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CHAPTER 1

INTRODUCTION

Vision is, for a human being, one of the most important senses. The
basic function of wvision, which is relevant for all species which have a
form of vision, is spatial orientation. This function is Jimportant for
postural control 4m tasks such as standing upright, walking around,
guiding a hand to touch an object, etc. The important beneficial effect
of wvision above other senses is that it allows the subject to acquire
information about ohjects not lLocated in the close vicinity of the
subject. A second function of wvision, which is only found in the higher
primates and which requires a high wvisuval acuity, 4s the dintake of
symbolic information 1in tasks such as reading or Looking at a
photograph. Vision allows a human brain to collect, select and process
an enormous amount of information in a relatively short period of time.

Notwithstanding the fact that we can observe almost one half of the
visual woerld without moving our head or eyes (Fig. 1.1) only the fovea,

Fig. 1.1. Visual field of
the right eye. The blind
Temporal spot Is located in the tem-
poral half of the visual
field (drawn black)}, from
Voorhoeve, 1978.
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a small part of the central retina (Fig. 1.2), is capable of resolving
objects in great detail.
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Fig. 1.3 shows the acuity as a function of the eccentricity; visual
acuity 1is maximal in the fovea, Dbut drops readily below 30% of the
foveal level at an eccentricity of only 59, The fovea occupies only
0.01% of the surface of the retina and thus covers only a very small
part of the visual field. To enable a good observation of this wvisual
world, the fovea must be directed at the objects of interest by means of
a combination of body-, head- and eye movements. The mechanism which
controls the eye position must be very precise. Accidental head and eye
movements must be compensated by opposite eye movements to prevent
cthaotic movements of the <dimage on the retina, but at the same time
complete stabilizaticn of the eye is not ailowed because of fading of
the visual 1image due to adaptation prccesses in the receptors of the
visual system.

To fulfill the variety of functions of the visual system, the eye
is driven by an oculomotor system which executes, in general, two
different types of eye movements: (1) steplike discrete eye movements,
called saccades, which rotate the eye very fast (within 10 to 100 ms



from one position to the other and (2) smooth continuous eye movements
which are used to compensate for smooth head and body rotations (via the
vestibular-ocular reflex in combination with the optokinetic reflex) and
to pursue slowly, continuously moving ovbjects. Fig. 1.4 shows an example
of the two types of eye movement.

Fig. 1.3. Visual acuity
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as @ function of dis-
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Fig. l.4. Example of a combinaticn of the two types of eye movement]
saccades (small steps) and smooth pursuit (in between saccades), from
Fendar & Nye, 1961.

If we Wwant to inspect a moving objeect in detail, we make voluntary
pursuit eye movements to keep the dimage of the object as close as



possible to the centre of the fovea. At one time, it was thought that
after acquiring a target by a saccade a subject was able to track the
target entirely smoothly with a velocity equal to the target velocity
{Westheimer, 1954; Rashbass, 1941; Robinson 1965). Later on it has
become clear that voluntary pursuit is a combination of smooth pursuit
and saccades and that smooth pursuit gain (ratio of smooth pursuit
velocity and target velocity or the ratio of the amplitudes of these
signals) is as a rule smaller than unity (Puckett & Steinman, 1969;
Murphy, Kowler & Steinman, 1975; Murphy, 1978). The contribution of
smooth pursuit and saccades te the total displacement of the eye
(composite eye movement) depends on various stimulus parameters such as
predictability, velocity, TFreguency, etc. For constant velocity target
movements smooth pursuit gainm is near 1.0 for trained subjects and Llow
target velocities (below 5°/s). For higher velocity target movements,
however, smooth pursuit is supplemented by saccades to maintain
foveation of the moving target as pointed out recently by Mackeben,
Haegerstrom-Portnoy & Brown (1980), but also visible in early recordings
(e.g. Fender & Hye, 19461).

A precise study of the contribution of smooth and saccadic
components requires sufficiently reliable recording and separation
techniques, because eye movements are normally a combination of the tuwo
components; smooth pursuit is normally interspersed with saccades of
various sizes and velocities. The performance of voluntary pursuit can
be expressed in the distribution of position and velocity of the retinal
image of the target as a function of time or in the amplitude ratio and
phase shift between eye and target motion as a function of freguency.
The Latter approach has been fotlowed din earlier system-analytical
studies (Fender & Nye, 1961; Stark, Vossius & Young, 1962; Dallos &
Jones, 1963; Michael & Jones, 1946; St-Cyr & Fender, 194%a, b; Stark,
1971; Young, 1971). In several of these studies predictability has been
identified as an dimportant stimulus parameter influencing pursuit
performance. Stark, Vossius & Young (1962) and Dallos & Jones (1963)
showed a clear difference between voluntary pursuit of single sinusoids
and sinusoids which were a component of a pseudo-random motion. The
predictability of the stimulus apparently permits both the pursuit and
the saccadic component to reduce the phase lag which is inherent to
their reaction time., It was lLater shown by Michael & Jones (1966) that
predictability 1s not an all or nothing phenomencn but that there is a
continuum of degrees of predictability of signats. The gain and phase of
eye movements depend upon the degree of predictability or the narrouwness
of the bandwidth of the input spectrum, with wide-band random noise and



single sinusoids representing the two extremes, There ds no
superposition of the responses to the different input signals. This
clearly shows that a single linear model of the pursuit system is
inadequate. Furthermore, a systematic distinction between smocth and
saccadic pursuit has usually not been made in descriptive models of the
pursuit system.

Other investigators (e.g. Puckett & Steinman, 1969; ¥urphy, Kowler
& Steinman, 1975; Murphy, 1978; Lisberger, Evinger, Johanson & Fuchs,
1981) showed that pursuit performance is not determined by freguency
bandwidth and predictability of the stimulus alone, but that also
velocity and acceleration of the target had their influence: the gain of
the smooth component decreased when either the velocity or the
acceleration of the target motion was dincreased.

ALl these stimulus parameters, however, can be quantified and
manipulated by the dinvestigator. Factors such as general attention,
spatial selective visual attention as well as the perception of
movement, even in the absence of a really moving target, also influence
pursuit performance but these facters are, in contrast to the physical
parameters of the wvisual stimulus, difficult, if not impossible, to
measure. An exampie of a combination of these psychophysical parameters
are the experiments done by Collewijn, Curio & Grisser (1982), who
showed that subjects were able to pursue a movement illusion
{Sigma-movement) in the periphery of the visual field and even switch
their attention to other parts of the visual field.

Fig. 1.5. One of the first

\*/u;J examples of two-dimensional
recording of horizontal and
vertical eye movements
during fixation of a small
spot for a duration of 30 s
(from Yarbus, 1967).
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At the lower end of target velocities we find the velocity zero: a
stationary target. "Pursuit" of this target motion results in a special
type of eye movement: fixational eye movements. If a subject is asked to
maintain foveation on a stationary target, he rotates his eyes in such a
way to let the image of the target fall on the fovea, which is followed



by & consistent, but idiosyncratic pattern of slow and fast miniature
eye movements which keep the eye in the vicinity of the target (Fig.
1.5). This pattern has traditionally been considered to be
“involuntary”, “reflexive"™ or "spontaneous”, It was shown {Fiorentini &
Ercoles, 196&; Steinman, Cunitz, Timberlake & Herman, 1967; Steinman,
Haddad, Skavenski & Wyman, 1973; Steinman, 1974; Steinman, Cushman &
Martins 1982) that subjects were able to suppress, on instruction, the
generation of miniature saccades (microsaccades) and maintain their Lline
of sight with smooth eye movements only (Steinman, Cunitz, Timberlake &
Herman, 19467, catled this "slow control'™. The microsaccades are not
necessary to prevent a visual image from fading; the slow eye movements
in combination with a high freguency tremor of the eye are sufficient to
keep the image visible. Steinman, Haddad, Skavenski & Wyman (1973)
suggested that one of the reasons why the saccades made during
maintained fixation were described as spontaneous or involuntary was
that subjects are ordinarily not aware of making them. This reason,
however, 1is, according to Steinman, Haddad, Skavenski & Wyman (1973),
not very convincing, because awareness is normally not associated with
the individual acts in an overlearned motor pattern. For example,
subjects are not aware of the Llarge saccades they continucusly make
during reading. However, if they are asked to pay attention to their eye
movements, they readily become aware that their eyes are jumping around.
Once aware of each individual saccade, the overlearned pattern no longer
runs itself off in exactly the same way. Similar findings can be
reported for other trained motor tasks such as sports or playing musical
instruments. Attention is a keyword here for the detection of an event.

One of the simplifications in most laboratory studies of pursuit
and fixation 1is the absence of a structured background. In daity Llife,
moving targets are normally seen against a stationary background (e.g.
when one pursues a car riding in a street with bufldings standing
aside) . Also fixation of objects js mostly done in the presence of a
stationary background and sometimes even in the presence of & moving
background (e.g. fixating an abject in a raitway statfon while a train
leaves or enters the station behind the object). In this respect, a
combination of simultaneous target and background movement 1is not
artificial either. Fixation of an object in the presence of a staticnary
background might conceivably enhance the quality of fixation, if the
peripheral retina were able, by using the information of the stationary
backgrounq, to assist the fovea in maintaiming the Line of sight. On the
other hand, the structures within the background might invite the



visuo-motor system to scan the region around the gentral target and thus
affect the guality of fixation in a negative way.

pursuit of a moving object in the presence of a stationary
background or fixation in the presence of a moving background will
induce a concomitant (opposite) motion on the peripheral retina. The
effect of this confiicting stimulus on the overall performance has been
little investigated. It is theoretically possible that this conflicting
stimuius by the surround is completely suppressed by a highly selective
attention mechanism. Kowler, HMurphy & S$Steinman (1978) found a
non-significant interaction of a homogeneous Llight background with
pursuit of a stowly moving target (velocity less than 6°/s). This
finding does not argue for a2 significant interaction between target and
background. On the other hand, a stationary background might inhibit
smooth pursuit and a moving background might drag the eye along during
fixation. Murphy, Kowler & Steinman (19753 found a modest increase in
drift in the direction of the movement of a background grating {(constant
velocity) during fixation of a stationary target. There even might be =z
facilitatory effect of a background. Ter Braak (1957, 1962) and Hood
(1975) noticed a facilitation of smooth pursuit of a2 central target in a
direction opposite to the motjon of the background. In contrast to these
findings, Merrill & Stark (as reported by Stark, 1971) found
acceleration of pursuit in the direction of the background movement and
inhibitien in the opposite direction. The findings of +the different
investigators contradict each other. This might be a result of the type
of background employed in the different studies: small or Llarge,
structured or nop-structured, specific structure of the background, or a
result of the type of motion of the target or the background {constant
velocity or sinusoidal movemeni).

Here I report a systematic study of

- voluntary pursuit of a foveal target
Subjects had to pursue a single target of 7 wmin arc diameter as
accurately as possible.

- fixation of a central target
Subjects had to fixate a stationary target to dnvestigate “pursuit"
at a target velocity zero,

- voluntary pursuit of an eccentric target
To test if the fovea is essential in the generation of smooth pursuit



eye movements, subjects pursued a perifoveal target. The dominance of
the fovez was investigated by eccentric pursuit upon a stationary
background. The instruction was to pursue the perifoveal target while
the fovea was stimultated by the stationary background.

Oculemotor performance, distinguished in smooth and saccadic components,
is evaluated in the

- frequency domain
This analysis incorporated the calculation of gain and phase of the
composite and the cumulative smooth eye movements with respect to the
stimulus motion.

- time domain
The retinal position error was calculated as a function of time, the
quality of the eye movements is expressed in the standard deviation
(5.D0.} of retinal position error.

Eye movements were investigated as a function of the following stimulus
variables:

- background

To investigate the interaction between central and peripheral retina
in the generation of eye movements, the targets (central or
peripheral) were pursued or fixated upon three types of background:
(1} dark background to present a condition without interaction; (2)
diffuse background to investigate the influence of dllumination of
the background as such and (3) a structured background to present a
motion stimulus on the peripheral retina during fixation or pursuit
of a central target or to present a motion stimulus on the fovea
during eccentric pursuit. I used different structured backgrounds to
investigate the influence of the specific structure of the
packground.

- background movement
To test if, during fixation cor pursuit, eye movements are induced by
a motion stimulus on the peripheral retina, not only a stationary
background was applied but also a moving background.

- predictability and speciral composition of the stimulus motion
Predictability of the stimulus motion s known to have an important



influence in the generation of smooth eye movements (see introduction
ahove). Therefore, different motion stimuli were wused: predictable
(single sine wave and triangular wave stimuli} as well as
non-predictable stimuli (pseudo-random motions formed by the sum of
tWwo to four s$ine waves of nomharmonic frequencies and different
ampLlitudes).

- shape
velocity and acceleration of the stimulus motion affect the
performance of the pursuit eye movements. I used {predictable)
stimuli with 2 constant velo¢ity (triangle wave stimuli) and stimulid
which fincorporate a continuous acceleration component (sine wave
stimuli).

~ direction and dimensionality

The difference and independence of the horizontal and vertical
pursuit eye movements are finvestigated by opresenting the meving
target in horizontal or vertical direction only or in both dimensions
simultaneously. For the two-dimensional presentation, two different
amplitudes are used: cne in which the vectorial velocities and one in
which the wvelocities per component (horizontal and vertical) of the
one- and two-dimensional stimulus were identical.

- amplitude
The amplitude of the stimilus influences both  velocity  and
acceleration of the target motion and thus affects the performance of
the eye movements. Therefore, subjects had to pursue a pseudo-random
target motion three times, each with a different maximum amplitude in
horizental and vertical direction.

- reproducibility
Are eye movements which are a response to a visual stimulus,
stereotyped within one subject or possibly between different
subjects? To get an answer to this question, some subjects pursued
the same stimutus motion more than once. Only a few pilot experiments
will be reported here.

- open~ or closed-loop
Normal pursuit or fixation is a closed-iloop Tunction: the visuo-motor
system receives information about the effect of the eye movements by
the visual feedback. One way to study the oculomotor characteristics



is to use an open~loop condition, in which eye movements made by the
subject do not influence the position of the target on the retina.
This open~loop condition can he created by adding the eye position to
the target position. In this study, I report pursuit and fixation
experiments which incorporate a visual open—loop condition.

This study was done to investigate the fundamental aspects of eye
movements., ©On the other hand it supplied data of eye movements of
normal, healthy subjects which were used as control figures in
investigations of eye movements of patients. However, only the
fundamental aspects will be reported here.

Preliminary communications of parts of these results have been
published (Tamminga & Collewijn, 1981; Collewijn, <Conijn, Martins,
Tamminga & Van Die, 1982).
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CHAPTER 2

METHODS

2.1 Subjects

Eleven different subjects, ranging in age from 21 to 47 years, were
used. Some subiects were experienced in oculomotor experiments; others
were not. For the results presented in the next chapters, only the data
of five subjects will be described in detail {(the other subjects did not
differ in any significant way). ALL had 20/20 visual acuity (normally or
after correction}, and no known ocular or cculomotor pathology.

A B
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,””! T
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Fig. 2.1. The principle of measuring the horizontal eye position (view
from above).

A:eye lovking straight ahead, no potential induced in the coil because
the coil is parallel to the a.c. magnetic field B.

B:eye rotated to the left. A potential is induced in the coll because

a number of magnetic field lines Intersects with the area of the coil.
The induced potential is a measure of the rotation of the eye.
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2.2 Recording technique

Horizontal and wvertical eye movements were measured with an
induction coil mounted in a scleral amnulus in an a.c. magnetic field as
first described by Rebinson (1963) and modified by Collewijn, Van der
Mark & Jansen {1975). This technigue enables a very precise recording of
the horizontal and vertical eye position with a resolution up to 1 min
arc. The basic principle of this technique is the induction of an a.c.
potential in an ocular coil. Fig. 2.1 shows a schematic diagram. A coil
of ten windings of copperwire of (.05 mm diameter was embedded in a
flexible silicone ring which fitted on the Limbic area, concentric with
the cornea. The coil was placed within a horizontal a.c. magnetic field
of 10 kHz using a Helmholtz configuration. The voltage ey induced in the
coil was:

e; = N A sin¢B sinut 1)
N = number of windings of the coil
A = area of the coil
p = rotation of the coil
B = strength of the magnetic field
w = radian frequency of the magnetic field

By using a phase-lock amplifier {(Princeton Applied Research Lock~in
amplifier model 128A and 129A) a d.c. potential &4 was produced, which
was proportional to sin¢. Because rotations of the eye with the
induction coil were Limited to 20°, sin¢ was used as an approximation
of the rotation of the eye ¢ , which resulted in a non-linearity of less
than 2%. A second, vertical magnetic Tfield, in spatial and phase
guadrature with the first one, was used to measure the vertical eye
movements simultaneously. The dynamic range of the recording system was
better than 100 Hz and noise level less than 3 min arc.

Before the insertion of the scleral induction c¢coil, the surface of
the eye was ansesthetized with two drops of Novesine 0.4%. The ring was
wetted with Ringer's solution, put on the Limbus with the iteads of
copper wire at the side of the inner cantus and pressed firmly upon the
eye. In this way, fluid between eye and ring was evacuated and the
elasticity of the ring caused an underpressure which kept the ring
firmly in place once it was released. Once placed, the ring could be
worn during 30 to 45 min without serious discomfort. The motion of the
right eye was recorded; the left eye was covered., Head movements were

12



minimized by head and chin supports. The experimental room was almost
completely dark during measurements which employed a dark background and
dimly Lit for measurements with a diffuse or a structured background,

2.3 Visual stimuli

The target {(diameter 7 min arc) was formed by the spot of a He-HNe
Laser, backprojected on a translucent screen at a distance of 1.50 m in
front of the subject. A minicomputer (DEC PDP 11/10), used for stimulus
generation, data collection and data analysis, controlled the horizontal
and vertical movements of the target dindependently. Pre-calcutated
digital target movements were converted to analog voltages via two 10 or
12 bits D/A converters, low pass filtered (-3 dB at 10Hz) and connected
to two servo-controlled scanning mirror units with position output
(General Scanning, Watertown, Massachusetts), mounted in the Light
pathway. A neutral density filter attenuated the luminance of the Llaser
spot to about 200 cd/mz. A background could be superimposed which filled
the whole visible part of the screen (subtending about 90 x 90 degrees
arc; Llimited by the field coils of the recording system). The
backgrounds used were  darkness (Luminance <1 cd/mz); diffuse
illumination (11 ¢d/m®) or a black-and-white random dot pattern with
individual elements of 15 min arc (Julesz, 1971, Fig. 2.6.2.). The
luminance of the white parts was 16.8 cd/mz, of the black parts
3.6 cd/mz. The ‘tuminance of the diffuse background was equal to the
average Luminance of the random dot background. For the experiments
described din paragraph 4.1.4 twelve other black and white backgrounds
were used: horizontal and vertical sine wave and square wave gratings
with wavelengths of 4.76 and 9,460; two random dot patierns with
individual elements of 1.05 x 1.05 and 2.1 x 2.1°% and two checkerboard
patterns with elements of 3.23 x 3.23 and 6.46 x 6.46°. Examples are
shown in Fig. 2.2.

