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Summary. Odontodactylus scyllarus makes discrete spon- 
taneous eye-movements at a maximum rate of 3/s. These 
movements are unpredictable in direction and timing, 
and there is no detectable co-ordination between the two 
eyes. The eye-movements were measured with a com- 
puter-aided video method, and from 208 of these the 
following picture of a typical movement emerges. It has 
roughly equal horizontal and vertical components of 7- 
8 ~ taking the eye-stalk axis about 12 ~ around a great 
circle, and also a rotational component of about 8 ~ The 
3 components can occur independently of each other 
and are thus separately driven by the brain (Fig. 6). The 
average duration is 300 ms, and average velocity is 40 ~ s 
(Fig. 5). Most movements are made in a direction ap- 
proximately at right angles to the orientation of the spe- 
cialised central band. It is shown that the slow speed 
of the eye-movements is compatible with scanning, that 
is, the uptake of visual information during the move- 
ment rather than its exclusion as in conventional sac- 
cades. 

Mantis shrimps also make target-acquiring and 
tracking eye-movements which tend to be somewhat 
larger and faster than other spontaneous movements. 
Rotating a striped drum around the animal induces a 
typical optokinetic nystagmus whose slow phases are 
smooth, unlike target tracking which is jerky (Fig. 7). 
Eye-movements may therefore be conveniently grouped 
into 3 classes: targetting/tracking, scanning, and optoki- 
netic. 
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Introduction 

Mantis shrimps are aggressive predators whose behav- 
iour is largely guided by vision (Caldwell and Dingle 
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1976). Their large apposition compound eyes are re- 
markable in several ways. Firstly they are composed of 
3 parts, a dorsal and ventral hemisphere separated by 
a central mid-band which in many genera consists of 
6 rows of enlarged ommatidia (Manning et al. 1984). 
(The notable exception here is Squilla, the best-known 
European genus, which has only a two-row, unspecial- 
ised, mid-band.) Secondly, all 3 regions of each eye can 
view the same point in space, as indicated by the appear- 
ance of 3 pseudopupils from some directions of view. 
Exner (1891) originally suggested that the function of 
this might be stereoscopic vision within a single eye, 
and this distance-judging function remains the most like- 
ly possibility. Thirdly, recent studies (Marshall 1988; 
Cronin and Marshall 1989a, b) have shown that 4 of 
the rows in the central band contain an elaborate eight- 
rhodopsin colour-vision system, whilst the rest of the 
eye has monochromatic or possibly dichromatic vision 
(' colour vision' is used in a loose sense throughout this 
paper). The remaining 2 rows show anatomical speciali- 
zations consistent with polarization analysis. Finally, 
each eye has a pronounced 'acute zone' with enlarged 
facets and inter-ommatidial angles less than 1~ (Horridge 
1978). This is visible externally as a region where the 
size of the pseudopupil increases dramatically (Fig. 2c, 
d). 

The structure of the eye, just outlined, leads to a 
remarkable paradox. The central band with the colour- 
vision system has essentially a linear, one-dimensional 
field of view, a few degrees high by about 180 ~ long 
(Marshall 1988). However, it is embedded in a more 
conventional compound eye with an extended, two-di- 
mensional field of view. How can these two systems 
operate together? One way to determine the colours of 
objects in an extended scene would be for the band to 
sweep across the field of view. In this case one would 
expect scanning movements of some kind to occur, at 
right angles to the band itself. However, if the band 
makes such movements, what then happens to the rest 
of the image? Generally speaking, visual systems includ- 
ing both our own and those of many arthropods go 
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to a g rea t  dea l  o f  t roub le  to p reven t  s l ippage  o f  the 
image  across  the ret ina,  because  this results  in confus ion ,  
b lu r r ing  and  loss o f  i n f o r m a t i o n  (Carpen te r  1988; L a n d  
1975). W h e n  the eye is m o v e d  this is usua l ly  done  with  
a ' s a c c a d e ' ,  a m o v e m e n t  suff iciently fast  for  the eye 
to be v i r tua l ly  b l ind  for  the b r ie f  pe r iod  o f  t ransi t .  The  
needs o f  the two k inds  o f  sys tem in the  man t i s  sh r imp  
eye thus  seem to be incompa t ib le .  The  one -d imens iona l  
b a n d  shou ld  move  s lowly enough  to t ake  in i n fo rma t ion ,  
bu t  the rest  o f  the  eye needs  to move  br i sk ly  be tween  
s t a t iona ry  f ixat ions.  

In  view of  this  p r o b l e m ,  it is n o t  surpr i s ing  to f ind 
tha t  man t i s  sh r imps  have  a complex  reper to i re  o f  eye- 
movement s .  This  includes  m o v e m e n t s  tha t  acqui re  and  
t r ack  mov ing  st imuli  (Cron in  et al. 1988), op tok ine t i c  
s tabi l iz ing m o v e m e n t s  (this paper ) ,  and  also f requen t  
discrete s p o n t a n e o u s  m o v e m e n t s  tha t  a re  un ique  
a m o n g s t  c rus taceans .  These  s p o n t a n e o u s  m o v e m e n t s  
were first  descr ibed  by  Mi lne  a n d  Mi lne  (1961) as ' s can -  
n i n g '  movemen t s ,  conce rned  with  ' k e e p i n g  the cent ra l  
ne rvous  sys tem p r o v i d e d  with  a d y n a m i c  p ic ture  o f  the 
e n v i r o n m e n t ' .  They  l ikened them to h u m a n  mic ronys -  
t agmus ,  and  indeed in their  f requency  and  unpred ic t ab i -  
l i ty they  do  give Odontodactylus a s t rangely  in te l l igent  
and  a lmos t  p r ima te - l i ke  appea rance .  This  r eper to i re  is 
qui te  di f ferent  f rom tha t  o f  a crab,  for  example ,  which  
is m o r e  or  less conf ined  to saccades  assoc ia ted  with  
turns,  and  s tabi l is ing movemen t s  conce rned  wi th  keep-  
ing the  d i rec t ion  o f  gaze s t a t i ona ry  dur ing  l ocomot ion .  

