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Summary

The ability of flies to detect and fixate objects moving part of the fly's visual field. Fixation responses were only
relative to their background was investigated in a flight elicited when the object was simulated to be closer than the
simulator during translational tethered flight. The fly background. The fly’s fixation performance was better with
experienced optic flow that depended on its own actions close than with more distant objects. Since, under many
and reactions in a similar way as in free-flight (closed-loop) stimulus conditions, fixation responses were either elicited
conditions. Fixation of an object required turning or entirely failed to be elicited, it is concluded that object
responses towards it. The simulated distances between the fixation behaviour is gated in the visuo-motor pathway.
fly, object and background were varied systematically by
changing the velocities with which the object and the Key words: flight, object fixation, vision, optic flow, closed loop,
background pattern moved from the frontal to the back  blowfly, Lucilia sp.

Introduction

During locomotion, the visual system is subjected tomonkeys (e.g. Miles and Kawano, 1987), in bees (e.g.
continuous changes of the retinal images termed ‘optic flow'Srinivasan et al., 1990; Kern et al., 1997) and in flies (Virsik
Turns to one side are accompanied by motion of the wholend Reichardt, 1976; Reichardt et al., 1983; Egelhaaf, 1985a;
retinal image in the opposite direction. Optic flow elicitedKimmerle et al., 1996, 1997).
during rotation around a body axis is independent of the In flies, flight control and visual orientation can be
distance of the objects in the visual surround. In contrasinvestigated on different levels ranging from free-flight
during translation, the retinal image of an object moves fastdrehaviour to the neuronal and subcellular levels (for reviews,
than the retinal image of its background. Thus, the retinadee Egelhaaf and Borst, 1993; Egelhaaf and Warzecha, 1999).
images of object and background move relative to each othé8oth optomotor turning behaviour and fixation responses can

Visual systems have developed strategies to use thmee investigated under controlled stimulus conditions using
information provided by optic flow for different orientation tethered flies in a flight simulator. In previous studies using the
tasks. Many animals compensate global rotational imag#ight simulator, flies were shown to fixate an object in the
motion around a body axis by eye, head and/or bodfrontal part of their visual field even if the object could be
movements in the opposite direction. These optokinetic adiscriminated from the background only by means of relative
optomotor responses serve to stabilize the whole retinal imageotion (Virsik and Reichardt, 1976; Reichardt et al., 1983;
or at least part of it (Miles and Wallman, 1993) and have beelBgelhaaf, 1985a). These experiments were performed in a
interpreted in insects as a mechanism to compensate foylindrical arena in which both the object and the background
unintended deviations from a straight path of locomotioncould be rotated only around the fly’s vertical body axis. Hence,
Compensatory optomotor responses have been studied in grégiht situations in an environment were simulated in which no
detail in the fly (e.g. Fermi and Reichardt, 1963; Gotz, 1964ranslational optic flow was present, corresponding to a
1975; Wolf and Heisenberg, 1990). Relative motion in thesituation in which object and background were at an infinite
retinal image, in contrast, signals the presence of an object distance from the fly. In a realistic stationary three-dimensional
the visual field. Relative motion cues can therefore be used @mvironment, rotation of the animal around one of its body axes
discriminate an object from its background. Detection andlone does not provide any relative motion cues. Therefore, the
fixation of objects solely defined by relative motion have beeturning responses of tethered flies to objects defined by relative
investigated, for example, in humans (e.g. van Doorn andhotion were subsequently investigated during simulated
Koenderink, 1982, 1983; Regan and Beverly, 1984), irranslational flight (Kimmerle et al., 1997). However, in these
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experiments, the turning responses of the fly had no influen{
on the visual input, which was exclusively determined by thg
experimenter (‘open-loop’ conditions). Of course, this ig
different from the natural flight situation in which the turning|
responses of the fly immediately affect the retinal inpui}$
(‘closed-loop’ conditions). In the present study, object detectio ! 1
during simulated translational flight was analyzed under closed1[f

loop conditions in which the turning responses of the fly wer !
coupled to the rotational component of the motion stimuli. Thg
fly's turning behaviour therefore influenced the optic flow| :
experienced by the animal in a manner corresponding _ -
situations in unrestrained flight. Object fixation was =
investigated while systematically varying the simulatec
distances between the fly and an object and the background.

