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Summary. Apparent motion was simulated in the visual 
system of the tethered fruitfly Drosophila melanogaster by 
projecting moving stripe patterns onto stationary screens 
positioned in front of the lateral eye regions. The reactions 
of the animal were recorded under conditions of stationary 
flight in still air. It  was found that visual stimulation modifies, 
independently, torque and thrust of the flight system. The 
responses appear suitable to counteract involuntary changes 
of direction and altitude in free flight. 

Concerning the sensory system for visual flight control, 
the following was established: 

1. Both eyes are functionally equal, and sensitive to pattern 
motion in any direction. 

2. The motion detecting subunits possess a certain orienta- 
tion on the eye surface, and discriminate between pattern 
motions that are progressive or regressive relative to this 
orientation. 

3. Progressive and regressive stimuli elicit opposite re- 
sponses in the flight system. 

4. The subunit orientations are expected to group in at 
least two different directions that share a common line of 
symmetry with the internal eye structure. 

5. A minimum of two contralateral and two ipsilateral 
nerve connections between the visual system and the motor 
system is required for the various torque and thrust responses. 

Concerning the effect of pattern motion on the flight 
system, the following was found: 

1. The motion detectors control only the magnitude of the 
force of flight. With the tethered animal in still air, the in- 
clination of the force vector remains constant. 

2. Consequently, the stroke plane and the wing pitch should 
be invariant to visual stimulation. 

3. Possible influences of pattern motion on the wing-beat 
frequency were ruled out by frequency measurements. 

4. The only major variables in wing articulation that re- 
spond to pattern motion are the wing-beat amplitudes on either 
side of the insect. In-flight photographs show that the dif- 
ference and the sum of these amplitudes are, in fact, re- 
presentative for the torque and the thrust of the flight system. 
The responses of the body posture may become important to 
flight performance at increased airspeed. 

Comparative experiments with the housefly Musca domes- 
tica indicate that the principle of independent torque and 
thrust control by vision is adopted in at least two different 
species. 

Introduction 

A common reflex in various insects is the t endency  
to follow the angular  mot ion of visual objects within 
their  visual  field. This optomotor response may be re- 
garded as par t  of the mot ion  control system. Whenever  
the animal  deviates from a straight  course, its sur- 
roundings  seem to rotate  in the opposite direction. The 
t endency  to t u r n  with the surroundings may  well com- 
pensate i nvo lun t a ry  deviat ions from the previous 
course. 

Quant i t a t ive  studies on the relations between the 
visual  stimulus and  the optomotor  responses in insects 
have cont r ibuted  to the present  knowledge of: 

1. The factors tha t  determine resolution and  acui ty  
of the compound eye. 
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2. The " o n e - q u a n t u m "  effect in photoreceptors, 
and  

3. The properties of nervous networks tha t  enable 
the detect ion and  in tegra t ion  of displacements in the 
brightness d is t r ibut ion of the surroundings.  

The studies include investigations on the beetles Chloro- 
phanus (HASSENSTEIN, 1966; t~EICHARDT, 1961; VARJff and 
REICHARDT, 1967), Lixus (BLISS, 1963), and Zophobas (WILSON 
and HoY, 1968), the bug Oncopeltus (ibid.), the bee Apis 
(KuNzE, 1961), the grasshopper Locusta (HoRRIDGE, 1966; 
PALKA, 1965; T~ORSON, 1966) the praying Mantis (MAYNARD 
and HOWLAND, 1965), the dronefly Eristalis (MITTELSTAEDT, 
1951), the blowfly Calliphora (G. SCHNEIDER, 1956; BVRK- 
tIARDT and KAISER, 1968), the housefly Musca (FERMI and 
REICHARDT, 1963; REICHARDT, 1965; McCANx and MAcGINI- 
TIE, 1965; v. BRAITENBERG and TADDEI FERRETTI, 1966; 
REICHARDT, V. BRAITENBERG and WEIDEL, 1968), and the 
normal and mutant eyed fruitfly Drosophila (G6Tz, 1964-- 
1965; HENCSTENBERG and G6TZ, 1967). The more recent re- 
ferences may be used to find important details in previous 
papers, as well as the related work of other authors. The work 
on the optomotor behavior of other compound-eyed animals, 
e.g. crabs (Ku~zE, 1964; HORRIDGE and SANDEMAN, 1964; 
SHEPIIEARD, 1966; v. CAI~IrENHAUSEN, 1967) is of special 
interest. 

The present  paper  is main ly  concerned with:  
1. The informat ion  tha t  originates from the nervous 

subsystems for the visual perception of motion.  
2. The conveyance of this informat ion  to the flight- 

control system, and 
3. The origin of torque, and  the relations between 

torque and  thrus t  in the fruitf ly Drosophila. 

Method 

The essentials of the technique for the st imulus- 
response analysis under  "open- loop"  condit ions are 
outl ined in  Fig. l a. The animal  is moun ted  to a 
measuring device t ha t  is rigid enough to prevent  
changes of its or ientat ion and  posit ion during the ex- 
periment .  The torque around the vertical  axis of the 
fixed flying insect is representat ive for the a t t emp t  
to turn .  Suitable torque recording devices have re- 
peatedly been described in the l i terature.  The com- 
para t ive ly  weak reactions of the fruitf ly Drosophila 
melanogaster require special i n s t rumen ta t ion  (G6Tz, 
1964). 

A specified s t imulus may  be generated by  a peri- 
odic sequence of bright  and  dark stripes ro ta t ing  (or 
oscillating) a round the animal.  I n  the present  case 
the usual  "s t r iped  d r u m "  is replaced by  a pair  of 
independen t ly  controlled projectors. Each of the pro- 
jectors is capable to generate cont inuous stripe mot ion  
on a t rans lucent  screen in  the visual domain  of only 
one eye. The arrows on the screens in Fig. 1 a indicate 
actual  directions of stripe motion. The pa t t e rn  on the 
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left screen is progressing from the frontal  hemisphere, 
and  the pa t t e rn  on the r ight  screen is regressing to the 
frontal  hemisphere of the fly. A switchboard allows 
one to reverse or to stop the mot ion  of the periodic 
pa t t e rn  on either side. 

