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Abstract. In order to find out whether human vergence 
eye movements are influenced by simultaneous hand 
tracking movements, vergence was studied when sinu- 
soidal (expressed in vergence angles) target movements 
were tracked. The target motion was externally generat- 
ed and the target actually moved in depth. Tracking was 
done by the eyes alone or by the eyes and hand together, 
in both light and dark viewing conditions. Our data show 
that the target motion was tracked by the eyes with a 
short delay (on average 48 ms), independent of the track- 
ing condition. This suggests that vergence modeling 
should include some predictive mechanism similar to 
that proposed for the smooth pursuit subsystem. Fur- 
thermore, in contrast to effects on smooth pursuit, simul- 
taneous hand tracking movements did not influence ver- 
gence eye movements. From this, we argue that the bal- 
ance between smooth pursuit and saccadic eye move- 
ments is adjustable and can be adapted to the require- 
ments of different tasks. 
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Introduction 

Smooth pursuit eye movements are made in order to 
keep the image of a moving object of interest within the 
perifoveal area of high visual resolution in the human 
eye. At first, it was thought that smooth pursuit was 
evoked by retinal slip, which is caused by velocity dif- 
ferences between the eye and the image of the moving 
object on the retina (e.g., Young and Stark 1963). How- 
ever, several studies on smooth pursuit have shown that, 
besides retinal information, extraretinal information is 
used to evoke smooth pursuit eye movements. Steinbach 
and Held (1968), for example, have shown that a person 
can more accurately track a target that is moved by 
himself than a target that is moved otherwise. Steinbach 
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(1969) concluded that in such cases the oculomotor sys- 
tem has access to the efference (outflow) that produces 
the target movements. Other investigators have found 
that if a moving target was tracked simultaneously by the 
hand, the smooth pursuit eye movements were upgraded, 
i.e., they were larger than when the eyes tracked alone 
(Mather and Putchat 1983; Collewijn et al. 1985; Gau- 
thier et al. 1988). In a previous study (Koken and Er- 
kelens 1990, 1992) we have shown that simultaneous 
tracking with the hand of an externally generated target 
motion upgraded the smooth pursuit eye movements 
only if the target motion was not random, i.e. only if the 
target motion was periodic. As yet, a satisfactory ex- 
planation for the enhancement of smooth pursuit that 
occurs in the presence of simultaneous hand tracking 
movements has not yet been provided in either neuro- 
physiological terms or even in terms of general useful- 
heSS. 

As a first step towards an explanation for the im- 
provement observed with simultaneous hand tracking, it 
could be asked whether such tracking enhances the per- 
formance of smooth eye movements in general. In other 
words, are vergence movements improved by hand track- 
ing as well? 

In this study we investigated horizontal vergence 
movements during tracking by the eyes alone and by the 
eyes and the hand together, in both light and dark con- 
ditions. We used a target which actually moved in depth 
and, therefore, did not only induce changes in disparity, 
but also in blur and target size. The use of such a target 
allowed us to make a direct comparison of our present 
results to those found in the literature. Finally, we discuss 
the implications for modeling the vergence and smooth 
pursuit systems. 

Materials and methods 

Subjects 

Four subjects (three men and one woman) participated voluntarily 
in the experiments. They had visual acuities of 20/20 or better, with 
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Fig. 1. Experimental setup as seen from above. 
During the calibration procedure the subject was 
seated behind two arrays of light-emitting diodes 
(LEDs) which were placed horizontally in the front- 
oparallel plane (dashed lines). During the experi- 
ments the arrays were placed horizontally in the 
median plane (continuous lines). The LED (black 
rectan#les) in the center indicates the point of 
equilibrium of the sinusoidal target motion (ex- 
pressed in vergence angles). The LEDs at the left 
and the right indicate the extreme target positions 
(which do not lie symmetrically around the 
equilibrium point). The distance L between the 
LED arrays and the cyclopic eye during the cal- 
ibration procedure is around 50 cm. Finally, 
T(0) = 40 cm 

(three subjects) or without (one subject) correction. None of them 
showed any manual, ocular, or oculomotor pathological condition. 
One subject (C.E.) was highly experienced in manual and oculo- 
tracking research and two subjects (W.D. and C.G.) had some 
experience. The other subject (J.D.) was participating in such ex- 
periments for the first time. Informed consent was obtained from 
all subjects prior to the study. 

