 and
5.1 Hz. The power density spectrum was scaled so that the
total power equals the variance of the corresponding response
traces (in (Nm)? ). The same data set was used as in figure 2.

2.5 ms bins during the last 3.2 s of the time with motion
bias, the time-dependent retinal pattern velocity is
almost as large as the open-loop velocity. During the
time with external motion bias, the pattern slowly
drifts to the right, because the fly does not perfectly
compensate the external disturbance. This drift is small
compared to the displacements expected in an open-
loop situation as is indicated by the oblique lines. The
inset in figure 26 (bottom diagram) shows, on an
enlarged scale, the fluctuations around the time-
dependent position (straight line in inset) that the
pattern would have assumed if it were displaced with
the mean slip speed within the time interval shown in
the inset. To quantify the size of these fluctuations their
standard deviation from this mean time-dependent
pattern position was determined for all 139 response
traces. This was done for 2.5 ms bins during the last
3.2 s with an imposed motion bias. On average, the
fluctuations around the mean pattern displacement
amount to 7.8°. Hence, the large torque and slip-speed
fluctuations are not accompanied by large dis-
placements from the mean flight course.

4. BEHAVIOURAL PERFORMANCE CAN BE
MIMICKED BY A CONTROL SYSTEM WITH
CORRELATION-TYPE MOVEMENT
DETECTORS IN ITS INPUT LINES

Several conclusions can be drawn from the beha-
vioural analysis of the optomotor system of the fly: (i)
flies are able to compensate for most of an imposed
disturbance by optomotor torque responses; (ii) they
generate torque fluctuations that contain a strong
periodic component. Under open-loop conditions no
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periodic component can be discerned in the torque
traces (Heisenberg & Wolf 1988, M. E. and A-K.W,,
unpublished results) ; consequently, it is suggested that
they are the consequence of a high feedback gain in the
closed-loop situation; (iii) the position jitter of the
stimulus pattern stays small and does not much affect
the stabilization of the retinal image.

How can these distinguishing features of the fly’s
optomotor system be explained? The impressive
compensatory behaviour of the fly is most likely due to
the action of an optomotor course control system most
sensitive to extended moving patterns rather than to a
fixation system sensitive to the position of edges
(Heisenberg & Wolf 1984). In the first step of the
analysis, it was therefore tried to simulate the beha-
vioural performance on the basis of a model of the
optomotor control system (figure 1¢). The input signal
of the model consisted of a sinewave grating which was
moved according to the difference between the retinal
image displacements induced by externally imposed
motion and the displacements resulting from the model
fly’s own torque response. The retinal image motion
was sensed by an array of correlation-type movement
detectors. This type of movement detectors was
included in the model circuit, because it has been
shown in many studies that it can account for the
major characteristics of the fly’s motion detection
system (for review, see Egelhaaf & Borst 1993). The
outputs of the movement detectors were summed,
because optomotor responses can be elicited within
large parts of the visual field. This processing stage s
assumed to correspond to the spatial pooling of local
motion signals by the dendritic tree of the optomotor
neurons in the third visual neuropil (Egelhaaf et al.
1989). The summed detector output was fed into a
temporal lowpass filter as an integrating element and
transformed into the torque signal. An integrating
element in the optomotor control system of the fly has
previously been concluded to exist on the basis of
behavioural experiments (Egelhaaf 1987; Wolf &
Heisenberg 1990). A time delay was included into the
model because the fly’s torque response lags the retinal
input. This was done here, quite arbitrarily, after the
spatial integration stage. It should be noted that it does
not matter, with regard to the performance of the
control system, where the delay element is located in
the circuit. The gain of the system was chosen so as to
lead to a residual retinal slip speed during the time
interval with an external motion bias (13.59%, of the
motion bias) that was within the range found in the
corresponding behavioural experiments (9.49%, see
§3). It has been found that the stochastic signal
fluctuations, intrinsic to the elements of the optomotor
pathway are essential to account for the performance of
the optomotor control system (Warzecha 1994); thus
Gaussian noise was added to the output of the spatial
integration stage (for details of noise amplitude see the
legend of figure 4).