Materials and methods
Animal preparation

Female blowflies of the genusucilia, bred from our |
laboratory stocks, were briefly anaesthetized either with CC!!
or by cooling them on ice. Using beeswax, the head was fixe' £
to the thorax, and a small triangular piece of cardboard thi "7
suspended the fly from the torque compensator was glued or
the pronotum (Fig. 1, inset).

Visual stimuli and acquisition of behavioural responses

Visual stimuli were presented on a circular arena of light
emitting diodes (LEDs) designed and built at the University o
Bielefeld, Germany (Fig. 1). The arena consisted of 1(Fig. 1. Generation of optic flow in the flight simulator.
identical circuit boards. Each board contained 48 columns arTop: Rotational and translational components of optic flow. A fly
30 rows of single LEDs (5mwr2.5mm, green). The LEDs was sqspended from gtorqug _compt_ansator (t.c.)_in the centre of a
were soldered to the boards in such a way that the surfacecy“nd“cal arena of light-emitting diodes. The inset shows an

the array was slightly curved along the horizontal axis Th‘enlarged lateral view of the tethered fly. The torque produced by the
vertical columns of the array could be switched on o'r OﬁfIy around its vertical body axis (small black arrow) was measured

. . ’ continuously and coupled to the rotational velocity of the grating
independently. The time until an LED reached a constargigpiayed in the arena (large black arrow). Turning responses in the
luminance value after switching on or off was 20u50Stripe  cjockwise direction caused counterclockwise pattern motiorviaad
patterns were generated using two eight-bit registers connectversa The translational flight force along the fly’s longitudinal body
to two parallel ports of a computer, one specifying the state (axis (thrust, small white arrow) was not measured; instead, the
eight neighbouring LED columns (‘on’ or ‘off'), the other consequences of translation for the visual input of the fly were
specifying the respective board and the location of thessimulated by constant-velocity motion of the grating from front to
columns on the board. Generating one frame, i.e. addressiback in the right and left halves of the arena (large white arrows).
60 groups of eight columns serially, took approximaterBOttom: Compound §timu|us. The rot_ational a_lnd translational
370ps. The luminance of the bright LEDs when switched oreomponents of the optic flow were SUp.e”mpc.’sed n eac_h ha_lf of t.he
was 500-900 cd iR when the LEDs were switched off, it was arﬁ_nﬁ garfglye grey arrows)l, thereby sgnulatlng flight situations in
approximately 20cd n?. The arena had a diameter of 37 cm"e the fly was moving along a curved path (small grey arrow).
and a height of 15cm. When viewed from the centre, i
therefore had a vertical extent of £22 °. The horizontal angulazomputer-controlledvia an 1/O card (Data Translation
extent of each LED column was 0.75°. DT2801A) and the parallel ports of a computer. The sampling
Periodic square-wave gratings with a spatial wavelength ofaite and the rate at which the frames in the arena were
7.5° were displayed on the LED arena. Optic flow simulatinggenerated were 200 Hz. The torque signal was coupled to the
flight situations in which the fly translates along its longitudinakotational velocity of the grating such that a torque of Ndm
axis and turns around its vertical body axis was achieved in thiesulted in a pattern velocity of 15.5%sin the opposite
following way (Fig. 1). The fly was suspended from a torquedirection. Translation was simulated by front-to-back motion
meter measuring the turning responses of the tethered flyirag a constant velocity in the right and left visual fields of the
animal around its vertical body axis (Fermi and Reichardtfly. The rotational and translational velocities were added in
1963; Gotz, 1964). Data aquisition and the visual stimuli werdoth halves of the visual field.