The spacial period of the precision stripe patterns was 
about 48 ~ throughout the following experiments. This value 
exceeds by far the 9.2 ~ limit for the spacial resolution in the 

a 

Fig. 1. Experimental arrangement with the flying Drosophila 
arbitrarely mounted to a torque meter (a), and to a thrust 
meter (b). The fly is confronted to the continuous stripe 
motion on the translucent screens of two stationary projectors. 
The arrows on the screens indicate actual directions of pattern 
motion. The force vectors on top of the measuring devices 
illustrate the belonging torque and thrust components of the 
tethered flight system. The counterclockwise stimulus motion 
in the situation (a) elicits, for instance, the expected counter- 
clockwise torque: The animal tries to follow the angular motion 

of the stripes 

A B 

Fig. 2. Two functionally equivalent models for the description 
of the optomotor torque responses of the fruitfly Drosophila. 
Stimulus motion, for instance from the frontal to the lateral 
region of the left eye (curved black arrows) excites (E) in 
model A the contralateral part of the flight system, or in- 
hibits (I) in Model B the ipsilateral part of the flight system. 
(The resulting thrust components are represented by the 
straight black arrows at the end of the baselines.) Unbalance 
of the thrust components on either side of the fly induces 
in both cases torque responses of the appropriate sign and 
magnitude. Note, however, the increased total thrust of the 
stimulated type-A insect, and the decreased total thrust of 

the stimulated type-B insect 

visual system of Drosophila as determined in earlier work. 
(An inversion of the apparent motion may, for instance, be 
encountered below this limit!). Furthermore the contrast of 
the selected 48~ is almost completely transferred by 
the visual elements of the Drosophila compound eye. Accord- 
ing to the size of their visual fields the losses are expected to 
be considerably below 10 -3 (G6rz, Ioc. eit.). This condition 
prevents the misleading effect of transfer increments in the 
visual elements that are directed toward the stripe-parallel 
edges of the screens (PALKA, 1965). The temporal period of 
the stripe-pattern was 1 see. This is about the optimum within 

the extended range of temporal resolution in the visual system 
of Drosophila. The average luminance of the screens was 
12 cd/m 2 with an angular distribution approximating LAM- 
BERT'S law, and with a spectral composition corresponding 
to a color temperature of about 2,300 ~ K. The contrast of the 
adjacent stripes was approximately 0.75. The stimulated area 
in the lateral part of an eye comprised always about 42 % of 
the total eye surface, or roughly 300 out of 700 ommatidia. 
The stimulus is sufficient to elicit optomotor reactions, for 
instance in the female wild type of Drosophila melanogaster 
that was used in the present work. Head-to-thorax fixation 
has been applied in order to prevent spontaneous eye move- 
ments. The mounting technique is described in earlier work. 
Unless otherwise stated the room temperature was about 20 ~ C. 

The already ment ioned  correspondence between the 
directions of the s t imulus and  the response has been 
confirmed in numerous  exper iments  with Drosophila 
(loc. cir.). Fig. 1 a i l lustrates the response to counter- 
clockwise s t imulat ion.  The torque evoked from the 
fixed flying animal  is indicated by  the pair  of forces 
on top of the torque meter. The direction of the torque 
is positive in the mathemat ica l  sense and  coincides 
with the positive direction of the pa t t e rn  mot ion 
around the animal .  

Neural Models 
The simplest s t ructure  of the various hypothet ical  

nerve nets  tha t  are compatible with the previous ob- 
servations, is represented by  the two funct ional ly  
equivalent  models A and  B in  Fig. 2. The models 
i l lustrate the different organizat ion of the flight con- 
trol system in a schematic insect. The curved arrows 
at  the periphery of the left eye indicate  uni la teral  
s t imulat ion by  progressive (black arrow) or regressive 
(white arrow) motion. The thrus t  of the motor  system 
on either side of an insect is represented by  the length 
and  direction of the s traight  arrow at  the r ight  and  
left end of the baseline. Torque results from the un- 
balance of the two thrus t  components .  

The act ion of the two models ma y  be exemplified 
by  the black arrows in Fig. 2. Progressive motion,  
presented to one eye, generates the appropriate  torque 
either by  exci ta t ion (E) of the contralateral motor  
system (model A), or by  inhib i t ion  (I) of the ipsilateral 
motor  system (model B). The efficiency of a pa t t e rn  
depends quan t i t a t ive ly  on the s t rength of the visual 
s t imulus,  bu t  qual i ta t ively  on the direction of motion. 
I t  is assumed tha t  exci tat ion is s imply replaced by 
inhibi t ion,  and  vice versa, as soon as the direction of 
mot ion  is reversed. However under  na tu ra l  st imula- 
tion, in  the usual  s t r iped-drum experiments,  and  in the 
s i tua t ion of Fig. 1 a there is almost  always progressive 
mot ion on one side presented in combina t ion  with 
regressive mot ion  on the other side. Hence it  may  be 
sufficient for the generat ion of the appropriate  torque 
response if only progressive or regressive mot ion  is 
moni tored by  the two sides of the bilateral  visual 
system. 

Torque 
Quant i ta t ive  studies of the torque under  selected 

conditions of uni la teral  and  bi lateral  s t imula t ion  
should allow one to decide whether  the two sides of 
the visual system are equal ly and  exclusively sensitive, 
either to the progressive components ,  or to the re- 
gressive components,  or to the progressive and re- 
gressive components  of the stimulus.  

These and  subsequent  invest igat ions have been 
performed at  different values of the angle <): MA tha t  
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is defined in Fig. 3 as the vertical inclination of the 
line of pattern motion M relative to the animal's long 
axis A. The arrows and bars heading the columns of 
Fig. 4, 5, 12 and 13 denote 6 out of 32=9  possible 
combinations of progressive (~), regressive (~), and 
missing (1) pattern motion on the two screens on 
either side of the insect in Fig. 1. 

The results in Fig. 4 have been averaged from a 
total of 348 two-minute torque recordings with 8 flies. 
The first column at the left refers to the experimental 
situation of Fig. 1 a. Bilateral application of a counter- 
clockwise stimulus causes positive torque unless the 
line of motion is perpendicular to the animal's long 
axis (<):MA= ~:90~ The two subsequent columns, 
however, show that  the progressive as well as the 
regressive component of the counterclockwise stimulus 
are independently capable of inducing positive torque 
reactions. (The corresponding experiments with clock- 
wise stimulation result in negative torque reactions of 
the same order.) The pronounced non-additivity of the 
torque controlling components was expected from the 
previous observation (loc. cir.) that  the steady-state 
torque of the tethered fruitfly saturates at about 
q- 0.04 dyne • cm. The three columns at the right refer 
to the stimulus free situation, and to the situations 
where both eyes receive equally progressive or regres- 
sive stimuli. The absence of significant reactions con- 
firms the lateral symmetry  of the motion detecting 
system. 

With these results it now becomes necessary to 
assume that both sides of the motion detecting system 
are functionally equal and bidirectionally sensitive. 
The two models A and B in Fig. 2 match this postu- 
late. Furthermore they have proved to be equally 
su//ieient for the description of the torque response 
under the various conditions shown in Fig. 4. 

The next step is to devise an experiment that  
allows one to eliminate at least one of the models. 