When the model parameters were set as estimated on
the basis of the available experimental data (see §2 and
the legend of figure 4), the model responses were very
similar to the corresponding behavioural results (com-
pare figures 2 and 4).The mean displacements of the
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Figure 4. Model simulation of the performance of the
optomotor system (circuit diagram of model shown in figure
l¢): (a) averaged responses; (b) example of an individual
response trace. The stimulus situation is analogous to that of
figure 2. The bars underneath the diagrams illustrate the
duration of the external motion bias. Upper traces: torque
response in a closed-loop situation. Relative units are scaled
so that a value of one leads to a perfect compensation of the
imposed motion bias. Middle traces: corresponding retinal
slip speed; the open-loop velocity is indicated by dashed
horizontal line. Bottom traces: angular position of the
pattern. The angular positions that five arbitrarily chosen
pattern elements would assume in an open-loop situation are
indicated by the thin lines. Not all of these pattern elements
were within the receptive field of the movement detector
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stimulus pattern are slightly smaller in the behavioural
than in the model responses, only during the time with
motion bias. This difference is essentially a consequence
of the small drift of the pattern in the opposite direction
to the motion bias as found in the behavioural
experiments (see Section 3). Not only the averaged but
also the individual response traces look very similar to
the corresponding experimental data. In the modecl,
the standard deviation of the slip-speed fluctuations
was 37.7° s™" compared t0 35.8° 5" for the behavioural -
computer hybrid. They occur with position fluctu-
ations around the mean pattern displacements with a
standard deviation of 6.3° (vs. 7.8° for the behavioural
computer hybrid). Similar to the experimental results,
there is also a strong periodic component in the model
torque response traces. This close correspondence
between the main features of the behavioural responses
and of the model output holds for a wide range of
coupling conditions (A.-K.W. and M. E., unpublished
results). This suggests that the feedback control circuit
as outlined here is a fairly good representation of the
fly’s optomotor control system.

5. MOVEMENT DETECTORS ENSURE
STABILITY OF OPTOMOTOR CONTROL

SYSTEM

A standard linear control circuit would operate on
the brink of instability when it performs in a similar
way as described above for the computer-behavioural
hybrid and the model shown in figure 1¢, i.e. when its
output signal fluctuates strongly while disturbances
are, on average, compensated well. However, in-
stability was never observed for the latter control
systems. The reasons for this observation were sys-
tematically investigated by the following two pro-
cedures: (i) for a large range of feedback gains the
performance of a model control circuit equipped with
correlation-type movement detectors in its input lines
(figure 1¢) was compared to that of a standard linear
optomotor control circuit for which the torque is
proportional to pattern velocity (figure 14); (ii) the
motion detection stage of the model with correlation-
type movement detectors was replaced by a pair of
corresponding optomotor neurons in the right and left
optic lobe (compare figure 1¢ and b). The activity of

array at all times. Note that the origin of the ordinate scale
is arbitrary for a periodic pattern. Averages shown in (a) are
obtained from 3000 simulated responses. Gaussian noise was
added to the output of the spatial integration stage. The noise
was adjusted so that the time course and the amplitudes of
the fluctuations of the model response were in accordance
with the corresponding experimental results. The noise had a
standard deviation of 16 times the mean torque response.
The basic time step used in the simulations was 15 ms. A time
delay of 75 ms was included in the circuit to approximate the
experimentally determined latency. The feedback gain was
adjusted in such a way that the difference in the mean
simulated slip speed before and during the motion bias came
close to the increase in retinal slip speed as determined in the
corresponding  behavioural experiments. Six  detectors
covered exactly one pattern wavelength of 14°. The imposed
motion bias amounted to 44°s7%.
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these neurons was allowed to control the stimulus,
while the gain of the feedback loop was varied. The
properties of this computer-neural hybrid with respect
to its stability were investigated and compared to that
of the models. The performance of these different
versions of the optomotor control circuit has been
assessed by determining the residual mean slip velocity
and the position error during an imposed motion bias
for various feedback gains. The position jitter was
calculated as detailed in §3 for the behavioural closed-
loop experiments.