Flight simulation
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An object could be superimposed on the background gratingas presented for the first 5s. The object was then introduced
(see Fig. 2A). The pattern on the object exactly matched that front of the fly (0° by definition). In subsequent trials, any
on the background. The object covered the entire verticalombination of the four different translational velocities of
extent of the arena and had a width of either 15° (‘smalbbject and background (see above) was used except for those
object’) or 60 ° (‘large object’). The rotational velocities of the yielding no relative motion (identical translational velocities of
object and background were determined by the turningbject and background). In further trials, object motion at the
responses of the fly in the same way. Rotation alone, therefoffeur different velocities was displayed while the background
did not induce relative motion between object and backgrounavas stationary. Each of these conditions was tested with the
By adding a constant external motion bias always directesmall and the large object. In total, 32 different stimulus
from front to back to the object, translation of the fly alongsideonditions were presented in pseudorandom order. Each
the object was simulated. By varying the velocity of thecondition was tested 39 times with a total of 36 flies. Each fly
superimposed motion bias (translational velocity), differentvas tested with the complete set of stimulus conditions once
distances of the object were simulated. Different distances @i, at most, twice. All the data presented below were taken
the background were simulated by varying the velocity of drom this set of experiments.
front-to-back motion bias added independently from object
translation in both the right and left halves of the background
pattern (background translation). The translational velocities Results
used and the terminology according to which the respective Flies were able to fixate objects if the objects moved relative
simulated distances will be referred to are as follows:™°s to their background. Two examples of fixation responses are
(‘infinite’), 15°s? (‘distant’), 60°s?! (‘close’) and 240°3  shown in Fig. 2. In the first example (Fig. 2Bi-Di), the
(‘very close’). The translational motion bias of the object wadackground was simulated to be at infinite distance and the
always directed from front to back; it was positive by definitionobject close to the fly. In the second example (Fig. 2Bii-Dii),
when the object was in the right part of the visual field andhe background was simulated to be distant and the object very
negative when it was in the left part of the visual field. Stimuluglose to the fly. During the initial periods in which no object
conditions were also presented in which the background moveudas present, the torque fluctuated around zero, indicating that
at a higher velocity than the object, simulating a situation ithe fly constantly changed its intended direction of flight, but
which the background is closer than the object. Althoughthat, on average, it flew straight ahead (Fig. 2Bi,ii). At the
under these conditions, the background would better b@stant when an object was introduced in front of the animal,
referred to as foreground, for convenience we use the terthe fly was generating a small torque in the counterclockwise

‘background’ irrespective of its simulated distance. direction in both examples, so the object was shifted clockwise
_ _ into the right visual field of the fly (Fig. 2Ci,ii). This can be
Experimental design compared with the free-flight situation during a left turn of the

Because of possible deviations from exact suspension of tlikg. Without a further turning responses, the object would have
fly in the flight simulator and possible asymmetries in the flighmoved with a constant velocity out of the frontal region of the
motor, the reference torque corresponding to straight flight hadsual field because of its translational motion bias (dotted lines
to be determined at the beginning of an experiment. Thim Fig. 2Ci,ii). However, immediately after the object
procedure was based on the assumption that the flyappeared, the fly tried to turn towards it. Repeated turning
compensatory optomotor response is symmetrical, i.@esponses in the clockwise direction were observed in the first
clockwise and counterclockwise pattern rotation at a giveexample (Fig. 2Bi) and a short, strong turning response was
velocity lead to the same average torque in the respectivecorded in the second example (Fig. 2Bii). As a consequence
direction. The mean torque during clockwise andof the turning responses in the first example, the object did not
counterclockwise pattern motion was therefore assumed toove into the rear part of the visual field but was fixated in the
correspond to the zero (reference) level. This value wasonto-lateral part (Fig. 2Ci). In the second example, the object
determined in an iterative manner. First, an arbitrary value wasas not fixated but decelerated for a short period (Fig. 2Cii).
assumed as the reference torque. The torque of the tethel®efore the object appeared, the background velocity in the first
flying fly was coupled to the rotational velocity of the example fluctuated around zero, because the average torque
whole grating, and a constant rotational motion bias waslicited by the fly was zero and because the background was
superimposed. No translation was added, and no object wasnulated to be at infinite distance and therefore did not lead
displayed. The direction of the motion bias was switchedo translational image flow (Fig. 2Di). After the object had
between clockwise and counterclockwise every 5s. The torqueppeared, the fly’s turning response towards the object caused
produced by the fly was averaged over periods of 10s. Thi drift of the background in the opposite direction. In the
value was then used as the new reference torque for the netcond example, the background was simulated to be at a finite
10s period. After five repetitions, the final two reference valuedistance, and the velocities in the right and left visual fields
were averaged and taken as the reference torque for tteerefore differed from each other because of the translational
experimental trials. velocity component (Fig. 2Dii). Before the object appeared,