Thrust 

Reexamination of Fig. 2 shows that diametrically 
opposed predictions can be derived from model A and 
B about the influence of a stimulus on the total thrust 
of the motor system. The thrust of model A is always 
increased by progressing stripes and decreased by re- 
gressing stripes, while the thrust of model B is always 
decreased by progressing stripes and increased by re- 
gressing stripes. In  order to decide against model A, 
model B, or model A and B one has merely to check 
whether the total thrust of the tethered fruitfly is 
lowered, raised, or not changed when both eyes receive 
equal stimulation. Fig. 1 b illustrates the experiment 
with progressive stripe motion on both sides. 

In  the following investigations the  flying insect was 
mounted  to a frictionless suspended vertical lever of high 
magnetic permeability. The horizontal displacement of the  
lever unbalances the magnetic fluxes through the two coils 
of a 50 kc-linear-variable differential t ransformer (LVDT). The 
demodulated differential signal from the coils controls a mag- 
netic field strong enough to restore the position of the lever to 
a 0.5 ~z-accuracy. The field generating current  in the  steady 
state is proportional to the horizontal forward component  of 
the force of flight so t ha t  the total  th rus t  in dynes can be 
directly read from the recordings of this current. The author  
is indebted to Mr. H. WENKZNG for the skillful electronic in- 
s t rumentat ion.  

The results in Fig. 5 have been averaged from a 
total of 462 two-minute thrust recordings with 14 flies. 

15" 

I t  is evident that  visual stimulation modifies the 
thrust of the motor system. However, the influence 
depends in a remarkable way on the vertical inclination 
of the moving stripe patterns. The following state- 
ments can, for instance, be derived from the three 
columns on the right: 

1. With < ~ M A < 0  (lower part of the figure) the 
results fit into model A. I t  is found that progressing 
stripes increase, and regressing stripes decrease the 
thrust obtained under stimulus free conditions. 

~ M A < 0  <~ MA>0  

Fig. 3. The vertical inclination of the line of pattern motion 1~I 
relative to the longitudinal axis A of the tethered fruitfly 
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Fig. 4. The average optomotor torque reaction of Drosophila 
as a function of the composition and the inclination of the 
stimulus. The headings of the columns denote actual com- 
binations of progressive (4), regressive (#), and missing (I) 
stripe motion on the two screens shown in Fig. 1 a. The para- 
meter <): M A of the rows specifies the inclination of the stripe 
projectors according to Fig. 3. Progressive and regressive 
stimuli, presented alternately to one of the eyes, are obvious- 
ly discriminated, and elicit opposite responses in the frnitfly 

2. With < ~ M A > 0  (upper part of the figure) the 
results fit into model B. Here it is found that  pro- 
gressing stripes decrease, and regressing stripes in- 
crease the thrust obtained under stimulus free con- 
ditions. 

The statements are confirmed by the results with 
unilateral counterclockwise stimulation (second and 
third column from the left). There is about half as 
much thrust increment and decrement as in the ex- 
periments with bilateral stimulation (first and second 
column from the right). This shows that a fairly good 



202 K.G.  G()TZ: Flight Control in Drosophila Kybernetik 

additivity of the  th rus t  control l ing components  is still  
preserved.  (The invar iance  of the  increments  and  de- 
crements  to  la te ra l  exchange of the  s t imuli  was also 
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Fig. 5. The average optomotor thrust reaction of Drosophila 
as a function of the composition and the inclination of the 
stimulus. Again, the headings of the columns denote actual 
combinations of progressive (~), regressive (~), and missing (I) 
stripe motion on the two screens shown in Fig. 1 b. The para- 
meter <~ M A of the rows specifies the inclination of the stripe 
projectors according to Fig. 3. I t  depends entirely on this 
parameter whether the thrust under progressive stimulation 
exceeds the thrust under regressive stimulation, or vice versa 
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Fig. 6. Optomotor responses of Drosophila as functions of the 
stimulus inclination <~ MA, defined in Fig. 3. The upper dia- 
gram represents half the difference of the torque responses to 
counterclockwise (Fig. I a) and clockwise stimulus motion. The 
lower diagram represents half the difference of the thrust re- 
sponses to bilaterally progressive (Fig. l b) and bilaterally 
regressive stimulus motion. The given means and the standard 
errors of the means refer to a total of 176 recordings from 17 
flies. The two response curves are approximated by simple 
trigonometric functions of <~ MA. Comparison shows that the 
stimulus inclinations for zero-torque and zero-thrust responses 
are about orthogonal to each other. Motion detectors of dif- 
ferent orientation on the eye surface are, therefore, necessarely 

involved in the visual flight control of the fruitfly 

es tabl ished in the  corresponding exper iments  wi th  
clockwise s t imulat ion.)  S imul taneous  s t imula t ion  wi th  
progressing and regressing s t r ipes  (first column from 
the  left) is no t  accompanied  b y  any  signif icant  changes 
of the  thrus t .  

The answer  to  the  p rob lem ra ised in the  beginning 
of this  sect ion is ambiguous.  Nei ther  of the  two 
models,  A and  B,  toge ther  wi th  the i r  equiva len t  
der iva t ives  is compat ib le  wi th  all the  resul ts  of the  
th rus t  exper iment .  I t  is the  ver t ica l  incl inat ion of the  
s t imulus,  <~MA, t h a t  de te rmines  whe ther  the  th rus t  
of the  mo to r  sys tem in Drosophila can be descr ibed 
exclus ively  b y  model  A or b y  model  B.  

The previous  observat ions  suggest  t h a t  the  sensory 
sys tem for visual  f l ight  control  is composed of mot ion  
de tec tors  wi th  different  ver t ica l  incl inat ions.  The ques- 
t ion whether  or no t  these differences rea l ly  exis t  is 
i m p o r t a n t  for fur ther  analysis  and  will be t r ea t ed  in 
more detai l .  

Directional Orientation o/ the Motion Detectors 

Consider a hypo the t i ca l  mot ion  de tec to r  in the  
la te ra l  region of an insect  eye t h a t  faces the  screen 
of a s t r ipe projector .  The s i tua t ion  is i l lus t ra ted  in 
Fig.  3. As in Drosophila, the  de tec to r  m a y  increase ( + )  
as well as decrease ( - - )  the  o u t p u t  of the  mo to r  sys tem.  
The incl inat ion of the  s t imulus  mot ion  on the screen 
re la t ive  to  the  incl inat ion of the  mot ion  de tec to r  on 
the eye surface m a y  de te rmine  the sign of the  response, 
and  the  reversal  of the  p a t t e r n  m o v e m e n t  m a y  a lways  
produce  the opposi te  sign. 