The  cent ra l  ques t ion  addres sed  by  this p a p e r  con-  
cerns the  func t ion  o f  the  s p o n t a n e o u s  movemen t s .  Are  
they  bas ica l ly  re loca t ing  saccades,  mov ing  the acute  zone 
o f  the eye f rom one  pa r t  o f  the field to ano the r ,  o r  
are  they scanning  m o v e m e n t s  tha t  enable  the cent ra l  
b a n d  to t ake  in co lou r  i n f o r m a t i o n  f rom the su r round -  
ings while the  eye is m o v i n g ?  To answer  this ques t ion  
requires  a knowledge  o f  the speed o f  the movement s .  
Re loca t ing  saccades  are  typ ica l ly  fast  - several  h u n d r e d  
degrees  pe r  second  in h u m a n s  - and  visual  i n f o r m a t i o n  
is exc luded  by  suppress ion  o r  s imply  by  blur .  Scanning ,  
on the  o the r  hand ,  mus t  be s low enough  for  recep tors  
to have  t ime to r e spond  fully to the in tens i ty  changes  
induced  by  the sweep. We examine  in the Discuss ion  
the ques t ion  o f  how slow is slow enough.  

To de te rmine  the sizes and  veloci t ies  o f  eye-move-  
men t s  we had  to devise a novel  m e t h o d  o f  measu remen t .  
The  eyes move  a r o u n d  3 axes, which  makes  mos t  meth-  
ods  o f  r eco rd ing  involv ing  t ransducers  diff icult  o r  im- 
possible .  We dec ided  to m a k e  use ins tead  o f  a c o m p u t e r -  
a ided  v ideo  techn ique  in which  the eye -movemen t s  were 
v ideo - t aped ,  and  the t ape  p l ayed  back  f r a m e - b y - f r a m e  
on to  the same screen as a c o m p u t e r - g e n e r a t e d  out l ine  
m o d e l  o f  the eye. This  m o d e l  cou ld  be ro t a t e d  us ing 
a t racker -ba l l ,  unt i l  the m o d e l  m a t c h e d  the out l ine  o f  
the eye (Fig.  1). The  3 co -o rd ina t e s  ( la t i tude,  long i tude  
and  bear ing)  used to genera te  the m o d e l  were then  t aken  
to be those  o f  the eye itself, and  in this way  the t ime- 
course  o f  the  m o v e m e n t s  o f  bo th  eyes cou ld  be deter-  
mined  wi th  a d e q u a t e  accuracy.  The  pr inc ipa l  resul t  re- 
p o r t e d  in this  p a p e r  is tha t  mos t  o f  the s p o n t a n e o u s  
eye -movemen t s  o f  Odontodactylus are  qui te  slow, the 
mean  veloci ty  being a b o u t  40~ (Fig.  5c), and  tha t  this 

is ent i re ly  c o m p a t i b l e  wi th  the idea  tha t  they  are  scan- 
ning m o v e m e n t s  o f  the centra l  band .  

Methods 

Odontodactylus scyllarus is a large (10-15 cm) stomatopod from 
shallow reefs in the Indo-Pacific region. Specimens were obtained 
from tropical fish dealers in the UK, and kept in individual tanks 
in a sea-water aquarium at 25 ~ until required. The tanks had 
a 12 h/12 h light dark cycle, and a background luminance of about 
50 cd.m -1. 

For eye-movement studies an animal was restrained with an 
elastic harness that held it in a perspex tube with just the anterior 
end free. The tube was placed so that the rostrum was at the 
centre of a cylinder 30 cm in diameter containing sea-water. A 
plain or striped background could be placed around the cylinder, 
and in addition a tracking target could be moved back and forth 
in front of the animal, just inside the cylinder, by means of a 
reversible constant velocity motor. The target used here was a 
vertical rectangle, 2 cm by 1 cm (8 ~ by 4~ coloured half yellow 
and half red. The eye-movements were recorded from in front of 
the animal using a CCD colour video camera (Sony DXC-101P), 
through a small aperture in the background. A macro telephoto 
lens was used so that the two eyes nearly filled the frame (Fig. 1 b). 
A clock signal was added to the camera signal, which was recorded 
on a VHS cassette recorder (Panasonic AG 6200) with single frame 
and remote control facilities. 

A graphic model of the eye was produced on a fast microcom- 
puter (Acorn Archimedes 440) in the following way. Measurements 
of real eyes were taken from a series of photographs, and from 
these the 3-dimensional coordinates of 30 points along the edge 
of the eye and the mid-band were established. These were converted 
to spherical co-ordinates in a system centred on the eye-stalk axis 
and level with the eye's centre of rotation. The computer worked 
out the frontal projection of the model eye, and displayed this 
on the monitor screen (Fig. la ,  b). The model could be rotated 
in the computer by adding or subtracting angles from the co-ordi- 
nates of each point, and re-calculating the frontal projection. The 
axes chosen for rotation produced changes in i) the direction of 
the eye-stalk around a vertical axis (longitude); ii) the direction 
of the eye-stalk around a horizontal axis perpendicular to the eye- 
stalk (latitude); and iii) rotations around the eye-stalk itself (bear- 
ing, or angle relative to the local longitude line, clockwise when 
seen from in front). In this way the projection of the eye-stalk 
axis onto a sphere at infinity could be described in the same conven- 
tional co-ordinates as used in navigation, with which most people 
are familiar. 

The computer model was projected onto the same screen as 
the video image of the eyes, using a frame store and a mixer. 
The size and location of the model were adjusted to fit the eye, 
and the model was then rotated in real time, using a tracker-ball, 
until the outline of the rim and the central band matched those 
features on the eye itself (Fig. 1 b). When that was done the 3 
coordinates were displayed on the screen, and could also be stored 
for analysis. In the projection of the model the inclination, curva- 
ture and apparent length of the central band provide the basis 
for an unambiguous 3-dimensional match with the video image, 
provided care is taken to distinguish between lines in the model 
that are actually visible, and those which would be occluded. 