2,4 Experimental procedures

The data recording for each subject was divided over different
sessions. Before the insertion of the induction coil, the head of the
subject was positioned by means of head and chin supports with the aid
of a peephole in such a way that the right eye of the subject was in the
centre of the magnetic field (homogeneous part) and that the visual axis

13



Fig. 2.2C Fig. 2.2p

Fig. 2.2. Examples of types of background used. Random dot (2.2A),
checkerboard (2.2B}, square wave grating (2.2C) and sine wave
grating (2.20).
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was aligned with the centre of screen. Before the data recording
started, gain and offset were manually adjusted to obtain standard
values for fixation of the target at a number of known positions. This
procedure alse corrected for any magnification or reduction factors
caused by the spectacles of the subject. This manual procedure was
followed by a calibration measurement in which the computer displaced
the target to fixed positions in the visual field. The subject fixated
these positions for about 2.5 s. These calibration measurements were
used for off-Line further correction of the calibration done by hand at
the start of the experiment. To check for significant changes during the
experiment, calibration was repeated at +the end of the session.
Between the two calibration measurements, about 30 to 40 measurements
were done, each lasting 32,77 s (4096 points sampled at a rate of
125/s). The <target and/or background were displaced using stimuli
calculated and stored before the experiment. Data recording was started
a few secends after the start of the stimulus movement. The order of the
measurements was altered Dbetween subjects to balance for effects of
practice.

A session was Limited to about 30 minutes of recording., After the
last calibration measurement, the induction coil was taken cut of the
eye using a pair of tweezers to Lift the edge of the coil. To summarize
the experiments which were done, the computer printed a data report.

2.5 Data analysis

The horizontal and vertical compenent of eye and target position
and 1if necessary the horizontal background position were digitized on
Line (resolution 0.02° or better) at a rate of 125 samples/s and stored
on disk. ALL data analysis was done off=-line. The first stage was the
adjustment of the eye position signals on the basis of the calibration
measurements at the beginning and end of each experiment. The eye and
target positien were displayed on & graphics terminal. Parts of the
recordings were selected by a manually controlied cursor to point out
the begirning and end of the calibration steps. The errors in gain and
offset between target and eye were then calculated and the complete
experiment was corrected using the catculated values. Typically
adjustments did not exceed 1 - 2% for gain and 0.2 ~ 0.3° for offset,
Adiustment differences between the calibration at the begimning and the
end of the session did not exceed 2 - 3% for gain and 0.3 - 0.4° for
offset. The experiment was repeated if Larger differences cccured.

15



Fig. 2.3A. Combinations of horizontal target and composite eye movement
(A}, fitted and real eye movement (B), target and cumulative smocth eye
movement (), and fitted and real smooth eye movement (D) for pursuit
upon a dark (NB) and a structured background (B). Fitted signals were
calculated via a forward and inverse Fourier transformation, see text.

16



Ver

Fig. 2.3B. As Fig. 2.33 for vertical target and eye movements.
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To analyze the smooth pursuit component of the eye movement,
software (described in 2.6) was developed to detect the saccades in the
gye position signal and to separate the eye movement into a smooth and a
saccadic component. The missing parts in both components {the saccades
in the smooth component and the smooth eye movement 1in the saccadic
component) were filled with zero-velocity elements., The cumulative
smooth and saccadic signal and the saccade detection signal were saved
for further analysis.

Most subjects showed a preference to make saccades in a certain
direction; accordingly the cumulative smooth and saccadic eye movement
showed trends 1in opposite directions. This trend would cause a
distortion of the power spectrum and lLead to errors in the computation
of smooth pursuit gain and phase relationships. Therefore the trend was
removed by means of a Least squares method. For sinewave stimuli, the
eye and targei position signals were Fourier transformed with a Fast
Fourier Transform (FFT) routine. Gain {(ratic of peak to peak amplitude
of the fundamental compenent of eye and target position) and phase
(difference 1in degrees between the fundamental components of eye and
target position) relationships for horizontal and vertical components
were calculated by means of auto~ and cross power speciral densities.
Analysis of the fundamental compeonents in the eye and target movement by
Fourier transformation is a form of least square fitting of sinewave
stimuli. Fig. 2.34 and 2.3B show examples of this process for the
horizontal and wvertical component of the composite as well as the
cumulative smooth eye movement. The fitted curves were caiculated by (1)
a torward Fourier fifransform, (2} remeval of all frequencies in the
signal except the four frequencies used 1in the stimulus and (3) an
inverse Fourier transform of the stripped spectrum. For pursuit of
pseudo~random stimuli more than 98% of the energy of the composite eye
movement and more than 75% of the energy of the cumulative smooth eye
movement was contained within the four remaining freguencies. For single
sinewave stimuli, these Tigures were 99% and 90% respectively fer the
singke freguency component used. Therefore, the cumulative smooth eye
position produced by the computer provides a reliable estimate of smooth
pursuit gain.
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For trigngular wave stimuli the trend in the cumulative smooth eve
movement was not removed. The slopes of the triangles were used %o
calculate the amplitude ratio {gain) of eye and target position and of
cumulative smooth eye and target position. The central 75% of the
horizontal or vertical slopes of the triangies were used to calculate
gain (Fig. 2.4); 12.3% at the beginning and at the end of the slope in
horizontal or vertical direction were excluded from the analysis.

s /(/////

75%

0 I 7

Fig. 2.4. The central 75% of the horizontal or vertical slopes of the
triangular wave stimuli were used to calculate the gain of the composite
and smooth eye movement, For the calculation of retinal error, 100% of
the recording was used.

position

For these stimuli, separate gains were calculated for the pursuit of
left~ and rightward and up~ and downward directed target movements. The
retinal position error was calculated by subiraction of the eye position
from the target positien. Paired t-tests were used to test for
differences between different stimulus conditions; p values shouwn are
for two-tailed testing.

2.6 Separation of smooth and saccadic eye movements

To analyze the function and performance of the smooth and saccadic
eye movements, software was developed to separate the composite eye
movement into a cumulative smooth and saccadic component. Separation of
the two components of pursuit eye movements was based upon the detection
of saccades within the eye movement. Saccades are steplike, discrete eye
movements with high peak velocities and acceterations, in contrast to
smooth pursuit which is Limited in velocity and acceleration.

Detection of saccades was basically a three stage problem:

1. ALL parts of the eye position which were candidates for being a
saccade were flagged on the basis of a velocity and acceleration
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Fig. 2.5. Flowchart of the algorithm
to detect saccades in the eye posi-
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threshold (fast preselection).

2. Each part selected in 1. was checked for minimal duration. Neise in
the eye position signal could result in high velocities and
accelerations of short duration. The use of a minimal saccadic
duration test eliminated detection of noise as saccades.

3. If the first two conditions were met, the velocity profile of the
eye movement was analyzed for the presence of a peak of minimal
height and maximal duration. The use of a maximal duration test on
detected saccades prevented the program from treating parts of high
velocity smooth pursuit as saccades.

Fig. 2.5 is a flow chart of the basic algorithm.

Saccade

P —_— [
-_ﬁ__\w““___'—'_' %_.,___\__- J
L —
Velocity :
S . T ST ;

Detection

. L] ] 8 8 P 57 & 88 5 @ B " &g
! '3s !

Fig. 2.6, An example of separation of

composite eye movement in response to a

sinuscidal target movement of 0.28 Hz into a cumulative smooth (with and without
interpelation) and saccadic component based upon the eye velocity and accelera-

tion. The saccade detection signal was stored for further analysis.

A number of detection parameters (e.g. thresholds and duration
Limitsy could be adjusted to obtain a reliable detection of saccades.
Saccadic characteristics could vary due to different stimulus
conditions. For example, a low target velocity resulted in pursuit which
contained a few saccades of short duration and low peak velocities. Fast
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target motions on the other hand, led to a more frequent use of saccades
to pursue the target and those saccades were larger and reached higher
peak velocities. The determination of an appropriate set of parameters
was a trial and error process. Once a satisfactory set was found, it was
used for all comparable experiments. In practice, a velocity range of
the target from 5%/s to 30%/s together with a maximum amplitude of 7-10°
and a sample freguency of 125 Hz resulted in the same set of parameters
for detection of saccades (velocity threshold 10%/s, acceleration
threshold 4000152, minimal saccade duration 15 ms, maximal duration
75 ms). Saccades as small as 0.2° could be reliably detected.

The smooth and saccadic eye movements were separated wusing the
saccade detection signal (Fig. 2.6). The consecutive segments of smooth
pursuit and saccades were connected by zero~velocity elements to obtain
the cumulative smooth and saccadic eye movement. Optionially, the
consecutive elements of gmooth pursuit could be connected by Llinear
interpelation of the smooth eye velocity to obtain a gradually changing
smooth pursuit velocity. The saccade detection signal was saved to
caiculate the gain of the smooth component during pursuit of triangular
wave stimuli and to analyze the correctivity of saccades.
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CHAPTER 3

PURSUIT UPON A DARK BACKGROUND

3.1 Gain and phase

3.1.1 Single sine waves

T
Hor \\
5 /\
NB
T B [100
Ver
E
NB
B

r T T —

3s

Fig. 3.1. Recordings of the horizontal and vertical component of a
sinusoidal target movement (T) and pursuit eye movements (E) without
(NB) and with (B) a stationary background.

Fig. 3.1 shows an example of the horizontal and vertical component
of target and eye movement during pursuit of a circular target motion
upon a dark background {NB). The horizontal and vertical component of
the target movement were single sine waves of the same freguency
(0.28 Hz) and amplitude (TOD), shifted 90° in phase. Most of the pursuit
was achieved by smooth eye movements; the saccadic component was small.
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Fig. 3.2. Gain and phase of the composite (filled symbols) and
cumulative smooth eye movement (open symbols) in response to
one-dimensicnal single sine wave stimuli (amplitude 10°, solid
lines), or two-dimensional stimull with an amplitude of 7.07°
(dashed lines) or 10° (dotted lines). Means * S.D. for 5 subjects.
The 5.D. is indicated by a vertical line for one condition only.
The S.D. of the other conditions were comparable.

Fig. 3.2 shows mean gain and phase as a function of frequency for 35
subjects for one-dimensional  target motion (amplitude 10°) and
tuo-dimensional target motion with an amplitude of 7.07° or 10°. The
gain of the composite eye movement in response to single sine wave
stimuli was close to unity. For (.15 Hz the mean gain was 1.01 + 0.02
§.0.; n=230=05 subjects x 3 situatiens x 2 dimensions). Gain
decreased only to 0.99 + (.03 (5.D.; n=30) when the stimulus frequency
increased to 0.52 Hz, The standard deviations of +the gain of the
composite eye movement were small, which means that the differences
between subjecis were small. The phase lag of the composite eye movement
was less than 5% for all stimulus frequencies used, but showed a
tendency to dngrease with frequency., For the composite eye movement,
there was no significant difference between the gain and phase of the
horizontal and vertical component.

The pursuit eye movements wuwere not completely smocth. For the
one-dimensional sine wave stimulus of 0.15 Hz, gain of the cumulative
smooth component of the horizontal eye movement was 0.94 + 0.04 (5.D.)
and of the wvertical component 0.93 + (.05 (8.D.), which means that
(since the gain of the herizontal and vertical component of the
composite eye movement was about unity) 94 and 93% respectively of the
pursuit movement was accomplished by the smooth component. The remaining
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A and 7% were achieved by saccadic eye movements. The gain of smooth eye
movement decreased with the increase in frequency. For a one-dimensional
stimulus of 0.52 Hz, the gain of the cumulative smooth component of the
horizontal eye movement was only 0.46 & 0.06 (8.D.) and of the wvertical
eye movement 0.61 + 0.12 (3.D.),

Surprisingly, during pursuit of a circular motion the average gain
of the smooth components (both horizontal and vertical) was
significantly higher than for target motion restricted to one dimension.
For a circutar target motion wWith an amplitude of 7.07° the mean
increase amounted to D.06 £ 0.04 {(S.0.; p < .001) and for an amplitude
of 10° to 0.0% + 0.04 ($.D.; » < 0.001). The phase of the smooth pursuit
component was not systamatically different from +the phase of the
composite eye movement. Smocth pursuit gain of the horizontal component
was significantly higher than the wvertical component, mean difference
0.03 % 0.06 (S.D.; p < 0.05%).

The standard deyiations of the gains of the smooth pursuit eye
movement Were Larger than those of the composite eye movement, because
some subjects were able to pursue slowly moving targets almost without
saccades, while other subjects used saccades more frequently. The
ability to pursue without saccades was not strongly correlated with the
experience of the subject. Some experienced subjects pursued a slouwly
moving target with freguent saccades, while some inexperienced subjects
tracked the same target motion almost without saccades. The individual
difference in frequency of saccades during pursuit was persistent
throughout the freguency range and over sessions,

3.1.2 Pseudo-random motion

Fig. 2.38 and 2.3B show a recording of pursuit af a
two-dimensionally moving pseudo-random stimulus {freguency range
0.15 - 0.70 Hz). Compared to the single sine wave stimulus (Fig. 3.1}
more saccades were used to pursue the target.

Fig. 3.3A4 and B show Bode plots of the mean results for the same $§
subjects illustrated before for the two pseudo~random stimuli (with
different bandwidth, see Table 3.1 for the precise composition of these
stimuli) used under four different experimental conditions: horizontatl
or vertical target movements only and combined horizontal and vertical
target movements with a maximum amplitude of 7.07° or 10° in horizontal
and vertical direction.
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Fig.3.3. Gain and phase of the composite (filled symbols) and

cumulative smooth eye movement (open symbols) in response to

a pseudo-randeom target motion in one dimension with an ampli-
< tude of 10° (seolid Ijines), in two dimensions with an amplitude

of 7.07° (dashed lines) or 10° (dotted lines). Fig. 3.33 and

3.3B show results for pseudo-random target motions with dif-

ferent frequency ranges. Means * S5.D. for 5 subjects,

Table 3.1. Spectral composition of two pseudo-random stimuli
with a maximum amplitude of 10° in horizontal and vertical
direction. The amplitude of the components is inversely
proportional to freguency.

SUM 1 S 2

Frequency Amplitude Phase Frequency AMmplitude Phase

(Hz) (deg) (deg> (Hz) (deg) (deg)

Hori 0.153 5.70 0 0.336 4. 50 30
zon=  0.336 2.59 30 0.519 2.97 60
tal 0.519 1.68 60 0. 580 2. 66 20
G.580 1.50 20 0.%946 1.63 0

Ver—- 0.214 4,50 =30 0. 275 &. 50 =50
ti- 0.275 3.50 -40 0.397 3.12 -60
cal 3.397 2. 42 =60 0. 702 1.76 -9
0.702 1.37 ~90 0.885 1.40 a}

The gain of the composite eye movement increased from a value of
aoout unity for the lowest frequency component in the pseudo-random
stimuli to 2 value above 1.1 for the highest frequency component. For
example, for the pseudo~random motion with the Lowest fregquency range
the gain of the composite eye movement was 1.0 at 0.15 Hz for the
horizontal component and 1.0 at 0.21 Hz for the vertical component (both
the Lowest freaquency component in this stimulus). These gains dincreased
to about .12 at (.58 Mz for the horizontazl component and to about 1.24
at .70 Hz for the vertical component of the composite eye movement, The
spectral composition of the stimulus influenced the gain of the
composite eye movement. Although the two pseudo-random stimuli contained
three components of the same freqguency, the stimulus with the higher
freguency range resulted in Lower gains of the composite eye movement
for identical freguency components.
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The gain of the smooth component during pursuit of pseudo-random
stimuli was Lower than that for single sine wave stimuli of comparable
freguencies; during pursuit of pseudo-randem stimuli the relative
contribution of the saccadic component increased compared to pursuit of
a single sinusoidal trajectory. The results for horizontal and wverticat
eye movements Tor these two pseudo-random stimuli are not completely
comparable because different freguencies had to be used to form the sum
for the horizontal and vertical component of the target movement
{Uncorrelated horizontal and vertical target movements were required).

The gain of the smooth component showed no systematic difference
between pursuit of one-dimensional and two-dimensienal target motions
for the two pseudo-random stimuli. For the stimuius with the frequency
range of 0.15 - 0.70 Hz (Fig. 3.34), the gain of the smooth component
during the cne-dimensional pursuit task (maximum target amplitude 109
was comparable to the gain of the smooth component during pursuit of
two-dimensional target moticns with a maximum ampiitude of 10°. For the
stimulus with the higher freguency range, however, (fig. 3.38) the gain
of the smooth component during pursuit of a one~dimensionally moving
target was comparable to the gain of the smooth componment during pursuit
of two-dimensional target motions with a maximum amplitude of 7.07°.

The phase lLag of the composite eye movement during pursuit of
pseudo-random stimuli was larger than during pursuit of single sinewave
stimuli and in contrast to single sinewave stimuli it increased with
frequency. The spectral composition of the pseudo-random stimuli
influenced the phase of the composite eye movement. Although both
pseudo-random stimuli had three components of the same frequency in
commen, the stimulus with the highest frequency range resulted in larger
phase lLags of the composite eye movement over the whote frequency range.

The phase of the smooth pursuit component showed a Lead for the
Llowest freguency component of both pseudo-random stimuli. For the
stimuius with the lower frequency range this phase Llead was 129 at
0.15 Hz for the horizontal component and 3° at 0.2%1 Mz for the vertical
component. For the pseudo-random stimulus with the higher freguency
range a similar phase tead for the horizontal smooth component was found
at a higher frequency (12° at 0.34 Hz) while the phase lead for the
vertical smooth component was 6% at 0.28 Hz. Only the smooth pursuit
component showed a phase lead at these frequencies; the composite eaye
movement always showed a phase lag. The phase lead of the smooth pursuit
component changed into 2 Lag with the increase in freguency. This change
was Larger than for the phase of the composite eye movement. The phase
tag of the smooth compeoneni at the highest frequency component 4n both
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pseudo-random stimuli was larger than the phase lag of the composite eye
movement at these frequencies. The phase of the compesite and of the
smooth eye movement showed no systematical differences between the
one-dimensional and two-dimensional pursuit tasks.

To measure the influence of the amplitude of the target movement on
pursuit performance, experiments were done in which the subject had to
track the same pseudo-randem target motion for different maximum target
amplitudes, viz. 2, 5 and 10%. Horizontal and vertical target motions
were again formed by the sum of four non-harmonic sinewaves of different
amplitudes and were mutually uncorrelated (see Table 3.2).

Table 3.2. Spectral composition of the pseudo-random stimull
used for experiments with different target amplitudes and
for a match between horizontal and vertical component.

This specification if for a maximum amplitude of the target
motion of 10°, the specification for a maximum amplitude of
2 and 5° can be obtained by dividing the amplitudes of the
components by 5 or 2 respectively.

