
onstrated that single pulses of light re- 
peated at 24 h intervals do entrain the 
rhythm of traverse frequency, as 
though the pulses "reset" the ryhthm to 
its new phase 0 (circadian time 0, CT 
0; see [1, 2]), after which the rhythm 
immediately initiates its endogenous os- 
cillation with the maximum in the 
rhythm occurring about 12 h (CT 12) 
after the pulses [6]. Our recent experi- 
ments reveal that the rhythm of tra- 
verse frequency previously entrained to 
the skeleton photoperiod of 12 h, when 
transferred to a continuous darkness 
after either the first or the second pulse, 
initiates the free-running oscillation 
with the first maximum in the rhythm 
occurring around 12 h after the pulse 
no matter which was the first or the sec- 
ond pulse. It is, therefore, thought that 
the rhythm of traverse frequency is al- 
most equally reset to its new CT 0 by 
each pulse of the skeleton photoperiod 
of 12 h which falls immediately after 
the time when the traverse frequency 
reaches its maximum, thus demonstrat- 
ing "bistability". 
The observations above also indicate 
that the "~- jump" in the rhythm of 
traverse frequency in the population of 
Paramecium occurs in the narrow 
range of skeleton photoperiods be- 
tween 11 and 13 h which is evidently re- 
presented by the fact that times of oc- 

currence of the steady-state maxima in 
rhythms in skeleton photoperiods _< 11 
h parallel the evening pulses, and those 
in skeleton photoperiods _> 13 h paral- 
lel the morning pulses. These facts also 
indicate that the time between light 
pulse and the maximum traverse fre- 
quency is determined to be ~ 12 h. In 
effect, in asymmetric skeleton photo- 
periods the dominant maxima always 
occur during the inter-pulse interval 
when the interval is longer than 12 h so 
that the subejctive night for the Para- 
mecium population always corresponds 
to the longer interval. These results, 
therefore, suggest that the pulses of the 
skeleton photoperiods as well as single 
pulses repeated at 24-h intervals basic- 
ally cause only a discrete phase-shift in 
the rhythm of traverse frequency of the 
Paramecium population. 
The fact that the maxima and minima 
in complete photoperiods are delayed 
parallel to each other with the increas- 
ing duration of the complete photope- 
riod, but not exactly parallel to the 
duration of the complete photoperiod, 
clearly indicates that the continuing 
components of complete photoperiods 
acts to decelerate the angular velocity 
of the rhythm of traverse frequency. 
These facts also provide evidence that 
the effects of skeleton photoperiods of 
less than 11 h in the population of 

Paramecium do not obviously mimic 
the effects of corresponding complete 
photoperiods, as they do in multicellu- 
lar animals such as Drosophila [2, 3]. 
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Spatio-Temporal Integration of Motion 
A Simple Strategy for Safe Landing in Flies 

A. Borst and S. Bahde* 

Max-Planck-Institut fiar biologische Kybernetik, D-7400 Tithingen 

When approaching a landing site the fly 
initiates landing at a certain distance. 
To account for the underlying release 
mechanism of this behavior different 
models have been derived from experi- 
ments on tethered flies and from free- 
flight studies. The integration model 
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[2,3] claims that the output signals of 
direction-sensitive movement detectors 
are spatio-temporally pooled and sub- 
sequently processed by a threshold 
unit. In contrast, the flow-field model 
[11] proposes that landing is triggered 
by the relative retinal expansion veloc- 
ity of the landing site, a mechanism 
which provides, for different flight ve- 
locities, a constant time-to-collision. 
Although settled on different levels of 