A practiced observer can usually re-match model and image 
to an accuracy of a few degrees on each coordinate. The data 
shown in Fig. 1 c were used to obtain the standard deviation of 
measurements for a large sample. These were 1.9 ~ 2.4 ~ and 1.4 ~ 
for latitude, longitude and bearing respectively. Usually 3 measure- 
ments were made and the mean taken, and for this the 90% confi- 
dence limits are + 1.8% 2.3 ~ and 1.3 ~ for the 3 respective coordi- 
nates. To test for systematic errors in different parts of the field 
(as opposed to local errors in repeatability) a physical model of 
an eye was rotated through known angles around all 3 axes, and 
video-taped in each position. Apart from the situation when the 
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Fig. 1 a. Diagram of  the recording 
method. The operator combines the 
image of the eye on a single frame of 
video with a computer generated model 
which is rotated by a tracker-ball. 
b Photographs of the monitor  screen, 
showing the (animal's) left eye fitted by 
the model (above) and both eyes fitted 
(below). Note that  certain lines on the 
model lie behind the eye and are not 
fitted. The large numbers are the clock- 
time, and the small numbers at the top 
left of the screen are the latitude and 
longitude of the eye-stalk axis, projected 
onto a sphere at infinity, and the 
bearing of the mid-band (in this case 
relative to the local latitude line, not  
longitude as in the rest of the text). 
c Two large spontaneous eye-movements, 
each measured independently 5 times to 
demonstrate the repeatability of the 
method. Note also the variations in 
velocity within and between the 
movements, and the near-simultaneity of 
the onset of the 3 components 

eye points directly up or down, where there is genuine ambiguity 
between longitude and bearing (as at poles of a globe), systematic 
errors were acceptably low. The average difference between the 
set direction of the physical model, and the direction obtained 
from analysis of the tapes as described here, was +4.6% 6.0 ~ and 
1.9 ~ for latitude, longitude and bearing, when the eye axis lay 
within 45 ~ of the body axis. For the entire front hemisphere figures 
rose to 5.9 ~ , 8.9 ~ and 7.0 ~ . These figures include repeatability errors, 
so can be reduced by about  2% Thus in round terms each coordi- 
nate has an absolute accuracy of approximately _ 5% and a repeat- 
ability + 2 ~ when the mean of 3 measurements is taken. 

Approximately 1 hour 's  worth of tape was studied at different 
levels of analysis. This was all examined informally to determine 
the extent of movements of the eyes and the types of movements 
made, and also to find suitable sequences for detailed frame-by- 
frame analysis. One particular 2-min tracking sequence, judged 
to be typical, was used to obtain a data set of  over 100 eye-move- 
ments from each eye, from which the distribution of amplitudes, 
durations and average velocities were obtained (Fig. 5). Many of 
the eye-movements in this same sequence were analysed frame-by- 

frame (40 ms intervals) to provide full details of the time courses 
of all 3 components of the movements (Fig. 6). Similar sets of 
measurements were made on an animal in a drum with 12 pairs 
of black and white stripes, both  stationary and rotating (Fig. 7). 
In most of the results the co-ordinates given represent the direction 
of the eye-stalk axis, but  it is also possible to calculate the coordi- 
nates of the direction of view of the pronounced acute zone 
(Fig. 2c, d) which is situated 15 ~ from the eye axis, along the central 
band in the ventromedial direction. This is shown in Fig. 3. 
Throughout  the paper, an eye-movement is defined in time as the 
whole period during which the eye was in motion around one 
or more axes. 

Results 

General form of the eye-movements 

T h e  c o m m o n e s t  p a t t e r n  o f  e y e - m o v e m e n t s  m a d e  b y  
Odontodactylus in  a s t a t i o n a r y  e n v i r o n m e n t  c o n s i s t s  o f  
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Fig. 2 a-f. Six single frames from 
a videotape of Odontodactylus 
showing the independence of the 
direction of two eyes, and the 
range of positions and 
orientations they can assume. The 
acute zone is visible in e and d 

a continuous train of  discrete spontaneous movements,  
each of  up to 50 ~ in extent, but typically 10 ~ or less. 
Their size, direction and timing seem to be unpredict- 
able, and they occur at a max imum rate of  2-3/s, al- 
though usually much less frequently. When a new object 
moves into the field of  view one or both  eyes move 
so as to point the eye-stalk axis towards it. They will 
also track targets (Cronin et al. 1988). Odontodactylus 
does this in a jerky manner,  employing movements  that  
are not obviously different in kind f rom those occurring 
in the absence of  stimuli. The presence of  a new object, 
or a disturbance of  some other kind, results in an alert 
posture with the rostrum raised, and an increase in the 
rate of  eye-movements,  both of  which reinforce the im- 
pression of  primate-like attentiveness. 

The most  obvious differences between these eye- 
movements  and our own are firstly that there is much 
more rotat ion around the eyes axis: more than 70 ~ in 
Odontodaetylus compared  with 10-15 ~ in ourselves. Sec- 
ondly, these eyes rarely if ever move exactly together, 
in either timing or direction, whereas conjugate eye- 
movements  are the rule in man and most  vertebrates. 
The other important  difference, which is not apparent  

to a casual observer, is that s tomatopod eye-movements 
are very much slower than human saccades. 

Extent of eye-movements 

Figure 2 shows a series of  photographs  of  single frames, 
illustrating the range of  positions the eyes can adopt. 
They show that the eye-stalk axes can be directed over 
a horizontal range f rom forwards and slightly contralat- 
eral, to almost  90 ~ sideways on the ipsilateral side. Verti- 
cally the range is similar, f rom well below the horizontal 
to an elevation of  60-70 ~ . In addition, the eye rotates 
around its axis through 70-80 ~ . 

These ranges are confirmed by Fig. 3, which shows 
an analysis of  all the movements  made during a 2 min 
period of  tracking and spontaneous movement.  (The 
time-course of  the same set of  movements  can be found 
in Fig. 7 a.) The upper  par t  of  Fig. 3 is a square projec- 
tion of  the front half  o f  a sphere centred on the eyes 
with the directions of  the eye-stalk and the inclination 
of  the central band plotted on it. Each short line shows 
the 15 ~ region of  the band from the eye-stalk axis to 
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Fig. 3. Plot of the eye-movements made during a 2-min period 
of spontaneous activity and tracking. The diagrams show the front 
half of a sphere at infinity plotted onto a square grid of latitude 
and longitude. L, D, M, and V are at 90 ~ from the centre of 
each plot in the lateral, dorsal, medial (contra-lateral) and ventral 
directions. The upper records show the orientation and location 
of the central part of the mid-band of the eye, from the axis of 
the eye-stalk to the acute zone (dot) located 15 ~ down the band. 
These represent the stationary positions of the band between move- 
ments. Lower records show the trajectories of the eye-movements 
themselves; the dots are the locations of the directions of view 
of the acute zones of the two eyes, and the lines joining them 
are the eye-movements themselves. Right and left refer to the ani- 
mal's eyes, rather than the frontal view seen here and in Fig. 2. 
The time-course of the same eye-movements is shown in Fig. 7a 