I t  is ev ident  t h a t  the  response of any  such sys tem 
has to cross zero if the  di rect ion of the  presented  mot ion  
is t i l t ed  a round  into  the  reverse posit ion.  Therefore 
one has to  pos tu la te  the  exis tence of a t  least  two 
opposed direct ions on the eye surface where progressive 
as well as regressive s t imula t ion  is uneffeetive.  A single 
de tec to r  is expec ted  to  be non-recept ive  in the  two 
direct ions or thogonal  to  i ts  or ienta t ion .  However ,  the  
pos tu la te  ex tends  to  complex devices compris ing mo- 
t ion  de tec t ing  subuni t s  of uni form or different  or ienta-  
t ion if these devices are compat ib le  wi th  the  previous 
assumpt ions .  

The ver t ica l  inc l ina t ion  of uneffect ive p a t t e r n  mo- 
t ion can read i ly  be de t e rmined  f rom the zeros of the  
to rque  or t h ru s t  responses in the  angular  domain  of 
<):]VIA_ t h a t  was def ined in Fig.  3. Fig.  6 gives the  
means  and  the  s t a n d a r d  errors of the  means  ob ta ined  
f rom a to ta l  of 112 torque  and  64 th rus t  recordings 
wi th  17 fruitflies.  The values  represent  half  the  dif- 
ference of the  torque responses to  counterclockwise and  
clockwise s t imula t ion ,  and  of the  thrust responses to  
progressive and  regressive s t imula t ion  on e i ther  side. 

The torque responses in Fig.  6 can roughly  be de- 
scr ibed b y  the  funct ion cos (<~)IA) which is c l ipped 
a t  the  sa tu ra t ion  levels of abou t  ~ 0 .04dyne  x cm. The 
zeros of the  torque  responses occur wi th  p a t t e r n  mot ion  
t h a t  is perpendicular to  the  an imal ' s  long axis.  The 
thrust responses in Fig.  6 are comparab le  wi th  the  func- 
t ion - - s i n  (<~ ]VIA), and  sa tu ra t ion  effects are less con- 
spicuous in this  case. The zeros of the  th rus t  responses 
occur wi th  p a t t e r n  mot ion  t h a t  is parallel to the  
an imal ' s  long axis.  

The different  angu la r  posi t ions of the  zeros in the  
torque  and  th rus t  curves lead  to  the  following con- 
clusions. The sensory sys tem for visual  f l ight  control  
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in Drosophila is not res t r ic ted  to mot ion  de tec to rs  of 
un i form ver t ica l  incl inat ion.  The mot ion  de tec tors  in- 
volved  in to rque  and  t h ru s t  responses are  necessarely 
or ien ted  in a t  leas t  two linearly independent direct ions  
on the  eye surface. A neural  model  t h a t  ma tches  all  
previous  resul ts  is, therefore,  impossible  to  devise 
under  the  r e s t r a in t  of a p l ana r  represen ta t ion  such as 
models  A and  B in Fig.  2. 

I t  is feasible to derive from Fig. 6 separate two-dimensional 
models for the torque and for the thrust response, so that the 
three-dimensional combination of these two models is con- 
sistent with all previous results. The motion detectors of the 
torque subsystem should be oriented parallel to the animal's 
long axis A. In order to modify the torque, but not the thrust, 
a stimulated detector has to inhibit one side of the motor 
system and simutlaneously excite the other. This is achieved 
by superposition of the models A and B in a plane parallel 
to axis A. The motion detectors of the thrust subsystem should 
be oriented perpendicular to axis A. In order to modify the 
thrust but not the torque, a stimulated detector has simul- 
taneously to inhibit or to excite both sides of the motor 
system. The combination of the two systems consists of at 
least/our contralateral and/our  ipsilateral connections, each 
of them capable of exciting as well as inhibiting one side of 
the motor system. 

However ,  a reduc t ion  of the  connect ions  to  a 
minimum of two con t ra la te ra l  and  two ips i la tera l  chan- 
nels can be achieved with  the  equ iva len t  model  in 
Fig.  7, which is shown in perspect ive  f rom the  upper  
left  side. This " m i n i m u m  m o d e l "  is mere ly  a three-  
d imensional  combina t ion  of the  two models  A and  B 
in Fig .  2. The  mot ion  de tec tors  of the  subsys tem A are  
d i rec ted  to  the  lower f ronta l  region while the  mot ion  
de tec tors  of subsys t em B are d i rec ted  to the  upper  
f ronta l  region of the  fly. Bo th  direct ions arc loca ted  
s y m m e t r i c a l l y  to the  an imal ' s  long axis. 

The ac t ion  of the  model  is exempl i f ied  b y  the b lack  
arrows in Fig .  7. The  curved arrows ind ica te  the  effec- 
t ive  s t imulus  componen t s  when progressive mot ion  
f rom below (<~MA ~ -  90 ~ is p resented  to  the  left  
eye. No torque  response,  bu t  an  increase in the  to ta l  
t h r u s t  is requi red  and  ob ta ined  in this  case. The  
s t imulus  excites,  v ia  subsys tem A,  the  con t ra la te ra l  
side and,  v i a  subsys tem B,  t he  ips i la te ra l  side of the  
m o t o r  sys tem.  

The  descr ibed  model  wi th  the  min imum n u m b e r  
of four  necessary  channels  is consis tent  wi th  all  pre- 
vious results .  I t  impl ies  t h a t  the  signals for torque  
and t h ru s t  control  or iginate  from common mot ion  de- 
tec tors  and  p ropaga te  along common lines. This de- 
mons t r a t e s  t h a t  the  i ndependen t  ent i t ies ,  to rque  and  
th rus t ,  do no t  necessary  require  au tonomous  control  
sys tems.  Obviously ,  the  "min imum m o d e l "  meets  the  
pos tu la te  t h a t  the  mot ion  de tec tors  should be a r ranged  
in a t  least  two linearly independent direct ions on the  
la te ra l  eye surface. However ,  here the  direct ions mus t  
be loca ted  symmetrically with  respec t  to  the  an ima l ' s  
long axis.  T h e y  can not coincide ~4th the  zero-response 
di rect ions  in Fig.  6, since each de t ec to r  mus t  modify ,  
s imul taneous ly ,  to rque  and th rus t .  The  or ien ta t ion  of 
the  de tec tors  m a y  poss ib ly  correspond to the  hexagonal 
s t ruc ture  of the  facet  eye, and  therefore  reconcile this  
s t ruc tu re  wi th  the  orthogonal a r r a y  of the  sensory sys- 
t ems  for to rque  and  t h r u s t  control .  

As was ment ioned  in the  in t roduc t ion  to  this  paper ,  
the  well known o p t o m o t o r  torque response of Droso- 
phila and  m a n y  o ther  insects can be i n t e rp re t ed  as an 
a id  in s t ra ight -course  naviga t ion .  The en t i re ly  different  
o p t o m o t o r  thrust response t h a t  has  been discovered in 

the  present  work  with Drosophila, m a y  serve s imilar  
purposes.  However ,  the  a t t e m p t  to  in t e rp re t  this  
phenomenon  will be pos tponed  unt i l  more  is known  
a b o u t  the  proper t ies  of the  t h ru s t  genera t ing  mo to r  
sys tem.  