Apparatus 

Horizontal and vertical movements of both eyes were measured 
with the use of induction coils mounted in scleral annuli in an a.c. 
magnetic field (S-3020; Skalar Medical) as first described by Robin- 
son (1963) and modified and refined by Collewijn et al. (1975). The 
dynamic range of  the recording system was from d.c. to 300 Hz 
(3 dB down), with a noise level of less than i 10' and deviation 
from linearity less than 1% over a range of �9 25 ~ Chin and fore- 
head restraints were used to prevent head movements. 

The apparatus used for the presentation of  the target and for the 
recording of the hand movements was as described by van den Berg 
et al. (1987). Subjects were requested to hold a vertical handle in 
their right hand throughout the experiments. They could move this 
handle in a straight line along a horizontal rail over a distance of 
55 cm. The handle was attached to a continuous and perforated 
metal belt running over two cog-wheels. The position of the handle 
was measured with a resolution of  0.01 cm by means of  an optical 
shaft decoder attached to one of the cogwheels. A torque motor was 
attached to the same cogwheel. Strain gauges built into the handle 
were used to measure the forces exerted by the subject's hand on 
the handle. The force signal in or against the direction of movement 
was fed back to the torque motor in order to reduce the mechanical 
friction force to values below 1 N. The noise of the torque motor 
was of a very low level and did not contain any information about 
the target motion. The handle and the horizontal rail were placed 
parallel to the median plane throughout the experiments at a dis- 
tance of  about 40 cm from the subject, dependent on the subject's 
armlength (see Fig. 1). The handle could be moved horizontally and 
parallel to the median plane. 

Two horizontal arrays of  light-emitting diodes (LEDs) were 
positioned in front of the subject in the direction of the line of sight. 
The subject could view all LEDs separately. In the calibration 
procedure one array was horizontally placed 1 cm above the other 
in the frontoparallel plane at a distance of around 50 cm (see the 
dashed lines in Fig. 1), and in the experiments they were placed 
horizontally in the median plane, with the center of target motion 
at a distance of 40 cm from the subiect (see the continuous lines in 

Fig. 1). The arrays consisted of 240-LEDs evenly spaced at 0.25 cm 
from each other. In each array only one LED was lit at a time. The 
lit LED (green) in one array indicated the target position and the 
lit LED (red) in the other array indicated the position of the vertical 
handle held by the subjects's right hand. 

A microprocessor was used for stimulus generation and data 
acquisition. Positions of the vertical handle and of both eyes were 
digitized on-line at a frequency of  512 Hz with a resolution for the 
position of the eyes of 3.5'. The sampling period lasted 8 s and 
started 8 s after the onset of stimulus motion in order to avoid 
transient effects. Between trials the data were transferred to a mini- 
computer system where it was stored on disk for off-line analysis. 

Procedure 

The experiments were carried out in a normally lit room, which 
contained many visual objects, and in the dark (i.e., the room was 
darkened and the hand/arm were not visible). The subject was 
seated on a chair throughout the experimental sessions, which were 
limited to 45 min. 

The vertical position of the handle was adjusted until the subject 
indicated that the handle could be moved comfortably without 
causing fatigue. The sensitivity of the eye movement recorder was 
also adjusted at the start of each experimental session, as were the 
polarity and offset of  the eye position signals. Before each experi- 
ment a calibration target containing ten successive, equally spaced 
fixation marks was presented horizontally in the frontoparallel 
plane and the positions of the eyes were recorded while the subject 
fixated these marks monocularly. A calibration target presented 
vertically in the frontoparallel plane was not necessary as the am- 
plifications of the horizontal and vertical eye signals were set equal. 
The offset of the vertical eye signals was acquired by averaging the 
vertical eye positions obtained from the horizontal calibration 
procedure. 