the acute zone (dot). The following features are appar-  
ent. i) The axis of  each eye moves within a field stretch- 
ing f rom the midline to just over 90 ~ of  longitude, and 
f rom 30 ~ below the equator  to 60 ~ above it. ii) The cen- 
tral band tends to be horizontal when the eye axis is 
near the midline, but rotated by about  60 ~ acute zone 
downwards,  when the axis points laterally (compare 
Fig. 2a  and b). This tendency cannot  be the result of  
some simple mechanical or neuro-motor  linkage, how- 
ever, because over most  of  the range the band can take 
on orientations that differ by as much as 45 ~ (compare 
Fig. 2e and f). iii) The acute zone can extend 10 20 ~ 
into the contralateral field, so there is at least the possi- 
bility of  both acute zones viewing the same frontal tar- 
get. In the present study this was never observed, because 
when one eye faced frontally the other was usually look- 
ing to the side. iv) The rotation mentioned in ii) means 
that  the acute zone is on the 'outside of  the bend '  and 
so usually moves further through the field than the eye- 
stalk axis. Even when the eye merely rotates around 
the eye-stalk axis, without a change in latitude or longi- 
tude, the acute zone will move 2.6 ~ through space for 
every I0 ~ rotat ion (change of  bearing); points nearer 
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Fig. 4. Angle between the central band and the eye-movement tra- 
jectory, measured in the direction of the acute zone (open dot 
in insert). Data from both eyes in Fig. 3. There is a tendency for 
eye-movements to be perpendicular to the band rather than parallel 
to it 

the medial end of  the band will move even further. To- 
wards the lateral end of  the band, however, each eye 
seems to have a 'vir tual  p ivot ' ,  where the lines in the 
upper  par t  of  Fig. 3 would meet if extended laterally 
by about  90 ~ . Here rather little movement  of  the field 
of  view will occur during eye-movements with typical 
trajectories. 

The lower part  of  Fig. 3 shows the angular trajector- 
ies taken by the acute zone during the eye-movements 
themselves. The main feature here is that the movements  
have a strong tendency to lie in one of  two directions: 
dorsomedial  to ventrolateral,  or the reverse. However,  
al though this directional tendency is strong, it is far f rom 
obligatory; many  trajectories lie in the sector perpendic- 
ular to the dominant  direction, and this means that  there 
can be no simple mechanical coupling between vertical 
and horizontal movements.  Compar ing upper  and lower 
parts of  Fig. 3 shows that  the orientation of  the central 
band is roughly at right angles to the direction of  the 
eye-movements.  This is what  one would expect if many  
of  the movements  are concerned with scanning by the 
band;  clearly this should sweep across the field of  view 
perpendicular rather than parallel to itself. This ortho- 
gonality is far f rom perfect, however, as Fig. 4 shows; 
only 65% of  trajectories lie within +_ 45 ~ of  a perpendicu- 
lar to the central band. 

Throughout  the period illustrated in Fig. 3 a target 
was present, moving back and forth parallel to the hori- 
zon and 5 to 10 ~ above it (see also Fig. 7a). Careful 
examination of  the lower part  shows that  some eye- 
movements  do indeed have trajectories consistent with 
tracking across this par t  of  the field, but the majority 
do not. This confirms casual observations that tracking 
rarely involves a tight coupling of  the eye axis to the 
target. 

Size, duration and velocity 

Most eye-movements have oblique trajectories with both 
latitude and longitude components.  These components  
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Table 1. Statistical features of 208 eye-movements made during 
a 2 min period 

Left eye Right eye 

mean s.d. mean 

Number 105 103 

Duration (ms) 300 204 291 

s.d. 

204 

Latitude change 7.1 7.2 8.1 7.9 
(deg) 

Longitude change 8.0 9.3 7.6 8.9 
(deg) 

Great circle change 11.7 10.3 11.9 10.4 
(deg) 

Bearing change 7.7 8.5 8.7 9.0 
(deg) 

Latitudinal velocity 23.5 18.4 29.0 20.4 
(deg/s) 

Longitudinal velocity 27.3 11.9 26.5 23.5 
(deg/s) 

Gt. circle velocity 39.9 27.6 42.0 24.8 
(deg/s) 

Rotational velocity 26.5 22.8 31.5 27.4 
(deg/s) 

have mean angular magnitudes between 7 ~ and 8 ~ (Ta- 
ble 1). The overall trajectory, that is the angle the axis 
moves along a great circle, has an average size of 11.8 ~ 
(This is not a simple Pythagorean calculation because 
the actual size of  1 o of  longitude decreases with increas- 
ing latitude; standard navigational formulae are used 
to calculate the great circle angle.) There is a great deal 
of variability in this angle, as also in the latitude and 
longitude components.  This is illustrated in Fig. 5a, 
which shows that the modal angular size is actually 
around 6 ~ but that the distribution has a very long tail, 
with a decreasing number of  larger movements of  up 
to 50 ~ Rotations around the eye axis have a mean size 
similar to the latitude and longitude components,  about 
8 ~ (Table 1). The largest rotations seen during single 
movements were 44 ~ in the right eye, and 49 ~ in the 
left. 

The durations of  eye-movements show a similar dis- 
tribution to their sizes. Figure 5b shows that there is 
a strong peak at the modal value of  200 ms, with a long- 
duration tail extending to 1.3 s. Individual components 
may have somewhat shorter durations than the overall 
movement, because they are not always exactly synch- 
ronised (Fig. 6). 

Fig. 5a--d. Analyses of the 208 eye-movements shown on Fig. 3. 
a Histogram of  sizes of eye-movements measured as the trajectory 
of the eye axis along a great circle, b Histogram of eye-movement 
durations, c Histogram of angular velocities measured as great- 
circle trajectories divided by durations, d Plot of angular velocity 
vs size for all eye-movements 
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The mean angular velocities of  eye-movements along 
their great circle trajectories are shown in Fig. 5c. The 
great majority lie between 0 ~ and 100 ~ s -~, with both 
a mean and a mode at about  40 ~ s-  1. The highest aver- 
age velocity observed was 143 ~ s-  1, although within eye- 
movements the velocity may be higher than this for short 
periods, the maximum observed being about 250 ~ s-1 
(see Fig. 6b). Velocities of  rotation around the eye axis 
were generally slower, with a mean of  29 ~ s-  1 (Table 1). 
The relation between the sizes and velocities of  eye- 
movements is given in Fig. 5 d. It shows that for small 
movements of  up to about  12 ~ , size is clearly related 
to velocity, the slope of  the best-fit line being about 
5 ~ s-  1 per degree. For larger movements, however, there 
is no obvious relationship; some large movements are 
slow and others fast. Dividing the size range from 15 ~ 
to 50 ~ into 3 sub-ranges with equal observation numbers 
gave mean velocities of  60 ~ 63 ~ and 70 ~ s-  ~, each with 
a s.d. of  close to 30 ~ s-1, indicating that there is no 
significant increase in velocity over this range. It is possi- 
ble that some of  the slower large movements are ' really '  
several small movements executed without breaks, but 
there is no way that this can be demonstrated. 