The model control circuit with correlation-type
movement detectors (figure 1¢) was simulated in
basically the same way as outlined in §4. For the linear
optomotor control circuit the movement detectors in
the input lines were omitted and the input signal was
assumed to be proportional to velocity (figure 1d). For
the sake of comparison, the parameters for both models
were chosen to match the experimental conditions used
for investigating the properties of the computer—-neural
hybrid (see below). The feedback gain that leads to a
compensation of the imposed motion bias to 70 %, of
the open-loop velocity was arbitrarily set to one.
Further details are given in the legend of figure 5a. The
standard linear control circuit (figure 1d) gets unstable
when the feedback gain surpasses a given limit (figure
5a, unstable within shaded area). Up to this limit the
mean slip speed decreases with increasing gain, whereas
the position jitter, being small for small gains, increases
slightly. The model of the optomotor system with
correlation-type movement detectors in its input lines
(figure 1¢) performs almost identically to the standard
linear control circuit (figure 14) within the stability
range of the latter (compare open and filled symbols in
figure 5a). However, above the critical limit it does not
get unstable. Only the mean slip speed now tends to
increase while the position error keeps growing with
increasing feedback gain. Because both model circuits
differ from one another only by the way in which
motion information is processed, it seems likely that the
properties of the motion detection stage are essential
for the stability of the system. In the following it will be
tested whether this holds also for biological movement
detectors.

The consequences of the properties of the fly’s
motion detection system on the stability of the
optomotor control circuit were tested by substituting a
pair of corresponding optomotor neurons in both
halves of the brain for the correlation-type movement
detectors of the model (compare figure 14 and ¢). For
this purpose the computer—neural hybrid was preferred
to the computer-behavioural hybrid because, in this
way, the influence of nonlinearities after the motion
detection stage on the stability of the system can be
excluded. In the experiment the activity of a pair of
individually identifiable intrinsic neurons of the fly’s
optomotor system, the motion-sensitive H1 neurons
(Hausen 1981) was recorded simultaneously. The H1
neurons exist once in each half of the brain and
respond to back-to-front motion within the visual field
of one eye. In corresponding time bins of 1.25 ms
duration, the responses of the two HI cells were
subtracted from each other (figure 15). To account for
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the properties of the optomotor system, the difference
signal was fed into a temporal lowpass filter as has been
done for the model simulations after the motion
detection stage. The output of this filter was fed back
to the visual input of the system in the same way as in
the behavioural closed-loop experiments (see §3). As
for the model simulations the performance of this
computer-neural hybrid, in terms of residual slip speed
and position jitter, was assessed for various gains of the
feedback loop. The smallest feedback gain that was
used in the experiments led to a reduction of the
average slip speed to 709, of the open-loop velocity
and was set to one. As is shown as an example in figure
5b, the mean slip velocity first decreases with increasing
feedback gain. However, above a certain coupling
strength it tends to increase again. For small feedback
gains the position jitter is small. It increases with
increasing feedback gain. Note, however, that until a
gain of 100 is reached it is smaller than 1.5° and, thus,
smaller than the angular distance between neigh-
bouring photoreceptors. The position error increases to
higher values only when the feedback gain increases
further. It should be noted, that a feedback gain of
100 is already extremely high as a single spike leads
to a pattern displacement of 7°. Owing to the lowpass
filter in the optomotor system, this displacement
is not executed instantaneously but has a time
course according to the impulse response of the filter.
The difficult experiment with the computer-neural
hybrid that requires stable simultaneous long-term
recordings of two cells was done for the whole range of
feedback gains in two flies with qualitatively the same
results.

Thus, the performance of the computer—neural
hybrid qualitatively resembles that of the model circuit
with correlation-type movement detectors. In contrast
to the standard linear model circuit, both systems do
not get unstable, even though they do not contain any
of the elaborations proposed previously (see §1). When
the feedback gain is sufficiently high to lead to a good
compensation of an imposed motion bias, signal
fluctuations occur. However, the resulting position
jitter is rather small.