S 3 SUM &4
Frequency Amplitude Phase Freguency Amplitude Phase
(Hz) (deg) (deg) (Hz} (deg) (deg)
0.153 6. 06 0 0.214 é. 94 ~30
0.334 2.76 30 0.51%9 2.86 =60
0. 885 1.05 60 (. 702 2.1 -30
1.129 0.82 90 C. 946 1.57 ~120

In order to compare the horizontal and vertical eye movements, the same
pseudo-random stimulus had to be followed in a situation in which the
composition of the horizontal and vertical component of the target
movement had been interchanged,

Fig. 3.4 summarizes the results for the tuwo combinations used.
Although during the experiments the horizontal component of Fig. 3.4A
was combined with the vertical component of fig. 3.48 (and in an other
experiment +the vertical component of Fig. 3.44 with the horizontal
component of Fig. 3.4BY, the results for ddentical composition of
horizontal and vertical component have been grouped in the same figures
for convenience of comparison.
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Fig- 3.4. Mean * S.D. gain and phase for 5 subjects of the
composite (filled symbols) and cumulative smooth eye movement
({open symbols) in response to a pseudo-random target motion
in two dimensions with an amplitude of 2° (solid lines), 5°

dsa (dashed lines) or 10° (dotted lines). Fig. 3.4A and 3.4B show
results for pseudo-random target motions with different fre-
quency ranges. The horizontal component of Fig. 3.44 was in
the experiment combined with the vertical component of Fig.
3.4B and the vertical component of Fig. 3.4A with the hori-
zontal component of Fig. 3.48.

The gain of the composite eye movement was not significantly
influenced by the stimulus amplitude. Although the 10° stimulus
contained velocities which were five times higher than the 2° stimulus,
the eye pursued both stimuli with a comparable gain. This result applies
to both the horizontal and vertical component of the eye movement. The
gain of the horizontal component of the composite eye movement was
higher than that of the vertical component (mean difference 0.06 % 0.11
$.0., p < G.00%).

However, the phase Lag of the composite eye movement did increase
with increasing freguency (as shown eariier) and was, in general, larger
for a smaller stimulus amplitude. For example, the phase Lag of the
horizontal component was 6.3° at 0.15 Hz and increased to 21.8° at
1.13 Hz for a maximum amplitude of 20, while for a maximum target
ampLlitude of 10° these data were 5.0 and 17.5° respectively.

The gain of the smooth component was tiower than that of the
composite eye movement and in contrast to the composite eye movement,
was affected by the amplitude of the stimulus. A larger stimulus
amplitude resulted in & tower smooth pursuit gain. The difference was
significant over the whole freguency range and for both the horizontal
and vertical component, although the effect of amplitude was Larger for
the vertical component. The mean decrease in the gain of the swooth
eye movement for the horizontal component was 0.04 + 0.06 (S.B.) when
the maximum stimulus amplitude was increased from 2 to 5% and 0.0%
+ 0.06 (5.D.)} when the amplitude increased further from 5 to 109. The
vertical component of the smooth eve movement was more sensitive to an
increase in  the stimulus amplitude. The decreases amountad 0.12 £ 0.08
(5.0.) for an amplitude increase from 2 to 5° and .12 + 0.08 (S.D.) for
an increase from S5 to 0% for this component. &Ll differences were
highly significant (p < 0.0013.

Fhe phase of the smooth eye movement showed in general, for a larger
stimulus amplitude, a lLarger phase Lzad for the lowest freguency compo-
nent and a smaller phase Lag for the highest freguency component of the
pseudo~random stimulus. For example, the phase of the smooth horizontal
comgonent (as shown in Fig. 3.4A) was 16.0° (phase lead) at 0.21 Hz
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which decreased to -28.7° (phase lag) at 0.95 Hz and an amplitude
of 10°. For a stimulus amplitude of 2° these data were 0.7 and -23.5°
respectively. Only the decrease in phase between a stimulus amplitude of
2 and 5% was significant: 3.6 & 5.4°, p < 0.00% (mean and S.p. of the
horizontal and vertical component over the whole frequency range).

3.1.3 Triangutar waves

In contrast to sine wave stimuli, triangular wave stimuli have a
measure the pursuit performance with constant stimulus velocity
triangular wave stimuii of the same frequencies (0.15, 0.28 and 0.52 Hz)
and amplitudes (7.07 and 10°) as the single sine wave stimuli and in
addition triangular waves of 0.06, 0.99 and 0.12 Hz of the same
amplitudes were used. This resulted in target velocities 1in the range
from 1.7 to 20.8%/s. The corners of the triangular wave stimuli were
excluded from the calculation of gain of the composite and cumulative
smooth eye movements. Fig. 3.5 shows a recording of pursuit of a
rhomboid stimubus trajectory.

3s

Fig. 3.5. Recordings of the horizontal and vertical component of a
triangular target motion (T} of 0.28 Hz and pursuit eye movements (E)
upon a dark (NB) or a structured (B) background.
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Fig. 3.6. Gain of the horizontal (filled symbeols) and vertical (open
symbols) smooth eye movement in response to triangular wave stimuli
moving in one dimension with an amplitude of 10° (solid lines), or in
two dimensions simultaneously with an amplitude of 7.07° {dotted
lines) or 10° (dashed lines). Fig. 3.64 is for low and Fig. 3.6B for
high target velocities. Means # S.D. for 5 subjects.
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The horizontal and verticai <¢omponents of the target movement were
triangular waves of the same frequency (0.28 Hz) and amplitude 0%,
shifted 90° in phase.

The gain of the composite eye movement was wunity for all
frequencies, directions of target movement and stimuius situations.
Although more saccades were used to pursue a triangular wave stimulus of
20.8%/s than of 1.7%s, the amglitude of the composite eye movement
remained equal to the target amplitude and the gain was independent from
velocity. Fig. 3.6 summarizes the gains of the smeoth component of the
eye movement, averaged over 5 subjects, during pursuit of
one-dimensionatiy moving (amplitude 109, horizontal or vertical target
movements only) and two~dimensionally moving triangular wave stimuli
(combined horizontal and vertical target movements with an amplitude
7.07 or 10° each) for low target velocities (Fig. 3.4A) and for high
velocities {Fig. 3.6B). There was a progressive shift from smooth
towards saccadic pursuit when the velocity of +the stimulus dncreased
from 1.7%s to 20.8%s. The gain of the smooth pursuit component
decreased from 0.96 at 1.7%/s to 9.58 at 20.8%/s (means of 5 subjects
and of the horizontal and vertical component). The standard deviations
of the gain of the smocth component were relatively small for the
triangular wave of 1.7%/s, but increased when the velocity increased to
20.8%/s. This relative increase was due to the differences between
subjects. Some subjects were able te pursue the triangular wave of
20.8%s relatively smoothly, which resulted in a high gain of the smooth
component, while other subjects pursued this triangular wave almost
completely with saccades, while the smooth component had a low gain. The
gain of the vertical smooth compenent was Lower than of the horizontat
smooth component {(mean difference 0.04 + 0.G7 S.D.; p < 0.02). There was
no significant difference in gain of the smooth component between right~
and teftward and between up~ and downward target movements. The gain of
the smooth component appeared to he largely determined by the velocity
of the stimulus. As can be seen in Fig. 3.6B, a decrease 1in horizontal
and wvertical smooth pursuit gain occurred when the horizontal and
vertical target motions were combined. It should be emphasized that
these gains wWere calculated as the ratio horizontal eye movements /
horizontal target movement {and similarly for the vertical component).
Therefore, the inputs 1o the horizontal and vertical systems remained
unchanged by the two-dimensional presentation, although +the total
(wectorial) target welocity was increased.

A remarkable error of direction occured when the freguency {and
thus the wvelocity) of the rhomboid target motion was increased {(see
Fig. 3.73.
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Fig. 3.7. Rotation of the eye movement trajectory with respect to the
rhomboid traget trajectory when the fregquency of the target increased
from 0.15 Hz to 0.52 Hz. A period of 16.3% s of the target and eye
movement recording are shown.

In general, pursuit eye movements in response to a rhomboid target
motion of (.15 Hz were in the direction of the target motion. Scmetimes
the subject anticipated the change of direction of the target (see right
corner of Left rhomboid), but at other times, the eye persisted in
moving into the same direction, although the target had already changed
its direction (Left and top cerner of the Left rhomboid). When the
freguency of the target was increased from 0.15 to 0.5Z2 Hz, however, eye
movements were not compietely aligned with the target movements: pursuit
was done not exactly in the direction of the target movement, but 1in a
somewhat tilted direction. The rhomboid trajectory of the eye movements
was rotated in the direction of the target metion. Is seems as though
the subjects anticipated the changes of direction of the target.

3.2 Retinal position error during pursuit

The main purpose of pursuit eye movements is to keep the image of
the target within the foveal area. If the target moves away from the
foveal centre, a retinal position error betwesn the centre of the foves
and the image of the target will occur. The distribution of this error
in time 4is a measure of the guality of pursuit. I assumed a normal
distributien and c¢haracterized this by a mean value and a standard
deviation (S5.D.).

Some typical examples of retinal position error (target position
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minus eye position) as a function of time during pursuit of a stimulus
in two-dimensional pseudo-random motion upon a dark (M¥B) and a
stationary random dot background (B) are shown in Fig. 3.8.

i W \

Fig. 3.8. Recordings of the horizontal and vertical retinal positicn
error (E) during pursuit of a pseudo-random target motion (T) upon a
dark (NB) or a structured (B) background. Notice the different cali-
brations for target and error.
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The effects of a background on pursuit will be discussed 1in detail in
chapter 4. An example of the two-dimensional distribution of the retinal
position of the target during pursuit of one cycle of a circular
movement is shown in Fig. 3.9.

Fig. 3.9. Recordings of the com-
bined horizontal and vertical
retinal position error during
pursuit of one period of a
circular target motion of 0.28
Hz and an amplitude of 10° upon
a dark (NB) or a structured (B)
background. The occurrence of

a saccade is indicated by an
interrupted line and the arrows
indicate the direction of the
retinal position error.

Examples of the distribution of horizontal and vertical retinal position
errsr  are shown in  Fig. 3.10. In principle, the distributions are
bimedal, because the eye Lags the target and the jmage of the target 1is
in general at that side of the fovea, which is in the direction of the
movement of the 1image (see Fig. 3,8 . The actuel distributions of
retinal position error, however, show an overlap between the different
parts of the distribution and the bimodality is only marginally wvisible
{(Fig. 3.103. Therefore, for practical purposes, the distributions were
considered to be unimodal and mean and standard deviatien of retinal
position error were chosen to characterize its distribution. Means and
standard deviations were calculated for all stimulus conditions
described sofar. The means of the retinal position error were not
significantly different from zero which means that the projection of the
target was distributed symmetrically around the fovea.

37



% of Total
10

Horizontal . )
A D Vertical

4 2 0 2 4 -4 -2 o 4
Retinal Position Error (%}

Fig. 3.10. Distributions of retinal pesiticon error in horizontal (A, B,
C) and vertical (D, E, F) direction for a two-dimensionally moving

sinusoidal stimulus of 0.28 Hz (A4, D), a pseudo-random stimulus with a
fregquency range of 0.15 - 0.70 Hz (B, E} and a triangular wave stimulus

of 0.28 Hz (C, F).
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3.2.1 Singte sine wave stimuli

For single sinewave stimuli, the $.b. of retinal position error
increased with freguency (Fig. 3.113.

SD RPE

1+ o 1c® -
1 20iM 7.07°
4 7 20 10°

[ 1

HOR VER HOR VER HOR VER HOR ~ VER HOR VER
0153 0.275 0519 0153 - 0702  Q.275-0.946Hz
Frequency

Fig. 3.11. Standard deviations (mean values for 5 subjects, §5.D. of this
mean is indicated by vertical lines) cof retinal position error during
pursuit of single sine wave or pseudo random stimuli in one dimension
with an amplitude of 10° (ocpen bars) and two dimensions with an ampiitude
of 7.07° (dotted bars) or 10° (hatched bars).

Within each freguency, two-dimensional target movements with an
amplitude of 7.07° resulted in the lowest S.D. for each frequency. For
one- and two-dimensional pursuit at an amplitude of 10° the error was
Larger. However, only the difference with the two-dimensionat stimulus
with an amplitude of 10° was significant (mean difference 0.0% + 0.12
S.D.; p < 0.001). The S.D. of the vertical retinal position error uWas
significantly higher than the S.D. of the horizontal error (mean
difference 0.10 + 0.16 S.D.;: p < 0.01>.

3.2,2 Pseudo-random stimuli
For the two pseudc-randem stimuli as specified in Table 3.1, the

movement with the higher frequency range resulted in a significantly
Larger S.D. of retinal position error than the stimulus with the ‘iower
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frequency range
stimuli, the S5.D.
pseudo-random

(Fig. 3.113.
during pursuit of a
stimulus with an amplitude of 7.07° was lower than during

Similarly as

for
two-dimensionally

the single sine wave
moving

pursuit of a one-dimensionatly or two-dimensionally moving stimulus with

an amplitude of 10°

0.22 + 0.13 5.0.; p < 0.001 respectively).

To measure the influence of the amplitude of the
pseudo~random stimulus (see Table 3.2) was shown at three different

ang

(mean difference 0.72 + 0.11 S.D.; p < 0.001 and

target movement

maximum amplitudes: 2, 5 and 10°. To compare the horizontal and vertical
the same stimulus had alsc to be pursued in a

retinal position
situation in which the
component of the

error,
composition
target motion had been interchanged. The results of

of the

horizontal

and vertical

these balanced tests have been regrouped in Fig. 3.12.

Fig. 3.12. Standard

i S.D. Retinal Position Error

deviations (mean va-
lues for 5 subjects, _D =p° H:5° R -10° -
5.0. for this mean is 1'4: & i
indicated by vertical 12 i
lines) of the hori- - %é_
zontal and vertical 104 F
retinal position i T ;E L
error during pursuit 0.8 i L
of pseudo-random sti- - =
muli in two dimen- 0.6 F
sions with an ampli- - N ) =
tude of 2° (open 04+ BHIS r
bars), 5° (dotted 4 (RS r
bars) or 10° e I -
(hatched bars). 1 1 v i
Hor Ver Hor Ver
0153-1.128Hz 0.214-0.946 Hz
In general, a Larger stimulus amplitude (and thus a higher target
velocityd resulted a larger S8.0. of retinal position error
(Fig. 3.12). For example, for the stimulus with the freguency range of

G.13-1.13 Hz a

0.46 + 0.05% (s.p0)
componient of the

stimulus
retinal position error of

retinal

amplitude of 2°
0.27 + 6.05° (5.0, an
16°

position error

in 0.85 + 0.08°
wWas

resulted in a mean S$.D. of

of 5° in
The vertical
siightly, but

ampl itude
(S.D.) .
only

significantly higher than the horizontal component (mean difference (.05

+ 0.19 s.b., p < 0.02).
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Fig. 3.13. Standard deviations of horizontal (filled symbols) and
vertical (open symbols) retinal position error (RPE) during pursult
of triangular wave stimull moving in one dimension only with an am-
plitude of 10° (solid lines) or in two dimensions simultanecusly
with an amplitude of 7.07° (dotted lines) or 10° (dashed lines).
Fig. 3.13A is for low and Fig. 3.13B for high target velocities.
Means # S.D. for 5 subjects.

41



3.2.3 Triangular wave stimuli

For triangular target movements, the S.p. of retinal position error
increased with velocity (Fig. 3.13A for the lower and Fig., 3.138 for the
higher target velocities). Similarly as for the single sine wave
stimuli, the $.D. of retinal position error of the horizontal component
was lower than that of the vertical component {mean difference 0.06
+ 0.13 S.0.; p < 0.000).

3.2.4 Similarity of retimal position error

To investigate the reproducibility of the eye movement patterns in
time {and thus of retinal position error) for the same stimulus
condition in different trials, three subjects had to pursue the same
pseudo-randcem target motion three times, Two ©f these three measurements
were done in the same session {separated about 20 minutes in time); the
third measurement was dore 1in another session with the same subject.
Fig. 3.14 shows the recording of retinal position error over these three
trials for two different subjects.

The following remarks may be made:

1. There is a large similarity of retinal positicn error within one
subject over different trials under the same stimulus conditichs. One
subject {(EP} showed this similarity to a lLarger extent +than the other
subject (HC).

2. There was no systematic difference between the trials done within
cne session and the trial done in the other session with the same
subject.

3, The pattern of the retinal position error and thus the
corresponding pursuit eye movements was idiosvneratic. Subject HC used
fewer saccades to correct his eye position, his eye movement was more
smooth than that of subiject EP.

4. Although the strategies of these two subjects in pursuing the
target differed (smooth vs. saccadic), the S.D. of retinal position
error as a function of time and thus the quality of pursuit was not
significantly different (mean $.0. of retinal position error of subject
HC 1.17 3_0.40 S.D. between measurements; of subject EP 0.96 + 0.04°
$.D.).
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Fig. 3.14. Recordings of horizontal target movement and retinal position
error of two subjects for three different trials under the same stimulus
condition (pursuit of a pseudo-random target motion with a maximum ampli-
tude of 10° upon a dark background). Recording B and C for subject HC
(and reccrding E and F for subject EP} were the results of measurements
done in the same session, separated about 20 minutes In time, recording
A {and D for EP) was done in another session about one week sarlier.
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3.3 Saccades during pursuit

Recordings of the retinal position error (Figs. 3.8 and 3.9
indicate that saccades reduce the positional error by correcting the eye
position, although the remaining error 1is not zero. Undershoot and
overshoot was associated with nearly all saccades and some saccades were
not corrective at all.

In order to analyze the correctivity of saccades during pursuit,
scatter plots were made which show the retinal position error in the
horizontal and vertical direction at the beginning and at the end of
saccades.

Fig. 3.15. Diagram of combined horizontal and vertical retinal position
error at the start (+} and end (o) of saccades during pursuit of a
circular (4} or a rhombeid (B) target motion of 0.28 Hz upon a struc-
tured background, with insertion of three ellipses which indicate the
retinal position error at the beginning of saccades (8}, the end of
saccades (E) and during the total measurement of 32.77 s (T}.

Fig. 3.15 shows two examples of such plots, one for pursuit of a
circular trajectory (Fig. 3.15A, frequency 0.28 Hz, amptitude 109 and a
second for pursuit of a rhomboid trajectory of the same frequency and
amplitude (Fig. 3.15B). In both situations, pursuit was done upon a
structured background.

In Fig. 3.158, (rhomboid trajectory) the starting peints of
saccades are mainly Llocated at the 45 degree axes of the retinal
position error plane. This is clearly related to the function of
saccades and to the form of the trajectory of the target. Due to the

L4



presence of a structured background, smooth pursuit had a relatively low
gain and saccades were mainly made to catch up with the target (see
chapter 4). Therefore the saccades were mostly in the direction of the
target motion. The stopes of the rhomboid target trajectory made angles
of 45° with the horizontal and vertical axes of the plane of the target
movement. Accordingly, saccades in the directicn of the target movement
coincide with the 452 axes of the retinal position error plane. For
example, a target movement from the Lleft te the top angle of the
rhomboid would result in starting points of saccades in the third {(left
Lower) quadrant of the retinal position error plane.

Three ellipses were constructed withinm the retinal error plots. One
indicates the size of the retinal position error at the start of
saccades (S), a second the size at the end of saccades (E) and the third
one the mean and standard deviation of retinal position error of the
total measurement (T). The centres and half the Length of the axes
represent the means and standard deviations of the retinal position
errors,

The mean error during pursuit was small compared to the S.D. of the
retinali position error. Therefore, the centre of the ellipse T is very
close to the origin. The vertical axis of the ellipse T is longer than
the horizontal axis, because the S$.D. of retinal position error was
Larger in vertical direction than in horizontal direction.

Fig. 3.15 illustrates that saccades were not perfect corrections of
the eye position as the end points of the saccades did not coincide with
the origin of the retinal position error plane. Nevertheless, saccades
did reduce the error as the latter was in general smaller at the end
than at the start of a saccade. Accordingly, the ellipse E (ies
completely inside the ellipse S.

