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Summary

To study the visual cues that control steering behavior
in the fruit fly Drosophila melanogasterwe reconstructed
three-dimensional trajectories from images taken by
stereo infrared video cameras during free flight within
structured visual landscapes. Flies move through their
environment using a series of straight flight segments
separated by rapid turns, termed saccades, during which
the fly alters course by approximately 90° in less than
100 ms. Altering the amount of background visual contrast

dimensional array of Hassenstein—Reichardt elementary
motion detectors and, through spatial summation, the
large-field motion stimuli experienced by the fly during
the course of its flight. Event-triggered averages of the
large-field motion preceding each saccade suggest that
image expansion is the signal that triggers each saccade.
The asymmetry in output of the local motion detector
array prior to each saccade influences the direction (left
versusright) but not the magnitude of the rapid turn.

caused significant changes in the fly’s translational Once initiated, visual feedback does not appear to
velocity and saccade frequency. Between saccades,influence saccade kinematics further. The total expansion
asymmetries in the estimates of optic flow induce gradual experienced before a saccade was similar for flight within
turns away from the side experiencing a greater motion both uniform and visually textured backgrounds. In
stimulus, a behavior opposite to that predicted by a flight summary, our data suggest that complex behavioral
control model based upon optomotor equilibrium. To patterns seen during free flight emerge from interactions
determine which features of visual motion trigger between the flight control system and the visual
saccades, we reconstructed the visual environment from environment.

the fly’s perspective for each position in the flight

trajectory. From these reconstructions, we modeled the Key words: visual control, optic flow, saccade, flight, behaviour,
fly's estimation of optic flow on the basis of a two- Drosophila melanogastemotion detection.

Introduction

An important goal of neuroethology is to determine how As a fly moves through its environment, images move across
complex patterns of behavior emerge from the interactiongs retina and generate complex patterns of optic flow. A fly
between an animal and its environment. In the most genere&n use estimates of these flow patterns to provide information
terms, what we recognize as behavior results from a continuoadout its own motion, to discriminate objects from background
feedback loop in which an animal’s actions influence what iand to determine the relative distance of objects (Collett and
experiences, and the resulting change in sensory input modifieand, 1975; Egelhaaf et al., 1988; Srinivasan, 1993; Srinivasan
its motor output. Because of their small size and the wealth @ft al., 1999). Previous studies have demonstrated that the flight
studies on their sensory-motor physiology, flies are an excelletrigjectories of many fly species consist of straight flight
model system for studying the complex feedback between aequences interspersed with rapid changes in heading termed
animal's motor behavior and its sensory world. Nearlysaccades (Collett and Land, 1975; Schilstra and van Hateren,
anywhere in the world, without much effort, you can probablyl999; Wagner, 1986). While several sensory control models
find a fly buzzing around in a seemingly random fashion. Whildave been proposed for the straight flight segments (Collett,
appearing stochastic, the complex flight trajectory of the fijy980; Wolf and Heisenberg, 1990), the sensory stimuli
must ultimately emerge from the interactions among its sensorgsponsible for initiating saccades are not known.
systems, its motor system and the local environment. The During straight flight, there is a focus of expansion within
purpose of this study is to investigate how the visual patterrthe fly’s visual field where image velocity is zero. Optic flow
that a fly encounters as it moves through a complex landscapsdiates from this point. Nearer objects move faster across a
determine its flight behavior. fly’'s retina than those farther away. Simultaneous rotation and



328 L. F. Tammero and M. H. Dickinson

CCD cameras

Fabric
enclosure

Recongructed
3-D trgjedories

Computer

Flight trajecory

psp [ |y cr

DSP | E— VCR

IR-absorben
floor

Fig. 1. Apparatus for measuring free flight trajectories. Stereo video cameras film the flies as they explore a cylindritdlaarsh@R)
illumination was used to avoid interference with the fly’s vision. A combination of on-line and post processing generaetiraehsenal
flight trajectory. DSP, digital signal processor; LED, light-emitting diode; VCR, video recorder.