Although the performance of the computer-neural
hybrid can be accounted for qualitatively by an
optomotor control circuit with correlation-type move-
ment detectors in its input lines, there are quantitative
differences (compare figures 5a and 4). These are likely
to be due to several reasons: (i) the noise fed into the
control circuit was characterized by a constant
standard deviation, although the stochastic signal
fluctuations in fly optomotor neurons depend to some
extent on the activity level of the cell (Warzecha 1994).
It should be noted that the noise amplitude required to
mimic the time course of the behavioural responses
under closed-loop conditions (§4) was considerably
larger than the noise used in the models of the
computer—neural hybrid (§5). Accordingly the position
jitter obtained in the simulations of the computer—
behavioural hybrid was larger than that found in the
neuronal closed-loop experiments and corresponding
simulations; (ii) first-order lowpass filters were used in
the model movement detectors, although it is likely
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Figure 5. Residual slip speed (upper diagrams) and position
error (bottom diagrams) of optomotor control circuits under
closed-loop conditions during an imposed motion bias as a
function of the feedback gain. The position error is given by
the standard deviation of the instantaneous pattern position
from the time-dependent position that the pattern would
assume if it were displaced at a constant ratc with the mean
slip speed. The residual slip speed was normalized with
respect to the open-loop velocity of the imposed motion bias.
(a) Model simulations of the optomotor control system. The
performance of a standard linear control circuit (open
symbols, see figure 14 for the circuit diagram) is contrasted
with the properties of the control system with correlation-
type movement detectors in its input lines (closed symbols;
see figure lc¢ for the circuit diagram). The linear control
circuit implicitly assumes perfect velocity sensors in its input
lines. The feedback gain that reduces the motion bias to 70%
was arbitrarily set to one. For the feedback gains indicated by
the shaded area the linear control system is unstable. The
time step used in these simulations was 2.5 ms. This fine
temporal resolution was used to avoid aliasing which may be
critical for large gains that may result in large angular
velocities of the pattern. The mean slip speed and position
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that the details of the properties of fly motion detectors
can be approximated much better with higher order
filters or combinations of different temporal filters in
both branches of each movement detector subunit; (iii)
the time constant of the movement detector filter was
assumed to be constant, although there is experimental
evidence that it can adapt to the prevailing stimulus
conditions (see Ruyter van Steveninck et al. 1986; Borst
& Egelhaaf 1987). It should be noted, however, that it
has not been the main purpose of the model simulations
shown here to fit all the details of motion detector
responses as closely as possible. Rather it was intended
to show that correlation-type movement detectors even
in their basic form without any elaborations suffice to
prevent the optomotor control circuit from getting
unstable.

6. VELOCITY DEPENDENCE OF
MOVEMENT DETECTORS UNDER
TRANSIENT CONDITIONS

Why does the optomotor control system of the fly not
get unstable, despite the fact that the motor output lags
the sensory input by a time-delay? According to the

error of the model were repeatedly determined for intervals
of 20 s during a maintained motion bias of 18° 57!, This was
done until the values of the mean slip speed and position
error virtually did not change any more. Four detectors
covered one spatial pattern wavelength of 9.3°. A time delay
of 60 ms was included in the circuit to approximate the
experimentally determined phase shift (see Section 6).
Moreover, Gaussian noise was added before the responses
were temporally lowpass filtered. The standard deviation of
the noise was adjusted to its experimentally determined
counterpart in the following way. The neuronal noise, given
by the standard deviation of the individual response traces
from the averaged response trace, as determined in electro-
physiological replay experiments (see Warzecha 1994) was
used as reference. To be able to relate the neuronal noise to
the model noise, both were normalized with respect to the
corresponding mean response amplitude of the closed-loop
response with a feedback gain of one. If the neuronal noise
was evaluated at the same temporal resolution as was used in
the model simulations (2.5 ms per time step), its standard
deviation amounted to 1.45 times the mean response
amplitude obtained with gain one. (b) Neuronal closed-loop
experiments (see figure 1b for the circuit diagram). The
difference of the spike count of the two H1 cells in both halves
of the brain was computed and fed into a temporal lowpass
filter. The output of this filter controlled the pattern motion
on a CRT screen. The time constant of the lowpass filter was
identical to that used in the simulations, i.e. 750 ms. It was
ensured that the pattern displacements between consecutive
frames were considerably less than half the pattern wave-
length preventing aliasing effects. The elementary time step
was 1.25 ms. During the first 7.5 of an experiment no
external motion bias was imposed and all pattern displace-
ments resulted from the activity of the HI cells. In the
following 10's a motion bias of 18°s™! was added (further
details, see text). The residual slip speed was determined by
averaging the slip speed during the last 5 s of the time with
imposed motion bias. Error bars denote SEMs calculated on
the basis of three to six experiments performed with one