We changed target vergence sinusoidally in order to allow a 
direct comparison with results in the literature. Target vergence as 
a function of time was defined as O(t)=2arctan(d/T(t)), where d is 
the distance between the nose and the center of rotation of the eye, 
and T(t) is the distance of the target to the cyclopic eye at time t. 
In the present experiments, target vergence 0(t) was restricted to 
sinusoidal functions: 0(t) = Asin(2~ft) + 0(0), where A is the am- 
plitude (degrees), f i s  the frequency (Hertz), and 0(0) is target ver- 
gence at t = 0 (about 9.1 ~ With this constraint T(t) was computed. 
Note that T itself is not a sinusoidal function and that its extremes 
do not lie symetrically around the equilibrium point T(0) of the 
target motion, as is indicated by the marked LEDs in Fig. 1. 
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Fig. 2.Typical examples of horizontal vergence position signals of 
the target (thin line) and the eyes when subject W.D. tracked in the 
light (thick line). All signals are expressed in vergence angles. The 
target frequency was 0.5 Hz and the amplitude was 4 ~ (left panel), 
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1 Hz and 3 ~ (middle panel), and 1.5 Hz and 3 ~ (right panel), 
respectively. Tracking with the eyes alone is shown in the upper 
panel, tracking with the eyes and hand together is shown in the lower 
panel 

Target's movements, expressed in vergence angles, had frequencies 
of 0.5, 1.0, or 1.5 Hz and amplitudes of 2.0, 3.0, or 4.0 ~ 

Each experiment consisted of pairs of trials in which the tracking 
conditions were different: the target was tracked by the eyes alone; 
the target was tracked by the eyes and the right hand together. 
Within a session each experiment was run twice, and was carried out 
in both light and dark conditions. 

Data analysis 

In the off-line analysis the vergence eye positions, the hand posi- 
tions, and the target positions were calculated and expressed in 
angular displacements relative to the head. The velocity signals of 
these position signals were computed by means of a two-point 
differentiation, after filtering with a second-order digital Butter- 
worth filter (cutoff frequencies were 20 Hz; Ackroyd 1973). Separa- 
tion of the smooth (vergence) component from the horizontal eye 
movements was based upon the detection and removal of saccades 
in the velocity signal of each eye. Saccades were detected by using 
a velocity and an acceleration (deceleration) threshold in combina- 
tion with a minimum and maximum duration. Subsequently, sac- 
cades were removed and replaced by the average velocity of the 
pursuit component just prior to and after the saccades. A fast 
Fourier transform was applied to all velocity signals. The gain (ratio 
of peak-to-peak amplitudes) and phase (lag or lead) between the 
fundamental components of all movements with respect to the 
target movement were then computed by means of auto- and cross- 
power spectral densities. In addition, the maximum of the cross- 
correlation function (degree of similarity of shape) was calculated 
from the eye velocity signals and hand velocity signals relative to 
the target velocity signals (Steel and Torrie 1981). Gain values 
(which describe the amplitude of a specific frequency component of 
the tracking signals), maxima of the cross-correlation functions 
(which describe the shape of the tracking signals) and phase values 

were arranged, for all subjects separately, according to the tracking 
conditions and the light and dark viewing conditions. 

R e s u l t s  

Figure 2 shows typical examples o f  recorded tracking.  
Target  movements  with a low frequency o f  0.5 Hz  were 
accurately pursued  by all subjects in the light and  the 
dark.  Vergence pursui t  was asymmetr ical  for  frequencies 
o f  1 Hz  and 1.5 Hz, i.e. smaller angles o f  target  vergence 
were pursued  better than  larger ones. As a consequence,  
target  vergence and ocular  vergence did no t  oscillate 
abou t  the same angle;  for  the eyes the center o f  oscilla- 
t ion was shifted toward  a smaller vergence angle than 
that  o f  the target. The highest velocities o f  smoo th  ver- 
gence were found  for  a target  f requency o f  1 Hz  and a 
target  ampl i tude  o f  4 ~ These vergence velocities were 
abou t  20~ for  all subjects. In  the light condi t ion,  higher 
velocity peaks (up to 70~ o f  shor t  dura t ion  (about  
50 ms) were observed when the subjects made  diverging 
eye movements .  These velocity peaks were associated 
with saccades o f  unequal  ampl i tude  in the two eyes. 
W h e n  the subjects made  diverging eye movement s  in the 
dark,  lower peak  velocities o f  up to just  40~ were found.  
Vergence velocity peaks associated with saccades were 
found  to be low (or absent) when the subjects made  
converging eye movements .  Ampl i tudes  o f  vertical sac- 
cades were up to 4 ~ depending on  the target  ampl i tude 
and  frequency.  Saccades were removed  f rom the eye 
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indicated. B As A but in the dark condition. C Maximum of the 
cross-correlation functions versus target frequency when subject 
W.D. tracked in the light. D As C but in the dark condition 

tracking signal and only the smooth vergence component  
was studied. 