Parameters o/ Flight Control 
I n  order  to modi fy  the  force of f l ight  on e i ther  side 

of the  motor  sys tem,  the  visual  s t imula t ion  mus t  
change the  wing articulation and /o r  the  body posture. 
Table  1 gives a l ist  of the  ma jo r  var iables  in f l ight  
performance.  The aster isks  indicate  whether  or no t  a 
var iable  is expected  to influence s ignif icant ly  the  mag- 
nitude, the  direction, or the  position of the /orce  vector F 
dur ing  t e the red  f l ight  in stil l  air.  The p rob lem of th is  
and  subsequent  sect ions is to  de te rmine  which of the  
variables ,  and  which of the  vec tor  pa ramete rs ,  are 
under  control  of the  mot ion  detectors .  

Fig. 7. "Minimum model" for the de- 
scription of the optomotor torque and 
thrust responses of the fruitfly Drosaphila. 
The model is shown in perspective from 
the upper left side, and can be regarded 
as a spacial arrangement of the mo- 
dels A and B from Fig. 2. The motion 
detectors of the subsystem A are di- 
rected to the lower frontal region while 
the motion detectors of the subsystem 
B are directed to the upper frontal 

A B 

region of the insect. Both directions are located symmetrically 
to the longitudinal axis of the insect (Fig. 14). The curved black 
arrows illustrate the effective stimulus components when pro- 
gressive stimulus motion from below (<) :MA~--90  ~ is 
presented to the left eye. No torque response, but an increase 
in the total thrust is required and obtained from the model 

in this special case 

Table 1. The expected main e[/ects o/ the major variables in 
/light per/ormance 

Flight variables Force vector 

Mag- Direction Posi- 
nitude tion 

Ver- Hori- 
tical zontal 

Wing stroke amplitude * 
articulation stroke frequency * 

stroke plane (*) * (*) 
wing pitch (*) * (*) 

Body abdomen * * 
posture hind legs (*) (*) 

hatteres etc. 

The force vec tor  is not  accessible for direct measure-  
ment .  However ,  the  proper t ies  of this  vec tor  can be 
der ived  indirectly f rom a set of o rd ina ry  t h ru s t  experi-  
ments .  Consider  the  s i tua t ion  where a f ly  is t e the red  
to  a t h ru s t  compensa to r  and  exposed to  b i la te ra l  pa t -  
t e rn  mot ion  with  a cer ta in  incl inat ion re la t ive  to the  
an imal ' s  long axis A. Fig.  8 i l lus t ra tes  two different  
s i tua t ions  where < ~ M A ~ - - - 4 5  ~ I t  is assumed t h a t  
bo th  eyes  receive equal  s t imula t ion  (progressive or 
regressive) so t h a t  hor izonta l  def lect ion of t he  force 
vec tor  F is no t  encounte red  in these exper iments .  The  
vertical componen t  Fv of vec tor  F represents  the  to ta l  
lilt of the  mo to r  sys tem under  the  condi t ions of 
t e the red  f l ight  in still  air .  The horizontal componen t  FH 
represents  the  t o t a l  thrust under  these  condi t ions,  and  
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only this component  can be recorded with the thrust-  
meter. Obviously the components  of a given vector  F 
are not  invariant.  Their magnitudes and signs depend 
on the inchnation of the animal 's  long axis A relative 
to the horizontal direction H. This is demonstrated for 
two arbi t rary  values of <):AH in Fig, 8. The compo- 
nents obtained in these two cases are entirely different, 
even if the force vector F is constant  with respect to 

,, 

. . . . .  F 
'FH 

~AH<O <~AH >0 

Fig. 8. The horizontal thrust component Fn, and the vertical 
tiff component Fu of a given force of flight F depend on the 
inclination <):All of the animal relative to the horizontal 
direction. The figure illustrates two different situations where 
the composition and the inclination of the stimulus is kept 

constant with respect to the animal's long axis A 

+ 

I 60 o I 

FH ~ FH F' F H~H~--H-- 

~ ! F' 

Fig. 9. The thrust components Fit and Fli of two arbitrary 
force vectors F and F' at different inclinations <~ AH of the 
tethered animal. The magnitude ]F I and the inclination <~ FA 
of an unknown force vector can be determined from the maxi- 
mum value and from the zero position of the corresponding 

experimental thrust curve 

+0.4 r THRUST 
[dyoe] 

6 o 

0 _310o I +3bo , " ', ~' o 

- 0 . 4  

Fig. 10. Thrust reactions of a fruitfly as a function of its in- 
clination -~ A lt. The animal was alternately exposed to hi- 
laterally progressive pattern motion (black curve), and to 
bilaterally regressive pattern motion (white curve). The effec- 
tive inclination ~ IIIA = -  45 ~ of the stimuli was maintained 
throughout the experiment by the procedure shown in Fig. 8. 
The different thrust maxima and the common zero positions 
of the two curves indicate the variable magnitude, and the 
constant inclination of the force vector during tethered flight 

in still air 

the fly's coordinate system. Note tha t  the stripe pro- 
jectors must  be turned together with the fly in order 
to preserve the effective inclination <~MA of the 
stimulus on either side. 

I t  is evident f rom Fig. 8 tha t  the recorded thrust  FB 
represents, in magni tude and sign, the horizontal pro- 
jection of the force vector F. The corresponding rela- 
tionship 

Yu= IF t cos(<):FH) (1) 

can be rewrit ten as 

Fn----]F I cos(<): F A  + <):AH) (2) 

where IF i denotes the magnitude and <): F A the vertical 
direction of the unknown force vector. I n  order to 
determine these two parameters  one must  increase the 
inclinations of the fly (and of the projectors) by  steps, 
and record the thrus t  FH as a function of <): A H. Fig. 9 
illustrates this procedure for two subsequent experi- 
ments  with different stimulation. I t  is assumed tha t  
the corresponding force vectors, F and F' ,  differ by  
magnitude and direction as indicated in the upper  and 
lower rows of this figure. The resulting horizontal com- 
ponents, Fn and F~ are represented by the black and 
the white curve, respectively. The figure reflects the 
general expectat ion tha t  the amplitude as well as the 
phase of the curves will be changed under the influence 
of visual stimulation. 

This, however, is apparent ly  not  the case with 
Drosophila. Fig. 10 shows the thrus t  reactions of a 
fly t h a t  was al ternately exposed to progressive (black 
curve), and regressive (white curve) pat tern  motion 
on either side. The inclination of the stimulus, <): M A = 
- -45  ~ was constant  th roughout  the experiment,  and 
sufficiently apar t  from the zeros of the torque and 
thrus t  controlling devices. Ei ther  of the experimental 
curves can be evaluated by comparison with Eqs. (1) 
and (2), or with Fig. 9. 