Object fixation trials lasted 20s. Only background motiorthe background was moving from front to back in both visual
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Fig. 2. Object fixation under closed-loop conditions. Two examples of object fixation with the object and background atsififidetatl
distances from the fly: a close object and infinitely distant background (Bi—Di); and a very close object and distant bdBkigiiiinbee
Materials and methods for definitions of object distances. (A) Close-up of the tethered flying fly. The horizontal extent(¢3llafbject
superimposed on the background grating is indicated by the white arrow and the dashed lines. (Bi,ii) Torque elicitedgsipthe {ihite
area) and after (shaded area) the appearance of the object. The traces show only a section of the recordings. Venti;a<4€aléNia;
horizontal scale bars, 1s. The torque signal (cw, clockwise; ccw, counterclockwise) was coupled to the rotational compbjesitaraf
background motion. Translation of the fly was simulated by adding front-to-back pattern motion. (Ci,ii) Time course ofitimeopdki
object. The same time intervals are shown as in Bi,ii. Dotted lines indicate the position the object would have taken nitatgy ope
conditions. (Di,ii) Time course of the velocities of the object (thick lines) and background (thin lines). In the examplan dBievidii, the
background was simulated at a finite distance by adding a motion bias, so the background velocity in the right half ofitie wpeathin
line) differed from that in the left half of the arena (Dii, lower thin line).

fields for most of the time, although at continuously changingorque fluctuations. In all other cases, the closed-loop situation
velocities. During the strong object-directed turning responséed to smaller fluctuations than were obtained under open-loop
the front-to-back motion of the object was almost compensatezbnditions. The smallest fluctuations in the turning responses
for a short period, whereas the background drifted in the

opposite direction at high velocity in both parts of the visua

field (Fig. 2Dii). 6x10°7 _
Torque fluctuations before the object appeared € _
The examples shown in Fig. 2 illustrate that, in the absenc £ - -

of an object, the flies flew on average straight ahead, althou 5 41071

the torque produced by the fly fluctuated continuously arour S - -

zero. The amplitude of the torque fluctuations before th E . 2 @
appearance of the object depended either on whether t ?ja 210771 5 g g 3 ©
background was stationary, i.e. no feedback of the turnir = ?B = g ° &
behaviour on the visual input was present (open-loop situatior = - © =

or on whether the turning responses were fed back to the vist 0
input (closed-loop situation) (Fig. 3). In the latter case, th

strength of the a_dded translational motion blas_, and therefoFig_ 3. Torque fluctuations in the absence of an object. The standard
the ;Imulated distance of the bac_kground, influenced thdeviations of the torque produced by the fly during the last 3s prior
amplitude of the torque fluctuations elicited by the fly. The mos gpject appearance were averaged over all trials sharing the same
pronounced torque fluctuations prior to object appearance wesimulated background distanc&l=312 (stationary background);
generated when the background was simulated to be very cloN=234 (other stimulus conditions). Error bars denstem. See

In this case, the fluctuations were stronger than the open-loMaterials and methods for definitions of stimulus conditions.