Are there two types of eye-movement? 

The picture that emerges from all the statistics presented 
in the last section is that there is a large population 
of  small, brief and relatively slow eye-movements, ac- 
counting for about three-quarters of  all the eye-move- 
ments seen. The remaining quarter consists of  larger, 
longer and somewhat faster movements, which at the 
same time are much more variable. However, on no mea- 
sure does the population divide cleanly into two, and 
none of  the distributions is clearly bimodal. 

I f  one examines the videotapes or records of  tracking 
like those shown in Fig. 7a, it looks as though many 
of  the larger eye-movements are associated with acquir- 
ing the stimulus (targetting) or following it (tracking.) 
The smaller movements on the other hand tend to be 
oblique or even at right angles to the direction of  move- 
ment of  the stimulus. To test whether this was a real 
difference, two sub-populations were extracted from the 
data, and compared. The first contained all nearly hori- 
zontal movements (n = 53) in which the longitude change 
was more than twice the latitude change, and the second 
the orthogonal movements (n=74) ,  where latitude 
change was greater than twice the longitude change. The 
first should contain a high proport ion of  movements 
associated with tracking, and the latter none (although 
the eyes can and do occasionally target objects other 
than the stimulus). The means of  the two populations 
did differ significantly in two features: the angular extent 
of  the movements (13.7 ~ around the great circle com- 
pared with 9.6~ P<0.01) ,  and angular velocity (53.7 ~ 
s-  a compared with 37.0 ~ s-  ~ ; P <  0.001). Interestingly, 
there was almost no difference between the mean dura- 
tions of  the movements in the two populations, and the 
small difference in the mean extents of  rotation were 
also not significant. Thus horizontal eye-movements are 

larger and faster than vertical ones, but not by a very 
large amount.  This could simply be due to an asymmetry 
in the neuro-muscular mechanisms that drive horizontal 
and vertical movements. Alternatively, these observa- 
tions are consistent with the idea that there are two func- 
tional classes of  eye-movement: small scanning move- 
ments and larger, more variable targetting or tracking 
movements. However, even if this is the case there is 
overlap between the classes; larger scanning movements 
and smaller targetting movements are not distinguish- 
able from each other on any basis we have so far dis- 
covered. Thus the data so far strongly suggest that there 
are two functional classes of  eye-movement in the data 
presented, but they do not prove it. 

The structure of individual eye-movements 

Generally speaking, when an eye-movement occurs rota- 
tions about all 3 axes begin approximately simultaneous- 
ly (Fig. 1 c for example). However, this is not always 
the case, as indicated by the large eye-movements shown 
in Fig. 6 a and b. In 6 a there is an initial latitude change 
(A) on its own, joined at B by both longitude and bear- 
ing changes. At C another movement occurs with longi- 
tude and bearing changes, but no latitude change. This 
demonstrates that latitude and longitude changes are 
not obligatorily coupled. In Fig. 6b the eye-movement 
begins with simultaneous fast bearing and longitude 
changes (A). The latter continues through B, but the 
bearing change ceases and is replaced by a latitude 
change. This record shows that bearing changes (rota- 
tions around the eye axis) are not coupled obligatorily 
to either latitude or longitude changes. In other words, 
each of  the 3 components of  an eye-movement - 
changes in latitude, longitude and bearing - are under 
separate control. There must thus be 3 independent neu- 
ral 'drivers '  controlling the eye-movements. 

Figure 6b also shows that the velocity can change 
substantially during an eye-movement. During the first 
part of  the movement (A) the longitudinal velocity 
reaches one of the highest values observed, about 
250 ~ s-1, but in the second part of  A and the beginning 
of  B it is almost constant at 50 ~ s-  1. In contrast to this, 
the latitude movement in Fig. 6 a shows a slow beginning 
in A but a faster end in B. Thus these eye-movements 
do not have a standard velocity profile, unlike human 
saccades, for example, which have a very predictable 
time-course (Carpenter 1988). 

The eye-movements shown in Fig. 6c are a staircase 
of  typical small, brief, slow movements that make up 
the main peaks of  the distributions in Fig. 5a~z, and 
which we believe to be scanning movements. Latitude, 
longitude and bearing changes are present in all 5 move- 
ments (arrows), and they occur more or less synchron- 
ously. However, as with the large movements, the extent 
of  the contributions of  the different components varies 
from movement to movement. Thus bearing changes 
most in A, latitude in B, and longitude in E. Again 
this could only occur if the components were indepen- 
dently driven. 
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Fig. 6a-c. Frame-by-frame analyses of several eye-movements. 
Each point is the mean of 3 measurements and has 90% confidence 
limits of + 2 ~ a, b Are large complex movements in which the 
3 components do not all change synchronously, c Shows a series 
of 5 consecutive small eye-movements; the cross lines (/) indicate 
omitted sections where no movements occurred. The inserts show 
the trajectories of the eye-stalk axes (arrows) and the acute zones 
(open dots) 

Coupling between the eyes 

One of the first things one notices about Odontodactylus 
eye-movements is their chameleon-like independence. 
This lack of synchrony might have one of two origins: 
the timing of the movements in one eye might be entirely 
unrelated to that in the other; or else the eyes might 

be actively prevented by the nervous system from mov- 
ing together. The latter idea is attractive because it im- 
plies that the eyes might alternate in function with one 
eye scanning while the other examines the stationary 
2-dimensional image. A simple way to distinguish the 
two possibilities is to measure the proportion of time 
each eye spends in movement, and the proportion during 
which they move together. On the second hypothesis 
(alternation), there should be virtually no overlap be- 
tween movements, whereas on the first (random cou- 
pling) the proportion of time spent in simultaneous mo- 
tion would simply be the product of the proportions 
for each eye separately. 