The magnitude iF] of the unknown force vector is 
given by the peak value of the curve, and it is evident 
tha t  this parameter  is under  control of the motion 
detectors. The direction <):FA follows from the zero 
of the curve. The inclination angle <~ A H at  this point 
denotes the position of the fly where the force vector  
is vertically oriented, or <): F H  = + 90 ~ so tha t  

~ F A  : 9 0  ~  [~AH]Fn:o. (3) 

The coincidence of the zeros in Fig. 10 indicates 
a remarkable economy in the flight control system of 
Drosophila. The vertical direction of the force vector 
relative to the animal 's  long axis is invariant  to the 
visual stimulation. The s ta tement  has been confirmed 
in experiments with two other flies at different tem- 
peratures (Table 2). The mean direction of the force 
vector during tethered flight in still air was about  
<): F A  = 24 ~ th roughout  these experiments. 

The vary ing  influence of gravi ty  on the antennae,  
wings, halteres, abdomen, and hind legs in these ex- 
periments m a y  cause directional changes of the force 
vector. These changes must  necessarely restllt in de- 
viations of the measured curves from a sinusoidal 
pat tern.  The existence of minor changes cannot  be 
excluded from the experiments in Fig. 10. Note how- 
ever t ha t  the s ta tement  derived from the coincidence 
of the zeros is not  impaired by  these effects. Since 
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Table 2. The influence o/stripe motion on the vertical direction 
o/ the /orce o//light ( <~ FA) in Drosophila 

Temperature Direction Difference 
[~ /degrees/ /degrees/ 

15 26.0 20.0 24.0 + 6.0 
20 a 23.5 24.5 24.5 -- 1.0 
28 25.0 22.5 25.0 + 2.5 
Means 23.9 (4- 0.6) +2.5 (•  2.1) 

a See Fig. 10. 

the influence of gravity must be constant for a given 
position of the animal, it is impossible to encounter 
different directional changes at the point of coinci- 
dence. 

The capability to control the magnitude of the 
force vector without changing its direction can be 
at tr ibuted to only two of the variables given in Table l, 
viz. the wing-beat/requency, and the wing-beat ampli- 
tude. 

Wing-beat Frequency 
I t  is well known tha t  the wing-beat frequency of 

Drosophila and other flies is not invariant to para- 
meters of the environment (CHADWICK, 1953; PRINGLE, 
1957--1965; VOGEL, 1966/67; NACHTIGALL and WIL- 
SON, 1967). 

A measure of the wing-beat frequency is the repetition 
rate of the periodic signals from a microphone in posterior 
position to the tethered fruitfly. (This can be demonstrated 
by the in-phase illumination of the wing-beat from a strobosco- 
pic light source that is triggered by the sound signals.) The 
repetition rate has been sampled under the various conditions 
of the torque and thrust experiments. 

Table 3 gives the means and standard errors of the 
wing-beat f requency/ ,  and of the simultaneously re- 
corded magnitude of the force vector F as obtained 
with four female frnitflies. The inclination <):All = 

- -24  ~ of the tethered animals was derived from the 
results in Table 2. The position ensures the horizontal 

Table 3. The influence o/ stripe motion on the ]requeney o/ the 
wing-beat ( /) ,  and on the magnitude o/the /orce o//light (IF]) 

in Drosophila 

Temperature Frequency Difference 
[~ [cyeles/sec] [rel. units] 

/ X - - / ~  \ 
/ ' ~  1 \ / \  

15 147 147 4- 0.00 
( i 4 )  (4-5) 

20 169 164 4- 0.03 
(4-4) ( •  

28 209 200 + 0.04 
(4-4) (4-7) 

Temperature Force of flight Difference 
[~ [dynes] [rel. units] 

/ ~ . - - /  \ 
/ ' ~  / \ / \  

15 0.28 0.17 + 0.49 
(4-O.03) (• 

2O 0.35 0.24 + O.4O 
(•  0.02) (~: O.O4) 

28 0.48 0.35 + 0.31 
( 4- 0.06) ( :L 0.04) 

alignment of the force vector, so that  the force of 
flight ]F I is directly read from the recordings of the 
thrust  F . .  The inclination < ) : M A = - - 4 5  ~ of the 
stimulus relative to the animal 's  long axis corresponds 
to the experimental conditions in the previous section. 

The results in Table 3 confirm the frequency en- 
hancing effect of the temperature that  has already 
been reported by CHADWICK (1953). As expected from 
theoretical considerations (e.g. VOGEL, 1967) the al- 
most linear increase of the wing-beat frequency / is 
accompanied by an increase of the force of flight IFI 
that  is roughly proportional to /~. Flight control via 
the wing-beat frequency comes, therefore, into the 
scope of possible mechanisms. 

However when alternatively exposed to progres- 
sive ( /~  ), and regressive (z \) stimulation the animals 
do not significantly change their wing-beat frequency. 
The parameter  [ proves to be almost invariant  to the 
pat tern movement,  and is certainly not responsible 
for the comparatively large changes of the force of 
flight. The major influence of pat tern movement  on 
the wing articulation in Drosophila is, therefore, neces- 
sarely confined to modifications of the wing-beat 
amplitude. 

Wing-beat Amplitude 
The role of the wing-beat amplitude (stroke ampli- 

tude, stroke angle) as a possible parameter  of flight 
stabilization in Drosophila and other flies has repeated- 
ly been investigated and discussed (e.g. CHADWICK, 
NACHTIGALL, PRINGLE, VOGEL, WILSON, loc. cir.). I t  
has been emphasized in the review article of CHADWICK 
(1953) tha t  the articulation of the two wings is ap- 
parently restricted to common/requenci~s, but not to 
common amplitudes. This is of interest in the present 
work, since the individual adjustment  of the wing-beat 
amplitudes on either side would meet the requirements 
for simultaneous torque and thrust  control. 

The influence of pattern motion on the wing-beat ampli- 
tudes of Drosophila can be investigated by in-flight photo- 
graphy. The tethered flies were mounted in working distance 
to a photomicroscope with the stroke plane in almost horizontal 
position (<):AH~ +60~ Again, the stimulus was provided 
by the stripe projectors. However, scattered light from the 
additional illumination of the wings diminuished the effective 
contrast of the moving stripes in these experiments. Ordinary 
high-speed panchromatic film (400 ASA/27 DIN) was exposed 
for 1 sec, or about 180 wing-beats, and the photographs of 
the wing-beat envelopes were evaluated by means of an ap- 
propriate ocular-goniometer. 

Fig. l l shows photographs of the wing-beat en- 
velopes under the influence of counterclockwise (z \), 
and clockwise ( /~ )  stimulus motion in the plane of 
the animal's long axis (<):MA----~=0~ The pictures 
indicate slight asymmetries of the wing-beat amplitu- 
des (or of the corresponding force components) on 
either side tha t  arc apparently correlated to the stimu- 
lation. The resulting torque elicits, obviously in both 
cases, the expected positive optomotor response, i.e. 
the tendency to follow the angular motion of the sur- 
roundings. 