Simulated background distance
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around a straight flight course were observed when thdepended on the simulated distances of the object and
background was simulated to be distant or at infinite distancéackground (Fig. 4). The histograms show the probability
The finding that visual feedback reduces the torquelistributions of the positions of the object during the first 3s
fluctuations compared with flight under open-loop conditionsafter the object appeared in front of the fly. Position histograms
is in accordance with previous experiments. Heisenberg arade shown for all combinations of simulated object and
Wolf (1988) showed that the fluctuations of optomotor turningpbackground distances and for conditions in which the turning
responses ibrosophila melanogasteare greater under open- responses were not fed back to background motion. In general,
loop than under closed-loop conditions. The present resulfxation of the object can be inferred from peaks in the position
extend this finding with respect to the influence of concurrertiistogram, indicating that the object stayed preferentially in a
translational motion. They indicate that the smallest torquearticular area of the visual field. Object position probabilities
fluctuations, and therefore the most effective stabilization ofieed to be compared with the reference probability that would
the retinal image, are achieved when the background is eithkave been obtained if the object had moved from front to back
not translating or translating only slowly, i.e. during flight without being coupled to the turning responses of the fly (solid
distant from the background. lines in Fig. 4B-D). The reference position probabilities for
infinitely distant objects (no translation) were determined by
Influence of the simulated distances of object and backgroungssuming the presence of an object during 3 s before it actually
on fixation appeared and by calculatipgst hocthe position probability
How well large and small objects could be fixated by the flyfor such a hypothetical object (not shown).
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Fig. 4. Dependence of object fixation on the simulated distances of the object and background from the fly. Probabilityeof shenghjar
position for a small (grey columns) object and a large (black columns) object during the first 3s after its appearancendCgrrelsjpat
positions in the right and left visual fields were pooled. The spatial resolution was 6° (to visualize both distributiohentieeare drawn
with a width of 3°). Histograms obtained with the same background motion condition are aligned in rows, those obtainedsavite the
translational velocity of object motion are aligned in columns. The integrals of the probabilities from 0 to 180 ° sum &oH d@trebution.
Close and very close objects remained at the back (180 °) with the highest probability (not shown). Straight lines in BADtheppesition
probabilities of the object under open-loop conditions. Values are mezamsi +N=39. See Materials and methods for definitions of stimulus
conditions. See text for further explanation.
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Table 1.Fixation probabilities that an object remained within the area indicated

Object distant (less thatl?2 °) Object close (less tha®0 °) Object very close (less that20 °)
Background Small object Large object Small object Large object Small object Large object
Stationary 0.203+0.037 0.331+0.056 0.451+0.053 0.561+0.054 0.188+0.020 0.178+0.014
Infinite 0.186+0.022 0.334+0.038 0.520+0.054 0.568+0.050 0.187+0.018 0.282+0.022
Distant 0.468+0.049 0.51240.051 0.218+0.017 0.303+0.028
Close 0.220+0.035 0.193+0.040 0.214+0.019 0.268+0.021
Very close 0.202+0.039 0.111+0.018 0.274+0.029 0.279+0.032
Open-loop 0.267 0.333 0.167

Values are the meanste.m. (N=29) of the probability that the object remained within the indicated area during the first 3 s after it appeared.
The bottom row gives the probability with which an object moving under open-loop conditions would have remained in the rexgzecti
See Materials and methods for definition of stimulus conditions.

Fixation of an object simulated to be infinitely distantwere elicited when the background was simulated to be very
(Fig. 4A) seemed to be best in front of a distant backgroundlose (Fig. 4Cv).
(Fig. 4Aiii)) and worst in front of a very close background Very close objects were fixated at positions more frontal
(Fig. 4Av). However, the turning behaviour of the fly in thethan £120° with a higher probability than under open-loop
absence of an object would have led to very similar positiononditions when they were large and when the background was
probabilities to those obtained when an object was present (nebn-stationary (Fig. 4D; Table B<0.001 for all conditions,
shown). The only case in which the object was fixated in th&/ilcoxon matched-pairs test). Fixation of the small object was
frontal part of the visual field (less than +12 °) with a higheronly significant if the background was distant and positions
probability than the reference probability derived from flightmore frontal than 90° were considerdek(.05, Wilcoxon
behaviour before the appearance of the object was the situatioratched-pairs test). The large object was fixated at a position
in which the background was stationary (Fig. 420.05 for  more frontal than 120 ° with a higher probability than the small
the small object,P<0.001 for the large object; Wilcoxon object in all conditions except with a stationary background
matched-pairs test). In other words, ‘fixation’ in the situation§P<0.05, conditions shown in Fig. 4Dii—iv; Wilcoxon
with a moving background and an infinitely distant object wasnatched-pairs test).
only the consequence of the flight course the fly would have In conclusion, object fixation was best when the object was
taken even if there had been no object. Real fixation of asimulated to be close or very close to the fly. Generally, when
infinitely distant object was therefore apparent only when théhe background was simulated to be closer than the object, no
background was stationary. fixation responses were elicited. With increasing simulated