translation create optic flow fields that are more difficult toinsensitive (Hardie, 1985), was used to avoid interference with
interpret. Thus, maintaining straight flight and minimizingvisually mediated aspects of the flies’ behavior. The floor of
rotation are important goals of the flight control system (Colletthe arena was covered with infrared-absorbent flock paper
et al., 1993). Tethered flies turn reflexively in the samgEdmonds Scientific, J54-853), and the top rim of the arena
direction as any perceived large-field rotation of visual spaceas lined with 200 infrared diodes. For trials with a textured
in an attempt to reduce retinal slip (Go6tz, 1968, 1975). Fliesisual background, we lined the arena with a black-and-white
are thought to rely upon this so-called optomotor response #x14 random checkerboard pattern. Each square would
correct for horizontal deviations from straight flight. A similar subtend a 5%5 ° portion of visual space from the center of the
reflex, mediated by the detection of visual motion in thearena and was colored either black or white with a probability
vertical direction, stabilizes altitude (David, 1979, 1984;of 0.5. The arena was lit externally by a ring of eight
Wehrhahn and Reichardt, 1975). Both responses are thoughtandescent lights controlled with a dimmer such that
to operatevia linear negative feedback systems in which motoiillumination within the arena ranged from 10 to 14 cd flor
output is inversely proportional to features of visual input, suclboth the textured and the uniform backgrounds. A black curtain
as large-field image velocity. running from the upper rim of the cylinder to the ceiling
In contrast, the saccades are rapid, intermittent events thatevented any view of the laboratory environment.
presumably cannot be represented by a simple linear Within the curtain, two video cameras, separated by 57 cm,
transformation of a sensory input. It is more likely that specifiavere suspended 130cm above the arena, each at an angle of
features within the fly’s visual world trigger the all-or-none15° from the vertical (30° relative to one another). The
events. One possibility is that saccades are triggered lmameras were synchronized using pulses generated by a pulse
looming objects, similar to the stimuli that evoke landinggenerator (BSG-50, Horita). Flies were tracked at a rate of
responses (Borst, 1990). By reconstructing the visual inpu®0framesst. Digital signal processors (DSP-2000, Dage-
and estimating the optic flow experienced by freely flyingMTI) subtracted, frame by frame, a static background image
Drosophila melanogastemwe attempt to identify the visual from the live video signal, causing the fly to appear as a bright
computations that act to trigger saccades as the animal flispot against a black background. The images produced by the
actively through its environment. The results show that classibSP were recorded using two video cassette recorders (VCRS).
linear models of flight control based on optomotor equilibriumDuring acquisition, a time-code generator (TRG-50, Horita)
cannot account for the behavior of freely flying flies under oustamped an identical time code on the audio track of each tape.
experimental conditions. When digitizing the images from the tapes, the software
(Adobe Premiere) was able to read the time code from each of
) the tapes to ensure that the digitized frames from each camera
Materials and methods were aligned.
Tracking and trajectory reconstruction The location of the centroid of the fly was determined in each
Free flight behavior was video-tracked within an arena madiame. To convert from two two-dimensional images to three-
from a translucent white acrylic cylinder 1 m in diameter andlimensional spatial coordinates, a calibration was required. This
0.6 m high (Fig. 1). Infrared illumination, to which the flies arecalibration was performed using a 388 cnmx62cm cube
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with 13 light-emitting diodes (LEDs) whose exact spatialazimuth and 180° of elevation. Thus, each pixel represented
positions were known. A transformation matrix based on théhe intensity of a square 0.38%.33° patch of visual space.
positions of the LEDs in each of the two-dimensional frames an@ihe angular spacing\¢) and the angular sensitivityzg) of
their three-dimensional position was calculated using softwarie fly’s photoreceptors are both approximately 5° (Buchner
written using Matlab (Mathworks). This transformation matrixet al., 1976; Go6tz, 1964; Heisenberg and Wolf, 1984). To blur
was used to convert the centroid position in each of the twdhe image such that it would appear as seen through the optics
dimensional frames to a three-dimensional spatial coordinatpossessed bprosophila melanogasteeach frame was then
The translational velocity of the fly was determined from thesmoothed using a 380 pixel two-dimensional Gaussian filter
distance the fly covered in thgy plane between samples. The with a standard deviation of 5 pixels and then downsampled by
change in the fly’s altitude between frames will be referred to as factor of 15 along both dimensions. This created a
the vertical velocity. Because of the small sizeDobsophila  72x36 pixel matrix of intensities, with each pixel representing
melanogasterand the large field of view monitored by the a 5%5° square of visual space, for each point along the fly’'s
cameras, we were unable to determine the exact angular positivajectory.
of the fly’s body. Thus, to estimate the heading of the fly and its For each pixel, the intensity signal was converted to a
angular velocity about the yaw axis, we assume that theontrast signal by subtracting the mean intensity of that pixel
horizontal projection of the longitudinal axis of the fly is ataken over the flight period. These contrast images were fed
tangent to the flight path at all times, which is equivalent tonto horizontal and vertical motion-detector models. The
assuming no side-slip and no yaw relative to the flight pattdirection of motion was analyzed using ‘delay and correlate’
While this assumption would be largely invalid under fieldHassenstein—Reichardt elementary movement detectors (Borst
conditions in the presence of wind, it may serve as a faiend Egelhaaf, 1989; Reichardt, 1961). In this motion-detection
approximation under laboratory conditions in still air. Furthermodel, the contrast signals from neighboring photoreceptors
while the presence of moderate side-slip and yaw wouldre compared by a multiplication after one of the signals has
guantitatively alter some of our analyses, they would not effedieen delayed. A detailed description of the motion-detection
the primary conclusions. algorithm that was used is included in the Appendix. The delay
function within the detector model was performed by
Animals convolving the contrast signal with a first-order low-pass filter
All experiments were performed on 2- to 4-day-old fruitwhose impulse response is an exponential decaying with a time
flies, Drosophila melanogasteMeigen, from a laboratory constant of 40 ms. To ensure that our results were not affected
culture descended from 200 wild-caught females. Flies wergy processing prior to the motion-detection phase, we also ran
starved (to motivate longer flight sequences) and adapted to ttiee motion-detection model by first processing the input
light level of the flight arena for 6 h prior to each experimentintensities with a first-order high-pass filter (time constant
Experiments with a textured background were performed using0 ms) instead of subtracting the mean intensity. The filtered
22 females and 18 males. Experiments with a unifornintensities were then summed with the original intensities
background were performed with 25 females and 21 malescaled by a factor of 0.15, in a manner identical to Kern et al.
Some flies provided more than one trajectory. We filmed th€000). In examples using peripheral filtering, the time
flies in the flight arena one at a time, with data collectiorconstant of the low-pass filter in the delay line of the motion
terminating after the fly had landed on either the floor or theetector was increased to 100 ms.
walls of the arena.

Visual reconstruction and motion detection calculation Results

The fly’s three-dimensional trajectory was smoothed to While flying within our flight arena, Drosophila
remove digitization errors using a fifth-order low-passmelanogaster exhibited stereotyped flight trajectories
Butterworth filter with a cut-off set at 15Hz, half the video consisting of straight flight segments interspersed with rapid
sampling rate. The trajectory was then upsampled by a factsaccades. During each saccade, the fly’'s course heading
of 5 (to 150Hz) using a cubic spline interpolation. The anglehanged by approximately 90 ° within 100 ms (Fig. 2A). The
that the walls of the arena would subtend along the fly’s retinsaccades are clearly visible as spikes occurring at 0.7 s intervals
was then calculated assuming (i) that the fly’s body and head the angular velocity recording (Fig. 2B). The kinematic
were yaw-stabilized with respect to its flight trajectory, and (ii)changes associated with the saccades are not limited to changes
that the horizontal plane of the head was aligned parallel to the heading, but are accompanied by transient alterations in
ground. These assumptions were necessary given the lackhafrizontal and vertical velocity. Event-triggered averages
information about the fly’s body position and the position ofcentered at each saccade indicate that horizontal velocity
the fly's head relative to its body. The angle the walldecreases slowly before and increases rapidly after each
subtended across the fly's retina was calculated by projectirgpccade, while vertical velocity increases slightly before and
the image of the walls onto a sphere, representing both the flyecreases after each saccade (Fig. 2C). In addition, a small
eyes, for each point along the fly’s trajectory. We generatedratation in the direction opposite to that of the saccade appears
1080x540 pixel image of the walls that represented all 360 ° ofo precede the peak in angular velocity. The regularity of these
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Fig. 2. Basic kinematics of free flight trajectories. (A) A sample trajectory lasting 17 s within a textured background demgdrsira fly

explores its environment using a series of straight flight segments separated by saccades. Note that the pattern onsthendaiidyiled,

instead of the regular pattern that is shown in the figure. (B) Angular, horizontal and vertical velocity plotted as aesirfur Heeitrajectory
shown in A. Spikes in the angular velocity trace indicate saccades (B, upper). Horizontal and vertical velocities (Balogeein concert with
angular velocity. (C) Event-triggered averages of angular velocity and horizontal and vertical velocity over all flies. efreaaéigned using
the point of maximum angular velocity. Each plot of horizontal and vertical velocity shows two traces representing theemganean line
not plotted. The velocities come from 1523 saccades from 36 flies. All saccades are plotted as if they occurred in thetisamittiitbe sign
of angular velocity reversed for saccades to the right. Horizontal velocity (blue) decreases slowly before each saaequidly refesrwards
and then returns to its pre-saccade level. Vertical velocity (red) increases slightly before the saccade and decremsasadti. th