fly.
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results presented in Section 5, stability of the fly
optomotor system is ensured by the characteristic
propertics of the movement detectors in its input lines.
As correlation-type movement detectors the movement
detectors in the fly visual system do not lead to a
faithful representation of pattern velocity (e.g. Egel-
haal & Reichardt 1987). Most conspicuously, the
mean response amplitude increases with increasing
velocity, reaches a maximum and then decreases again
(Hausen 198246; Maddess & Laughlin 1985). Hence,
the gain of the movement detection system depends on
pattern velocity in a nonlinear way. To test whether
these results, obtained by moving a pattern with a
constant velocity, also hold for the highly transient
retinal displacements (as are characteristic of opto-
motor course control under closed-loop conditions),
the H1 neuron in one half of the brain was successively
confronted under open-loop conditions with all the 139
stimulus traces that were generated by the fly in the
behavioural experiments and were included in the
averaged response shown in figure 24. In order to
determine the velocity dependence of the optomotor
ncuron, the instantaneous neuronal response was
related to the velocity of that stimulus by which it was
clicited. Here the time shift between stimulus and
response had to be taken into account. This time shift
was determined by cross-correlating the velocity and
the corresponding time-dependent spike-frequency
histogram as determined from the responses elicited by
presenting the same motion trace 60 times. The cross-
correlogram had a maximum at 60 ms. Therefore, the
number of spikes within bins of 10 ms were calculated
and related to the corresponding velocity signal
averaged over a 10 ms interval occurring 60 ms earlier.
The exact size of the time interval does not affect the
results qualitatively, as has been confirmed for time
intervals of up to 40 ms.

The velocity dependence of the HI cell is shown in
figure 6a. The response increases almost linearly with
velocity up to about 30°s™". For larger velocities the
response reaches a maximum and then decreases again.
Hence, in this respect the gain of the movement
detection system depends on the pattern velocity in a
similarly nonlinear way for stationary and transient
stimulus conditions. It should be noted, however, that
the response amplitude of fly optomotor neurons does
not only depend on pattern velocity but aiso on higher-
order temporal derivatives of the pattern displacement
(Egelhaaf & Reichardt 1987). The relationship be-
tween velocity and neuronal response depicted in
figure 6a should, therefore, not be taken as a
characteristic curve that allows the prediction of a
necuronal response amplitude from a given velocity.
The velocity dependence of the correlation-type move-
ment detectors that were used for the model simulations
in §4 was determined in basically the same way as
described above for the optomotor neuron on the basis
of the motion traces that were obtained under closed-
loop conditions. As is illustrated by figure 654 the
resulting curve has the same principal features as the
corresponding experimental data (for possible reasons
of quantitative differences, see the last paragraph of
§5): the model response first increases with increasing
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Figure 6. Velocity dependence of the responses of a neuron in
the fly’s optomotor system (H1 cell) (a) and of the summated
responses of an array of correlation-type movement detectors
in the model circuit shown in figure 1¢ (4). The neuronal
responses were elicited by the 139 stimulus sequences that
were generated by flies at the torque compensator under
closed-loop conditions and that led to the average response
shown in figure 24. The temporal shift between the slip speed
and the H1-cell response was determined by cross-correlation
to be 60 ms. The velocity dependence was obtained by
measuring the number of spikes within 10 ms bins and by
relating these numbers to the velocity within 10 ms bins
occurring 60 ms earlier. The velocity dependence of the
model (see figure l¢ for the circuit diagram) was obtained
from 3000 simulated response traces in an equivalent way to
the corresponding electrophysiological experiment. Par-
ameter settings are identical to those of the model discussed in
§4. Scaling of velocity and model responses are as in figure 4.

velocity, reaches a maximum and then decreases again.
Hence, in contrast to a control system with perfect
velocity sensors, the gain of the motion detection
system in the fly’s optomotor pathway is not constant,
but becomes small at high velocities.