Distant objects did not seem to be fixated (Fig. 4B). Theroximity between the object and the fly, the object was fixated
probability of the object remaining in the frontal part of theat an increasingly lateral position. The large object was fixated
visual field (less than +12°) was in no case significantly largemore readily by the fly than the small object, the latter tending
than it would have been under open-loop conditions (Table 1o be fixated more frontally than the large object. Background
Wilcoxon matched-pairs test). Despite these conclusions basatbtion enhanced fixation of large objects when the object was
on average data, both the small and the large object were fixatgichulated to be very close.
in some of the trials during which the background was stationary
or at infinite distance (Fig. 4Bi,ii), as will be shown below. Spatio-temporal aspects of object fixation

When the object was simulated to be increasingly close, its The probability distributions of object positions shown in
preferred position was shifted towards increasingly lateraFig. 4 do not allow an assessment to be made of how the
parts in the visual field (Fig. 4A-D). Close objects were fixatedixation responses change over time. Therefore, the
at positions more frontal than +60 ° (Fig. 4C). The probabilityprobabilities with which the object stayed at a given position
of the object remaining within this region was larger than unden the visual field during a particular time bin are shown for
open-loop conditions if the object was large and thesome of the stimulus conditions in Figs 5 and 6. A scrutiny of
background was not simulated to be very close (Fig. 4Ci—iiithese spatio-temporal probability distributions revealed
Table 1;P<0.01 for each condition, Wilcoxon matched-pairsadditional features of the fly’s fixation responses that are not
test). Fixation of the small object at positions more frontal thaobvious from in the purely spatial probability distributions.
+60° was only significant if the background was infinitely The spatial probability distributions (Fig. 4) did not indicate
distant (Fig. 4Cii; Table 1P<0.05, Wilcoxon matched-pairs that small distant objects could be fixated by the fly. However,
test). However, the probability of a position more frontal tharinspection of the spatio-temporal distributions revealed that
+60 ° was not significantly different for a small and for a largeboth large and small distant objects could be fixated if
object in any of the conditions, indicating that small objectgpresented in front of a stationary background (Fig. 5A,B). For
were also fixated in some of the trials. No fixation responsesmall objects, a distinction into two types of reactions became
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Fig. 5. Spatio-temporal probability distributions of 180 Distant object; stationary background

object position for a distant object. The translational A B
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The time axes of the spatio-temporal probability maps L "

start with the appearance of the object and end 10s - -
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0° (bottom of the diagrams) and end at 180°. Vertic
scale bar, 30°. Data obtained for objects moving in the
left half of the visual field were mirror-inverted andg
pooled with data obtained for objects moving in th& 1g9
right half of the visual field. Dashed lines indicate thes. C D
course the object would have taken under open-lodp gl -
conditions. The resolution is 200ms in time and 6° i@ p .
space. Grey shading indicates the probability of the L -

object being at a particular position within a given time b e
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corresponds to one-quarter of the maximal probability - .

that a spatio-temporal bin could obtain if the object ..|-'- pad

were to move under open-loop onditioMé=39. See 0 ="

Materials and methods for definitions of stimulus 0 100 10
conditions. Time (9)

obvious: either the object moved into the rear part of the arena, When the background was simulated to be at infinite
starting at a velocity higher than the object's open-looglistance from the fly (Fig. 5C,D), the small object most
velocity, or it was fixated at a frontal position in the visual fieldfrequently moved from front to back at its open-loop velocity
for a period of more than 10s. Spatio-temporal object positiorand, therefore, did not affect the flight course of the fly. Object
intermediate to these extremes occurred less frequently. THigation was less probable but occurred occasionally, indicating
large object was also fixated frontally over the whole periocgain that two different response types could be discriminated.
of 10s. In contrast to the small object, there was no secorkhe large object most frequently elicited weak turning
distinct response type with a high probability. responses towards the object that partly compensated for the
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Fig. 7. Time-dependent object fixation by individual flies. Time courses of the position of small objects simulated to bsevefheldata
were taken from experiments with three different flies (A—C). The time scale starts with object appearance. Background eomdison
follows: stationary (dotted lines), infinitely distant (dot-dash lines), distant (dashed lines) or close (thick solid linesjlid’lines show the
time course of the position the object would have taken under open-loop conditions. See Materials and methods for de§ititiohs of
conditions. In A, each fly performed twice under each of the four stimulus conditions.