Tracking performance of the eyes 

Gains and maxima of the cross-correlation functions 

For  vergence, gains and maxima of  the cross-correlation 
functions were consistent within but not between sub- 
jects; therefore, means and standard deviations were 
computed only within subjects. Figure 3A-D shows gain 
and maxima of  the cross-correlation functions of  subject 
W.D.'s vergence in all tracking conditions. Gain 
(Fig. 3A, B) decreased more or less linearly with increas- 
ing target frequency, in both light and dark viewing 
conditions. Target amplitude did not  have a consistent 
effect on both the gain and maximum of  the cross-cor- 
relation functions. Similar results were found for the 
other subjects with one exception, namely subject C.E. 
For  this subject, gain ofvergence also decreased as target 

amplitude increased but only during tracking by the eyes 
alone in the dark. Comparison of  Fig. 3A and 3B shows 
that simultaneous tracking with the hand did not have 
a consistent effect on the gains of  vergence in subject 
W.D., in both the light and the dark. This independence 
of  the tracking condition was found in the other subjects 
as well. 

The maxima of  the cross-correlation functions 
(Fig. 3C, D) slightly decreased from near unity to ap- 
proximately 0.8-0.9, with increasing target frequency for 
subject W.D. when tracking in the light. In the dark, these 
maxima were close to unity for all target frequencies. 
Target amplitude did not  affect the maxima. Similar 
observations were made for the other subjects. As was 
found for gain, no significant differences were found for 
the maxima of the cross-correlation functions between 
tracking by the eyes alone and tracking by the eyes and 
the right hand together. This result was obtained in all 
subjects. Apparently, simultaneous tracking with the 
hand did not affect the quality of  vergence eye move- 
ments during tracking of  sinusoidal target motions. 
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Table 1. Means and standard deviations of delay values calculated from phase lags of vergence responses for all subjects when tracking by 
the eyes alone and with the eyes and hand together, in the light and in the dark (n = 6) 

Tracking condition Subjects 

CE CG JD WD 

Eyes alone Delay in light (ms) 39• 18 
Delay in dark (ms) 58• 15 

Eyes and hand together Delay in light (ms) 47 + 4 
Delay in dark (ms) 60 • 8 

24+27 25• 71 • 17 
37• 16 45• 654- 12 
32• 7 39• 63• 4 
46• 61• 63• 2 

Phase lags of vergence tracking 

Figure 4 shows phase lags for vergence tracking as a 
function of  target frequency in subject W.D.  For  all 
tracking conditions phase lag increased with increasing 
target frequency and did not  depend on target amplitude. 
Ocular vergence lagged behind target  vergence for all 
target frequencies and amplitudes for all subjects, except 
subject J.D. For  this subject, the eyes led the target by 
about  42 ms when the target ampli tude was 2 ~ and the 
target frequency was 0.5 Hz, and by about  2 ms when the 
target frequency was 1 Hz. For  all other target frequen- 
cies and amplitudes, phase lags were negative for this 
subject. Phase lags were relatively small. The largest 
phase lag of  about  50 ~ was observed for a target  fre- 
quency of  1.5 Hz and a target ampli tude of  4 ~ (subject 
W.D.).  

Phase lag increased almost  linearly with increasing 
target frequency and depended neither on target am- 
plitude nor  on the tracking condition. The linear rela- 
tionship between the phase lag of  vergence pursuit  and 
the frequency of  target vergence oscillations means that 
the lag can be expressed as a constant  time delay between 
the stimulus and the response. Table 1 shows means and 

standard deviations of  delays computed f rom the mean 
phase lags. 