7. DISCUSSION AND CONCLUSIONS

The real-time performance of tethered flying flies in
compensating external disturbances under closed-loop
conditions can be explained quite well by a rather
simple model of optomotor course stabilization. This
model consists of an array of biologically plausible
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movement detectors whose output is lowpass filtered
and fed back to the visual input. Moreover, a noise
source had to be included in order to account for the
temporal fine structure of the behavioural responses.
By combining behavioural and electrophysiological
experiments with model simulations, it could be shown
that the optomotor control system of the fly cannot get
unstable even for very high feedback gains. This
important feature of the optomotor control system is
concluded to be the consequence of the characteristic
velocity dependence of the motion detectors in its input
line (see also Varju 1973). In particular, because the
gain of the movement detectors decreases for large
pattern velocities as are generated when the optomotor
system tends to get unstable, these are transmitted only
weakly to the subsequent processing stages and thus
lead to only relatively small torque responses. As a
consequence, torque fluctuations cannot build up and
the system stays relatively stable. Thus, the implemen-
tation of additional elements in subsidiary loops of the
optomotor control circuit, as has been proposed to
reduce the overall gain of the system and thereby to
ensure their stability (Young 1971; Robinson et al.
1986; Lisberger et al. 1987; Kirschfeld 1991), appears
superfluous.

The movement detectors in the input lines of the
optomotor control circuit are not the only elements in
the fly’s motion pathway that may reduce the gain of
the system at high velocities. Already the most
peripheral elements in the fly’s visual system such as
the photoreceptors and the large monopolar cells in the
first visual neuropil do not transmit high-frequency
temporal contrast modulations as occur at high pattern
velocities (for review, see Laughlin 1981). It should be
noted, however, that the high-velocity cutoff of these
peripheral elements is, for a given spatial pattern
wavelength, at much higher velocities than those of the
movement detectors (compare e.g. Leutscher-Hazel-
hoff 1985; Straka & Ammermiiller 1991; Juusola
1993; for review, see Hardie 1985 with Hausen 1982;
Maddess & Laughlin 1985 and figure 6). Computer
simulations were performed to test whether this high-
velocity cutoff is sufficient to ensure relative stability in
an optomotor system that encodes pattern velocity up
to this velocity perfectly well (unpublished results).
Therefore, instead of perfect velocity sensors, velocity
sensors with a cutoff at high velocities similar to the
peripheral elements in the fly visual system were
implemented in the input lines of the model. With this
elaboration, retinal image fluctuations do not increase
without bound. However, in the velocity range, in
which the model optomotor system with pure velocity
sensors in its input line gets unstable, the retinal image
displacements are at least one order of magnitude
larger (unpublished results) than those determined for
the fly (figure 54, bottom diagram). This is different in
the model when the cutoff of the velocity sensors is
reduced to similar values as determined for the fly’s
optomotor system (see figure 3). Then the image
fluctuations are in the same range as those generated
by the fly as well as those of a model of an optomotor
system with correlation-type movement detectors. This
suggests that the dynamical properties of biological

Phil. Trans. R. Soc. Lond. B (1996)

movement detectors, rather than the exact mechanism
underlying motion detection, are responsible for the
relative stability of the optomotor control system.