In a one minute period the right eye spent 13.8 s 
in motion (23% of the time) and the left eye 19.9 s 
(33%). The eyes were simultaneously in motion for 4.9 s 
(8%). The product of 0.23 and 0.33 is exactly 0.08, which 
means that the coupling between the eyes is not distin- 
guishable from random, and there seems to be no delib- 
erate alternation. Cronin et al. (1988) also concluded 
that in Gonodactylus tracking eye-movements there was 
no coupling, positive or negative, between the two eyes. 
The only situation in which coupling did occur was dur- 
ing optokinetic following, when simultaneous resetting 
movements of the two eyes were sometimes observed. 

Tracking performance 

During the 2 min period analysed here a tracking stimu- 
lus was present in the form of  a small coloured target 
moving back and forth in front of the animals at a dis- 
tance of 14 cm, and just above the equator. It was clear 
from direct observation that the animal was interested 
in the target, and some tracking occurred, although 
Fig. 3 shows that this tracking was far from slavish. The 
target was used primarily to encourage the production 
of eye-movements in this study, rather than to study 
tracking itself. A tracking target does indeed arouse the 
animal and increase the eye-movement frequency: com- 
pare Fig. 7 a and b. 

Figure 7 a shows the longitudinal (horizontal) move- 
ments of the two eyes, together with the stimulus posi- 
tion, over the whole period. Several points emerge, i) 
At least for the first minute, the target is tracked rather 
crudely by the ipsilateral eye. Initially the left eye follows 
the target in towards the midline, after which it loses 
it and the right eye takes over, following the target out 
to 90 ~ and then back in again. This pattern of alterna- 
tion, with each eye looking after its own hemi-field, was 
typical of many other instances of tracking analysed at 
lower temporal resolution, i i )In the second minute the 
tracking becomes much less tight. Again, this habitua- 
tion or loss of motivation was typical of other episodes, 
'good '  tracking only lasting for a few cycles after each 
period of rest. iii) There was no sign o f '  smooth '  track- 
ing, as described by Cronin et al. (1988) for Gonodacty- 
lus; all tracking here was performed by staircases of 
discrete movements. (This may reflect a real species dif- 
ference, or it may be that the lower sampling rate of 
10/s in the earlier study failed to reveal the disjointed 
structure of tracking.) 
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Fig. 7a. Record of longitude changes during the 2 min period of 
tracking also shown in Fig. 3. The position of the small tracking 
target in the field of view is shown by the dashed line. Tracking 
does occur, but in a jerky, imprecise manner. The background 
was plain, but there were features in the top and bottom of the 
animal's field, b Similar record, but animal in a stationary drum 
(30 ~ stripe pairs), and without a tracking target. The low level 
of arousal is typical of an unstimulated animal. Different animal 
from a. c Response of the eyes to a moving drum (6.3~ The 
dashed line indicates the drum velocity but not the position of 
any one line. The eye follows the drum with a closed-loop gain 
between 0.5 and 1, and reverses direction when the drum reverses. 
Each point is the mean of 3 measurements, and the fine ' j i t ter '  
is artefactual. Same animal as b, but note difference in time scale. 
In all 3 cases the light parts of the background had a luminance 
of approximately 100 cd .m 2 

After 35 s there appears to be a part of the record 
where the left eye actually leads the target, which seems 
to be incompatible with a position-error driven tracking 
system. However, we do not know which part of the 
eye is used to track the target; the eye-stalk axis is shown 
here, but if the acute zone direction were plotted instead 
this would reduce the apparent lead by 10-15 ~ almost 
nullifying it. The erratic nature of the tracking, and the 
fact that the animal was undoubtedly interested in fea- 
tures other than the target, make it very difficult to say 
anything sensible about the nature of the control system 
involved, other than that it is discontinuous and inexact, 
and that it seems to operate mainly via statistical 
changes in the direction and frequency of the eye-move- 
ments. 

Optomotor response 

Some videotapes were made in which a striped drum 
was moved around the animal at a speed of a few degrees 
per second. Qualitatively, the effect was completely dif- 
ferent from the tracking just described. The eyes moved 
smoothly, usually together, at a speed not much slower 
than the drum speed (Fig. 7 c). The eye-movements were 
in the direction of the drum movement. Similar move- 
ments were also made when the animal was turned on 
its side through 90 ~ but these were now directed dorso- 
ventrally rather than laterally. During drum movements 
the spontaneous eye-movements described in previous 
Sections were not suppressed, but apparently just super- 
imposed on the steady motion. 

It is clear from these preliminary observations that 
Odontodactylus has a perfectly good optomotor re- 
sponse, just like that of  crabs and many other crusta- 
ceans (Horridge 1966). Its function is presumably the 
same too: to keep the eye still with respect to the sur- 
roundings when it is not in active movement. An obvious 
problem for the future is to see how it is that the opto- 
motor response does not interfere with the spontaneous 
eye-movements, particularly since these are relatively 
slow. We think it unlikely that vision is suppressed dur- 
ing spontaneous movements, as happens during human 
saccades. 

Discussion 

Scanning and targetting : separate functions ? 

The continuous production of discrete spontaneous eye- 
movements is a feature of the stomatopods which dis- 
tinguishes them from virtually all other arthropods. 
These movements are produced whether or not there 
is an obvious stimulus in the field of view. The evidence 
of Fig. 5 indicates that, in O. scyllarus, all these move- 
ments fit a single distribution with respect to size, dura- 
tion and velocity, but for each variable it is a very skewed 
distribution, with a great preponderance of small slow 
movements and a smaller number of larger, faster move- 
ments. There is a strong statistical suggestion that the 
larger movements are associated with targetting and 
tracking, and this is consistent with the informal obser- 
vation that the presentation of a novel object to a mantis 
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shrimp nearly always causes a single large movement 
of  one or both eyes which results in fixation. This, how- 
ever, leaves the smaller slower movements without an 
obvious ' stimulus-linked' function. 