There was no sharp threshold of retinal position erroer at which
saccades were automatically generated, The retinal position error 2% the
start of saccades varied within and between different stimulus
conditions. The starting points of saccades were not clustered in a
circle or an ellipse in the retinal error plane.

The location of the eliipse T in between the ellipse § and E shows
that the retinal position error during pursuit was in between the errors
at the start and end of saccades.
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3.4 Discussion

Pursuit eye movements were never completely smooth. Even under
conditions where background, veltocity and predictability of the target
movement were selected to favour smooth pursuit, it never showed a gain
above 0.94 and saccades supplemented the smooth eye movements to track
the target with the proper amplitude. These findings are 1in agreement
with those of Puckett & Steinman (1969}, Murphy (1978) and Kouler,
Murphy & Steinman ({1978). The latter investigators reported that
subjects could only match velocity of slowly moving targets 2.4%/9)
after considerable practice while a target moving with a higher velocity
¢5.4%/5) was always pursued with an appreciable retinal slip velocity.
In this study I showed that untrained subjects are unable to pursue
targets moving at velogities between 1.7 and 20.8%/s completely smoothly
and that smooth pursuit gain decreases rapidly with increasing target
velocity.

The performance of the pursuit system depends on the spectral
composition of the stimulus. Even if two stimuli have three components
of the same frequency and differ in only one freguency, a completely
different response and performance can be obtained (Figs. 3.3 and 3.11).
Sinusoidal target movements are pursued with a higher smooth pursuit
gain and a smaller phase lag than more complex pseudo-random signals.
This was expected on the hasis of the Literature (Stark, Vossius &
Young, 1962; Michael & Jones, 1966; Bahill, Iandolo & Troost. 1980;
Lisberger, Evinger, Jochanson, & Fuchs, 1981; Lisberger, Evinger,
Johansen, & Fuchs, 19871).

New results are that the gain of the composite eye movement and the
cumulative smooth eye movement increase with freguency during pursuit of
pseudo-random stimuli, that the composite gain can rise above unity for
the higher frequency components in these stimuli {(Figs. 3.3 and 3.4) and
that the cumulative smooth eye movements can have a phase Llead with
respect to the target motion for the lLower frequency components.

A composite gain above unity is due to saccades which overshoot the
target movement (Figs.2.3Aand B). Although the composite gain could
be larger than one, smooth pursuit gain was always smailer than unity.

Lisberger, Evinger, Johanson, & Fuchs (1981) found that smooth
pursuit is a function of maximum acceleration of the target. This is not
corroborated by my results of pursuit of pseudoc—-randem stimuii. I chose
che amplitude of the frequency components of this type of stimuli
inversely proportional to their frequency in order to obtain different
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components with equal maximum velocities, independent of the freguency
of the component. $ince the maximum acceleration of a sine wave is
proportional to the amplitude <times the square of its freguency, the
components had a maximum acceleration which dincreased Linearly with
frequency. If the findings of Lisberger, Bvinger, Johanson, & Fuchs
1981) would apply for my results as well, I should have found & smooth
pursuit gain which decreased with increasing frequency, but I did not
(Figs. 3.3 and 3.4}. Lisberger, GB&vinger, Johanson, & Fuchs {1981},
however, wused a completely different pseudo-random stimulus. It was
essentially a single sine wave which could change its direction only
when it crossed a zero-velocity point. This type of stimulus has a
maximum acceleration which is determined by the frequency and amplitude
of the sine wave and which is present twice in each perioed of the sine.
I used a sum of four sine waves of different frequencies and although a
maximum acceleration is defined for each of those frequencies when they
would be used as single sine wave stimuli, the composite signal contains
onty one maximum acceleration which is present only once in the compliete
recording period. Comparison of the results presented here with those of
Lisberger, Evinger, Johanson, & Fuchs (1981} may therefore be perilous.
I confirm, however, that the gain of the smooth component does not only
depend on freguency of the stimulus, but on a combination of freguency
and amplitude. For a stimulus with a certain amplitude, a higher
freguency (range) results in a Llower gein of the smooth component
(Fig. 3.2) and similarly, for a stimulus with a certain frequency
(range) a Llarger amplitude results 1in a Lower smooth pursuit gain
(Fig. 3.4).

My results are in partial agreement with St-Cyr & Fender's (19469a)
findings that composite gain increased with freguency within a narrow
freguency band, but in contrast to their results I found that gain could
reach wvalues 1in excess of unity. One difference betuween the present
study and that of St-Cyr & Fender is that I used a maximum stimulus
amplitude of 2, 5, 7.07 or 10° and components which had an amplitude
inversely propertional to frequency. St-Cyr & Fender used a2 maximum
amptitude of 1.5% for the composed signal; the amplitudes of the
different components as such were not specified. Given the fact that
smatl differences in composition of the stimulus can result in a
markedly different pursuit performance, one can expect discrepancies
between different studies.

It remains unctear why the cumulative smooth eye movement shows a
phase Llead for the lower freguencies during pursuit of a pseudo-random
target motion. It is not an artifact caused by the zero-velocity filling
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of the gaps (due to saccade removal) in the smooth eye movement, nor it
is caused by the removal of the trend of the cumulative smooth eye
movement. Interpolation of the consecutive segments of the smooth eye
movement by a second order polynomiab still resulted in a phase tead and
omission of the trend correction led to erronecus results for gain and
phase. A phase lead of the smooth pursuit eye movements occurred only
with pseudo-random target moticns. A sinusoidal target wmotion was
followed in general with a phase lag.

for trianguilar wave stimuli, smooth pursuit gain was Lower for a
two~dimensional than for a one-dimensional target motion, This is in
contrast to sinuscidal wave stimult where a one-dimensionally moving
target Was pursued with a lower smooth pursuit gain than a
two-dimensicnally moving, c¢ircular stimulus (Fig. 3.2). There is,
however, a substantial difference between single sinusoidal
(one-dimensional) and circular (two—dimensional) target motions.
Although the horizontal and vertical components of both types of stimulj
are equal, the vectorial velocity (square root of sum of the sguares of
horizontat and vertical wvelocity) and acceleration are different. The
velogity and acceleration of one-dimensional sinusoidal target movements
changes continuously whereas the vectorial velocity and (centripetal)
acceleration of the ¢ircular target motion are constant. On the other
hand, the vectorial wvelogity of a rhomboid trajectory shows frequent
abrupt directional changes.

I found that horizontal pursuit contained a higher proportion of
smooth pursuit and wWwas more accurate in terms of retinal positien error
than vertical pursuit. This could be due to a difference in training in
horizontal and vertical tracking. Kowler, Murphy & Steinman (1978)
described that subjects were able to pursue slowly moving targeis
completely smoothly, i.e. without saccades, only after considerable
practice. In daily Life most objects which are pursued move in a more or
Less horizontal plane (the predominant direction of Locomotion and
traffic) and subjects get an every day training in horizontal pursuit.
It would be interesting to investigate whether subjects can be traired
to pursue vertically with the same gain as horizontally. If this is so,
the difference between horizontal and wverticat tracking may not
be fundamental.

Saccades during pursuit are corrective; they bring the image of the
target closer to the centre of the fovea., In generali, a subject makes a
saccade during pursuit if the retinal error rises above a certain
unacceptably high Llevel. This saccade brings the target closer to the
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fovea and the remaining retinal error position error is smalter than the
average retinal error during pursuit. The Llevel of retinal position
error is not constant, but varies in time and depends on stimulus
conditions. The corrective saccades are not perfect and they alleviate
the imprecision of pursuit only for short periods of time. The overall
retinal position error during pursuit is substantial (Figs. 3.8, 3.9 and
3.14), The same kind of dmperfection of opursuit and saccadic
correctivity was found by Mackeben, Haegerstrom-Portnoy & Brown (1980).
Apparently there is no need or it is impossible for the motor system to
keep or bring the image of the target closer to the centre of the fovea.
The image is kept within a region of the retina where visual acuity is
high enough for the task which has to be performed: pursuit of a single
moving spot with a luminance well above threshoid, The function of
saccades 1is to bring the image of the target into this region whenever
it slips out of it due to the insufficiency of the smooth pursuit eye
movements. Therefore overshoot and undershcocot 1is tolerated up to a
certain Llevel which can wvary between subjects and depends on
experimental conditions such as frequency or velocity of the target,
predictability of its trajectory, efc.

By interesting question is whether +the saccades and the smooth
pursuit eye movements would become more precise if a dynamic acuity task
had to be perfaormed, which would reguire a better foveation of the
moving target. Even in the present situations, however, saccades brought
the target already to an area where visual acuity 1is relatively high.
Fig. 3.15 shows that the standard deviation of the position of the line
of sight on a sinale meridian is about 35° at the end of saccades. %o,
during pursuit, the precision of gaze with respect to position is
sufficient to permit clear wvision, particularty if modern acuity
measurements are considered which show that the diameter of the
iscacuity area i1s as lLarge as 50" (Millodot, 1972).

It is also interesting to notice that fixation of a stationary
target during active oscillation of the head (Steinman, Cushman &
Martins, 1982) results in the same level of foveation as pursuit of an
oscillating target while the head 4ds stationary, provided that the
frequency and amplitude of head and target are comparable, Apparently,
the fixation and pursuit system yield a comparable precision of gaze,
indicating that both systems may have lLarge parts of the visuo-motor
system in common.

tollewijn, Conijn, Martins, Tamminga & van Die (1982} found that
the trajectory of the retinal image of a moving target is highly
stereotyped within one subject and one session and independent of the
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position or velocity of the eye in the head during coordinated head and
eye movements. The results presented in Fig 3.14 confirm this finding
for pursuit without head movements and they furthermore show that there
is no systematic difference between the trials done in one session and
thosa done in another session, The trajectory of retinal position error
during pursuit of a pseudo-random stimulus is, however, idiesyncratic.
Subjects have different sirategies o pursue a moving target. Some
subjects pursue relatively smoothly whereas others use saccades more
frequently. As a consequence, the trajectory of the retinal pogition of
the image of the moving target differs between subjects. However, the
pursuit strategy did not significantly influence the $S.D. of retinal
position error.

The rotation of the trajectory of the pursuit eye movements with
respect to the rhomboid trajectory of the target may be due to
expectation of the direction changes of the target. Kowler & Steinman
(1979a) found that subjects made anticipatory smooth eye movements
during periodic steps of a smail target. These smooth eye movements
started about 350 ms before the displacement of the target and were
independent of the frequency of the step, occurred 1in both horizontal
and vertical meridians, were not learned and became faster as the time
of the step approached. Kowler & Steinman (1979b) reported in a second
paper that anticipatory smooth eye movements occurred for predictable
target ramps as well. If the presence of anticipatory smooth eye
movements 98 not only locked with a fixed interval of time to the onset
of expected target displacement {(such as a step or the start of a ramp),
but altse to the change of direction of a continucusly moving target,
then the jncrease in frequency of direction changes {(and thus of the
rhomboid motion) would Llead to a larger rotation cf the eye movement
trajectory with respect tc the targets trajectory. For the rhomboid
target motion with a frequency of D.52 Hz (rightmost rhomboid of Fig.
3.7) one side of the rhomboid motion had & duration of about 480 ms. If
the anticipatory eye movements start 350 ms hefore the corner of the
rhomboid, the error of direction should start after pursuit of about 1/4
of each side of the rhomboid. This is exactly what was found (Fig. 3.7).
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CHAPTER &

PURSUIT UPON A DIFFUSE OR STRUCTURED BACKGROUND

4.1 Gain and phase

Orne of the simplifications in most Laboratory studies of pursuit is
the absence of a structured background. In a normal physiological
situation, moving targets are seen against a stationary background and
pursuit of the target will induce a concomitant copposite motion on the
perigheral retina. To measure the influence of a stationary background
the single sine wave, triangular wave and two of the pseudo—random
stimuii were also pursued upon a black and white random dot pattern
which Filled about 90 x 90° of the visual field, Limited by the field
coils of the recording system, The effect of iillumination as such was
also tested by presenting the stimuli on a diffusely illuminated
background with a luminance equal to the average luminance of the random
dot hackground,

Some examples of recordings of pursuit upon a structured background
(B) were shown in previous chapters: in Fig. 3.1 {(circular target motion
at 0.28 Hz), Fig. 2.3A and 2.3B {(pseudo-random stimulus) and Fig. 3.5
(rhomboid target trajectory, freguency 0.28 Hz). The main effect of a
structured background was a slowing down of smooth pursuit and,
concomitantly, the insertion of more saccades. In the next part of this
section, only the results for the two~dimensional stimulus condition
with a maximem amplitude of 10° will be presented in detail to
jllustrate and guantify the effect of the background, The other stimulus
conditions (horizontal or vertical target movements only with an
amplitude of 10° and tuwo~dimensional target movements with a maximum
amplitude of 7.07°) showed the infiluence of a background on pursuit eye
movements to a similar extent.
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4.1.1 Single sine wave

Bode plots of the mean gain and phase of the composite and the
smooth eye movements for pursuit of single sine wave stimuli are shown
in Fig. 4.1.
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Fig. 4.1. Gain and phase of composite (filled symbols} and cumu-
lative smooth eye movement (open symbols) during pursuit of cir-
cular stimull with an amplitude of 10° upon a dark (solid lines),
diffuse (dashed lines) or structured background (dotted lines).
Means * 5.D, for 5 subjects.

The introduction of 2 structured or a diffuse background did not
systematically change the gain of the composite eye movement, The
amplitude of the sum of the smooth and saccadic eye movements during
pursuit upon a diffuse or a structured background remained comparable to
the amplitude of the eye movements during pursuit without a wvisible
background.

The gain of the smooth eye component was unaffected by a diffuse
background but Llowered in the presence of a structured background., The
mean decrease in gain of the smooth <component for single sine wave
stimuli was (.07 + 0.08 (5.D.; p < 0.001) for the horjzontal component
and 0,79 + 0.13 (5.0.; p < 0.001) for the vertical component. Clearly,
vertical smecoth pursuit was more inhibited by the structured background
than horizontal smooth pursuit.

The phase of neither the composite eye movement nor the smooth
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component  was systematically changed by a diffuse or structured
background.

4.1.2 Pseudo-random stimuli

A summary of the results of pursuit of two pseudo-random stimuld
upon the three different backgrounds used (dark, diffuse and random det
is shown in Fig. 4.2. The influence of a background on pursuit of
pseudo-random stimuli 15 similar to the one on pursuit of single sine
waves, The presence of a structured or a diffuse background had no
systematical influence on the gain of the composite eye movement, There
was no significant difference in smooth pursuit gain between pursuit
upon a dark or a diffuse background, but the presence of a structured
background lowered the gain of the smooth component. The mean decreases
were 0.08 + 0.09 (S.D.; p < 0.001) for the horizontal component and 0.19
+ 0.10 (8.D0.; p < 0.001) for the vertical component (means and §.D. Tor
the two pseudo-random stimuli pooled), Similarly as for the single sine
wave stimuli, the random dot background inhibited the vertical component
more than the horizontal component of the smooth eye movements.

The phase of neither the composite nar the smcoth eye movement was
systematically altered when the dark background was replaced by the
diffuse or the structured background.

4.1.3% Triangular wave stimuli

A structured background had a similar effect on the pursuit of a
triangular waveform. Also in this case, the gain of the composite eye
movement was not systematically affected by a diffuse or structured
background. However, the contribution of the smooth component to the
total eye displacement decreased when a background was present (Fig.
4£.3). This decrease was very small for the diffuse background: 0.03
+ 0.08 (S.b.; p < 0.02) for the horizontal component and 0.03 + 0.06
(S.D.; p < 0.01) for the vertical component (note: only the three higher
vetocity triangular wave stimuli were pursued upon a diffuse
background). The decrease in smooth pursuit gain was lLarger for the
structured background: 0.09 + 0.08 (5.0.; p < 0.001) for the horizontal
and 0.17 + 0.10 (5.D.; p < 0.001) for the vertical component. These
values are comparable to those ohtained with the sine wave stimuli.
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Fig. 4.2. Gain and phase of composite (filled symbols) and
cumulative smooth eye movement (open symbols) during pursuit

@ of two (A and B) two-dimensional pseudo-random stimuli with
a maximum amplitude of 10° upon a dark (solid lines), dif-
fuse (dashed lines) or structured background (dotted lines).
Means * 5.0, for 5 subjects.
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On the basis of these results I conclude that the presence of a
Large stationary structured background has an inhibitory influence on
smooth pursuit eye movements; vertical smooth pursuit is more inhibited
than horizontal smooth pursuit. The dnhibition of smooth pursuit is
fully compensated by the more frequent insertion of saccades in order to
pursue the target with the proper amplitude. The influence of diffuse
illumination of the background on smooth pursuit is minimal.

4.1.4 pifferent structured backgrounds
In order to test the jnfluence of the type of structured background

on the decrease in smooth pursuit gain, one pseudo-random stimutus
(desc¢cribed in Table 3.2y had to be pursued upon twelve different
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structured backgrounds: sine wave and square wave gratings with two
different wave Lengths and edges in horizontal or wvertical direction,
two checkerboard patterns with different element sizes and two random
dot backgrounds, also with two different element sizes (all backgrounds
are specified 1in Chapter 2, page 13). With these backgrounds the
foellowing questions were answered:

1. Does the orientation of the contrast edges (horizontal or vertical)
of the background have a differential effect on pursuit eye movements in
horizontal or vertical direction?

2. Is a sharp contrast within the background more inhibitory on smooth
pursuit than a soft contrast?

3. Does the wavelength or the size of the structures of the background
affects its influence on pursuit?

4, Is the influence of a structured background different for pursuit of
target motions with different maximum amplitudes?

Based upon the results which were obtained, the following answers can be
given.

A. 1. The orientation of the contrast edges (tested with the horizontal
and verticat sine and square wave gratings) had a different inhibitory
influence on the smooth eye movements in the direction of the contrast
edge and in the direction orthogonal to the edge. For the horizontal
component of the smooth eye movements, a vertical edge was more
inhibitive than a horizontal one. Complementary, for the vertical
component a horizontal direction of the contrast edge was more
inhibitive than a wvertical edge. The mean difference was small (0.04
+ 0.1 8.0.), but significant (p < 0.001J.

Fig., 4.4. Gain and phase of the composite (filled symbols)
and cumulative smooth eye movement (open symboels) in response
to a pseudo-random target motion Iin two dimensions with an
amplitude of 2° {(solid lines), 5° (dashed lines) or 10°
fdotted lines) upon a random dot background with elements of
2.1°. Fig. 4.43 and 4.4B show the results for pseudo-random >
target motions with different freguency ranges. During the
sessions, the horizontal component of Fig. 4.44 was combined
with the vertical component of Fig. 4.4B and the vertical
component of Fig. 4.44 with the horizontal compeonent of Fig.
4.48, in order to have uncorrelated horizontal and vertical
stimulus motions. Mean # §.D. for 5 subjects.
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Ad. 2. A structured background with a soft contrast edge bhetween the
black and white parts (sine Wave grating) resulted in a similar decrease
in gain of the smooth component as a background with sharp edges (square
wave gratingl.

Ad. 3. The size of the elements of the background had no infiluence on
the decrease in smooth pursuit gain.