Although the optomotor system of the fly does not
get unstable, the torque and, thus, the retinal velocity
continually fluctuates. To what extent these torque
fluctuations affect optomotor course stabilization may
be assessed by relating the resulting displacements of
the retinal image, as determined in the behavioural
closed-loop experiments, to the angular spacing of the
lattice points of the retinal mosaic. On the assumption
that the inter-ommatidial divergence angles ol the
blowfly Lucilia lie within the range of divergence angles
as found for another blowfly genus, Calliphora (¥ran-
ceschini et al. 1979), the pattern displacements, on
average, cover approximately four receptors. These
displacements are in the same range, il related to
receptor spacing, as image displacements induced by
eye movements during fixation tasks in humans. These
amount to at least five minutes of arc and thus shift the
retinal image over about ten cones in the fovea (Barlow
& Mollon 1982).As these fluctuations of the retinal
image obviously do not impair stable vision in humans,
it is reasonable to assume that in the fly image
displacements with a similar size in terms of the retinal
mosaic do not deteriorate visual orientation.

Optomotor course control as well as the visual
stabilization of gaze by compensatory eye, head or
body movements are of general importance in most
animals including humans (Miles & Wallman 1993).
During stabilization tasks, sustained fluctuations with
a strong periodic component are a common feature
also in eye movements of other animals such as crabs
(Sandeman 1978) and monkeys (Robinson et al. 1986;
for review, see Lisberger et al. 1987) and have been
interpreted as a consequence of latencies in the control
circuit (Sandeman 1978; Robinson et al. 1986; Gold-
reich et al. 1992).

Morcover, there is good evidence from electro-
physiological, behavioural and psychophysical studies
that movement detectors in a wide range of animals
including man have very similar properties to those of
insects (for review, see Borst & Egelhaaf 1989; Egelhaafl
& Borst 1993). Interestingly, also in various vertebrate
species the response amplitudes of motion-sensitive
neurons have been found to increase with pattern
velocity only within a limited dynamic range; they
then reach a maximum and show a similar reduction in
gain at high velocities as insect optomotor neurons (¢.g.
pigeon: Wolf-Oberhollenzer & Kirschfeld 1990; wall-
aby: Ibbotson et al. 1994 ; cat: Movshon 1975; Holub
& Morton-Gibson 1981; Bisti et al. 1985; Baker 1990;
monkey: Movshon et al. 1990; Lagae et al. 1993).
Therefore, it is suggestive 0 speculate that the
distinctive properties of biological movement detectors
may quite generally affect the properties of optomotor
control systems and, in particular, may play a
beneficial role in ensuring their stability. Surprisingly,
the characteristic dynamic properties of biological
motion detectors are usually not taken into account in
models of optomotor gaze stabilization. Rather, it has
generally, at least implicitly, been taken for grantefi
that the velocity of the retinal image displacements 1
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faithfully represented in the nervous system. This
statement is not entirely true: in recent studies using
model simulations of smooth pursuit eye movements it
has been realized that not only velocity but also
acceleration may be important to explain the per-
formance of smooth pursuit systems (Krauzliz &
Lisherger 1989; Goldreich et al. 1992; Krauzlis 1995;
Ringach 1995). In these models velocity and ac-
ccleration signals are represented in separate branches
of the optomotor controller. Interestingly, the response
of motion-sensitive neurons in area MT of macaque
monkeys, which may be involved in the control of
pursuit eye movements, does not only depend on the
velocity but also on the acceleration of pattern
movement (Movshon et al. 1990). This feature has
alrcady been described before for neurons in the
optomotor pathway of the fly and can be explained by
the properties of correlation-type movement detectors
(Egelhaaf & Reichardt 1987). A formal analysis of the
output of an array of such detectors shows that the time
course of the response depends on velocity, accel-
eration, and to some extent on higher-order time
derivatives. Therefore, it should be tested whether the
monkey’s performance in smooth pursuit really reflects
the existence of separate velocity and acceleration
pathways or rather emergent properties of its move-
ment detection system, the output of which may
depend on all these parameters in an intricate way.

In conclusion, biological movement detectors with
their highly nonlinear dependence on pattern velocity
are beneficial in the context of optomotor control
circuits; they guarantee relative stability of the circuit
while still allowing a high feedback gain that is
necessary to ensure fast responses and a good com-
pensation of disturbances.
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