�9 Springer-Verlag 1988 

explanation, the integration model and 
the flow-field model can be dis- 
tinguished experimentally because they 
differ considerably with respect to the 
predicted dependence of the landing 
distance on parameters of the landing 
site and its environment. 
According to the integration model, the 
landing distance should depend on the 
size and structure of the landing site, 
because both parameters affect the 
number of activated movement de- 
tectors. Due to spatial integration the 
movement signal increases with the ap- 
parent size of the landing site. Fur- 
thermore, due to temporal integration 
landing distance is expected to increase 
with increasing distance the fly is ap- 
proaching the landing site from. Finally 
the landing distance should also be af- 
fected by the environment because mo- 
tion of the object and of the environ- 
ment are not separately treated by the 
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integration model. Any motion within 
the visual field is assumed to contribute 
to the spatio-temporally integrated mo- 
tion output of  the landing system. 
The flow-field model of  landing denies 
dependence of  the landing distance on 
size and structure of  the object. It also 
expects the landing distance to be inde- 
pendent f rom the start distance o f  the 
fly because only instantaneous signals 
are assumed to control landing. Fur- 
thermore, according to the flow-field 
model the landing system only 
evaluates the retinal motion of  the 
landing site irrespective of  the environ- 
ment. However, under physiological 
conditions both models lead to similar 
predictions with respect to the de- 
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pendence of  the landing distance on the 
relative speed of  fly and landing site: 
the faster the fly is approaching the ob- 
ject, the higher the relative retinal ex- 
pansion velocity of  the landing site 
(flow-field model), the higher the 
output signals o f  the movement de- 
tectors (integration model) and, there- 
fore, the longer the distance between 
fly and object at which the fly is ex- 
pected to initiate landing according to 
either of  these models. To distinguish 
between these two models we compared 
each model 's  predictions derived from 
previous studies with the results ob- 
tained by using moving discs to 
simulate in tethered flight the approach 
towards a landing site. 
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Fig. 1. Discs of various size and structure were moved towards flies in tethered flight. The 
distance at which the flies initiate landing was determined by a photo-electric which mon- 
itored the foreleg lift response. Discs were started in a distance of 32 cm from the fly (a, b, d) 
and had a diameter of 8 cm (c, d). The landing distance was found to depend on the speed of 
the approaching disc ( a -  d) as well as on its size (a, b). Furthermore structured discs released 
landing earlier than black discs (compare a with b). The landing distance also depends on the 
start distance from which the discs were moved towards the flies (c) and from the movement 
of the environment (d). Inset shows the discs which were used in each experiment. Each data 
point represents the mean + SEM of 20 flies, each tested 5 times per stimulus 
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All experiments were performed with 
female houseflies (Musca domestica). 
A small cardboard triangle was glued 
with wax to their head and thorax and 
the ocelli were covered. For the experi- 
ments shown in Fig. 1 flies were placed 
at the end of  a homogeneously illu- 
minated plexiglass tunnel in which discs 
of  various size and pattern could be 
moved towards them. Discs were 
mounted on the pen-holder of  a plotter 
(HP7475) which allowed computer con- 
trol of  speed and position. Movement of  
the fly's leg was detected by a photo- 
electric which became interrupted 
whenever the fly extended its forelegs. 
This signal was taken as an indicator 
for the landing response [1]. A translu- 
cent windshield excluded any wind stim- 
ulation due to the moving disc. Pattern 
projectors generated optic flow with a 
temporal modulation of  1 Hz at the 
wails of  the tunnel. The "landing dis- 
tance",  i.e., the distance between disc 
and fly at which the fly lifted its fore- 
legs was calculated from known speed 
and start position of  the disc and from 
the delay of  the response. In the experi- 
ment shown in Fig. 2, flies were 
mounted on a force-transducer [7] in 
front of  two photo-electrics to monitor 
simultaneously the lift of  the forelegs 
(upper trace), the forward shift of  the 
wings (middle trace) and the thrust 
(lower trace). In this experiment, land- 
ing was released by motion from the 
front to the back displayed on oscil- 
loscope screens in front of  both eyes of  
the animal. 
The results (Fig. 1) indicate that the 
landing position depends on the veloc- 
ity of  the disc as predicted by both 
theories: the higher the velocity the 
longer the landing distance. But land- 
ing distance also depends on the size of  
the disc (Fig. la), as has also been 
found in previous studies [6]. The size- 
dependence is even more pronounced if 
structured discs were used (Fig. lb). 
Size-dependence of  the landing distance 
is not predicted by the flow-field model 
but can be easily explained by the in- 
tegration model: the number of  stim- 
ulated movement detectors increases 
linearly with the diameter of  a black 
disc (only the periphery of  the disc ac- 
tivates movement detecors) and with 
the square of  the diameter of  a 
structured disc (the whole area of  the 
disc activates movement detectors). 
Landing distance also increases with in- 
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creasing start  distance of  the disc (Fig. 
lc). This cannot  be unders tood if any 
instantaneous signal triggers landing as 
postulated by the flow-field model.  It is 
easily explained if  one assumes temporal  
integration of  movement  detectors '  
output  signals. Finally the landing dis- 
tance also depends on the movement  of  
the environment o f  the disc (Fig. ld) :  
when the pat tern ist moving across the 
retina f rom the front  to the back flies 
land earlier than with the pat tern mov- 
ing in the reverse direction. This dem- 
onstrates that  the movement  of  the en- 
vironment influences the response of  
the fly to the potential  landing site and 
suggests that  the release mechanism 
simply pools the mot ion  from a con- 
siderable por t ion of  the fly 's  visual 
field. 
Compar ison of  the results obta ined 
under free-flight and tethered flight 
condit ions is complicated by the use of  
different behavioral  indicators for the 
onset of  landing:  in free-flight studies 
the onset of  prelanding decelerat ion 
was assumed to represent the beginning 
of  the landing phase,  whereas in open- 
loop studies the beginning of  this phase 
was always associated with the foreleg 
lift response. To test whether the dis- 
crepancy between our results and the 
predictions of  the flow-field model  are 
due to this difference, leg-, wing- and 
thrust-response were measured simulta- 
neously. Flies were mounted  on a thrust 
meter [7] in front  of  two photo-  
electrics. One detected leg lift, the other 
detected forward shift of  the wing 
stroke plane, a mechanism which is 
known to produce a pitch torque in 
Drosophila [13]. In free flight pitch 
leads to a reduction of  the fly 's  forward 
velocity [12]. Landing was released by 
mot ion from the front  to the back dis- 
played on oscilloscope screens in front  
of  both  eyes of  the flies. An  example of  
such an experiment is shown in Fig. 2. 
750 of  these traces, obta ined f rom five 
flies, were measured and the latencies 
of  all three variables were determined.  
Using various pat tern velocities the la- 
tencies ranged f rom 60 up to 1200 ms 
and were found to be covariant  with a 
coefficient of  r = 0.61 (leg- vs. wing-re- 
sponse) and r = 0.68 (leg- vs. thrust-re- 
sponse). Al though,  unlike the leg re- 
sponse, the ampli tudes of  both  thrust  
and pitch response gradually depend on 
pat tern velocity, the covariance of  the 
latencies of  all three output  variables 
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Fig. 2. Simultaneous recording of leg, wing, 
and thrust response of a single fly. Arrows 
indicate the onset of the responses. The 
forelegs can be seen crossing the photo- 
electric at the same time when the wings be- 
come shifted forward. Simultaneously the 
fly reduces its thrust. Note the modulation 
of the second trace with wing beat frequency 
after the onset of landing. 