Ad. 4. The decrease in smooth pursuit gain due to the stationary
background was Larger for a smaller stimulus amplitude. Fig 4.4 shous
results for pursuit upen the random dot background with an element size
of 2.1°. Compared with the results for pursuit upen a dark background
(Fig. 3.4) the differences in smooth pursuit gain between the different
stimulus amplitudes is smaller. The mean decrease in smooth pursuit gain
when the random dot background was introduced was, for a maximum
stimulus amplitude of 29: 0.20 % 0.13 (S5.D.); for an amplitude of 5%:
0.18 £.0.1 ($.D.) and for an amplitude of 10°%: 0.15 % 0.08 (S.D.).

In summary: a structured background has an inhibitory influence on
smooth pursuit, but the specific structure of the background is only of
marginal importance. The decrease in gain of the smooth component is
Larger when the stimulus is slower (= amplitude smaller).

4.2 Retinal position error
4.2.7 Piffuse and random dot backaground

A typical example of retinal position error of pursuit of a
pseudo-random target motion upon a random dot background was shouwn in
Fig. 3.8 (recording marked with 8). Fig. 3.9 showed an example of the
two dimensional distribution of the retinal position error during
pursuit of one cycle of a circular target moticn upon a dark (NB) and
random dot background (B). Both figures dllustrate the effect of a
structured background on pursuit movements: the smooth component slowed
down and extra saccades were inserted 1o supplement the smooth
component. The 3.D. of the retinal position error during pursuit upon =&
diffuse or structured background are shown in Fig. 4.5 (single sine wave
and pseudo-random stimuli) and Fig. 4.6 {(rhomboid target trajectories),
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for all types of stimuli wused, the S.D. of retinal position error
increased with increasing frequency and velocity. For single sine waves
the S.D. increased from 0.28% to 0.73° when the frequency increased fronm
0.15 to 0.52 Hz. The 5.0 for triangular wave stimuli was larger: 0.30°
for a stimulus velocity of 1.22%s and 1.30° for 20.8%s <(inclusive
corners). From the two pseudo-random stimuli specified in Table 3.1, the
one with the higher frequency components resulted in a higher $.D of
retinal error: 0.89° versus 0.51° for the pseudo-random stimulus with
the lower frequency rangz. The S.D. of the horizontal error was smaller
than the S.D. of the vertical error for single sine wave stimuli (mean
difference 0. 14° + 0.99° 8.D.; p < 0.001) and for the triangular wave
stimuli (mean difference 0.08° + 0.1° S Dz p < 9.001). In nearly alt
situations, the §.D. of retinal position error during pursuit upon a
diffuse background was sblightly lower than during pursuit upon a dark
background (see open bars in Fig. 4.5 and the dashed Line in Fig. 4.6).
The mean difference for single sine wave stimuli was G.Géc;t 0.22°
(8.D.; p < 0.02) and for the two pseudo-random stimuli 0.15° + 0.18°
5.0.; p < 0.001). Ffor triangular wave stimuli the difference was not
significant.

For single sine wave and triangular wave stimuli the $.D. of
retinal position error showed no significant differences between pursuit
upon a dark or a structured background. Although the smooth component
slowed dowtr when the structured background was introduced, the $ D, of
retinal position error was not significantly increased. Apparently the
insertion of saccades was effective in preventing an increase in the
S.D. of the retinal position error. The two pseudo-random stimuli were
pursued with a slightly Llarger S D. of retinal position error upon a
dark background than upon a structured background {(mean difference 0.06
+ 0,16 8.D0.;: p < 0.01).

4.2.2 Effects of structure of backgrounds

In general, the introduction of the random dot background did not
significantty influence the S.D. of retinal position error. The
performance of the eye movements (measured in time) was not degraded by
the shift from smooth towards saccadic pursuit. To measure if the type
of structure within the background had any systematical dinflusnce an
retinal position error, one pseudo-random stimulus (Table 3.2) was
pursued upon twelve different structured backgrounds (see section 4.1.4)
with three different stimulus amplitudes (2, 5 and 10 . ALl these
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conditions {12 x 3) were used twice with interchange of the horizontal
and wvertical target motion +to balance for the composition of the
stimulus in both orthogonal directions. Figs. 4.7 and 4.8 show the $.b.
of retinal position error for the two compositions used.

Tne type of structured background present during pursuit (dark or
any of the twelve other backgrounds) did not systematically infiuence
the S.D. of retinal position error. Within each frame of Figs. 4.7 and
4.8, the bars are of comparable height. It was shown (section 3.2.2})
that, for a dark background, a larger stimulus amplitude resulted in a
Larger S.D. of retinal position error. This result applies for pursuit
upoh a structured background as well.

Angther spectral composition of the stimulus resulted in another
retinal error. The S§.p of retinal error during pursuit of a
pseudo~random stimulus was Lower for the frequency range of 0.15 -
1.13 Hz than for a pseudo-random stimulus with a freguency range of (.21
- 0.95 Hz. The average difference for a maximum target amplitude of 10°
was 0,22 + 0.16 S.p, p < 0.001), for 5% amplitude 0.10 + 0.07 (S.D.,
p < 0.001) and for the 2° amplitude 0.04 + 0.04 (5.D., p < 0.001).

The vertical component of retinpal position error was, in general,
Larger than the horizontal component., For the pseudo-random stimulus
with the frequency range 0.159 - 1.13 Hz (Fig. 4.7) the mean difference
between the horizontal and vertical component was O.01 + 0.05 (S.p.,
p < 0.05 for a 2% stimulus amplitude, 0.05 + 0.08 (.D.) for a 5°
amplitude and 0.06 + 0.15 (s.D.) for 10°. for the other spectral
composition {(Fig, 4.8) these figures were 0.04 + 0.05 (S5.p.); 0.07
t_0.11' 5.p) and 0.22 + 0.22 (5.D.) respectively. The Llast five
differences were highly significant (p < 0.001).

Thus, the retinal position error was not significantly dinfluenced
by any of the structured backgrounds. The spectral composition of the
stimulus together with the maximum amplitude determined the error (in
time) of the pursuit eye movemenis. The vertical component of the
retinal error is, in similar conditions, Llarger than the horizontal
component .
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4.3 Open-loop pursuit

One way to study oculomotor characteristics and to identify the
oculomotor system directly 1is to use an opernloop condition. In this
condition, eye movements made by the subject do not influence the
position of the target on the retina. The open-Loop condition was
created by adding (electronically) the eye positiocn to the target
position (Fig. 4.9).

Retinal Error

Closed lcop :
: o mot
Target : Qculo motor Eve
* System
Open loop < .
Retinal Error = Stimuius
Target f o
: : cuto motor
Stimulus : H utem Eye

System

Electronic Feedback

Fig. 4.9. Schematic diagram of the normal closed-Iloop

and artificially open-loop pursulit condition. In the

opan—-loop condition, the retinal error signal is equal

to the presented stimulus motion.
Only a number of pilot experiments was done. In these experiments, some
of the measurements were oper~loop, others were not. Only the feedback
Loop for the horizontal eye movements was opened., One pseudo-random
stimulus <(Table 3.1; horizontal component of SiM 1) was displayed in
horizontal direction with an amplitude of 0.5, 1 or 2° for the open-tloop
condition (in these measurements the retinal error signal was equal to
the stimulus) and with an amplitude of 1, 2 or 4% for the closed~loop
condition. Subjects were told befocre the experimental session that
open— Loop measurements would be done (all knew what an open-loop
condition was) and instructed to pursue the target in a normal way. In
practice, subjects immediately recognized an open-Lloop condition.
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The results obtained with these open-loop experiments were very
idiosyncratic. Fig. 4.10 shows five examples of open-loop pursuit, one
for every subject serving in these experiments.

Error Hor. /\/\ /\/ P

Eve
s, ST

S:GM
——L__#w___ﬁ_kﬂd,/// 3g_ﬁ"/ﬂ—‘h_“_ﬂ”’b*"\__,,/”’m“‘\\__
S:HS //ff“ﬁhu‘\\\‘*"ﬂ—‘“\\\ ///—Eh‘_’d 2P

S:HC

Fig. 4.10. Recordings of the horizontal eye movements of 5 subjects
in response to a stimulus (= retinal error) presented in an open-loop
condition. Notice the different calibrations used for error and eye
motion. The arrows in the lower trace indicate that the deviation of
the eye exceeded the range of the recording eguipment (20°).

& completely different response can be seen for the different subjects.
ne subjects (MO} responded to the stimulus (= retinal error signal)
with very large eye movements which exceeded the range of the apparatus.
The gain of his eye movements (measured With the stimulus = retinal
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error signal serving as input signal) varied between approximately 5 and
20. Another subject (JH) responded only with small eye movements (gain
values varied between 0.5 and 2). Subject GM on the other hand reported
that she votuntary modified her eye movements (i.e. the gain of her eye
movements) in order to keep the target within a limited area (about 209
around the centre of the screen (which she managed quite well).

On the basis of these results, no further attempts were made to
investigate the influence of a background on the pursuit system in an
open-Lloop condition.

4.4 Discussion
4o.t,1 Effect of background and attention

The results presented in this chapter show an interaction between
veluntary pursuit and the presence of a stationary structured
background. Smooth pursuit is slowed down by the presence of a
structured background. The resulting deficiency of pursuit is
compensated by the more frequent insertion of saccades. The net result
is a shift from smooth towards saccadic pursuit whereas the overall
accuracy of gaze is maintained, both in terms of the gain and phase
relationship between eye and target movement and in terms of retinal
position error. The specific siructure of the background 1is only of
marginal impcrtance.

Smooth pursuit and saccades subserve two different functions. The
effect of smooth pursuit eye movements is to reduce the slip of the
image on the fovea and thereby prevent an increase in retinal position
error. This stabilization is not perfect. Therefore saccades frequently
interrupt the smcoth eye movements to ¢orrect the eye position. Smooth
pursuit movements do not minimize the unweighted retinal siip velocity;
rather they minimize the sum of retinal slip velocities at different
parts of the retina after wWeighting with different factors. These
factors are partially determined by the structure of the visual systenm,
but they can, on the other hand, be modified by the subiect. The
structure of the visual system, such as ganglion cell density and
cortical mapping area of different parts of the retina, determines the
relatively large weight of the central part of the retina as compared to
the peripheral part. Van Die & Collewiin {1982) described that, in the
generation of optokinetic nystagmus, the influence of the central 10° of
the visual field is disproportionally iarge compared to the contribution
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of the peripheral retina (beyond 15° eccentricity). Selective attention,
on the other hand, enables the subject to modify the weighting factors
to some extent (Collewijn, Curio & Grusser, 1982).

The decrease in smooth pursuit was compensated by another part of
the visuo-motor system: the saccade generation system. As a resuli, the
gain of the composite eye movement did not decrease and the S b. of
retinal position error did not increase. There is some penalty for this
strategy. Firstly, the target will be less stable on the retina due to
the degradation of smooth pursuit. Secondly, the time spent to make
saccades to compensate for the decrease in smooth pursuit will dncrease
the total amount of time in which threshold for vision is elevated
(Zuber & Stark, 1966; Beeler, 1967; Campbell & ‘Wurtz, 1978). One
possible explanation for the strategy to replace part of the smooth
compoenent by saccades is that if, during foveal pursuit, the wvisual
information coming from +the surrounding of the moving target is
completely neglected, any object of interest or danger which is in this
surrcunding will remain unnoticed by the subject. This is an unwanted
and possibly dangerous situation. Therefore, visual information from the
periphery of the retina is precessed up till a certain extent, although
it interferes with the primary task of the visuo-motor system: pursuing
the moving target.

Kowler, Murphy & Steinman (1978) found no effect of a homogeneous
pac kground on smooth pursuit eye movements. Since there are no
structures in this type of background, except for the edges, no retinal
slip signal from this background will arise when a target is pursued and
there is no conflict between central and peripheral retinal siip. In
agreement with Xowler, Murphy & Steimman (1978) I found only a minimal
effect of a diffusely illuminated background. For all types of target
motiorn, the §.D. of retinal position error was even slightly smaller
(Figs. 4.5 and 4.6) during pursuit upon a diffuse background than during
pursuit upon a dark background. Differences in contrast could be the
cause of these differences. The difference in Lumimance between farget
and background was larger for the dark backaround than for the diffuse
background, because I wused the samne target Luminance for all
measurements, independent of the type of background, During pursuit upon
a diffuse background, the target appeared to be more circumscript, due
to the absence of any radiation or halo effect, which was sometimes
present during pursuit upon a dark background. The smaller and better
defined target probably enabled or necessitated the pursuit system to
track with a smaller pasition error and to insert small saccades mere
freguently to foveate the target, which resulted in a smaller § D. of
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retinal position error.

My results contrast with the preliminary findings of Ter Braak
11957, 1962) who found a relative facilitation of pursuit in the
direction opposite to the movement of the background. It remains
unclear, however, whether this was a true facilitation or an effect of
the relative velocity difference between target and background. If the
velocity difference between target and background is large, e.g. when
target and background are moving in opposite directions, blurring of the
image of the background may occur and no effect of the background may be
found, If on the other hand there is a small velocity difference betueen
target and background, e.g. When target and background are moving in the
same direction with different wvelocities, than the background might
interact more strongly with the smooth pursuit eye movements. The
results in this chapter show that the decrease in smooth pursuit gain is
relatively Larger for a smaller stimulus amplitude, thus when the
stimulus is slower (see Fig. 4.4). In the absence of the actual values
for wvelocity of target and background used by Ter Braak, it is hard to
compare his findings with my results.

Hood (1975} did some preliminary experiments on pursuit of a target
which moved in darkness or wupon a striped background, using EOG
recording. In normal subjects he found no effect. The background in his
experiments, however, contained relatively Little contrast (narrow white
stripes at intervals of 15%) and was possibly not & very effective
stimulus on the peripheral retina during foveal pursuit. The difference

" in recording technigue could alse account for the different resubts
obtained. Most saccades during pursuit are smatl (< 1.0° and only
revealed by a very precise recording technique. Hood {1975) did find an
effect of the striped background on pursuit in patients with cershetlar
lesions. This effect was similar, but much stronger than the one I have
recorded in normal subjects. It ds well known that the cerebellum
(particularly the flocculus and paraflocculus) is important for normal
pursuit 1in primates {Zee, Yee, Gogan, Robinson & Exgel, 1976; iLee,
Yamazaki, Butler & Gliger, 1981). Therefore, cerebellar pathology may
make the remaining smocth pursuit function more susceptible to
disturbing influences such as exerted by a background.

The decrease in smooth pursuit gain during pursuit upon a
structured background as presented in this study, i35 somewhat smaller
than the one reported eartier (Tamminga & Collewijn, 1981). This may be
due to the fact that a number of subjects were used extensively in the
background paradigm since the report in 1981. As a result, some of these
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subjects have Llearned to counteract the inhibitive influence of the
background with as a result a smaller decrease in smooth pursuit gain.
I+ also indicates that training can have a beneficial effect on pursuit
in the presence of a2 background. Thus, the inhibitory effect of =
stationary surround can sometimes be overcome by sufficient training
and/or specific attention. It is known that training can also improve
the quality of pursuit without a background (Xowler, Murphy & Steinman,
1978). Another difference is that for the experiments described in this
study, I used a small target (7 min arc) of high luminance whereas the
results of Tamminga & Collewiin {1%81) were obtained with a fairly large
(40 min arc) and transparent target, i.e. the background was not
conceated by a solid target. This means that any retinai wvelocity
detectors 1in the central retina were stimulated by the opposite stimuli
of target and background, which could Lower the velccity dependent drive
for pursuit by straightforward competitive interaction.

4 4.2 Open-loop pursuit

Several investigators have done experiments on pursuit 1in an
open~loop condition (e.g. Heywood & Churcher, 1971; Yasui & Young, 1975;
Wyatt & Pola, 1979; Cushman, Tangney, Steinman & Ferguson, 1983). Their
general finding was that small target motions or dispiacements on the
retina gave rise to relatively lLarge eye movements. This high opernloop
gain is thought to be the mechanism that brinags about accurate pursuit
under normal closed-loop conditions encountered 1in the real world.
However, the experiments done %o investigate the influence of a
stationary background upon pursuit under open-loop conditions (this
study) were not successful. The results cobtained showed gains of the
apen-Lloop system which were for one subject a tenfold higher than for
another subject. Although the ocpen-Loop measurements wWere intermixed
with normal closed-Loop measurements, subjects recognized an open—Loop
condition almost immediately. Furthermore, at least one subject was able
to medify her open—loop pursuit response in such a way that the target
remained within a Limited area around the centre of the screen. The
open-Lloop condition must be considered as an unnatural situation for
pursuit. During closed-loop conditions (normal visual feedback). eye
movements are used to control the amount of retinal error: smooth eye
movements minimize the retinal slip velocity and saccades interrupt the
smooth eye movements to correct the evye position jf the retinal position
error rises above a certain unacceptably high lLevel (see Figs., 3.3, 3.9,
3.14 and 3.15), In an open~ioop condition, eye movements are unable to
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influence the retinal pesition of the image of the target; retinal slip
and position errer are completely determined by the stimulus motion.
This artificiality of retinal error resulted in targe individual
differences. Such differences, however, were small during pursuit 1in 2
closed- loop condition.

Wyatt & Pola (1979) obtained, in contrast to the resulis presented
in this chapter, consistent results in a comparable open-loop situation.
They used sinusoidal stimuli of comparable amptitude (2 or 39 peak to
peaky and frequency (0.3 - 1.5 Hz). There are, however, a number of
differences which could account for this (apparent) consistency. Wyatt &
Pata did experiments with two subjects and illustrate their findings
with the results of one subiect only. Furthermore, they used recording
eguipment with a low resclution (0.25% and used a feedback Loop to
create the open-loop condition with an accuracy of .25 - 0.5° and
Limited banduwidth (75 Hz) in combination with a relatively Large target
(1.5° in diameter). This configuration is possibly not sufficient to
provide a complete open-loop condition and to eliminate any influence of
the eye movement on the retinal error. Cushman, Tangney, Steinman &
Ferguson (1983) showed that even a minimal amount of retinal slip aliouws
the subject to overcome the idiosyncratic characteristics of his smooth
pursuit subsystem. Slip, even wnen unnatural, wiped out virtually all
individual differences. Wyatt & Pola reported that the gain at a given
frequency of target motion was found to shift somewhat from day to day.
Their results, however, Lack the specification of the §.D. of this gain.

On the basis of my results, I conclude that 3in an open-loop
condition pursuit eye movements primarily reflect idiosyncracies of the
particular subject used in the experiment. The results do not contribute
to the understanding of the interaction betwsen pursuit and a stationary
background.
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CHAPTER 5

INDUCED EYE MOVEMENTS BURING FIXATION QR PURSUIT

5.1 Fixation

In the previous chapter it was shown that the presence of a
confiicting stimulus during pursuit -a stationary structured background-
influenced the pursuit eye movements; although the overall precision of
the composite eye movements, measured in time and freguency, was not
degraded, the smooth eye movements slowed down and there was a shift
from smooth +towards saccadic pursuit. To extend the range of target
velocities to the lowest wvelocity possible (= zero) , fixation
experiments were done. To investigate the influence of a stationary or
structured background upon the eye movements during fixetien, subjects
had to Tfixate a stationary target during 32.77 s under various
congitions: with or without a stationary diffuse or random dot
background (section 5.2) or 1in the presence of a moving random dot
background in a closed- (section 5.3) or open-loop <condition (section
5.4Y. During the fixation experiments, the sensitivity of the recording
eguipment was 2,5 times higher than during the pursuit experiments. Each
fixation measurement was repeated once, with a time jnterval of about 15
min.