For  all subjects there was no significant difference 
found in delays between the light and dark  conditions, 
or between tracking by the eyes alone, or by the eyes and 
hand together. Also no significant difference was found 
between subjects. This allowed us to compute  the mean 
delay over all subjects and over all conditions. The mean 
delay between changes in target vergence and vergence 
pursuit was 48 ms. 

Discussion 

Speeds of vergence 

For  all subjects, vergence eye movements  were asymmet-  
rical when target movements  were tracked with a fre- 
quency of  1 Hz or higher. For  such stimuli, ocular ver- 
gence oscillated about  a smaller vergence angle than 
target vergence. This asymmetry  seems to be caused by 
the occurrence of  saccades, which were more  frequent 
and larger (causing vergence velocities up to 70~ during 
diverging eye movements .  During converging eye move- 
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ments saccades were smaller or even absent. Consequent- 
ly, the velocities of vergence during diverging eye move- 
ments were higher than during converging eye move- 
ments. This asymmetry has been reported before by 
Mitchell (1970), Jones (1977), and Erkelens et al. (1989b). 

Gains and maxima of the cross-correlation functions of 
vergence 

No significant differences in gains and maxima of the 
cross-correlation functions were found between the con- 
ditions in which the eyes tracked alone or in which the 
eyes and hand tracked together. In other words, simul- 
taneous tracking movements of the hand did not affect 
vergence eye movements when sinusoidal target move- 
ments (expressed in vergence angles) were tracked, for all 
frequencies and amplitudes tested. This finding is in con- 
trast to the effect of simultaneous hand tracking on the 
smooth pursuit system (e.g. Gauthier et al. 1988), for 
which it is known that simultaneous tracking with the 
hand gives rise to larger smooth pursuit eye movements 
when the target frequency is 1 Hz or higher (Koken and 
Erkelens 1990, 1992). 

Gains of the horizontal vergence eye movements de- 
creased as target frequency increased. This result has 
been reported before in monkey (Cumming and Judge 
1986) and in man (Erkelens and Collewijn 1985). Target 
amplitude has been found to have no consistent effect on 
the gain, in both the light and dark conditions. For the 
dark condition, this contrasts with the findings of Er- 
kelens and Collewijn (1985), who claimed that gain de- 
creased as target amplitude increased. In an earlier report 
(Koken and Erkelens 1993) we have argued that this 
difference is due to the type of target that was used. 

Maxima of the cross-correlation function slightly de- 
creased from near unity to approximately 0.84).9 when 
target frequency increased (when tracking in the light). 
In the dark, however, maxima of the cross-correlation 
function did not alter significantly from unity when tar- 
get frequency increased. This small difference between 
the light and dark conditions was the only one we found. 
We do not have a satisfactory explanation for this dif- 
ference. 

Delay of vergence 

The phase lags of the vergence responses could be ex- 
pressed as a constant time delay of 48 ms between the 
target and eye oscillations. This delay is much shorter 
than delays that have been reported for vergence induced 
by disparity alone. Erkelens and Collewijn (1985), for 
example, have found phase lags which suggest a constant 
delay of around 220 ms. This delay is almost five times 
longer than the delay reported here. Previously (Koken 
and Erkelens 1993) we have argued that this contradic- 
tion is due to the type of target used. Most important to 
note here is that in the experiments by Erkelens and 
Collewijn (1985) the vergence movements were imposed 
on the subjects, and, moreover, the subjects were not 

aware of any target motion in depth. In our experiments 
the subjects made eye movements by free will to a target 
that was seen to move in depth. The fact that experimen- 
tal conditions have a large influence on the performance 
of the (human) vergence subsystem has recently been 
shown by Erkelens et al. (1989a). When a subject moved 
the upper torso to a fixed target, the eyes led the target 
by about 5 ms. On the other hand, when the subject 
controlled the target movement with the hand, the eyes 
led the target by as much as 90 ms. Apparently, the 
vergence subsystem anticipates the target motion. 

Another result we reported is that delay (or phase) of 
vergence motion with respect to target motion does not 
depend on any of the experimental conditions used in the 
present study. It is interesting to note that tracking with 
or without the hand does not affect the delay in the 
(human) smooth pursuit subsystem (Koken and Erkelens 
1992). However, the delays we have found in smooth 
pursuit tracking (about 20 ms) are even shorter than for 
vergence tracking. 