strongly suggests a common release 
mechanism. Thus, it seems that  the 
same visual processing system is 
evoking the landing response in both 
tethered- and free-flying animals.  
Because the landing distance was found 
to depend on the size, structure, and 
start  distance of  the landing site and on 
the movement  of  its environment as has 
been predicted by the integration model  
we can reject the hypothesis of  a con- 
stant t ime-to-collision postulated by the 
flow-field model:  it is the spatio- 
temporal  integral of  the movement  de- 
tectors '  output  signals which triggers 
landing. Compared  to determinat ion of  
the relative retinal expansion velocity 
spat io- temporal  integration seems to be 
less demanding with respect to the com- 
putat ional  expenditure.  It requires the 
movement detector signals which are 
also used for op tomotor  course-control  
[3], and simply pools them in space and 
time. Beside this economical  considera- 
tion, it seems noteworthy that  mot ion 
informat ion is indeed ret inotopical ly 
represented in the fly 's  nervous system 
[5], and motion-sensit ive neurons 
pooling the output  signals of  spatially 
distributed movement  detectors have 
already been thoroughly investigated in 
the third visual ganglion of  the fly [8]. 
Spat io- temporal  integration might be 
modif ied in order to reduce its de- 
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pendence on parameters  other than the 
fly 's  speed. That  is, part ial  inde- 
pendence from the environment o f  the 
target could be provided in free flight 
by appropr ia te  adapta t ion  of  the move- 
ment detection system [4, 9, 10]. 
Moreover,  effective tai loring of  the 
spatial sensitivity distr ibution [3] might 
minimize the size-dependence. In addi-  
t ion, non-visual input like wind could 
increase threshold for landing and by 
this way cancel the contr ibut ion of  
large-field movement  f rom the front  to 
the back which will be always present 
when the fly is cruising around.  How- 
ever, the fly does not  calculate the time- 
to-collision, al though this appears  de- 
sirable from an engineering point  of  
view. Obviously the landing problem 
for the fly is not  to initiate landing at a 
constant  t ime before it touches ground,  
but, simply, to land safely. The 
mechanism proposed  by the integration 
model  reliably fulfills this criterion. 
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