5.2 Fixation with & stationary background

buring fixation the eye was not completely stable. Eye movements
consisted of combination of small saccades (also called microsaccades)
and drift. The amount of instabiitiiy of the eye varied between subjects.
Fig. 5.1A shows the combined herizontal and vertical eye movements
during fixation with a dark background for twoe subjects. The eys of
subject HS was relatively unstable and moved in a small area around the
central target. Subject DP, however, demonstrated an &almost complete
stabilization of the eye during fixation. The §5 D. of the retinal error
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was calculated as a measure of the quality of the fixation.

A B rig. 5.1. Registration of the

L 3 combined horizontal and verti-
A?;_;ﬁf cal eye movements of twg sub-
S.HS wéff jects (HS and DP) during fixa-

tion of a spot of 7' diameter
upon a dark background (A)

or random dot background in
horizontal, sinusoidal motion
frre—— {B). Duration about 8 s.

SDP ,@’ B

Table 5.1 presents the results for the horizontal and vertical component
of the eye movement during fixation upon the three different stationary
backgrounds used: dark, diffuse or structured.

There was no significant difference in the quality of fixation
between  the three different backgrounds. Akbthough the structured
background formed a Larger stationary stimulus, the $S.0. of retinal
position error did not decrease by the presence of this background. The
horizental component of the S5.b. of retinal position error was generally
smaller than the wvertical component although the difference was not
significant. The $.D. of retinal position error s comparable to the
values obtained if the results for tracking of a slope (Fig. 3.13A) are
extrapolated to a zero target velocity: 0.10° for the horizontal and
0.12% for the vertical component.

5.3 Fixation with a moving background

The complement of pursuit with a stationary background jis fixation
with a moving background. During fixation of a central target, the
moving background formes a large moving wvisual stimulus on the
peripheral retina. To measure the influence of this moving stimulus upon
the quality of fixation and to investigate if eye movements were induced
by the background movement, subjects had to fixate the stationary target
while the background moved sinusoidally with the following frequencies
and amplitudes:
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Table 5.1. Horizontal and vertical component of the S.D. of
retinal position error (in degrees} during fixation upon
different backgrounds. Results of 4 subjects and 2 trials
per subject.

park piffuse Random dot
Subject Backg round Bac kg round Background

Horizontal component

EP 0. 169 0. 140 0. 135
0.127 0.070 0.141
GM 0. 062 0. 050 0.073
0.092 0.111 0.071
HC 0. 085 0.135 1. 089
0.066 0.093 0.092
HS 0. 0%8 0. 058 0. 069
0.089 0.12¢9 0.199

Mean (5 b)Y 0.099 ©.1B5 0.098 Q.36 0-111 @©. 049

Vertical component

EP 0. 174 0. 089 0. 107
0.067 0.087 0.102
GM 0. 9060 0.048 0.058
0.069 0.060 0.053
HC 0.122 0.238 0. 171
0.106 B-168 0.152
HS 0. 080 0. 088 0.058
0.133 0.159 0.147

Mean (8 D) 0Q.101 0.040) 0.117 ©.065) 0.106 ©0.0472

(a) 0-153 Hz and 4.94%; (b 0.275 Hz and 2.68%; (&) 0.397 Hz and 1.8°
and (d) 0.580 Hz and 1.26°. The amplitudes of the background motions
were inversely proportional to the fregquency to dbtain stimuli with
equal maximum wvelocities. To test the superposition of the effects of
the single sine wave stimuli, the background was also displaced
pseudo-randomly with the sum of a and ¢; b and d; a, b and ¢; b, ¢ and
d; and all four single sine waves. Due to technical Limitations, the
background was displaced in horizontal direction only.
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5.3.1 Gain and phase

fixation was influenced by the presence of a moving background,
although the 3dnduction of motion was small and varied between subjects
and between different background movements.

S:HS

38

S:HS

Fig. 5.2. Registration of the horizontal compogite (E) and cumulative
smooth (5) eys movements of two subjects (HS and DP} during fixation
in the presence of pseudo-randomly or sinusocidally moving background
(dotted lines}. The amplitude of the background movement during the
experiment was 2.5 x larger than shown here.

Fig. 5.2 shows the recordings of the background (divided by 2.5 in
amplitude) and composite and smooth eye movements during fixation with a
sinusoidalliy and pseudc-randomly moving background Subject HS showed &
relatively Large induction of eye movement, while the induced eye
movements in subject OP were wvery small. Subjects reported that,
although they knew that the target was stable and only the background
was displaced, they perceived a motion of the target, especially during
bac kground movements with & small amplitude. In general, but by no means
always, the saccades in the composite eye movement were, in contrast to
saccades during pursuit, opposite to the smooth eye movements. They
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brought the eye back to the point of fixation if the eye had drifted
away. Therefore, onlLy the gain and phase of the cumulative smooth eye
movements with respect to the background movement were analyzed. Fig.
5.3 shows mean gain and phase of the induced smooth eye movements for
the different background movements.

Fig. 5.3, Mean gain and
.10 . phase of the cumulative
" Gain horizontal smooth eye
movements which were in-
0.08F duced by a sinuscidally
(dashed lines} or a
0.06k T , ps‘eudo-wram?omly (solid
' Lo lines) moving random dot
L & background of different
-7 tral compositions.
004k P spec
0 _4r_4~;t_::_::5ff""a Mean * 5.D. of 4 sub-
Jjects, two trials each.
0.02F — 0 The background moved in
horizontal direction.

0.1 0.2 05 Hz

Frequency
O ] 1 T T T

for single sine wave stimuli, the gain dincreased with frequency.
The amplitude of the induced eye movements, however, decreased with
increasing freauency, because the increase in gain was Less than the
increase in frequency (stimulus amplitude was inversely proporticnal to
frequency). For a background motien with an amplitude of 4, oL%  at
0.15 Hz, the smplitude of the cumulative smooth eye movements was 0, 17°
(= stimulus amplitude x gaind. This amplitude decreased to 0.09° for o
background movement of 1.26° at 0.58 Hz.

There was no superposition of the motion induced by the single sine
waves. The dnduced motion was smaller for pseudo random stimuli than for
single sine wave stimuli and decreased when the number of components in

75



the stimulus dncreased., The induced eye movements were not clearly in
phase, nor in counter phase with the background motion. The phase of the
smooth eye movements varied between -30 and -100°, and decreased with
the increase in frequency.

5.3.2 Retinal error

Fig. 5.4 summarizes the §.D. of retinal position error for fixation
in darkness and in the presence of a stationary or moving background.

T

Fig. 5.4. 5.D. of the horizontal (dotted bars)}) and vertical (hatched
bars) component of retinal positicn error during fixation of a spot

of 7' diameter upon a dark background (3); stationary random dot back-
ground (B); sinusoidally moving background of 0.15 Hz and 4.%4° (C);
0.28 Hz and 2.88° (D); 0.40 Hz and 1.84° (£); 0.58 Hz and 1.26° (F}); or
a pseudo-randomly moving background with a spectral composition egual
to the sum of C and E (G}); D and F (H); C, D and E (I); P, E and F (J);
and all four single sine waves (K). Mean and 5.D. {indicated by a ver-
tical line) of four subjects. Note: These fixation experiments incor-
porated other subjects than the ones reported in Table 5.1.

020 S0 Retinal Position Error

I R |
T 1T

015

005

A

D

Due to the induction of motion by the background which moved 1in
horizontal direction, the S D. of the horizontal component of retinal
error increased {mean increas: 0.B%. The $.0. of the vertical
component, however, decreased. This decrease in vertical direction is
also visible in Fig. 5.1B. The wvertical eye movements decreased in
amplitude when the background was moved horizontally. There was no
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significant difference in retinal error during fixation betuween the
different movements of the background.

5. 4 Fixation of a central target im an open-loop condition

The visual feedback during fixation enabled the wvisual system to
correct the eye position with a saccade whenever the eye deviated from
the target position. To eliminate this visual feedback, opern Loop
experiments were done in which the target was stabilized in horizontal
direction within the foveal region. During this stabitization, subjects
which showed a very stable fixation in vertical direction, repeorted that
the target faded (which indicates a good stabilizatiom? but that the
target could be made visible by making small vertical sye movements.
During these experiments, the background was displaced With a
pseudo-random stimulus (sum of four sine waves; Table 3.1, horizontal
component SUM 1) with three different maximum ampLitudes: 0.5, 1 and 2°.
Fig. 5.3 shows two examples of the resulting composite and cumulative
smooth eye movements.

S:JH

Fig. 5.5. Registration of the horizontal composite (E) and cumilative
smooth (5) eye movements of two subjects (JH and HS) during fixaticn
in open-loop condition in the presence of pseudo-randomly moving back-
ground (dotted Iines).

Tthe induced movement varied between subjects but amounted to oniy a
fraction of the movement of the background. Fig. 5.6 summarizes mean
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gain and phase of the cumulative smocth eye movements for the three
different amplitwles of the background motion.

030r Gain

Fig, 5.6. Mean gain and
phase of the horizontal
component of the cumula-
tive smooth eye movements
020 which were induced by a
pseudo-randomly moving
F random dot background with
a maximum movement ampli-
o0}k tude of 0.5° (sguares)},
1.0° (circles) or 2.0°
(triangies) during fixa-
tion of a horizontally

) . . I stabilized target (open-
0.1 02 04 0B Hz  loop fixation). Mean #

Frequency 5.D. of 5 subjects.

O T T T T 1

_30 -

-B0%¢

(8]
-90
L Phase

Even under open-1loop conditions, the gain of the smooth component was
small: iess than 0.25. There was nc clear relationship between the gain
and the amplitude of the background motion. The background movement with
the maximum amplitude of 2° resulted 1in a lower gain than the 0.5°
motion, but in a higher gain of the smooth comporent than the 1°
background movement. The phase of the smooth eye movements varied
between 0 and -90° and showed s tendency to decrease with the increase
in frequency.

Although there was a large moving visual stimulus on the perifoveat
retina and no visual feedback from the central retins due to the
open-Loop condition, the eye movements which were induced were small and
not in phase nmor in counterphase with the motion of the background.
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5.5 Induced motion during pursuit

To investigate the induction eof moticn by a moving background
during pursuit, five subjects had to pursue a pseudo-random target
motion (sum of four sinewaves; Table 3.1, vertical component SUM 1) 1in
horizontal or 1in wvertical direction while a random dot background was
displaced in horizontal direction with a pseudo-random motion (sum of
four sinewaves; Tabie 3.1, horizontal component SUM 1). Target and
hackground motion were uncorrelated. The amplitudes of the components of
target and background moticn were scaled to obtain maximum amplitudes of
1, 2 or 4%, Subjects were not informed that the target and background
would be displaced simultaneously; they were instructed to pursue the
target attentively.

Puring simultanecus horizontal target and background movements,
subjects perceived that the target and background were moving both in
herizontal direction with uncorrelated motions. However, when the target
was moved 1in vwvertical direction only and the background in horizontal
direction only, subjects had the strong illusijon that the target was
moving both in horizontal and vertical direction. During pursuit, there
was induction of eye movements by the moving background, but the induced
eye movements were small. During horizental pursuit, it was not possible
to separate the induced smooth eye movements from the pursuit smooth eye
movements, because the amplitude (and thus the energy} of the induced
motion was overwhelmed by the pursuit motion. Therefore, Fig. 5.7 shows
only mean gain and phase of the horizontai induced smooth eye movements
during pursuit in vertical direction.

Mot withstanding the strong illusion that during vertical pursuit
the target was dispitaced in horizontal direction as well, the gain of
the induced horizontal eve movements was small: Less than 0.15 over the
complLete freguency range of the background motion. A smaller amplitude
af the background motion tended to induce a smaller eve movement. The
standard deviations of the gains were relatively large, due to large
differences between the subjects. The phase iag of the smooth eye
movements was Ltarger for 2 smaller background amplitude and showed a
tendency to increase with freduency. The phase varied between =12 and
-105°.

Compared to the induced eye movements during fixation (Ffig. 5.3
the induced eye movements during pursuit (Fig. 5.7} were larger.
Apparently, the induction of motion is larger when the eye 1is moving
than when the evye is staticnary. The cumulative amplitude of the smooth
eye movements, however, was Llimited 1in both conditions to only a
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fraction of the background movement. Furthermore, the smooth eye
movements were neither in phase nor in counterphase with the background
motion.

Fig. 5.7. Mean gain and phase 0.201- Gain

of the horizontal component of
the cumulative smooth eye move-
ments which were induced by a 045
random-dot background moving
pseudo-randomly with a maximum
amplitude of 1.0° (circles), 010
2.0° (triangles) or 4.0°

(squares) during pursuit of an l
uncorrelated pseudo-random

target motion with the same 0.051
amplitude in vertical direc-—
tion. Mean * 5.D. for 5
subjects. ' 4 e
0.1 0.2 04 0.6Hz
Frequency
0 . ——
-
-a0+t
-80F
~00 bk
Lo}
_1p20°L Phase

5.6 Discussion

The results in this chapter show that, during fixation, the eye i3
never completely stable. Even if a large stationary pattern was added to
support the eye to fixate the centralt target, eye movements remained a
combination of small saccades and drift and the S D. of retinal position
error was not influenced Although the illusion of target motion was
strong during fixation in the presence of a moving random dot background
{in closed- or in open loop) , the eye movements did not reflect this
perceived target motion. Even in the absence of any visual feedback due
to an open-loop condition, the induced eye movements amounted to only a
fraction of the movement of the background.

The eye movements during fixation varied hetwsen subjects. Some
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subjects showed, even 1in the presence of a moving background, a very
stable fixation almost without saccades and drift; other subjects moved
their eye 1in a small region near the target or drifted strongly in the
direction of the moving background. This intersubject wvariability was
reported before by other investigators (Fiorentini & Ercoles, 1966}
St-Cyr & Ffender, 1969c; Steimman, Haddad, Skavenski & Wyman, 1973;
Steinman, Cushman & Martins, 1982). The S5.D. of retinal error as
reported in this study 1is somewhat Larger than values typically
mentioned 1in the Literature. This may be due to the fact that the
recording periods used in this study were rather long and sometimes
contained blinks. Furthermore, the target which was used (Llaser spot)
was not the optimal target for eliciting a maximal stable fixation.
Murphy, Haddad & Steinman (1974) showed that a small annulus was a more
effective stimulus for fixation than a small spot. The aim of my study,
however , was to investigate the influence of a background during pursuit
or fixation with the same target and backgrounds in both situations.

buring fixation, the eye movement pattern 1is composed of three
kinds of eye movements: {microlsaccades, drift and tremor. In this
study, no special arrangements were made to analyze tremor. This type of
eye movement has a freguency of 20 to 100 Hz and a median amplitude of
about 20" {(Findlay, 1971). There are several theories about the function
of the wmicrosaccades and drift during fixation. One theory is that if
the eye does not move, the visual image is stabiitized on the retina and
the dimage fades from perception after several seconds. In 19%6,
tornsweet showed that neither the frequency of saccades nor the size of
drift samples correlated with the fading of stabilized images. The drift
in combination with the smooth eye movements provide enough motion of
the eye to prevent the visual image from fading.

Fiorentini & Ercoles (1966) and Steinman, Cunitz, TYimberlake &
Herman (1967 showed that microsaccades can be eliminated by simple
instructions and that when they are absent, precise control of the Line
of sight is accomplished entirely by smooth eye movements. A current
theory (Steinman, Cunitz, Timberlake & Herman, 1967) of the significance
of saccades during fixation, which fits to the results shown in this
chapter, is that during normal wvisual search, the eye rests in an
attended region for several seconds at the most, a sufficient time to
take in all relevant visual information without any microsaccades. 1If,
under Laboratory conditions, the subject is asked to fixate a very small
target for a Longer period of time, the subject is never entirely sure
that his Line of sight is perfectly centered and therefore he uses small
saccades to scan a small region around the target.
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The scanning eye movements disappeared when motion was induced by a
moving background {Fig. 5.18), The induced smooth eye movements tended
to move the eye away from the point of fixation. To prevent an increase
in retinal error, saccades were used to bring the target back to the
centre of vision (Fig. 5.2%. Apparently, the task of correcting the eve
position to counteract the induced eye movements forced the visuo-motor
system to abolish the smali scanning eye movements; the system was tco
much dinvolved in correction of the eye positien. There is, however, in
Literature scme controversy concerning the significance of the various
fixational eye movements; see Ditchburn (1980} and Kowier & Steinman
(1980 for a recent overview. The small saccades, functional or not, are
not detrimental to wvision: they do not move the target away from the
part of the retina where objects can be seen well.

The induction and perception of moticen during fixation has been
investigated earlier. Murphy, Kowler & Steinman (1975), Mack, Fendrich &
Pleune {(1¥79) and Mack, Fendrich & Wong (1982) wused backgrounds which
moved at constant vetocity, while Yasui & Young (1975), Wyatt & Pola
{19793, Pola & Wyatt (i980), Mack, Fendrich & Wong (1982) and Collewijn,
Conijn, Martins, Tamminga & Van Die (1982) used & sinusoidal movement of
a background or a structure surrounding the central target which was
viewed 1in ciosed- or open-lLoop. New results in the current study are
that the effects of different single sine wave stimuli did not add, that
the smooth eye movements lagged the background with %0° of phase and
that the induction of motion was larger during pursuit.

Murphy, Kowier & Steinman (1975), using a background formed by a
square wave grating which moved in horizental direction with a constant
velocity, found that mest of the eye motion was in the direction of the
background movement, although the fastest mean drift velocity was less
than 6% of the velocity of their most influential background motion
(0.8%/s). Mack, Fendrich & Pleune (1979) also reported that the eye
drifted in the direction of a frame of reference, which consisted of
four points which marked the corners of a rectangle 3° high and 0.5°
wide.

The results of experiments done with sinusoidal background moticns
contradict each other., Wyatt & Polta (1979} found that the eye movement
was in phase with perceived movement of the target and 1in counterphase
with the movement of +the background, which was formed by a frame
consisting of two thin strips which formed the upper and lower border of
a rectangle 27° wide and 22° high. The eye viewed a central target which
was stabilized on the retina (open—loop). In &ddition to  this
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experiment, Wyatt & Pola (1979) found that pursuit of a sinusoidaily
moving target in open-Loop was augmented by the movement of the frame in
counterphase with the stimulus metion. Mack, Fendrich & Wong (19823,
however, replicated the experiments done by Wyatt & Poia and found the
opposite of what Wyatt & Pola reported: the amplitude of pursuit was
substantially reduced when a counterphzse frame was present., This is
consistent with my finding that smecoth pursuit in the presence of a
stationary background is slowed down. Collewijn, Conijn, Martins,
Tamminga & Van Die (1982) reported that the eye motion induced by a
sinusoidally moving random dot background in closed-ioop condition had a
phase lag of about 909 with respect to the background motion, thus was
neither in phase nor in counterphase with the background motion. The
present study shows that the induced eye movements tend to lLag 90° in
phase with respect to +the backaround, especiaily for background
movements with a small amplitude (which 1is what Collewijn, Conijn,
Martins, Tamminga & Van Die, 1982, used). Such background movements
induce smooth eye movements with & relatively high gain. Collewijn,
Conijn, Martins, Tamminga & Ven Die (1982} found a mean gain of about
0.2, which is somewhat higher than the data presented in Fig. 5.3.