The investigation of wing-beat envelopes has been 
repeated under the various conditions of the torque 
and thrust  experiments. Fig. 12 shows the average 
wing-beat amplitudes as obtained from a total  of 352 
in-flight photographs taken with 15 tethered fruitflies. 
The general scheme of the figure relates to Figs. 4 
and 5. Again, the headings of the columns denote the 
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WING-BEAT 
r b\ l~t / \  #i, r 
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150 ~ F 
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WING-BEAT (MODEL) 
I I /it r I~ / \  #it ~ l  
0.1 c m  < MA 

Fig. 11. Wing-beat envelopes of the tethered fruitfly under the influence of 
counterclockwise (Fig. 1 a) and clockwise stimulus motion. The slight asym- 
metries of the wing-beat amplitudes indicate, in both cases, the appropriate 
torque response : The animal tries to follow the angular motion of the stripes 

Fig. 12. The average wing-beat amplitudes of Drosophila as functions of 
the composition and inclination of the stimulus. The headings of the co- 
lumns and the parameter <): ~ A of the rows correspond to the notations in 
Figs. 4 and 5. Split bars indicate the average angular amplitudes of the 
left and the right wing when the two eyes receive different stimulation. 
The standard errors of the means are in the order of ~= 2.5 ~ Nevertheless 
it is possible to reconstruct the general properties of the torque and the 

thrust responses from the di/]erences and the sums of the wing-beat 
amplitudes on either side of the fruitfly 

Fig. 13. The expected wing.beat amplitudes according to the "minimum 
model" in Fig. 7. The increments and decrements on either side of the 
flight system are represented on an arbitrary scale as functions of the 
composition and inclination of the stimulus. The headings of the columns 
and the parameter <): ~IA of the rows correspond to notations in previous 
figures. The results resemble the experimental data in Fig. 12, and suggest 
that the various torque and thrust reactions of the tethered fruitfly in 

still air can possibly be described by the "minimum model" in Fig. 7 
acting exclusively upon the wing-beat amplitudes 

I I | l l l  .9oo 

I IIi -'0o 
Jlll|l i i I iI- oo 

Fig. 13 

direct ion,  and  the  pa rame te r s  of the  rows denote  the  
inc l ina t ion  of the  s t imulus  mot ion  on the  two pro jec tor  
screens. The bars  represent ing the  angular  wing-bea t  
ampl i tudes  under  a symmet r i ca l  s t imula t ion  have  been 
spl i t  in order  to  i l lus t ra te  s epa ra t e ly  the  average reac- 
t ions on e i ther  side of the  mo to r  sys tem.  

The  a l r eady  ment ioned  deficiencies of p a t t e r n  con- 
t ras t ,  and  sampl ing  t ime in these exper iments  lead to  
an  average s t a n d a r d  error  of the  mean  wing-bea t  
ampl i tudes  of • 2.5 degress. Al though  the single values  
in Fig.  12 are not  ve ry  rel iable the  ensemble  represents  
qui te  well the  torque in Fig.  4 b y  the  di//erence, and  
the  thrust in Fig.  5 b y  the sum of the  wing-bea t  ampli-  
tudes  on e i ther  side of the  motor  sys tem.  

This  becomes more ev ident  if the  resul ts  of Fig.  12 
are compared  with  the  modif ica t ions  of the  wing-bea t  
ampl i tudes  t h a t  are expec ted  on the  basis of the  
" m i n i m u m  model" for the  torque  and th rus t  responses 
of Drosophila. Fig.  13 i l lust ra tes ,  on an a r b i t r a r y  scale, 
the  effects of th is  model  under  the  var ious  condi t ions  
of Fig. 12. The increments  and  decrements  of the  wing- 
bea t  ampl i tudes  on e i ther  side are der ived  from the  
wiring p a t t e r n  in Fig.  7 b y  superpos i t ion  of the  ou tpu t s  
of the  mot ion  de tec to r s  wi th  app rop r i a t e  o r ien ta t ion  
and  posit ion.  F o r  each of these ou tpu t s  the  magn i tude  
and  sign depends  on the  inc l ina t ion  of the  s t imulus  
mot ion  re la t ive  to the  or ien ta t ion  of the  detec tor .  I t  
is assumed t h a t  the  ou tpu t s  are small  compared  to  
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the saturation level, and therefore still proportional 
to the cosine of the angle between these two directions. 

A variable parameter of the "minimum model" is the 
inclination of the detectors relative to the animal's long axis, 
and a • 45~ of their orientation has arbitrarely 
been chosen in the present case. It can be shown that the 
deviation from this value is merely imposing different factors 
upon the torque and the thrust components of the wing-beat 
responses in Fig. 13. (A decrease of the divergence to, for 
instance, :k 30 ~ would raise all torque responses by the factor 
1.22, and lower all thrust responses by the factor 0.70. An 
increase of the divergence to ~ 60 ~ would, in reverse, lower 
all torque responses by the factor 0.70, and raise all thrust 
responses by the factor 1.22.) The actual inclination of the 
"minimum model" detectors can, therefore, in principle be 
determined from precise data of sufficiently small wing-beat 
responses. 

Indirect evidence from previous sections has led to 
the conclusion that  the major influence of pattern 
motion on the wing articulation in Drosophila is neces- 
sarely confined to modifications of the wing-beat am- 
plitudes. Now it is evident that  these modifications 
exist, and that  they are sufficient for the generation 
of appropriate torque as well as thrust responses. How- 
ever there are still other variables which could possibly 
be under control of the motion detectors (Table 1). 
The in-flight photographs of Fig. 11 show the effect 
of counterclockwise, and clockwise stimulation on the 
position of the hind legs, and similar effects are ob- 
served with the position of the abdomen. The observa- 
tions suggest that  the body posture also is, actively or 
passively, involved in visual flight control. However, 
the truncation of the hind legs, as well as radical 
changes of the abdominal volume by appropriate nutri- 
tion have no significant influence on the torque and 
thrust reactions in still air. With increasing airspeed 
the variables may, of course, become important para- 
meters of flight performance. I t  is improbable that the 
relatively small halteres contribute as effectors to the 
visual flight control (PI~I~CL~, 1957). 