We propose that these movements constitute a scan- 
ning system which enables the central band to survey 
the field of  view, and so assess its properties with the 
6 rows of  spectral and polarization analysers (Marshall 
1988; Cronin and Marshall 1989a, b). There are 3 argu- 
ments in favour of  this idea. Firstly, as indicated in the 
Introduction, movements of  this general kind are neces- 
sary, if the one-dimensional visual field of  the central 
band is to make much sense. Secondly, one can compare 
the eye-movements of  mantis shrimps with those of  their 
terrestrial namesakes the praying mantids, which have 
a very similar ambush-predator lifestyle. Both have tar- 
getting eye-movements, tracking eye-movements, and an 
optomotor  response (Rossel 1980). The major difference 
is that praying mantids to not make the kind of  low- 
amplitude spontaneous movements that are such a fea- 
ture of  stomatopods. (Like locusts, however, they do 
make occasional lateral peering movements, but these 
involve translation, not rotation; see Collett 1978) Man- 
tids have no equivalent of  the s tomatopod central band. 
It is thus tempting to suppose that the presence of  the 
band and the spontaneous movements in stomatopods 
are related to each other. Finally, the strongest argument 
for a scanning role for these movements comes from 
the distribution of  their velocities. As Fig. 6 shows, most 
have velocities in the range lO~176 -1, with a mean 
about 40 ~ In the next Section we show that this 
is just the velocity range one would expect for a scanning 
system. 

Is there an optimum scanning speed? 

At what angular velocity should an eye move when it 
is trying to pick up the maximum amount  of  information 
during the movement itself, rather than during the sta- 
tionary periods between movements? It seems clear intu- 
itively that there must be an optimum speed, because 
if the eye moves too fast past a stripe pattern, then each 
receptor will not have time to respond fully to the result- 
ing intensity changes; on the other hand if the eye moves 
too slowly, each receptor will dwell on each stripe for 
a longer period than is required to generate a maximal 
response, and so the eye will waste time. The optimum 
would be the speed at which the receptors just resolve 
fully in time the spatial, and presumably spectral, infor- 
mation supplied to them by the ommatidial optical sys- 
tem. 

Consider first a receptor scanning across a stripe. 
The receptor has an acceptance angle (A p) of, say, 1 ~ 
If  the stripe is wider than this it will fill the receptor's 
field fully, and so the intensity received by the receptor 
will reach its maximum. If  the stripe is narrower than 
1 ~ , however, the flux received by the receptor will be 
lower, since its field of  view is only partly filled. Thus 
as far as instantaneous intensity is concerned, a receptor 
will receive a full modulated signal only for stripes whose 
widths are greater than its acceptance angle. 

Now consider what happens as the receptor moves 
across the stripe. The response of  a receptor to a brief 
flash of  light is a change of  potential (a depolarization 
in arthropods) lasting some tens of  milliseconds. Sup- 
pose for the sake of  example that this flash response 
is a square depolarization lasting 20 ms. As a wide stripe 
enters the receptor's field of  view it initiates a response 
which is added to for as long as the stripe remains in 
the field. This response, however, will saturate after 
20 ms. The reason for this becomes clear if one considers 
each ms that the stripe stays in the field as a separate 
flash. The individual responses will continue to add for 
up to 20 ms, but thereafter the responses to the earliest 
components come to an end, and this balances the addi- 
tion of  later components. (This argument assumes that 
brief responses add linearly to produce long responses; 
for insect receptors this has been shown to hold by How- 
ard et al. 1984). Thus, if a receptor's flash response lasts 
20 ms it will also take 20 ms to generate a maximal elec- 
trical signal to a sustained illumination. 

Putting these arguments together: the receptor re- 
ceives a maximum intensity signal if it views a stripe 
as wide as, or wider than, its acceptance angle zip (1 ~ 
here); and it can respond to it fully if it dwells on it 
for the duration of  the flash response d z (20 ms here). 
Thus, while scanning, it should spend 20 ms passing each 
degree of  space, if it is to produce a maximal electrical 
response, and this means that it should scan at a velocity 
of 50~ More generally, the scan speed should be 
Ap/Az~ -1. 

The above account, although correct in outline, con- 
tains a number of  simplifications, especially the sup- 
posed square profiles of  the receptor field of  view and 
flash response. An accurate and more general treatment 
is illustrated in Fig. 8 a. It shows the 3 processes involved 
in the generation of the response. These are i) the convo- 
lution of  the spatial pattern of  intensity in the external 
world with the acceptance function of  the ommatidium, 
to give the spatial intensity distribution as seen by the 
receptor, ii) The conversion of the spatial input pattern 
to a temporal pattern, which simply involves scaling an- 
gles to times by dividing them by the scanning velocity. 
iii) The convolution of  the temporal intensity pattern 
with the flash response of  the receptors. This then yields 
the response of  the receptor in time as it scans the origi- 
nal spatial pattern. 

For a full simulation of  scanning, the acceptance 
function of  the ommatidium and its flash response are 
required, and neither are known for certain. However, 
the geometric acceptance angle (rhabdom tip diameter/ 
focal length) for the ommatidia in the central band is 
close to 1 ~ (Marshall et al., unpublished) and given a 
degree of  blurring by diffraction or other aberrations 
it is a safe assumption that a Gaussian acceptance func- 
tion with a width of  1 ~ at half height will be an adequate 
approximation (see Snyder 1979). The flash response is 
harder to estimate, because no relevant intracellular re- 
cordings have yet been made from stomatopod recep- 
tors. However, the flicker fusion rates of  the electroretin- 
ogram were measured for Squilla empusa by Trevino 
and Larimer (1969), who found them to be as high as 
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Fig. 8 a. Computation of the response of a model receptor scanning 
across a series of light bars whose intensity profile f(x) is shown 
at the top. This is convolved with the optical acceptance function 
g(x) to give the spatially blurred imagef'(x) seen by the receptor. 
This is then converted to an intensity distribution in time f(t) 
by dividing the distance coordinate x by the scanning velocity v 
(80~ in this case). Finally, this function is subjected to a temporal 
blurring by convolving it with the flash response of the receptor 
h(t) to give the final response of the receptor f '(t),  b Results of 
the simulation for different stripe widths and different scanning 
velocities, using the acceptance function and flash response dis- 
cussed in the text. The ordinate gives the size of the electrical 
response of the receptor relative to that of a stationary receptor 
viewing a wide stripe. The stippled area shows the extent of re- 
sponse decrement resulting from velocities in the range 0~176 
which included most spontaneous eye-movements (see Fig. 5c) 

125 Hz when light-adapted but 3 0 4 0  Hz when dark- 
adapted. These are reassuringly similar to those of  in- 
sects, and in the absence of  more precise data we have 
simply used here the flash response of  a typical insect, 
a light-adapted locust, from the study by Howard et al. 
(1984). It has a time-to-peak of  20 ms, and a width at 
half-height of  16 ms. This would produce fusion, for 
sinusoidally modulated flicker, at around 60 Hz, in the 
middle of  the range given by Trevino and Larimer 
(1969). 