Implications for understandin9 pursuit 

In the previous paragraphs we have shown a few aspects 
of vergence that are in common with smooth pursuit and 
a few that are not. We have shown that delay is short for 
both subsystems and that simultaneous tracking with the 
hand does not affect the delay. However, tracking with 
the hand does affect smooth pursuit, but not vergence. 
What consequences do the present findings have on our 
understanding of smooth pursuit and vergence? 

Disparity-induced vergence has been modeled by 
feedback mechanisms (Rashbass and Westheimer 1961 ; 
Krishan and Stark 1977; Schor 1979; Hung et al. 1986). 
Such models cannot describe the control of tracking of 
a real target moving in depth. The very short delays 
suggest that target motion is predicted. For modeling 
vergence pursuit we probably have to include a predictive 
mechanism, similar to that which has been suggested to 
exist in the control of smooth pursuit (e.g., Dallos and 
Jones 1963). The methodology used in earlier studies, in 
which only retinal disparity was controlled (e.g., Rash- 
bass and Westheimer 1961; Erkelens and Collewijn 
1985), has led to the impression that the vergence subsys- 
tem is purely reflexive by nature because of the long 
delays that were found. The effectiveness of the vergence 
subsystem was therefore underestimated, as shown by 
Erkelens et al. (1989a). They showed that when the sub- 
ject controls the target motion by himself the delay can 
be positive, i.e. the eyes lead the target motion. Previous- 
ly (Koken and Erkelens 1993) and in this study we have 
shown that an externally generated (i.e. not by the subject 
himself), sinusoidal target motion is tracked with a short 
delay. This was already known for the smooth pursuit 
subsystem. 

With respect to the smooth pursuit subsystem, we 
argued in Koken and Erkelens (1992) that the improve- 
ment of the smoothness of eye pursuit movements during 
simultaneous tracking movements by the hand can be 
interpreted in (at least) two ways: (1) The control mech- 
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a n i s m  o f  s m o o t h  pu r su i t  is no t  func t ion ing  o p t i m a l l y  
du r ing  t r ack ing  by  the eyes a lone ,  a n d  the t r ack ing  per -  
f o r m a n c e  can  be i m p r o v e d  in specific tasks .  (2) The  
ba l ance  be tween  the a m o u n t  o f  s m o o t h  pu r su i t  a n d  sac- 
cades  is ad ju s t ab l e  and  can  be a d a p t e d  to the  require-  
men t s  o f  different  tasks .  

S u p p o s i n g  t ha t  these i n t e rp re t a t i ons  can  be ex tended  
to s m o o t h  eye m o v e m e n t s  in genera l  ( thus  also to ver-  
gence),  then,  i f  the  first  i n t e r p r e t a t i o n  is val id ,  vergence  
w o u l d  be i m p r o v e d  by  s imul t aneous  h a n d  t rack ing .  If, 
however ,  the second  i n t e r p r e t a t i o n  is t rue,  s imu l t aneous  
h a n d  t r ack ing  w o u l d  n o t  have  an  effect on  vergence.  
Since no obse rve r  has  ever  obse rved  "vergence  saccades"  
(i.e. saccades  in which  the eyes pu re ly  move  in o p p o s i t e  
d i rec t ions) ,  a va r i ab le  ra t io  o f  two types  o f  eye move-  
men t s  is n o t  l ikely to  be poss ib le  for  vergence  move-  
ments .  O u r  p resen t  f indings  suggest  t ha t  the  second  inter-  
p r e t a t i o n  is m o s t  l ikely.  F o r  m o d e l i n g  s m o o t h  pu r su i t  
a n d  saccad ic  eye m o v e m e n t s ,  this  m e a n s  t ha t  the  c on t ro l  
o f  the  eye m o v e m e n t s  depends  n o t  on ly  on  the re t ina l  
p o s i t i o n  o r  ve loc i ty  e r rors  b u t  also on  the t r ack ing  con-  
d i t ions .  W e  are  p resen t ly  tes t ing such a model .  
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