





























Visual cues controlling flight iDrosophila melanogaster337

0 45 @ 45
g Lty CA S L -t
53 f b ~— ) P N T L
S /ﬂ—‘—\' )»/( ’1*\:-——» S / / \ AN P '/’ - I [ RN
c 0 [ N /‘—/ // - I c O (S . N
g 4|-<—~/4—, ”I . g T 7 ———.-—,——7——,—,-\——
© ,s‘-\ﬁ-\—\-»,,‘—;—l——-», © ,-/ \\ Ny~ o]y,
§ ot N e -~ / 1 E ‘ - s /7 - -
L|J_45\,,s,|~,.. \ LIJ_45\,
-90 0 90 -90 90
Azimuth (degrees) A2|muth (dgrees)
Horizontal 5 Vertical b
Ipsi Contra Ipsi Contra
85 =0
=87 Sa
o< 2
g § 58 2 z 58
2 P I8 ¢ 23 |~ &
3] 4 TS ) bl c
- T £ 7 > %2
RS 23
55 gt
[%) g g’_ g
= nj 5
T T > >
S
-40
L 1 ] L 1 ] L 1 ] L 1 ]
-0.67 0 033-0.67 0 033 -0.67 0 033-0.67 0 033
Time (s) Time (s)

Fig. 11. Large-field expansion may serve as a trigger for saccades. (A) The outputs of the horizontal motion detectors were spatially summ
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). The difference betweer
these two spatial sums represents the gross horizontal expansion within the region experienced by the fly (see Appendix for details). T
dashed red lines indicate the focus of expansion, while the red arrows schematically represent large-field expansion. (B) Horizontal expansi
(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 of Hxp,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 side (upper). However, th
horizontal expansion is absent during flight within the uniform background (lower). The traces come from the same set of saccades as those
Fig. 10. (C) Calculation of the vertical expansiMexp,ipsand 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 bottom halves of et
frontal quadrant (see Appendix). The difference between these two spatial sums represents the gross vertical expansion experienced by the
(D) Prominent vertical expansion preceded saccades during flight within both the textured (upper traces) and uniform (lower traces
backgrounds and was greater on the ipsilateral sidey-8i&s 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 contralateigala 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. 12)ts visual world.
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Fig. 12. The sum of the vertical and horizontal Ipsilateral Contralateral

expansions (Mp+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 foréﬁ
both the textured (red) and the uniform (blue)¥
backgrounds. Mean + standard deviations are show?&d
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

HExp,Cont*+VExp,Cont

of saccades as Figs 10 and 11. Fhexis 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 flying Drosophila melanogasterspatial 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 exp|0re 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 flies, Drosophila 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). Whild 978). Drosophila melanogastemay, however, move their
the direction of the saccade (left versight) 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 fly’s visual input preceding eacHiowever, because our visual processing model included large-
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 flight between saccades, but in #e head stabilization reflex functions in flight 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 (Fig. 8). As &f the eye and render the free flight conditions closer to those
result of these effects, the presence or absence of a textu@dgour model.
visual background has substantial effects on free flight 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 f|y to exp|0re a great@fom simple subtraction of the direct current Signal to a 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 of Drosophila melanogadbgrMarden
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|ong 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
. 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 produggccades. 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 in Drosophila melanogasiérough 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 eagtientation 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. In Calliphora erythrocephalecordings from neurons
(Heisenberg and Wolf, 1979). Further, freely flying hoverfliesdescending through the central connective have detected
Syritta pipiens, make substantial errors when generatingescending 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 hawknidémduca
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 afee 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 thot 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 SN PN IS D
behavior compared with control animals (Kern and Egelhaa TlYe S AR

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 expansio
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 significant - I
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 capat 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. In Calliphora vicina, 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:_"e pltcth abnd rolllggz§ a 362 matrix of time-varying contrasts that will be referred
(Franz and Krapp, » Krapp and Rengstenberg, 0 as Gj(t). Each element of this matrix represents the contrast

While the fly may rely more hea\{lly upon halteres for fllghtWithin a 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, witi 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 constant, 1of 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 obstaclesdantering our results are not dependent on the time constant in the delay
response. In addition, the fly is continuously integrating the suiine, simulations were repeated using different values the
of the horizontal and vertical expansion, which has the effect @futputs of horizontal and vertical local motion detectbig,
removing some of the noise in the expansion signal. If saccadeadvij, are calculated as:
are discrete ballistic events, they are likely to be triggered when
some neural signal exceeds a threshold. The expansion signals hij(8) = Di,Cije1 = DijeaGij (A3)
rise gradually over the 700ms preceding the saccade (Figs lalr?
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 (t) and Hk(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(®)=Cij(O)*L®), (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. - I =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 J=ps
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The row and column indicesyi, g2, ... O4.; P1, P2,... Ps) Ps Ps
represent the indices of thej lmatrix, as described by the HExp,R(t):Z z hi,j—z z hij, (Al15)
following: i =
[91, @, g8, (] =11, 18, 19, 36] (A7)
and
g4 P4 02 pa
P2, p2, P, ..., PB]=[19, 27, 28, 36, 37, 45, 46, 54].  (A8)
. . Vepl®=>" > wij= > > v, (A16)
The locations of the edges of each 5° pixel can be calculate E— e—
from the matrix indices according to: g * ks
an
elevation =[5(1)— 90, 5+90], (A9) G pe © e
and - . .
azimuth = [5(i- 1)— 180, 5i-180], (A10) VEXP’R(t)‘Z Z"'J Z Z Vij - (AL7)
i=g3 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 @and Vexp,contare assembled in the
and 90° of azimuth. same manner asid 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 saccade)(taind 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 thethksaccade to the (FDN00014-99-1-0892) and DARPA (N00014-98-1-0855).

right:

HL"«=[HL(tok—0.67) ...HL(tok+0.33)]. (A11) References
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