The results of  the simulation, using these acceptance 
and flash response functions, are shown in Fig. 8 b. The 
graph shows that the size of  the response expected from 
a receptor depends on stripe width and scanning veloci- 
ty. When the velocity is zero, the ommatidial optics pro- 
gressively reduce the response to stripes narrower than 
2 ~ The effect of  scanning is to reduce the response fur- 

ther for small stripe widths, but by barely significant 
amounts when the scanning speed is low. Thus at 40~ 
the response to a 1 ~ stripe is reduced by only 10% com- 
pared with the zero velocity response. However, at 400~ 
it is reduced by 80%. The shaded region shows the effect 
on response size of velocities from 0 to 60~ the range 
covering most of  the spontaneous eye-movements made 
by Odontodactylus. In this range the maximum response 
reduction is only about 15%. One might reasonably con- 
clude that this is an acceptable degree of  image degrada- 
tion, and the price that has to be paid for scanning 
at a reasonable speed. The highest speeds encountered 
in large eye-movements, up to 250~ will have a quite 
serious effect on response size, reducing it by two-thirds 
for 1 ~ stripes. Again this reinforces the belief that these 
larger movements are concerned with acquiring targets 
rather than analysing them. 

Scanning speeds in other animals 

Linear scanning retinae are not common, but they have 
been found in 3 other animal groups from remarkably 
diverse phylogenetic backgrounds: certain pontellid co- 
pepod crustaceans, some heteropod molluscs, and the 
jumping spiders (Salticidae). In each case the receptor 
subtense and rate of  scanning are known, so that it is 
possible to compare the time each receptor takes to pass 
a point in the surroundings. The implication of  the argu- 
ment in the last section is that these 'dwell times' should 
be similar, and independent of  both receptor subtense 
and the angular velocity of scanning, provided that the 
response to a flash has a similar duration in the various 
species. This prediction is actually borne out quite close- 
ly. 

Labidocera is a large copepod in which the males 
have a scanning retina consisting of  a line of  10 slab-like 
rhabdoms, arranged singly or in pairs (Land 1988). Each 
rhabdom subtends about 3.5 ~ in the direction of  the 
scanning movements, which move the retina through 35 ~ 
at a mean velocity of 219 ~ s. This gives a dwell time 
per receptor of 16 ms. The function of  these movements 
is unknown, but the sexual dimorphism suggests a role 
in the detection of  potential mates. The heteropod sea 
snail Oxygyrus has a pair of  lens eyes each with a retina 
3 receptors wide and 410 receptors long (Land 1982). 
The eyes move so that the retina scans through 90 ~ at 
right angles to its long dimension. The scanning pattern 
is a sawtooth, and the slower upward component  has 
a velocity of  80~ The receptor subtense is 1.1 ~ so that 
the dwell time of  each receptor is 14 ms. In this case 
the scanning seems to be concerned with the detection 
of planktonic food particles. 

Jumping spiders have a large pair of  forward-point- 
ing eyes with moveable boomerang-shaped retinae. 
These subtend about 20 ~ vertically by 1 ~ horizontally 
in the central region, where the retina is only 6 or 7 
receptor rows wide (Land 1969a; Blest 1985). The retina 
has a complex layered structure, but in the layer with 
the finest receptor mosaic Land (1969b) estimated that 
the angular receptor separation was 11 min of  arc, in 
Metaphidippus aeneolus. This should probably be modi- 
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fled in the light of  the finding by Blest et al. (1981) that 
there is a telephoto pit-lens in front  of  the retina produc- 
ing a magnification of  1.25; this was in another  genus 
Plexippus, but the eyes are basically similar. This will 
reduce the inter-receptor angle to 8.8 rain. As the recep- 
tors are contiguous, this figure can also be taken as the 
receptor subtense. When presented with a novel target, 
the eyes scan slowly across it f rom side to side, rotating 
at the same time. The side-to-side velocity can be calcu- 
lated roughly f rom the records given in Land (1969b; 
Fig. 9). This varies somewhat  with the width of  the tar- 
get, between 2.7~ and 9.7~ with a mean of  6.2~ 
For an 8.8 min receptor subtense this gives a mean dwell 
time of  24 ms, and a range f rom 15 to 54 ms. 

For O. scyllarus, with 1 ~ receptors in the mid-band 
and an average scanning speed of  40~ the dwell time 
is 25 ms. Thus in the 4 scanning eyes that we know 
anything about, the average dwell times per receptor 
range only f rom 14 to 25 ms, in spite of  the fact that 
average eye velocities vary by a factor of  35, from 6.2 
to 219~ The strong implication is that  all 4 groups 
of  organisms have converged on the same optimal spa- 
t io-temporal  sampling strategy, linked to the receptor 
response time. 

Band and hemispheres: time-sharing ? 

A problem posed in the Introduction concerned the way 
that a s tomatopod manages to see with both the 2-di- 
mensional imaging regions of  the hemispheres, and also 
the 1-dimensional central band. Presumably the hemi- 
spheres require an image that is more or less stationary, 
whilst the band requires a moving one. (We ignore here 
the unknown needs of  the strip-like overlap regions of  
the hemispheres, which share a common  field of  view 
with the mid-band.)  On the basis of  the data given here 
the most  likely solution is that the two types of  visual 
system time-share, that is, they operate alternately not 
simultaneously. Even when the animal is fully aroused, 
as it was during the tracking bout  illustrated in Fig. 7a, 
the proport ion of  time spent with the eyes in mot ion 
and scanning is only about  30%, and when the animal 
is quiescent it is very much less than this (Fig. 7 b). There 
is thus always plenty of  time during which the eyes are 
stationary, and so available for ' o rd ina ry '  vision. The 
finding that s tomatopods  do have a typical op tomotor  
response (Fig. 7c) is important  here. It means that be- 
tween eye-movements the eyes are kept still by an active 
visual feedback loop, and we assume that  this is to allow 
the hemispheres to have stable vision in spite of  move- 
ments made by the animal itself. 

The extreme mobility of  the eyes around 3 axes also 
raises the question of  how motor  actions, such as strik- 
ing targets and directing the antennae, can be related 
to stimulus position on the eye, since this will change 
depending on eye position. We can confidently conclude 
that there has to be an internal representation of  space 
that is in some way ' cor rec ted '  for eye position, just 
as there must  be such a representation in humans. How- 
ever, we have no insight at present as to how this might 
be achieved. 
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