kinematic changes suggests that the saccades represenangle did, however, influence saccade direction because the
stereotyped motor program. probability of a left turn was greater for a negative approach
Avoiding a head-on collision against a wall requires a lessangle and reduced for a positive approach angle (Fig. 3C).
stereotyped avoidance maneuver than avoiding a glancinthese results indicate that asymmetries in the output of the
impact. For this reason, it is reasonable to suppose that fliescal motion detectors, which should be greatest when a fly
might vary the magnitude of the saccade depending upon tipasses close to one wall, affect the direction {efsusright)
pattern of visual motion. To test this hypothesis, we examinebut not the amplitude of the subsequent saccade.
whether the total angular rotation of the saccades varied with As flies move through their environment, they encounter
the pattern of optic flow preceding each rapid turn. A saccadédsual backgrounds that differ in contrast and texture. To
was defined as any turn in which the angular velocity exceedetttermine how a spatially structured background influences the
300°sLl We estimated the asymmetry in visual motionbasic flight pattern, we compared the behavior of flies within
experienced by a fly prior to each saccade by calculating i textured background with that seen within a uniform
approach angle towards the wall (Fig. 3A, right-hand panelbackground. In the uniform environment, the wall of the
Approach angle was defined as the angle between the extensircular arena consisted of a homogeneous translucent white
of the fly’s pre-saccade trajectory and the line normal to theurface. This uniform environment was not, however, entirely
tangent of the wall at the intersection point (Fig. 3A, left-handievoid of visual features because of the presence of two contrast
panel). edges, a lower horizon between the dark floor and the white
When saccade angle is plotted against approach angle, twmalls of the arena and an upper horizon where the top of the
clusters of points are evident, one centered at +90° and theall met the dark curtain above. For experiments in the textured
other at —90 ° (Fig. 3B), indicating that flies tend to turn sharplyenvironment, the wall of the arena was lined with a random
to either the left or right, with gentle changes in direction beingheckerboard pattern to provide a richer visual background.
less frequent. To test whether an asymmetry in visual motion The flight trajectories generated with textured and uniform
experienced by the fly had any effect on the magnitude of thHeackgrounds were quite distinct (Fig. 4A). Histograms
saccades, we regressed saccade angle on approach amgfgesenting the time spent by the flies in different portions of
separately within both the leftward and rightward clusters ofthe arena (Fig. 4B), as well as the spatial distribution of
points in Fig. 3B. For both clusters of dathyalues were less saccades (Fig. 4C), indicate that, when surrounded by a
than 0.01, indicating that no more than 1% of the variance ianiform background, flies approached the walls much more
saccade angle can be explained by variation in approach angiosely before saccading and, thus, explored a larger area of
The slopes for the upper and lower regression lines (0.05 amige arena. In contrast, the textured background constrained the
0.14, respectively) were not statistically different from zerdflies to the center of the arena. Histograms of various flight
(P>0.5 for the upperP>0.25 for the lower). The approach parameters generated under the two visual conditions are
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Fig. 3. Visual input influences the direction but not the amplitude o
a saccade. (A) Approach angle is defined as the angle that
continuation of the trajectory to the wall of the arena would make
with the line perpendicular to the tangent at the intersection poin..
Approach angle is used as a rough measure of the asymmetry Fig. 4. The fly’s visual environment influences the spatial structure of
visual motion experienced by the fly prior to the saccade. Positivits flight trajectory. (A) Sample trajectories taken within uniform (left)
approach angles indicate that the fly is closer to the arena wall on and textured (right) backgrounds showing the effects of changing the
left (L) side, and thus that the visual motion perceived on the leffly's visual environment. The inter-saccade segments are longer for
side is greater. Negative approach angles indicate that the perceptflight within the uniform background, causing saccades to occur
of visual motion is stronger on the fly’s right (R) side. (B) Saccad¢arther from the center of the arena. (B) Histogram of the fly's
angle plotted against approach angle for 1579 saccades froposition within the arena for uniform and textured backgrounds
trajectories from 36 flies flying within a textured background. Thepooled over multiple flies. The transit probability peaks in the center
two clusters around +90° demonstrate that the fly does not alter tiof the arena with a textured background and is more evenly
amplitude of the saccade on the basis of asymmetries in visudistributed with the uniform background. (C) Histograms showing the
motions. Red lines show linear regressions for each cludt.Q1,  distribution of saccade locations. Within a textured background, flies
P>0.5 for the upper line both regressioRs.25 for the lower line).  tend to saccade in the middle of the arena. Position bins are
The histogram to the right of the scatterplot shows the distribution (50 mmx50 mm. Uniform background data represent 58 trajectories
saccade angles pooled over all measurements. (C) The probability totaling 916s containing 1080 saccades; textured background data
turning left or right depends on approach angle. To generate tirepresent 36 trajectories totaling 1020's containing 1579 saccades.
probability distributions, saccade angles were binned according 1

approach angle. Each bin was 5° wide, and bin centers wel. . o i
separated by 5°. higher altitude within the uniform backgroun&<(Q.0005,

t-test), with the mean altitude lying almost exactly at the

transition from the uniform white wall to the black curtain.
shown in Fig. 5. The uniform background raised the fliesThus, the presence or absence of a richly textured visual
horizontal velocity P<0.0005,t-test) and increased the range background has a substantial impact on the motor output that
of vertical velocities P<0.01,F-test). The flies also flew at a emerges from the flight control system.

Saccade probability (%)
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Fig. 5. Histograms of kinematic parameters within uniform (A) and textured (B) backgrounds. The distribution of angulartaietocftpm
inter-saccade flight segments is similar for flight within a textured or uniform background. The mean horizontal velociteds dedug

flight within a textured background, and the variance of vertical velocity is reduced. In addition, flies tend to fly at Hitleseewithin a
textured background. The uniform background data come from 58 trajectories totaling 916, the textured background data 86me fro
trajectories totaling 1020 s.

The regularity of the saccade interval, illustrated by thelhe distributions of saccade amplitude (saccade angle) and
peaks in the angular velocity recording (Fig. 2), suggests thalirection (left versus right) were similar, and saccade
flies might rely upon an internal clock to control the timing ofamplitude was still independent of the fly’s position with
saccades. However, histograms of the interval betweemrspect to the walls of the arena (Fig. 7). For the uniform
saccades demonstrate that the saccade rate was lower indidekground, the slopes for the upper and lower regression
the uniform background”<0.0005, Wilcoxon'’s test) (Fig. 6), lines, 0.35 and 0.43, respectively, were statistically different
eliminating the possibility of a purely internal timing from zero P<0.002 for both). However, these regression lines
mechanism and suggesting that the saccade frequency reswisre not statistically different from their counterparts from the
from an interaction between the fly’s control system and theextured background. Further, the visual environment did not
visual environment. The decrease in saccade rate (Fig. @ffect the distribution of angular velocity (Fig.5). These
coupled with the increase in horizontal velocity (Fig. 5) withinobservations provide further evidence for the stereotyped
a uniform background corresponds to an increase in theature of saccades.
distance covered between saccades0(0005, Wilcoxon’s In addition to its influence on the occurrence of saccades,
test) and the occurrence of saccades farther from the centertbé visual environment might also affect the straight flight
the arena. The uniform background did not, however, appeaequences between saccades. Such an influence would be
to affect the basic characteristics of the saccade behavior itsedftpected ifDrosophila melanogastewxere to fly according to

Fig. 6. Histograms describing saccade
behavior within uniform (A) and
textured (B) backgrounds. The time
interval between saccades and the,
distance covered between successiv®
saccades are reduced within a textureé
background. Removal of the textured§
background, however, does not affecf
saccade amplitude. Saccades do;
however, occur farther from the centerg
of the arena within a uniform 3
background (see also Fig. 4C). The
uniform background data come from
58 trajectories containing 1080
saccades, the textured background
data come from 36 trajectories
containing 1579 saccades.
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(gray symbols). In both cases, there are two clusters of saccades centered at +98 ¥allies from regression lines fitted to each cluster
were again smalrf<0.05,P<0.02 for both). (B) Probabilities of saccading left (blue) and right (red) within uniform and textured backgrounds.
Probability distributions were found as described in Fig. 3. The probability of saccading in each direction was similat fathiligthe
uniform (solid lines) and textured (dashed lines) backgrounds.