The torque responses in the present experiments 
can, in fact, be almost completely attributed to the 
differences of the wing-beat amplitudes on either side 
of the tethered fruitfly. This is shown by comparison 
of the results in Fig. 6. One side of the flight system 
in Drosophila produces, under optimal stimulation, one 
half of the maximum torque response (about 0.02 
dyne • cm), or one half of the maximum thrust response 
(about 0.06 dyne). The thrust is roughly proportional 
to the square of the down-stroke velocity. The thrust 
increment originates, therefore, mainly from the distal 
part of the laterally extended wing, where the down- 
stroke velocity is about its maximum. The resultant 
of the thrust increment passes through this region. 
Estimates of its perpendicular distance to the center 
of the fly are based on Fig. l l ,  and range between 0.2 
and 0.3 cm. The increment of the wing-beat amplitude 
in the thrust experiment is, therefore, capable of 
generating torque in the order of 

0.06 dyne • 0.25 cm ~ 0.015 dyne • cm. (4) 

This value is comparable with the 0.02 dyne • cm 
maximum torque response per wing which was derived 
from torque recordings. 

The previous results support the view, that  the 
various torque and thrust reactions of the tethered 
fruitfly in still air can, so far, completely be described 
by the "min imum model" in Fig. 7 acting exclusively 
upon the wing-beat amplitudes. 

Discussion 
I t  is evident from Fig. 6 that the visual subsystems 

for torque control, and thrust control conform to direc- 
tions on the eye surface that are parallel, and perpendi- 
cular to the longitudinal axis A of the fruitfly. This 
imposes certain constraints on the orientation of the 
motion detectors on the eye surface. I t  was expected 
that these detectors group in at least two directions 
that are either parallel and perpendicular, or sym- 
metrically located to the axis A. 

The results suggest that  the direction A corresponds 
to a distinct direction in the array of the ommatidia 
on the lateral eye surface. This is, in fact, the case as 
seen from Fig. 14. Moreover, the axis A has proved to 
be parallel to the line of symmetry of the internal eye 
structure that  was determined in the flies Musca 
(KIRsC~FEZD, 1967) and Drosophila (FRA~CESCHINI, 
1968). However, the orientation and distribution of the 
motion detectors on the eye surface is still unknown. 

+90o i ~ 

~ ~ 0 
0.1 30 cm 20~ _900 

Fig. 14. The position of the longitudinal axis A of the female 
fruitfly Drosophila is plotted on the left side in relation to 
the body markers, and on the right side in relation to the 
array of the ommatidia on the lateral eye surface. The uniform 
orientation of the hexagonal array facilitates a fairly precise 
determination of the direction A. The vector F denotes the 
force of flight of the tethered fruitfly in still air. The inclination 
<): FA of the force vector has proved to be invariant to visual 

stimulation (Table 2) 

The role of the thrust response in the flight control 
of Drosophila may find a possible explanation in the 
light of the present results. I t  has been shown that 
the motion detectors control the magnitude but not 
the inclination of the force of stationary flight in still 
air. Consequently the increase of thrust by pattern 
motion from below is accompanied by an appropriate 
increase of the li/t unless the inclination of the animal 
undergoes considerable changes. This lift response is 
obviously suitable to counteract involuntary changes 
of the altitude. 

I t  is conceivable that the visually stimulated alti- 
tude-control reflex replaces the wide-spread "lift- 
control reaction" of insects (W]~Is-FoGH, 1964), which 
is not found in Drosophila (VOGEL, 1966). The torque 
and thrust experiments of Fig. 6 have, therefore, been 
repeated with the housefly Musca domestica. Fig. 15 
gives the means obtained from a total of 125 torque 
and 155 thrust recordings with only 1 housefly. As in 
Fig. 6, the values represent half the difference of the 
torque responses to counterclockwise and clockwise 
stimulation, or of the thrust responses to progressive 
and regressive stimulation on either side of the fly. 
Besides of the increased scale factors, and the missing 
saturation of the torque response the figure resembles 
the essential details of Fig. 6. I t  can be concluded, 
that  the principle of independent torque and thrust 
control is adopted even in flies with a considerably 
more elaborate flight control system than is found in 
Drosophila. 
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R e c e n t l y  i t  b e c a m e  feasible  to  i d e n t i f y  e lec t ro-  
phys io logica l ly ,  a n d  to  local ize  a n a t o m i c a l l y  ce r t a in  
p rope r t i e s  of t h e  v i sua l  f l igh t  con t ro l  s y s t e m  in insects .  
F u n d a m e n t a l  progress  on t h e  i n v e s t i g a t i o n  of  t h e  in te r -  
neu ra l  basis of o p t o m o t o r  b e h a v i o r  has  been  m a d e  in  
t he  w o r k  on the  m o t h  Sphinx (COLLETT a n d  BLEST, 
1966), and  on t h e  flies Calliphora a n d  Musca (B]sHoP, 
KEEHN, a n d  MCCANN, 1968). The  n e u r o - m u s c u l a r  basis  
of f l igh t  con t ro l  has  been  i n v e s t i g a t e d  in t h e  flies 
Muscina, Sarcophaga, a n d  Calliphora (SMYTH a n d  
YURKIEWICZ, 1966), (NACHTIGALL a n d  WILSOn, 1967). 
F u r t h e r  s tud ies  on  f l igh t  p e r f o r m a n c e  in  t h e  wind  
t u n n e l  inc lude ,  for  ins tance ,  t h e  w o r k  on  t h e  f ru i t f l y  
Drosophila virilis (VOGEL, loc. cit.), a n d  con f i rm  t h e  
o u t s t a n d i n g  s imp l i c i t y  of t he  f l igh t  con t ro l  s y s t e m  in  
Drosophila. 
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Fig. 15. Optomotor responses of Musca as functions of the 
stimulus inclination <): ~I A, defined in Fig. 3. The upper dia- 
gram represents half the difference of the torque responses to 
counterclockwise (Fig. 1 a) and clockwise stimulus motion. The 
lower diagram represents half the difference of the thrust 
responses to bilaterally progressive (Fig. l b ) a n d  bilaterally 
regressive stimulus motion. The given means and the standard 
errors of the means refer to a total of 280 recordings from 
only 1 fly. The two response curves are approximated by 
simple trigonometric functions of <): M A. They resemble the 
essential details of the Drosophila response curves in Fig. 6. 
The principle of independent optomotor torque and thrust 
control is, therefore, obviously adopted also in the elaborate 

flight system of the housefly 

H o w e v e r ,  t h e  s tud ies  on t h e  o p t o m o t o r  speed  con- 
t ro l  in Calliphora (P. SCHNEIDER, 1965), a n d  on  t h e  
o p t o m o t o r  l and ing  response  in Musca (v. BRAITEN- 
BERt  a n d  TADDEI F E R R E T T I ,  1966) i nd i ca t e  t h a t  t h e  
o p t o m o t o r  r eac t ions  a re  p r o b a b l y  n o t  r e s t r i c t e d  to  t h e  
s t e a d y  s t a t e  t o r q u e  a n d  t h r u s t  responses  t h a t  h a v e  
exc lu s ive ly  been  s t u d i e d  in t he  p re sen t  work .  
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