object's motion bias but were not sufficient to fixate it at atranslational velocity. As long as no object was present, the
constant position. torque fluctuations produced by the fly were smallest when the

A segregation of the spatio-temporal probability distributionbackground was simulated to be distant and much larger when
into distinct response types, i.e. fixation and non-fixation, wathe background was simulated to be very close. Under all
observed under several stimulus conditions (Fig. 6). When theonditions apart from those in which the background was very
background was simulated to be at infinite distance and theose, the visual feedback of the fly’s actions and reactions
object was close (Fig. 6A,B), the object could not be fixated itended to straighten the flight course. Objects simulated to be
most of the trials and moved into the rear part of the arena, wherkvse or very close were fixated more readily than distant
it remained until the end of the trial. Nonetheless, the flies fixateobjects. In most cases, a large object was fixated better than a
both the small and the large object in some trials. The largemall one, but at a more lateral position. There was no evidence
object was fixated more frequently than the small object (see alar object-induced fixation responses when the object was
Fig. 4). When small and large objects were simulated to be vegimulated to be more distant than the background, a situation
close and the background was distant (Fig. 6C,D), the fliethat never occurs under natural conditions. For some of the
responded in some of the trials with turning reactions towardstimulus conditions, a distinction into either ‘no responses’ or
the object. The responses to the large object started somewtddear fixation responses’ was possible. Intermediate responses
later and, therefore, at a more lateral position in the visual fieloccurred less often.
than the responses to the small object. Note the different scaling
of the time axes in the Fig. 6A,B and Fig. 6C,D. How well could natural flight situations be approximated?

A distinction into two response types was found not only In a flight simulator, it is possible to control the visual
when analyzing the total of all flies’ responses but also withistimuli and to assess directly behavioural parameters such
the responses of individual flies. This is shown separately fas yaw torque. In contrast to free flight, this approach
three flies confronted with a small object simulated to be vertherefore allows the experimenter systematically to analyse
close in front of backgrounds at a range of distancestimulus—-response relationships. However, in the flight
(Fig. 7A—-C). The object was either fixated or ignored by eackimulator, the stimuli are less complex than those experienced
of the flies. Thus, by taking into account the time course adby freely flying animals. In previous studies on object detection
object fixation, it was shown that the fly responds to severalnd fixation using tethered flying flies, either only rotations of
conditions of relative motion between object and backgrounthe animal or straight translational flight was simulated, and
in either of two ways, object fixation or non-fixation, with the behaviour of the fly had little or no influence on the motion
intermediate responses being less probable. stimuli presented (e.g. Virsik and Reichardt, 1976; Reichardt

et al., 1983; Egelhaaf, 1985a; Kimmerle et al., 1997). In the
present experiments, we therefore attempted to use motion
Discussion stimuli that shared the following important features with optic