the optomotor equilibrium model, in which flies adjust theirthe textured background (Fig. 4). The failure of a time-to-
orientation to balance the pattern of visual motion in the leftollision model cannot be explained by the complete absence
and right visual fields. To test for this influence, we identifiedf visual cues in the uniform background because the two
inter-saccade flight sequences greater than 0.25s in duratiborizontal edges would provide adequate input for a time-to-
and then rotated and translated the segments such that ti@dlision calculation.
initial heading, defined by the first three points, was the same To gain some insight into the features of visual motion that
for each trace (Fig.8). As indicated by the spread omight elicit the saccades, we used the kinematic data to
superimposed trajectories, flies tended to deviate away fromeconstruct the visual world as seen from a fly’s perspective as
their original heading. To determine whether deviation fromit flew within the arena with both the textured (Fig. 9A, top)
straight flight depended on the pattern of visual motion, wand the uniform (Fig. 9A, bottom) background. We divided the
plotted this deviation angle (measured as the angle between tisual environment into quadrants measuring 90 ° (azimuth) by
original heading and a regression through the subsequent fligh80 ° (elevation). Fig. 9B represents a ‘snapshot’ of the fly’s
path) against the approach angle (defined above). The slopewigual world at the instant the fly was at the positions shown
the regression line was significantly larger for the flights in thdy the red circles in Fig. 9A. The lower panel of Fig. 9B
textured backgroundP&0.01), suggesting that the richer visual emphasizes that, while visual cues in the uniform background
environment induced a greater deviation in the flight trajectorywere sparse, the two horizontal edges do provide input to the
However, the sign of the relationship indicates that flies deviatity’s visual system. After reconstructing these images, we then
away from, not towards, the side experiencing greater visuaistimated the fly’s perception of the magnitude and direction
motion, which is counter to a simple optomotor equilibriumof optic flow using an array of vertical and horizontal
model (Go6tz, 1968). Instead, this behavioral response idassenstein—Reichardt elementary motion detectors (EMDS)
reminiscent of the centering response in freely flying beefReichardt, 1961; Borst and Egelhaaf, 1989) (for details, see
(Srinivasan et al., 1991). Appendix). The properties of the EMDs were based on a
The results so far indicate that the visual world exerts atandard model derived from behavioral and physiological
strong influence on the timing and spatial distribution ofexperiments in flies (Egelhaaf and Borst, 1989; Reichardt and
saccades. What are the specific features of the fly’s estimatesggio, 1976).
of the optic flow patterns that mediate these stereotyped The vector fields representing the output of the local
behaviors? One possibility is that the flies use a time-tomotion detectors are shown in Fig. 9C. In the case of the
collision calculation (Wagner, 1982) to determine when theyiniform background, only the horizons due to the top and
should initiate a saccade. However, the fact that the texturdabttom of the arena elicit responses from the EMDs. Because
background reduces flight speed suggests that a time-tthe flies generally flew in the forward direction, obstacles are
collision model cannot provide the most parsimoniousmore likely to appear in the frontal region of their visual field,
explanation for the timing of saccades. Calculating time t®o this portion of the visual field is most important for flight
collision, slowly flying flies should approach the walls morecontrol. Thus, we concentrated on the 180 ° of azimuth that
closely than rapidly flying flies. The flies, however, do just theepresent the frontal fields of view (Fig. 9C, regions 2 and 3).
opposite, saccading at a greater distance from the walls withiach quadrant thus represented the frontal 90 ° of azimuth of
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Fig. 8. Between saccades, asymmetries
in visual motion cause deviation from
straight flight, resulting in the fly turning
away from the side experiencing the
stronger visual motion signal. (A) Each
inter-saccade flight segment was rotated
and translated such that the initial _
trajectory, estimated by a regressiong
through the first three points, was aligned
downwards along the-axis. Approach ©
angle (defined in Fig. 3) was used to®
determine the side of the fly nearest to
the wall of the arena, and the straight
segments were separated and grouped
accordingly. The overlaid plots
demonstrate that the flies tend to deviate
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the nearest wall, particularly during flight

within a textured background. (B) A plot
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P<0.001) with the textured background §
and a slope of 0.13%0.04, P<0.001) & ~20[

with the uniform background. The >

difference between the two slopes wa
significant P<0.01, F-test). Uniform

Deviation ¢m)

background data include 959 straight 60t

flight segments taken from 58 . . . . . . , . . . . . . )
trajectories, textured data include 1231 —-60 40 -20 O 20 40 60 60 -40 -20 O 20 40 60
straight segments from 36 trajectories. Approach angle (degrees)

each eye. Horizontal outputs of the EMDs were summed ovever each of the two front visual quadrants to generate a time
the right and left halves of each of the frontal quadrantsourse of the front-to-back motion the fly experiences
Similarly, the vertical components were summed over the tofFig. 10A; red arrows indicate the direction of large-field
and bottom halves of each quadrant (see Appendix fanotion; see Appendix for details). The individual large-field
details). To search for features that might serve to initiat@orizontal motion traces are then overlaid and aligned such
saccades, we constructed reverse correlations of the largbat the initiation of the saccade occurs at time zero
field motion signals using the initiation of each saccade as (&ig. 10B). The average (shown by the red lines in Fig. 10B)
trigger point. provides a record of the typical large-field horizontal motion
According to the optomotor equilibrium model, a fly experienced on each half of the frontal field of view prior to,
maintains a flight course by minimizing the net horizontalduring and after each saccade. Ipsilateral refers to the side
rotation of its visual surround (Go6tz, 1964, 1968). Thus, weaway from which the fly is turning (generally the side nearest
first examined the pattern of large-field horizontal motionthe wall of the arena), and contralateral refers to the opposite
preceding each saccade. Large-field horizontal image motiagide. As expected, the most prominent feature in these traces
results from rotation about the yaw axis as well as fronis a large horizontal motion signal produced when the animal
sideways translation. Forward translation also generatestates rapidly during the saccade (the peak within the gray
image motion with a horizontal component, particularlyshaded region). However, it is the features prior to the
about the equator of the eye. The large-field horizontahitiation of saccades that provide clues as to the stimulus
motion experienced in the frontal position of each eye watigger. Preceding each saccade, in the textured background,
estimated by summing the output of the horizontal EMDghe fly experiences a steady front-to-back motion on the
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Elevation (degrees)