There are factors which may account for the different results of
the wvarijous studies. First of all, there is the recording technigue.
Wyatt & Pola (1979) wused an dnfrared reflection technique with a
resolution of about 0.25°; Mack, Fendrich & Wong (1982) used a Purkinje
image tracker which had a precision of about 2 min arc, whereas
Collewijn, Conijn, Martins, Tamminga & van Die (1982) and I used a
scleral induction c¢oil technique with a reselution better than 1 min
arc. Especially in the open-loop conditien, the use of a very precise
recording technique is of crucial importance (see discussion in the
previous chapter). A second factor of major importance is the
idiosyncrasy of the induced eye movements in different subjects (Figs.
5.1 and 5.2). A third factor is the type of motion of the background,. In
the current study, a sinusoidal background movement with a small
amplitude and 2 high freguzncy idnduced smooth eye movements with a
higher gain than a stimulus with Large amplitude and Low freguency,
although the maximum velocities of ail single sine waves were equal. The
use of a more complex background motion resulted in a smatler dinduction
of movement; if the background motion contained more components, the
gain of the cumulative smooth eye movements was lower. Another important
factor was the nature of the background which was used in the different
studies. Most investigators used a background or frame of reference
which contained relatively Little structural information: a couple of
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small points or small stripes located in the periphery. Murphy, Kowler &
Steinman  (1975) used a richer background (square wave grating) although
it was rather smail (4% . Collewijn, Conijn, Martins, Tamminga & Van Die
(1982) and I wused a background which was lLarge and contained many
contrast edges: a random dot background of 90 x 920% in size. The results
obtained with this background are consistent: the induced eye movement
Lagged the background motion by $0°.

puring pursuit and probably also during fixation, smooth eye
movements serve to minimize the weighted sum of central and peripheral
slip velocity. Therefore, they should be maximal when this weighted sum
is maximal. If the target is stable (fixation), smooth eye movements
should be determined by the velocity of the background only. Therefore,
induction should be larger when the background motion is faster (Llimited
of course by the velocity at which blurring of the background occurs).

This explanation is corroborated by the results of Murphy, Kowler &
Steinman  (1975) and Mack, Fendrich & Pleune (1979) who found that the
eye drifted in the direction of the background motion and not in a
direction opposite to the background displacement. They used, however,
background displacements with constant velocities. With these type of
stimuli it is fimpossible to clarify the exact phase relation between
background movement and induced eye movement. The Lagging of the eye in
my experiments and those of Collewijn, Conijn, Martins, Tammingz & Van
Die (1982 suggests that induction needs some time to build up and that
this risetime is correlated with the frequency of the background motion.

There was, during fixation, no superposition of the motion which
was induced by the singkle sine waves (Fig. 5.3). The induction was
smaller for pseudo-random stimuli and reduced further when the number of
components in  the pseudo-random stimulus increased. This decrease in
gain may be due to the difference in the wvelocity distribution (Fig.
5.8), The pseudo-random stimulus contained, due to the summation of the
different components, higher velocities than the single sine wave
stimulus. These higher velocities probably resulted in blurring of the
background metion. Murphy, Kouler & Steinman (1975) found that the
induction of motion was smaller for z background moving at 8%/s than for
a background moving at 0.8%s. tfurthermore, induction probably needs
some time to build up; single sine wave stimuli ernable this build-up,
while pseudo-random stimuli cancel the build-up because of the frequent
and qirregular changes of direction. On the other hand, single sine wave
stimuli are known to induce s different type of response than (pseudo~}
random stimuii,
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Percentage Fig. 5.8. Distribution
=y of velocity of a single
sine wave of ¢.15 Hz
and an amplitude of 4.94°
(top) and of a pseudo-
random moticn (bottom}

] which was the sum of four
5 non—harmonic sine waves
(0.15 Hz and 4.94°; 0.28
Hz and 2.68°; 0.40 Hz and
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Pursuit experiments with single sine wave stimuli result in eye
movements with a higher gain and a smaller phase Lag than pseudo-random
stimuli (see e.g. chapter 3 and 4 of this study). If the eye is fixating
a staticnary object in the presence of a sinusoidal background movement,
prediction of the background movement might interfere with the fixation
task and lead to a Larger induction.

The eye movements which were induced by a background during
fixation of a central target in oper-loop condition were only a fraction
of the movements of the background. This was also reported by HMack,
Fendrich & Pleune (1979) and Mack, Fendrich & Wong (1982} who found
that, even in an openloop condition, the eye remained relatively
stable. This finding can only be explained by the imperfection of the
opern— Loop condition or the existence of additional feedback loops in the
visuo-motor system. The recerding technique and the projection avparatus
of the target, however, were very precise and had a bandwidth Large
enough to provide an appropriate feedback of the eye position, even
during saccades. Furthermore, all possible care was taken to eliminate
secondary artifacts and to create a feedback loop with a gain of unity
and without offset.

It is possible that, in the open Loop condition, there was a
remaining visual feedback from staticnary objects in the surrounding of
the subject, e.g. the field coils of the recording system. These objects
could serve as an earth fixed frame of reference in an otherwise moving
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1.84°; 0.58 Hz and 1.267°).



visual worlda Although the coils were Located in the periphery of the
visuat field (45° out of centre) and only dimly Lit by the reflection of
the illumination of the background, they marked the edges of the random
dot backgrounds

Another way for the oculomotor system to get information about the
position of the eye is the proprioceptive feedback loop. This loop was
not nutlified by the opening of the retinal feedback Loop of the visual
system. Proprioceptive feedback from the muscles of the eye may signat
the position of the eye with respect to the head and may, in combination
with the head position, give the subject information about the position
of the eye in space.

Information about the position of the eye, however, may also be
established 4f the brain monitors the outflow of the eye position
command generator (outflow principle, efferent copy or corollary
discharge) and the commands which go to the eye muscles. Data summarized
by Skavenski & Hansen (1978) have ied to the conclusion that the
visuo-motor system has accurate eye position information at all times
and for all types of eye movement, My results of experiments with
fixation 1in a (visual) open-loop condition in the presence of a moving
background endorse this view.

A new result of my experiments is that the induction of movement is
enhanced when the eye js pursuing a target in an corthogonal direction.
This may be a result of the Limited processing capacity of the
visuo~motor system. During fixation with a moving background, all
attention can be used to counteract the movement of the background
buring pursuit, however, eye movements did not only serve to counteract
the background motion, but were also used to pursue the pseudo-random
target motion, which required attention. Therefore, less attention could
be paid to the minimizing of the Jnduced movement. As a result,
induction during pursuit was Larger.
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CHAPTER 6

PERIPHERAL PURSUIT

6.1 Peripheral versus foveal pursuit

The experiments described in the previous chapters incorporated the
fixation or pursuit of a target with the fovea, the small central part
of the retina which has maximal visual acuity. The fdntroduction of a
conflicting stimulus on the peripheral retina modified the pursuit eye
movements or induced eye movements during fixation but the influence was
Limited if maximal attention was paid to the central stimulus. To
investigate if subjects were able to pursue moving targets projected on
the peripheral retina, eccentric pursuit experiments were done with four
subjects. These subjects had to pursue the imaginary midpoint between
two green symmetrical arrows which had a vertical distance of 10° (Fig.
6.1,

Fig. 6.1. Target for
l peripheral pursuit.
Subjects had to fixate
an imaginary point in
the centre between the
two {(green) arrows mo-
1() ving together in hori-
zontal direction. The
vertical distance be-
tween the points of
. the two arrows was 10°.

The arrows were displaced together in horizontal directiomn with singtle
sine wave stimuli of 0.15 and 0.52 Hz and an amplitude of 1D°; with two
pseudo-random stimuli with frequency ranges of 0.21 - 0.70 and 0.28 -
0.89 Hz and a maximum amplitude of 10° (sum of four sine waves; Table
3.1, vertical components of S 1 and SM 2) or with four <triangular
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wave stimuli with velocities of 1.2, 3.7, 6.1 and 20.8%/s. To
investigate if the presence of a stationary background influenced
pursuit performance, these stimuli had to be pursued upon a dark,
diffuse and random dot background.

6.2 Gain and phase
Subjects were able to pursue peripheral targets. Fig. 6.2 shous

recordings of pursuit of a triangular wave stimulus of 3.7%/s upon the
dark and the random dot background.

Horizontal

Vertical

T T T 1

3s

Fig. 6.2. Recordings of the eye movements (solid lines) during peri-
pheral pursuit of the twowarrow target with a velocity of 3.7°%/s
fdotted line) upon a dark {(NB) or structured (B} background. The
lower trace shows the vertical eye position with respect te the
centre of the two arrows during peripheral pursuit upon the struc-—
tured background.

Even in the absence of a foveal target, pursuit wpon a dark background
was almost completely smooth and only a few saccades were made (back and
forth} to correct the eye position. In the presence of a stationary
background there was a shift from smooth towards saccadic pursuit and
almost no smooth eye movements were left. This effect is itlustrated in
Fig. 4,2 for the stimulus type which showed this effect most
dramatically, i.e. a slow target motion at constant velocity. The eye
showed a tendency fo anticipate the target position and saccades were
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used to keep the eye ahead of the imaginary target. Vertical eye
position was maintained 1in between the peripheral targets. The eye
remained, in general, within a range of 2° above or below the horizontal
position of the imaginary target. MNormally, no significant drift in up
or downward direction was found; the measurement was repeated if a large
deviation in vertical direction occurred.

Fig. 6.3 shows mean gain and phase of the composite and the smooth
eye movements as a function of frequency for the two single sine wave
stimuli used upon the three different backgrounds.

Fig. 6.3. Mean gain and

phase of the horizontal 1.0
composite (open circles)

and cumulative smooth eye
movements (filled cir- 0.8
cles} during peripheral
pursuit of single sine
wave stimuli upon a dark Q.6 F
(solid Ilines), diffuse

Gain

-
(dashed lines) or random P \ | . | ,
dot background (dotted

lines). Mean * §.D. of 01 0.2 O5Hz

four subjects.

Phase
5°L

For peripheral pursuit, the introduction of a diffuse or a structured
background did not systematically change the gain of the composite eye
movement. this gain decreased from 1.00 + 0.02 (5.p ) at 0.15 Hz (which
is comparable to foveal pursuit) to 0.96 + 0.8 (8 D.) at (.52 Hz
(slightly less than the c¢omposite gain during foveal pursuit). The
pursuit eye movements were not completely smooth. In the presence of a
dark background, the gain of the smooth compenent was 0.%2 + (.04 (3.D.)
at 0.15 Hz which decreased to 0.72 + 0.06 (5.D.) at 0.52 Hz, values
comparable to the normal pursuit condition. The dntroduction of a
diffuse background did not systematically affect smooth pursuit gain,
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but the presence of a structured background Lowered the gain of the
smooth component. The average decrease in smooth pursuit gain was 0.13
# 0.12 (8.0.) which is larger than the decrease during foveal pursuit,
which amounted to 0.07 + Q.09 ($.D ). The phase of the composite and the
smooth eye movement was small and decreased Little with the increase in

frequency.
14r . : .
Gain Fig. 6.4. Mean gain and
- o phase af the horizontal
12l composite (open circles)
i . and cumulative smooth
eye movements (filled
1.0 i [
circles) during periphe-
L ral pursuit of a pseudo-
08k random stimulus with
i - four components in the
5 e Lo T - frequency range of 0.21
06} - 0.70 Hz upon a dark
- (s0lid lines), diffuse
04t | SRk I ________ RTT I {dashea lines) or struc-
] I tured background (dotted
lines). Mean * 5.D. of
024 four subjects.
i 1 i i i L_J
0.1 0.2 04 08 08Hz
Frequency
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14:Gam Fig. 6.5. As Fig. 6.4 for

) a pseudo-random stimulus
12k R with a freguency range of
g 0.28 - (.89 Hz.
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For pseudo-random stimuli (Figs. 6.4 and 6.5) the introduction of a
structured background increased the gain of the composite eye movement.,
Although the increase was smali (0.08 + 0.1 S.D ) it was significant
(p < 0.001>. Apparently, overshoot of the motion of the virtual target
by the eye was Larger in the presence of a structured background. For
the contribution of the smooth eye movements, pseudo-random stimuli
showed a similar trend as single sine wave stimuli: a diffuse background
did not dinfluence smooth pursuit gain, but the dintroduction of a
structured background towered jt. The difference in smooth pursuit gain
between a dark and a structured background (0.24 + 0.1) was larger than

91



during foveal pursuit (0.07 + 0.09, Fig. 4.2). During peripheral
pursuit, the eye movements were never completely saccadic; the mean gain
of the smooth component remained larger than 0.35. The phase of neither
the composite nor the smooth eye movement was systematicaliy altered
when the dark background was repiaced by the diffuse or the random dot
background. The phases were comparable to those obtained with foveal
pursuit of a central target. Similarly as for foveal pursuit, gain and
phase of the composite and the smooth eye movement depended upon the
spectral composition of the stimulus motien.

The mean gain of the smooth component during peripheral pursuit of
triangular wave motions is shown in Fig. 6.6

10— Gain Fig., 6.6. Gain of the cu-
mulative smooth eye move-
ment during peripheral
pursuit of triangular wave
stimuli of different velo—
cities upon a dark (solid
line), diffuse {(dashed
Iine) or random dot back-
ground {dotted Iine). Only
the rcentral 75% of the
slope of the target motion
was used to calculate gain.
Mean * §.D. for 4 subjects.
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For the +two higher wvelocity triazngular wave stimuli, the results
obtained resembled those of the single sine wave and pseudo-random
stimuli. The gain of the smooth component was not affected by the
introduction of a diffuse background, but lowered when the structured
background was presented. For the two lower velocity stimuli the
decrease in smooth pursuit gain for pursuit upon a structured background
was very large: from 0.94 + 0.04 5 D) to 0.22 + 0.16 (G.p) for a
stimulus velocity of 1.2°s and from 0.87 + 0.09 (5.0) to 0.40 + 0.18
(5.D0.) for a stimulus velocity of 3.7%s. The gain of the smooth
component in these conditions was much lower than during foveal pursuit.
Apparently, peripheral smooth pursuit of very slow target motions is
inhibited heavily by the presence of a stationary central stimulus.

6.3 Retinal position error

Similarly as for foveal pursuit, a retinal position error could be
calculated for the difference between the point of fixation and the
imaginary target: the centre between the two arrows. Fig. 6.7 summarizes
the results for the S b. of retinal position error for peripheral
pursuit of the motion stimuli described in the previous section upon the
three different backgrounds used: dark, diffuse and structured.

In general, the §.0. of retinal position error fdncreased with
velocity for triangular wave stimuli and with frequency or frequency
range for single sine wave and pseudo-random stimuli and was -in
contrast to foveal pursuit— Larger for a structured than for a diffuse
or a dark background, although the differences were small. The 8.» of
retinal position errer during peripheral pursuit was larger than during
foveal pursuit (mean increase sbout 35%).

In summary: even in in the absence of a real foveal target,
subjects were able to pursue an imaginary centre between two peripheral
structures. The peripheral target motions were pursued with a gain of
the composite eye movement comparable to the gain during foveal pursuit.
In both conditions, the gain was relatively independent of the +type of
background used. Smooth pursuit gain during peripheral pursuit was
comparable to foveal pursuit for tracking upon & dark or a diffuse
background, but Lower in the presence of a structured background. The
difference in smoocth pursuit gain between peripheral and foveal pursuit
was small for higher velocity target motions, but large for slow target
displacements. For these slow stimuli, peripheral pursuit in the
presence of a structured background was almost completely saccadic.
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o 3.D. Retinal Position Error
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Fig. 6.7. Horizontal component of the 5.D. of retinal position error
between the centre of the peripheral targets and the eye position
during horizontal pursuit of triangular wave, sine wave or pseudo-
random peripheral motion stimull (pseudo-random stimulus Sum 1 had

a frequency range of 0.21 - 0,70 Hz, Sum 2 a range of 0.28 - (.89 H=z,
see Table 3.1, vertical component SUM 1 and SUM 2). Mean * 5.D. of
four subjects.

In contrast to foveal pursuit, the S.D. of retinal position error of the
imaginary target during peripheral pursuit was larger for pursuit upon a
structured than upon a dark or diffuse background.

6. 4% Discussion

fursuit is not only a function of the fovea. Most systemanalytical
studies describe smooth pursuit as the foveal fixation of a smoothiy
moving target {(Robinson, 1976). This description is acceptable because
humans (and other foveate animals) will normally use saccades to bring
the image of the target to the fovea and then start to pursue., The
experiments described 1in this chapter show that this method of pursuit
is a preference but not the result of 1incompetence of the peripherat
retina to control pursuit behaviour.

Targets moving in the perifoveal region are capable of generating
smooth pursuit eye movements. A similar result was found, altthough not
quantified, by Steinbach (1974), and alsc described by Winterson &
Steirman (1978) and Collewijn, Curio & Grlsser (1982). The Latter
investigators described that, even in the absence of real movement,
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perceived motion 1in the periphery generated by Sigma movement was an
effective stimulus for generating smooth pursuit eye movements (Sigma
movement is a movement illusion elicited when a stationary regular
pattern is stroboscopically iltuminated and the eye moves along this
pattern at a specified velocity). The first two investigations used a
condition where the fovea was not stimulated by any, possibly
conflicting, visual stimulus.

The results in this chapter show that smooth pursuit can be
elicited by moving objects in the perifoveal retina, even if the fovea
is stimulated by a stationary background In the absence of foveal
stimulation, the gain of the smooth eye movements of peripheral pursuit
wWas comparable to foveal pursuit. In the presence of a stationary
background, however, peripheral pursuit resulted 1in a lower smooth
pursuit gain, although the difference in gain was Limited to about 20%.
Only if the object in the periphery moved very slowly (below 5%s),
smooth pursuit gain decreased dramatically (Fig. 6.63. Although
peripheral pursuit was not as precise as its fovéaL counterpart, the
mean difference in S5.D. of retinal positiom error amounted only to about
35%.

My findings seem to contrast with the results of van Die &
Collewijn (1982), who reported that, during optokinetic nystagmus (OKN),
the gain of the smooth eye movements decreased dramatically when the
fovea was not stimulated Dy the moving stimulus (a verticalb grating
which extended 90° to the Lleft and right). buring whole field
stimulation, mean gain of 10 subjects was 0.77 for stimulus velocities
of 12 and 30°%s. If the central sector of 10° was occluded, Leaving the
whole peripheral stimulus intact, gain reduced to 0.42.

There are, however, substantial differences between the peripheral
stimulus of the present study and that of Van Die & Collewijn (1982).
The masking of the central 10° in the experiments of Van Die & Cotlewijn
(1982) occluded a vertical sector with a width ef 10° of the moving
stimulus. Subjects had, in the configuration of van Die & Collewdijn
(1982), no possibility to align their horizontal eye position with the
peripheral stimulus, because the occlusion was Locked to the eye
position. In my experiments, subjects could align their horizontal eye
position with the wvertical midline of the two arrows which were
projected 5 eccentric in upper— and lower half of the visual field van
bie (pers. comm) found in supplementary experiments that occlusion of a
horizontal sector of 20° in height resuited in a mean OKN gain of 0O.55%,
which is a much smaller desrease in gain than during vertical occlusion.