Tethered flying flies were exposed to situations simulatindflow as experienced during free flight. (i) Turning responses
translational flights in an environment consisting of an objecinduced counter-rotation of the retinal image (closed-loop
and its background. The rotational component of the optic flowituation). (i) The motion stimuli consisted of a rotational
was determined by the flies’ turning reactions, while thecomponent that was independent of the distance of the object
translational component was constant and determined by tlaed the background from the fly and of a translational
experimenter. Object and background were simulated to be edmponent that depended on distance. Nevertheless, the optic
different distances from the fly by varying their respectiveflow to which the flies were subjected in the present
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experiments differed substantially from optic flow asfixation. Indications for such a gating mechanism in the object-
experienced during free flight in the following ways. (i) Patterndetection system of the fly have been reported previously
motion in the present experiments was always horizonta{Zanker et al., 1991). At which stage of the neuronal pathway
whereas during real translation, the optic flow spreads radialljoes gating take place? A central processing stage for optic
from the pole in the heading direction. Moreover, theflow inthe visual system of the fly occurs at the large tangential
translational velocity was constant along the azimuth withircells in the fly’s third visual neuropile, the lobula plate. The
the right and left visual fields, whereas in a natural situatiotangential cells spatially integrate local motion information
the translational velocity depends on the visual angle witlover large parts of the visual field and may interact with each
respect to the heading direction. However, it has been shovather to enhance their selectivity for optic flow (see Hausen
that translational motion approximated in a similar way to thend Egelhaaf, 1989). The presumed representatives of the
present experiments can elicit landing responses (Borst, 1996bject-detection system at the level of the lobula plate, the
and compensatory responses of the thrust force (Gotz, 1968gure-detection (FD) cells (Egelhaaf, 1985b; Kimmerle and
(ii) Object fixation in the flight simulator required sustainedEgelhaaf, 2000), respond to object motion with some
turning responses by the fly. Otherwise, the object moved inteariability. However, the distribution of their response strength
the rear part of the arena because of its translational moties unimodal (B. Kimmerle, unpublished observations). A
bias. In contrast, once a fly has turned towards a stationabymodal response distribution, as found in the motor output,
object and is heading towards it in free flight, no further turningannot therefore be explained on the basis of the responses of
responses are necessary to fixate the object. The interpretatidhese cells, and the gating mechanism must therefore be
of the turning responses measured in the present study witlssumed to act at a subsequent processing stage. The
respect to the simulated distance of the object are therefore,descending neurons in the lateral protocerebrum form a
a strict sense, only valid for the initial fixation period. potential site. Some of these neurons receive, in addition to
visual input from the Ilobula plate, input from the
Influence of the simulated distance of the object and mechanosensory system of the antennae (Gronenberg and
background from the fly Strausfeld, 1990, 1992). Gating of the sensory responses of
It was concluded that objects elicited fixation responses bglescending neurons has recently been demonstrated in crickets
the fly only if they were simulated to be closer than thgStaudacher and Schildberger, 1998). These neurons were
background. This is in accordance with a previous study ishown to be gated by the walking activity of the animal. Gating
which relative motion stimuli were presented under open-loompmechanisms have also been described at the level of motor
conditions during simulated translational flight (Kimmerle etneurons. Motor neurons supplying the flight-steering muscles
al., 1997). With respect to visual orientation behaviour inin flies have been shown to respond to optomotor stimuli only
natural environments, this means that flies are only attractetliring flight (Heide, 1983). In the present context, the motor
by relative motion cues if they are from objects that are, fosystem can be excluded from responsibility for the gating
instance, elevated above the ground and not from a hole obacause the flies were flying throughout the experiment.
dip in the ground.
Objects simulated to be very close were only fixated if theObject fixation and optomotor course control — processing at
background was non-stationary. It is conceivable from the neuronal level
Fig. 4D, that although not statistically significant on the basis As mentioned above, optic flow elicited by background and
of the present data, object fixation may be facilitated when thebject motion is assumed to be evaluated by the tangential cells
optic flow contains a translational component. This wouldn the lobula plate of the fly. The FD cells respond best to small
corroborate earlier results on object-directed turning behaviowbjects and are inhibited during wide-field motion (Egelhaaf,
under open-loop conditions (Kimmerle et al., 1997). Thel985b; Kimmerle and Egelhaaf, 2000); they are therefore
deviations from straight flight in the absence of an object werkelieved to play a role in mediating fixation responses. The
smallest when the background was simulated to be distant. Opeesumed representatives of the optomotor system for
might therefore speculate that both course control andontrolling body movements about the vertical axis of the
detection and fixation of close objects are performed mostnimal are the horizontal system (HS) cells (Hausen, 1982).
efficiently when the background is at a particular distance frorhlow specific are the responses of these cell classes to
the fly and therefore induces a moderate translationalombined object and background motion such as that occurring

component in the optic flow. in a behavioural situation in which the fly has some control
_ _ o over its visual input? In a subsequent study (B. Kimmerle and
Gating of object fixation M. Egelhaaf, in preparation), this question will be investigated

It was observed under several stimulus conditions that thiey repeating in electrophysiological experiments on both cell
object was either fixated or that no fixation responses wetgpes the optic flow generated in the present behavioural
elicited. Intermediate responses occurred less often. Sucheaperiments during object fixation.
bimodal distribution of responses in the behavioural context of
object detection — a full response or no response — suggests aVe are grateful to N. Bdddeker, R. Kern, H. Krapp, R.
gating mechanism in the neural pathway mediating objedfurtz and A.-K. Warzecha and the anonymous referees for
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