Fig. 9. Reconstruction of the fly’'s visual
environment and estimation of optic flow by local
motion detection. (A) Reconstruction of the fly's
visual environment is based upon the fly’s position
(red circle) and its heading (red arrow) for both the
textured (top) and uniform (bottom) backgrounds. 180 —90 0 90 180
Both cases represent the position of a fly 500 ms Azimuth (degrees)

before a saccade. (B) Calculation of the fly’s visual -~ -~ "~
environment from its position. The projection (in G
spherical coordinates) of each portion of visyal [ @~~~
texture onto the fly’'s retina was calculated. For - - - - - «o v Ly oo e e s
example, the regions indicated by the numbersin A |7} ¢ * 4 . Sy L
map to those in B. A frame representing the |©- -, & - - ==d . - - T 0 ST s L s - 1o
mapping of the fly's visual environment onto its | . | TN /4L N Yy T TIN] T T
retina at a single point in its flight, similar to that | - %+ -~ e v =0 v S e N s s
shown in B, was determined for each point along T R B A ]
its flight trajectory. (C) Output of local motion | - - - - - - - |- - " L
detectors. A motion-detection algorithm using — T
delay and correlate motion detectors was appliedto | . = . . . CN R A A ]
this series of frames, resulting in local calculations - - - - ; \ s s ; 'i | X 1' L R 45
of horizontal and vertical motion, which are R ' :
represented by a vector field. Vector fields ' - - - | R
representing the mean response of the output of the |~ ~ » 1 o 0203 A g
horizontal and vertical motion detectors taken over | - = - = 0 e
the 500ms preceding a saccade are shown inthis |, _ _ _ . . | 000NNy o
figure. Note that the spacing of the inputs and A A R I, —45
outputs of the elementary motion detector was 5°; [ . . . . 77" ' s '
every second arrow has thus been omitted for -
clarity. Top, textured background; bottom, uniform —180 —90 0 90 180
background. Azimuth (degrees)

Elevation (degrees)

ipsilateral side that reaches a small peak and then decreasles fly’s eyes (Fig. 10C). Large-field vertical motion can result
towards zero immediately preceding the saccade. On tHeom vertical translation or from rotation about the pitch or roll
contralateral side, the front-to-back motion is smaller, an@xis. Because of limitations due to the small siZerokophila
immediately before the saccade there is a peak in front-tanelanogasterwe are unable to determine the extent to which
back motion. Thus, certain features of the large-fieldhe fly was pitching and rolling over the course of its flight.
horizontal flow might play a role in triggering the rapid turns.Thus, under our modeling conditions, unidirectional large-field
Large-field horizontal signals were entirely absent precedingertical motion can come only from translation upwards or
saccades in the uniform background as a result of the abserdmvnwards. When flying within a textured background, a
of vertical edges. This indicated that unidirectional horizontaslight downward image motion precedes each saccade on both
visual motion could not explain the occurrence of saccadesides, indicating upward translation of the fly before each
under all visual conditions (Fig. 10B, lower traces). saccade. However, the magnitude of these downward signals
Another feature that might serve as a saccade trigger is much smaller for the uniform background, suggesting that
large-field vertical motion. Summing the output of the EMDsthe fly does not rely on these large-field vertical motion cues
sensitive to vertical motion within the frontal quadrantsto trigger saccades.
provides a measure of the total vertical motion across each of A further cue that might initiate saccades is image
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Fig. 10. Large-field, unidirectional visual motion does not trigger saccades. (A) Large-field rotation calculation. A vectpréisthting the
output of the local motion at a single instant of time is shown. The horizontal components of the visual motion percejethéhiocal
motion detectors were spatially summed over each of the two frontal quadrants (together comprising 180 ° of azimuth) Géttieflyisw
(regions 2 and 3 in Fig. 9). For each saccade, the side away from which the fly turns is termed ipsilateral and the sidditdwiduel $ly
turns is termed contralateral. Front-to-back rotation is plotted as positive for each side. Red arrows indicate the flilmgefietd
summation. (B) Event-triggered averages suggest that large-field horizontal motion does not trigger saccades. Each audighas lines)
represents the time course of large-field horizontal motitas &ndHcong) before and after each saccade. Viais of this and subsequent
figures is a dimensionless quantity that represents the amplitude of the spatially summed output of the motion detectarsyvgithoof
normalization (see Appendix for details). Each trace is aligned at the initiation of the saccade, referred to as time rneam Valee is
shown by the red lines; blue lines represenb.£The gray regions of each plot indicate time after the initiation of each saccade. Large-field
front-to-back rotation on both sides precedes each saccade during flight within a textured background (top traces), baluisngbiight
within a uniform background (bottom traces). The time resolution of each of these traces was 6.67 ms. Individual traces irera %23
saccades from three flies within a textured background and 99 saccades from three flies within a uniform background. () ‘extgefie
motion, calculated by spatially summing the output of the vertical elementary motion detectors. Upward motion is dendtee.afdpos
Event-triggered averages indicate that saccades are not triggered by vertical motion. Large-field downwarl\gaetiotV¢on) precedes
saccades during flight within a textured background but not within a uniform background. The scalingexighs identical to that in B.

expansion. To construct a rough measure of horizontalaccade, the fly experiences a slow horizontal expansion in
expansion seen by each eye, we summed the rightwaits frontolateral visual field followed by an abrupt contraction

horizontal motion over the right half of the frontal quadrantcaused by the rotation during the saccade itself (Fig. 11B,
of the eye and the leftward motion within the left half ofleft). Focusing on the period preceding the contraction

the frontal quadrant (Fig. 11A). Vertical expansion wasassociated with the saccade, horizontal expansion on the
determined by summing the upward motion components ovépsilateral side is relatively constant before each saccade
the top half of the frontal quadrant and the downwardvithin a textured background. On the contralateral side, the
components over the lower half of the frontal quadrant fofly experiences much less horizontal expansion. Within the
each eye (see Appendix for exact details). Prior to eachniform background, the horizontal expansion component is
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Fig. 11. Large-field expansion may serve as a trigger for saccades. (A) The outputs of the horizontal motion detectorsilyesarapea

over each half of the two quadrants making up the frontal 180 ° of the fly’s field of view (regions 2 and 3 in Fig. 9). Theedbfdveeen

these two spatial sums represents the gross horizontal expansion within the region experienced by the fly (see Apperidix Tdredeta
dashed red lines indicate the focus of expansion, while the red arrows schematically represent large-field expansionni{@)e’pension
(Hexp,lpsandHexp,con) cannot alone serve as a saccade trigger. Gray lines indicate individual expansion traces, aligned at the initiation of th
saccade; red lines indicate the mean value, and blue lines represgnasin Fig. 10. Thg-axis scaling is the same as in Fig. 10B, and the
calculation ofHexp,ips and Hexp,cont iS as described in the Appendix; there has been no normalization. During flight within a textured
background, the fly experiences significant horizontal expansion on its ipsilateral side, but not on its contralateral 3iddojupper, this
horizontal expansion is absent during flight within the uniform background (lower). The traces come from the same setsohsdloaden

Fig. 10. (C) Calculation of the vertical expansiMexp,ips and Vexp,con) from the output of the local motion detectors. To determine vertical
expansion, the outputs of the elementary motion detectors sensitive to vertical motion were summed over the top and ésttdradulv
frontal quadrant (see Appendix). The difference between these two spatial sums represents the gross vertical expansied bexpkedty.

(D) Prominent vertical expansion preceded saccades during flight within both the textured (upper traces) and uniform @syer trac
backgrounds and was greater on the ipsilateral sidey-@Ris scaling is the same as in B; there has been no normalization.

undetectable because of the absence of vertical edgéshus, despite the differences in horizontal flight speed and the
Vertical expansion, however, is quite prominent because gfroximity to the walls preceding each saccade, the total
the presence of the two horizontal edges (Fig. 11D). Prior texpansion experienced prior to a saccade is independent of the
each saccade, there is a steady increase in vertical expansiatkground in which the fly was flying. This suggests that there
on the ipsilateral side and a small increase on the contralateiala threshold in large-field image expansion that triggers a
side. saccade and that this threshold is defined by the amount of

After adding the horizontal and vertical signals, the patteriperceived visual motion, not the spatial structure of the
of the reverse correlations was consistent within both thenvironment. The substantial differences in flight behavior
textured and uniform backgrounds, suggesting that thproduced within the textured and uniform backgrounds emerge
calculation of total large-field expansion is involved in thefrom the interaction between the fly’s flight control system and
triggering of saccades under both visual conditions (Fig. 12jts visual world.
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Fig. 12. The sum of the vertical and horizontal Ipsilateral Cortralateral

expansions\{exp+Hexp; see Appendix) is similar prior

to saccades in both the textured and the uniform
background. The sum of the average vertical andg
horizontal expansions (from Fig. 11) is shown for g
both the textured (red) and the uniform (blue)Y
backgrounds. Mean + standard deviations are show*ré,,l
by the solid and dashed lines, respectively. The totak
expansion signals correspond well for the textured
and the uniform backgrounds despite the differences
in velocities and distance from the walls in the two
conditions. The data were collected over the same set

HEexp,cort +VExp,Cort

of saccades as Figs 10 and 11. Thaxis has the -0.67 0 033 -0.67 0 033
same scaling as in Figs 10 and 11. Time (s)
Discussion change in trajectory heading, a measurement that does not

The results of these experiments indicate that the pattern gquire a high temporal resolution of the saccade itself. The low
search behavior of freely flyindgprosophila melanogaster spatial resolution prevented measurement of the fly’s body
emerges from interactions between the fly's flight controposition and the position of the head relative to the body. To
system and its sensory environment. Flies expiore Sensof?COﬂStrUCt the ﬂy,S visual input, we assumed that the horizontal
landscapes using a series of straight flight segments separaf$gjection of its longitudinal body axis was aligned along the
by rapid saccadic turns. As with primates, saccades confine tHght trajectory. These assumptions may be reasonable in still
time in which the eye is rotating to brief bursts, an advantageir because, unlike larger fliefrosophila melanogaster
to animals that rely upon translational optic flow to determindlisplay minimal side-slip under laboratory conditions (David,
the range of objects in their environment (Land, 1999). Whild978). Drosophila melanogastemay, however, move their
the direction of the saccade (lekrsusright) is influenced by head relative to their body during flight, and the impact of such
visual input, the magnitude of the saccade is not (Figs 3, 7)novements is absent from our estimation of optic flow.
Reconstructions of the fiy’s visual input preceding eacHiowever, because our visual processing model included Iarge—
saccade indicate that image expansion may serve as a trigdfetd spatial summation, its predictions should be robust with
for the rapid turns (Figs 9—12). Visual input also causes the fligspect to the precise orientation of the fly's head. Further, if
to deviate from Straight f||ght between saccades, but in &18 head stabilization reflex functions in ﬂlght to stabilize gaze
direction opposite to that predicted by a model based oif the face of body rotation (Land, 1999; van Hateren and
optomotor equilibrium. Flies tend to turn away from the sideSchilstra, 1999), this reflex would serve to dampen the motion
experiencing a greater amount of visual motion (F|g 8) As Qf the eye and render the free ﬂlght conditions closer to those
result of these effects, the presence or absence of a textu@dgour model.
visual background has substantial effects on free f||ght A second critical set of assumptions relates to the filter
behavior (Figs 4—6). For a uniform background, translationa¥alues used in our modeling of the movement detector array.
velocity increases and this, with the accompanying decreastowever, changing the filters upstream of the motion detector

in saccade frequency, causes the fiy to expiore a great@fom simple subtraction of the direct current Signal toa hlgh-
proportion of the arena. pass filter with a time constant of 50 ms) and in the delay line

of the detectors themselves (from 50 to 100 ms) did not alter
Effects of experimental limitations and model assumptions the salient result of the analysis. Even with different filter
The main experimental limitation of this study was the lowsettings, the output of total expansion followed a similar time
spatial and temporal resolution of our visualization system. Thigourse preceding saccades in both the uniform and textured
low resolution was the consequence of the deliberate choice Bgckgrounds. Thus, our central conclusions that total
maximize the distance over which we could track flies. CurrergXpansion is currently the most parsimonious explanation for
studies using high-speed video indicate that a visualization cul§@e saccade trigger is robust to the assumptions of our basic
with sides no greater than 1 cm is required to capture wing arfdodeling methods.
body kinematics accurately at 5000 franégS. Fry and M.
H. Dickinson, in preparation). In the present study, flight Translational velocity in free flight
trajectories were sampled at 30 framésmer a 1 m diameter The mean horizontal flight speed measured in this study
arena, and we estimated saccade durations as brief as 100 (88,cm s?) is substantially slower than that reported in a recent
or approximately three sample points. This limited temporastudy of the free flight dbrosophila melanogastdyy Marden
resolution did not, however, prevent the detection of saccadest, al. (1997) (46—70cmy. These authors compared the free
which appeared as clear spikes in recordings of anguldlight trajectories of two control lines of flies with those of two
velocity. In addition, we estimated saccade amplitude from thines selected for their ability to fly through a baffled wind
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tunnel. While the maximum flight speed did not differ among Image expansion and saccade initiation
the control and selected lines, the tunnel-selected flies were Changing the fly’s visual environment altered its saccade
more likely to fly near peak performance. Given the results ofate, demonstrating that an internal clock mechanism is not
the present study (Fig. 5), this large discrepancy in flightesponsible for the timing of saccades. Because the absence of
performance is probably due to differences in the visugharge-field rotation signals during flight within a uniform
environment. Marden et al. (1997) used a cubic arena with gackground did not prevent the generation of saccades, it is
side length of 0.5m lined with white translucent Plexiglasunlikely that flies perform saccades in response to rotation
which was back-illuminated with bright fluorescent lights.cues. Similarly, the absence of large-field vertical motion
Thus, this environment would have provided little or no contrasbefore saccades eliminates the possibility that saccades are
input to expansion detectors and other motion-sensitivgenerated as a result of a fly’s perception that it is rising or
circuitry within the visual system. The absence of such inpUalling. The noise inherent in our simple estimates of expansion
might explain the elevated flight velocity. Alternatively, the preceding individual saccades (see Fig. 11) suggests that our
phototactic reflexes that were activated by the use of amodel for calculating total expansion is a simplification of the
ultraviolet light source might have elicited near-maximal flightcalculations that might be performed by the fly. For example,
speed. In either event, the differences in both mean and pegde spatial integration performed on the dendrites of lobular
flight speed measured under different visual conditions suggesfate cells functionally removes temporal noise, causing the
that the sensory environment exerts a strong influence on flighél's membrane potential to vary smoothly with image
performance. It is even possible that the performance differengglocity (Single and Borst, 1998). However, the fact that the
noted among control and tunnel-selected lines mlght result frO@\/erage sum of horizontal and vertical expansion rises a|0ng a
a disparity in visual processing circuitry or some other sensorimilar time course before saccades within both textured and
system involved in flight control. uniform backgrounds (see Fig. 12), despite differences in flight
i speed and approach distance under these two visual conditions,
Saccades as fixed motor patterns suggests that image expansion plays a role in the initiation of
These free flight experiments demonstrate that flies produgccades. The presence of vertical edges that can provide
fixed-amplitude saccades of approximately +90° within thenorizontal expansion cues, which are absent during flight
horizontal plane (Fig. 7). Free flight experiments in other speciggithin a uniform background, explains why the flies generate
have shown that the saccade angles in larger flies are typicalifccades more frequently within a textured background.
smaller than those seen Drosophila melanogastemlthough If flies use image expansion cues for their initiation, saccades
the saccades exhibited by small housefli@fia caniculariy  may represent a reflexive response to avoid rapidly approaching
are also approximately 90° (Zeil, 1986). One possiblesbjects. Neurons sensitive to small objects approaching from any
explanation for the constancy of saccade amplitude within eadtientation have been identified in locusts (Gabbiani et al., 1999,
species is that the saccade motor program is terminated by visgg01: Rind and Simmons, 1992). These neurons fire at a peak
feedback. However, our observation that saccades are gfte when a small-field stimulus exceeds a threshold angle
constant amplitude in a uniform visual background, from whicksubtended on the locust's eye (Gabbiani et al., 1999). Although
no cues are available for orientation about the yaw axis, argugss possible that saccades occur as a result of the fly performing
strongly against this possibility. Further, the additional visuah similar calculation, it is more likely that neurons sensitive to
information present during flight within the textured baCkgl'OLlnCIarge-ﬂe|d expansion stimuli are responsible. It has been
does not alter the distribution of saccade amplitudes (Fig. 7$uggested that neurons that spatially sum the output of multiple
These data are consistent with tethered flight experiments jgcal motion detectors underlie the initiation of the expansion-
which the magnitude of torque spikes (thought to be the tethergfdpendent landing response (Borst, 1986; Borst and Bahde,
flight equivalents of saccades) was unaffected by imposefbge), and similar computations may underlie the triggering of
motions of a stripe upon which the animal was fixatindsaccades. IGalliphora erythrocephalarecordings from neurons
(Heisenberg and Wolf, 1979). Further, freely flying hoverfliesdescending through the central connective have detected
Syritta pipiens make substantial errors when generatingdescending cells that are sensitive to image expansion directly in
saccades towards targets and show no evidence of correcting ffht of the fly (Borst, 1991). Of the two classes of expansion-
saccade once it has been initiated (Collett and Land, 1975). sensitive cells within the optic lobes of the hawknidtmduca
Another possible explanation for the consistency of saccadgxta the class 2 cells have properties that are consistent with our

amplitude is that saccades might represent the feedforward outéhavioral results (Wicklein and Strausfeld, 2000).
of a stereotyped motor program performed without any sensory

feedback. However, while the experiments described aboveSensory integration for the control of saccades and straight
appear to rule out a role for visual feedback, other modalities flight

might still function to regulate saccade amplitude. For example, The optomotor response refers to a fly’s tendency to turn in
the observation that torque spikes are shorter when flies afgee same direction as a large-field motion in order to minimize
tethered loosely, allowing them to rotate more freely about theimage motion across the retina (Gotz, 1975; Heisenberg and
yaw axis, suggests that haltere feedback may play a role Wolf, 1984). The fly is thought to use this response to correct
terminating the saccade motor program (Mayer et al., 1988). deviations from straight flight that may arise from external
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disturbances, such as the presence of a strong crosswind, Left side Right side
internal asymmetries, such as damage to one wing. In o
experiments, asymmetries in visual motion are generate |\
whenever a fly moves along a path that does not intersect t
center of the arena. Our data show that, when faced with su
asymmetriesDrosophila melanogastdurn away from the side

experiencing the greater amount of visual motion, a respon:
opposite to that expected if the flies were to fly according to
simple optomotor equilibrium model. Thus, while we did not
impose a perturbation in image rotation, our results suggest tt

freely flying flies move straight in the face of bilateral Lt ,-

asymmetries in visual motion. These results are similar to tho: 1,07 \'\'\f :/‘ "f," N [
of experiments with monocularly blinded freely flying blowflies s e S i
(Lucilia sp.), which show little difference in their free flight RSN PN IS D
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behavior compared with control animals (Kern and Egelhaa
2000). The same monocular flies did, however, show a tenden
to turn in the direction of the non-occluded eye when walking
(Kern and Egelhaaf, 2000; Kern et al., 2000). By rotating in thi:
fashion, the walking flies might be shifting the focus of expansiol
laterally such that the sum of all the horizontal components ¢
the optic flow would be zero, thereby restoring optomotol
equilibrium.

Such an interpretation is unlikely in our experiments becaus
the flies tended to deviate from a straight course by turnin
away from the nearer wall, the direction opposite to that whic!
would restore optomotor equilibrium. Further, the slope
relating approach angle and deviation angle was significantl I S
larger during flight within a textured background, indicating Threshold Threshold
that deviation increased with the amount of visual information
The direction of the deviations from straight flight in our
experiments is reminiscent of the centering response seen
honeybees attempting to balance the image velocity on eith
side (Srinivasan et al., 1991).

During the straight flight segments between saccades, a 1 + +
could make use of both mechanosensory and visual cues Saccade Saccade
maintain a stable course. The fly's haltere system is capak right left

of sensing rotations about all three axes (Dickinson, 199%q 13, Model for visual control of free flight behavior in
Nalbach, 1993; Nalbach and Hengstenberg, 1994) and colprosophila melanogasteAs a fly moves through its environment, a
use such information to correct course deviations. Outwo-dimensional array of motion detectors estimates optic flow (top).
experiments also demonstrate that flies possess a visuaThe local measurements of optic flow are summed as a rough
mediated centering response that directs their flight path awimeasure of the image expansion on each side of the fly. The
from the side perceiving the greater amount of visual motiorestimates of image expansion are then integrated with respect to
Further, flies possess fixation behaviors in which they tractime. t. When the time-integrated expansion signal on one side
small visual targets. Thus, within the flight control system, ther€*ce€ds a threshold, a saccade away from that side is initiated. The
are potential conflicts between a mechanosensory equilibriyMe-integrated expansion signal inhibits saccades on the ipsilateral
system (the halteres) that attempts to maintain straight flight aIS'de‘ preventing a saccade in the_ opposite direction from quickly
Y . . P 9 9 following the initial saccade. See Discussion for further details.

a visual system that directs the fly away from obstacles ar

towards objects. Given that these two modalities may often a

at crossed purposes, it is of interest to note that pathways existough their connections with neck muscle motor neurons
through which each of these two modalities might alter the gaifGilbert and Bauer, 1998; Sandeman, 1980).

of the other. InCalliphora vicing the muscles controlling the  Previous models for flight control in large flies suggest that
halteres receive input from the visual system (Chan et al., 1998pbula plate tangential cells (LPTCs) sensitive to large-field
Thus, the visual system has the ability to either amplify ohorizontal motion (HS cells) are necessary for yaw
decrease the fly’s sensitivity to angular velocities. Evidence fastabilization and, thus, for straight flight (Hausen and Egelhaaf,
the reciprocal pathway is also present. The haltere sensory cell889; Hausen and Wehrhahn, 1990). During the periods in
can influence head position and, thus, visual motion sensitivityhich these horizontal cells would be active, the flies in our
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experiments do not respond in a way that would minimizérom attempting to turn in both directions at once. Following the
asymmetries in optic flow by rotation, as would be predictedaccade, the accumulated expansion will be cleared, and the fly
by the optomotor equilibrium model. Thus, the HS cells thawill continue to fly along a straight trajectory, until total
respond strongly during tethered flight recordings do noéxpansion increases again to a level at which another saccade is
appear to play an analogous role during free flight. If straighttiggered. In this way, complex free flight patterns of behavior
flight is maintained largely by feedback from the halteremight emerge from a rather simple control algorithm.

system, the role of the HS cells in free flight must be re-

evaluated. One hypothesis is that the HS cells correct low-

frequency slow drifts that the halteres cannot detect. In Appendix

approximate matched filters sensitive to optic flow patterns for The input to the elementary motion detector (EMD) model

v;mous cogwtl)énatlonszg(f)(;c-)tiuon abm:jt t|r_1|e pltcth abnd ro'ggg‘é? a 36<72 matrix of time-varying contrasts that will be referred
(Franz and Krapp, , Krapp and Hrengstenberg, 0 asCij(t). Each element of this matrix represents the contrast

While the fly may rely more hea\{lly upon halteres for fllghtWithin a 5%5° square of visual space at a given instant. Both

nfhe inputs and outputs of the EMD model are spaced at 5°. A

B e o o o dlyed version f e conrast g, wii ne moion
. N “/detector is constructed by filtering the contrast signal
Our data suggest a model of how free flight behavior migh y g on

; . éonvolution with L(t), the impulse response of a first-order
emerge from an interaction between a fly's motor control systerpaw_paSS filter:
and its visual environment (Fig. 13). While flying along a
trajectory, the fly uses an array of ‘delay and correlate’ motioQ’h ere
detectors (Borst and Egelhaaf, 1989; Reichardt, 1961) tn 1
estimate optic flow. However, as it moves, the fly relies on it L(t)= = gt/t, (A2)
mechanosensory equilibrium system (halteres) to maintain T
straight course. Over short distances, at least, the halteres algn@me constantr, of 40 ms was selected on the basis of data
appear sufficient to maintain straight flight. While dominated byfrom experiments involving larger flies (Borst and Bahde,
feedback from the halteres, tonic feedback from the visual986; Harris et al., 1999; O'Carroll et al., 1997). To ensure that
system directs the fly away from large obstaclas centering  our results are not dependent on the time constant in the delay
response. In addition, the fly is continuously integrating the suine, simulations were repeated using different valuas the
of the horizontal and vertical expansion, which has the effect afutputs of horizontal and vertical local motion detectbig,
removing some of the noise in the expansion signal. If saccadeadvi, are calculated as:
are discrete ballistic events, they are likely to be triggered when
some neural signal exceeds a threshold. The expansion signals hij (1) =Di,Cije1 = DijeaGij (A3)
rise gradually over the 700ms preceding the saccade (Figs flr?
12) and are laden with rapid fluctuations as a result of the output Vij(t) = Die1,/Cij = DijCies. (A4)
of local elementary motion detectors. Thus, it is likely that theThese equations show that the outputs of each of the two half-
nervous system conditions the instantaneous signal prior Hetectors are fed into the subtraction stage with equal weight.
saccade initiation. For example, temporal integration performeds defined, the horizontal local motion detector responds
on the expansion signal, in addition to removing noise, woul@ositively to rightward motion and the vertical motion detector
also result in a signal that rises more rapidly, making a mornesponds positively to upward motion. The vector fields plotted
precise trigger for each saccade. When the accumulated sumiwfrig. 9C represent the output of these local motion detectors.
horizontal and vertical expansion exceeds a threshold level onTo determine the large-field motion signals, the outputs of
either side, the saccade causes the fly to rotate 90° away frahe local motion detectors are pooled spatially by linear
the side on which expansion was greatest. Because of tsammation. Large-field horizontal motion signals on the left
variation in the estimate of total expansion preceding individuadnd right,H. () andHRg(t) are calculated as the sum taken over
saccades, it is difficult to determine the latency of the collisiorall rows for the columns that make up the frontal 180 ° of the
avoidance response. Measurements of responses to vis@igls field of the view:
stimuli indicate latencies of 50ms during free flight (David,

Dij(t) =Cij()*L(D), (A1)

i : ) Pa
1984) and 100 ms during tethered flight (Heisenberg and Wol __ y
1988). Preliminary tethered flight experiments in which flies are HL® = Z z hij (AS)
stimulated with expanding squares suggest a collision avoidant. =P
latency of 50ms (L. F. Tammero and M. H. Dickinson,and
unpublished results). Thus, the time-integrated function of tote' P8
expansion is likely to exceed threshold within that time frame Hr(t) = .
As with many other escape responses, a saccade in one direct R() Z Z hiy (A6)

inhibits a saccade in the opposite direction, preventing the fl, i i=ps
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The row and column indicesyy, gz, ... da.; P1, P2,... Ps) P8 Ps
represent the indices of the; matrix, as described by the HExp,R(t):Z z hi,j—z z hij, (A15)
following: i i=pr i i=ps
(o1, G2, 03, g4] =[1, 18, 19, 36] (A7)
and
g4 P4 02 pa
[p1, P2, p3, ..., pg] =[19, 27, 28, 36, 37, 45, 46, 54].  (A8)
. . Vepd®=>" > wij= > > v, (A16)
The locations of the edges of each 5° pixel can be calculate E—— E——
from the matrix indices according to: g * -
an
elevation =[5(—-1)— 90, 5-90], (A9) G pe © e
and - . .
azimuth = [5{—1)— 180, §-180], (A10) VEXP’R(t)‘Z Z"'J Z Z Vig - (AL7)
i=03 j=ps i=q1 j=ps

with all values in degrees. Thus, the column wifhradex of _
54 would correspond to the area of visual space between 85€xp.ips HExp.Cont VExp,ips @nd Vexp,contare assembled in the
and 90° of azimuth. same manner aBlips and Hcont Hexp,ips and Hexp,cont are

To compute the reverse correlations, the points where the @_otted in Fig. 11B, whil&/exp,ipsandVexp R(t) are plotted in
initiated each saccad)(and the direction of the saccade (left ~'9- 11D.
or right) are first determined. For each saccade, a row vector
representing the time course of the horizontal expansion from The authors wish to thank Jocelyn Staunton for help in

the 0.67 s before the initiation point to 0.33 s after the initiatioffollecting the data presented and M. Frye and A. Borst for
point is formed. reading this manuscript. This work was supported by grants

HL'« is used to symbolize horizontal expansion on thdrom the National Science Foundation (FD97-23424), ONR
left side preceding and following thith saccade to the (FDN00014-99-1-0892) and DARPA (N00014-98-1-0855).
right:

k= kK _ k
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