& second difference is that the two peripheral structures 1in my
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experiments contained clear horjzontal position information; there was
only one midpoint of the two arrows. The wvisual stimulus with the
horizontal occlusion used by Van Die (pers. comm.) did not contain clear
horizontal position information; the vertical bars of his visual
stimulus were identical and numerous and there was no single (imaginary)
target to attend to.

The results of van Die & Collewijn (1982), however, support the
view that the fovea is not essential in the generation of smooth pursuit
eye movements, A further corroboration of this view is provided by the
results of Steimbach (1976), who described that the occurrence of
pursuit movement depended on the observer’s appreciation of a moving
object, rather than on the sensory information which led to the percept.
Horizontat pursuit could even occur when the only physical stimulus
present on the retina moved in vertical direction,

There is a bioclogical function of this eccentric pursuit in higher
primates. It permits the visuc-motor system to pursue targets moving
under scotopic conditions when the fovea 1is not providing wvisual
information. Furthermore, perifoveal pursuit can support foveal pursuit
under photopic conditions if a Large object is pursued.

A critical factor in all these experiments is the attention of the
subject. buring pursuit of perifoveal targets, subjects must shift their
attention from the fovea to the periphery (spatially selective wvisual
attention). Collewijn, Curioc & Grusser (1982) called this a shift of the
"attention fovea". Whenever the attention fovea did not coinmcide with
the retinal fovea, the part of the retina corresponding to the attention
fovea controlied the pursuit eye movement and the speed of the Sigma-OKN
slow phase. Thus the role of the fovea in the generation of smooth
pursuit can be minimized {(weighted with a smakl factord. However,
movement or perception of movement on the perifovea must be lLarge enough
to overrule the motion information of the fovea. Tynan & Sekuler (1982)
found that the threshoid for perception of motien is higher if the
moving object is more eccentric. It would be interesting to dinvestigate
if the amount of movement on the peripheral retina which is needed to
outweigh the central retina is correlated with the eccentricity of the
moving object.

The results described in this chapter have 1implications for the
models which describe the smooth pursuit control system,
Servo-mechanical models of the pursuit system that operate on retinal
slip velocity and retinal position error alone are far too simple.
General attention and spatiaily selective visual attention as well as
the percept of movement are factors which should be taken into
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consideration during further development of such models, although +this
wilt be difficult. For a human being, however, the effect of the
relative visuo—motor independency is beneficial: it allows us to Look at
and pursue objects of our choice rather than to have our eye movements
controlted by the properties of the objects around us.
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CHAPTER 7

CONCLUDING REMARKS

In this chapter I will summarize some of the general findings of
the different experiments deseribed in the previous chapters.

Common to all experiments was that the eye movements, voluntary or
reflexive, depended heavily on the type of stimulus motion which was
used. Single sine wave stimuli were pursued with a higher smocth pursuit
gain and a smaller phase lag than pseudo-random stimuli. Pseudo-random
stimuli with different spectral compositions resulted in a different
performance in time and in frequency; the result could not be predicted
from other experiments. A larger stimulus amplitude resulted, for an
identical freguency composition, in a lower gain of the smooth component
and in a higher $.D. of retinal position error. The dinduction of eye
movements was lLarger for a single sine wave background motion than for a
pseudo- random motion. This dependence on the type of stimulus shows that
the visuo-motor system 1is nonliinear. This nonlinearity makes it
difficult to compare results of one study or experiment with those of
others. Furthermore, generalization of results is hazardous if these
results are based upon one class of stimuli only (single sine wave,
pseudo-random, noise, constant velocity, randomized constant velocities,
etc y. A further complicating factor 1in the generalization of the
results is the fidiosyncrasy of +the response, which was most clearly
visible jn  the open-loop pursuit experiments and 1in the fixation
experiments. During operloop pursuit, the eye movements of one subject
were a tenfold Larger than for another subject. Idiosyncrasy, however,
is not Limited to eye movements. Also other weltrained motor tasks, such
as walking, eating, etc , show differences between different subjects.
Idijosyncrasy is inherent to the functioning of a human being.

Another general finding was the dinteraction betuwzen central and
peripheral retina. If a subject pursued a foveal target, information
presented on the peripheral retina (background) was not completely
neglected, but taken into account in the generation of smooth pursuit.
This finding could be extended to a target wvelocity =zero (fixation),
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where smooth eye movements were induced by motion on the peripheral
retina. In all experiments (fixation, foveat or peripheral pursuit),
smooth eye movements served to minimize a weighed sum of central and
peripheral retinal slip velocities. The actual weights were determined
both by the attention of the subject and the physiological structure of
the visual system.

The influence of the background on the composite eye movements,
however, was Limited: saccades compensated for the deficiency of the
smooth eye movements. During pursuit, saccades supplemented the smooth
eye movements to pursue the target with the proper amplitude. Even if
the contribution of smooth pursuit degradsd due to the presence of a
stationary background, saccades were able to prevent an overall decrease
in precision in time and frequency. During fixation, saccades brought
the fovea back to the point of fixation if the eye drifted away due to
spontanecus drift or motion induced hy the movement of the background,
In general, saccades were corrections of the eye position (see Fig.
3.15).

The saccadic system can be found in other species (e'g. the rabbit)
as well, but smooth pursuit is a highly specialized function which is
only present in foveate animals. Apparently this specialization makes
the smooth pursuit system more susceptible to disturbing factors such as
conflicting visual stimuli. If the visuo-moter system encounters a
situation where the smooth pursuit system fails to execute a specified
task, it resorts to saccadic eye movements to supplement the smooth
pursuit system. However, this reliance on the saccadic system is, at
least partially, under voluntary control. Puckett & Steinman (1669
showed that subjects were able +to adept a highly saccadic or almost
saccade- free mode of pursuit, although the Last strategy Lled to Llarge
retinal position errors. During the experiments described in this study,
noe explicit instructions were given to the subject to abolish the use of
saccades in pursuit or fixation. In all experiments the instruction wuwas
to pursue or fixate the target as accurately as possible., It might be
that this instruction was not encugh te elicit a more uniform response.

Attention 1s an important factor between the visual input and the
resulting motor activity of the eye. A current theory about attention
{see e.g. Sperling, 1983) is to describe it as the "allocation of
processing resources". The amount of information supplied to the brain
via the visual or other sensory systems is almost uniimited. The actual
processing capacity of the brain, however, is Limited and unable to
process alt information which is presented. Therefore, the processing
capacity must be shared between the different systems. The way in which

100



the processing resources are allocated to the multiple sources of
information is calied "attention''. The amount of information and the way
in which this information is presented to the brain is determined by the
physiological structure of the receptive system. For example, the
structure of the retina, ganglion cell density and cortical mapping area
of the different parts of the retina determine that the amount of
information from the central retina is disproportionaily large compared
te the amount of information of the peripheral retina. Nevertheless,
subjects were able to shift their attention from the fovea to the
perifoveal retina (deallocate processing resources fTrom the central
retina and allocate this capacity to the processing of informatien of
the peripheral retina) and pursue objects moving in the perifoveal
retina, although the central retina was, at the same time, stimulated by
an opposite stimulus motion.

visual SEnsory visual motor eye
s . .
stimulus aystem info system movement

Fig. 7.1. Servo-mechanical model of the visuo-motor
system.

It is clear from the experiments and results described in the
previous chapters that the visuo-motor system is complex and susceptible
to a variety of visual as well as nom-visual stimuli. Medelling the
visuo-motor system as a servo-mechanical system (Fig. 7.1) gives some
insight in the working of parts of the visuo-motor system, but Jgnores
the fact that there 1is a complex information processing system which
recefves the wvisual information, combines this information with
information originating from other, possibly non-visual sources and
finally generates commands which enter the eye motor system (Fig. 7.2)
and possibly other systems as well.
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Fig. 7.2. Model of the visuc-motor system, Incorporating a processing
element which 1s influenced by non-visual gources of information,

Retinal events as such are not enough to predict and explain the eye
movements which are made, Despite the fact that interpretation of the
results is difficult and susceptible to misunderstanding, investigations
as to how eye movements are determined by visual stimuli, instructions,
attention, training and possibly many other factors should Ltearn us
something about the most complex and intriguing part of the human body:
the brain.
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SUMMARY

To dnvestigate the interaction of (conflicting) moving visual stimuli
presented on the central and peripheral retina upon the generation of
pursuit eye movements, horizontal and vertical eye movements of 171 human
subjects were recorded with a scleral induction ¢oil technique during
voluntary foveal and peripheral pursuit and during fixation Stimulus
motions consisted of single sine wave, triangular wave and pseudo-random
stimuli of different frequency, amplitude and dimensionality. Pursuit
and fixation was dome wupon a dark, diffusely lighted or structured
stationary or moving background. For some pursuit and fixation
experiments the visual feedback loop was electrenicaliy opened.

bata processing included separation of the composite eye movement
inte a cumulative smooth and saccadic displacement, computation of gain
and phase of the composite and smooth eye movements with respect to the
target or background movement and analysis of retinal position error,

I found that pursuit eye movements were never completely smooth.
Smooth pursuit gain was always lower than 0.96 and saccades were used to
supplement the smooth eye movements in pursuing the target with the
proper amplitude. A structured background had an inhibitory influence on
smooth pursuit and diminished its gain by about 10% for horizontal and
20% for vertical during foveal pursuit. The inhibition of smooth pursuit
was fully compensated by the insertion of saccades, with as overall
result a shift from smooth towards saccadic pursuit. The specific
structure of the background was only of marginal dimportance. The
infltuence of diffuse 1illumination of the background was minimal.
Horizontal foveal pursuit contained a higher proportion of smeoth
components and was more accurate in terms of retinal position error than
vertical foveal pursuit.

Gain and phase as well as retinal position error of pursuit eye
movements were strongly affected by the spectral composition of the
stimulus motion. Sinusoidal target motions were pursued with a higher
smooth pursuit gain and a smaller phase Lag than pseudo-random target
motions. A lLarger amplitude of the target motion resuited in a Llower
gain of the smooth component and a higher § D. of retinal position
error. Smooth pursuit gain decreased and retinal position error
increased as a function of frequency for single sine wave stimuli and as
a function of velocity for triangular wave stimuti., The cumulative
smooth eye movements showed, during pursuit, z phase lead with respect
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to the target movement for the Llower freguency components of
pseudo~-random stimuli.

Cpen- loop pursuit led to eye movements which were very
idiosyncratic. The gain of the eye movements varied between 0.5 and 20.
At lLeast one subject coutd control the amplitude of the composite eye
movements during open-Loop stimulation.

saccades during pursuit corrected the eye position, although not
perfectly. bDuring pursuit of pseudo-random stimuli, saccades overshot
the target position. This resulted in a gain of the composite eye
movement above unity for the higher freguency components.

The distribution of retinal position error during pursuit wWwas
symmetrical around =zero. Its standard deviation varied from 0.2° to
about 1.5%°. puring fixation, the S.D. of retinal position error was not
influenced by the presence of a diffuse or a structured background and
was about equal for horizontal and vertical companent ¢0.1%, The S$.D.
of retinal position error dncreased in horizontal direction to about
0.13° and decreased in vertical direction to about 0.07° when a
background was moved din horizontal direction. These differences were
independent of the type of movement of the hackground

The induction of motion by a moving background during fixation was
small The mean gain of the cumulative smooth sye movements was less
than 0.1 and tended to Lag the background by 90°, The dnduction of
movement by the motion of the background was Larger for sinusoidal than
for pseudo~random background motions. There was no superposition of the
motion induced by the single sine waves. The induction of motion by a
horizontally moving background was larger during open- loop fixation of a
central target and during closed-loop pursuit of a vertical target
motion than during closed-loop fixation, although the induced smooth eye
movements remained only a fraction of the movement of the background
{mean gain of the smooth component was less than 0.25).

Subjects were able to pursue perifoveal tfargets even upon a
stationary background Bain and phase of the eye movements during
nerifoveal pursuit were comparable to foveal pursuit wupon a dark or
diffuse background, hut lower upon a structered background. Peripheral
smooth pursuit of slow target movements (below 5°/s) was, in contrast to
foveal pursuit, inhibited bheavily by the presence of a stationary
background The $.D. of retinal position error during peripheral pursuit
was about 35% larger than during foveal pursuit.

I conclude that smooth and saccadic eye movements during opursuit
and fixation subserve, 1in general, two different functions. Saccades
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correct the eye position and, if necessary, supplement for a deficiency

of the smooth eye movements The smooth eye movements serve to minimize a
weighted sum of stip velocities of central and peripheral retina. The
weighting factors are determined both by the structure of the visual
system and by spatially selective visual attention of the subject.
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SAMENVATTING

Om de interaktie te hepalen tussen {(konflikterende) visuele stimuli die
gepresenteerd worden op het centrale en perifere gedeelte van de retina,
zijn de horizontale en vertikale oogbewegingen, die gemaakt worden
tijdens vrijwiklig volgen en fixatie, met behulp wvan een sclerale
induktiespoetl gemeten bij M1 menselijke proefpersonen. Stimulus
bewegingen bestonden uit enkelvoudige sinussen, driehoekvormige signalen
en semi-willekeurige bewegingen van verschillende frekwentie, amplitude
en dimensionaliteit. Het volgen of fixeren werd gedaan op een donkere,
diffuus verlichte of gestruktureerde achtergrond die stilstond of werd
bewogen. Voor enkele wvolg- en fixatie experimenten werd de visuele
terugkoppeling Langs etektronische weg opgeheven.

Het verwerken van de meetgegevens bDestond uit het scheiden van de
samengestelde oogbeweging in een kumulatieve gladde ocogbeweging en een
saccadische oogbeweging; berekening wvan de wversterkingsfaktor en
faseverschuiving van de samengestelde en gladde oogbeweging met
hetrekking tot de stimulusbeweging en het analyseren van de retinale
positiefout <{positieverschil tussen fovea en het beeld van het doel op
de retina).

Gogvolgbewegingen waren altijd een kombinatie van gladde en saccadische
cogbewegingen. be versterkingsfaktor wvan de kumulatieve gladde
oogbeweging was altijd kiteiner dan O0.946. Saccades vulden de gladde
oogheweging aan om de doelbeweging met de juiste amplitude te volgen.
Fen gestruktureerde achtergrond had een remmend effekt op de gladde
oogheweging: de versterkingsfaktor verminderde met ongeveer 10% voor de
horizontale en 20% voor de wvertikale komponent. De achteruitgang fn
gladde oogbeweging werd volledig gekompenseerd door saccades met als
resultaat een wverschuiving wvan glad naar saccadisch volgen, De
specifieke struktuur van de achtergrond zelf was niet belangriik en ook
de verlichting van de achtergrond als zodanig had weinig invloed. Het
aandeel wvan de gladde komponent was groter voor de horizontale dan voor
de vertikale komponent van de oogvelgbeweging. Tevens was de horizontale
volgbeweging nauwkeuriger met betrekking tot retinale positiefout dan de
vertikaie volgbeweging.

De spekirale samenstelling van de stimulus had een grote invlced op de
ocogvolgbeweging. Enkelvoudige sinusoidale bewegingen werden gevolgd met
een grotere versterkingsfakior en een %kleinere faseachterstand dan
semi-willekeurige bewegingen. Een grotere amplitude van de doelbeweging
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resul teerde in een kleinere versterkingsfaktor van de gladde komponent
en egen grotere retinale positiefout. De versterkingsfaktor van de gladde
komponent werd kleiner en de retinale positiefout werd groter als
funktie van de frekwentie van de enkelvoudige sinusoidale stimuli en als
funktie van snelheid voor de driehoekvormige doelbewegingen. bDe gladde
volgbeweging had een fasevoorsprong ten opzichte van de doelbeweging
voor de taagste frekwentiekomponenten van de semi-willekeurige stimuli.
Het openen van de visuele terugkoppeling tijdens het volgen Lleidde tot
cogbewegingen die sterk afhankelijk waren van de proefpersonen, De
versterkingsfaktor van de samengestelde oogheweging varieerde tussen (.5
en 20. Tenmiste 1 proefpersoon was in staat om de ampltiude van de
oogbeweging in deze sitiatie te be'invloeden.

Saccades korrigeerden de oogpositie tijdens het wvolgen, alhoewsl niet
perfekt. Tijdens het volgen van semi-willekeurige bewegingen vertoonden
de saccades een doorschot ten opzichte wvan de doelbeweging en dit
resulteerde 1in een versterkingsfaktor van de oogbeweging die groter was
dan één .

De retinale positiefout was tijdens het volgen symmetrisch rond de nul
verdeeld. De standaarddeviatie van de retinale positiefout (een maat
voor de nauwkeurigheid van de sogbeweging) varieerde van 0.2° tot 1.5°.
De standaarddeviatie werd, tijdens fixeren, niet beinvioed door de
aanwezigheid van een stilstaande gestruktureerde achtergrond en was
ongeveer gelijk wveoor de horizentale en vertikale komponent 0.1%. be
standaarddeviatie vergrootte in horizontale richting tot ongeveer G.13°
en verkleinde in wvertikale richting tot ongeveer 0.07°, wanneer de
achtergrond in horizontale richting werd bewogen. Deze verschillen waren
onafhankelijk van de soort beweging van de achtergrond

De bewegende achtergrond induceerde een kleine cvogheweging tijdens het
fixeren; de kumulLatieve gladde oogbeweging had een gemiddelde
versterkingsfaktor die kleiner was dan 0.1 en een faseachterstand wvan
ongeveer %0° tenopzichte van de achtergrondbeweging. Een sinuscidate
achtergrond beweging resulteerde in een grotere induktie van oogbeweging
dan een semi-willekeurige achtergrondbeweging. Het openen van de visuele
terugkoppeling of het volgen van een vertikale doelbeweging Lleidde tot
een grotere dinduktie van horizontale cogbeweging door de horizontaal
bewegende achtergrond. besondanks bleven de ocoghewegingen beperkt tot
een fraktie van de totale beweging wvan de achtergrond (de
versterkingsfaktor van de gladde ocogbeweging bleef kleiner dan 0.25).
Proefpersonen waren in staat om een bewegend doel te veclgen dat
gepresenteerd werd op het perifere gedeelte van de retina, zelfs als er
foveaal een stilstaande achtergrond aanwezig Was. De
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versterkingsfaktoren en faseverschuivingen van de cogbewegingen waren
vergelijkbaar met foveaal volgen tijidens volgen op een donkere of een
diffuse achtergrond, maar Llager tijdens het perifeer volgen op een
gestruktureerde achtergrond. In tegensteliing tot foveaal volgen was het
glad volgen van langzaam bewegende perifoveale doelen {snelheid kleiner
dan 5%/s) moeilijk en was de volgbeweging bijna volledig saccadisch. De
standaard deviatie vam de retinale positiefout tijdens perifoveaal
volgen was ongeveer 35% groter dan bij foveaal volgen.

Ik konkludeer dat gladde en saccadische oogbewegingen tijdens vokgen en
fixeren verschillende funkties hebben. Saccades korrigeren de cogpositie
en vullen de gladde oogbeweging aan als deze tekort schiet. De gladde
oogbeweging daarintegen dient om een gewogen som van retinale
slipsnelheden te minimaliseren. De weegfaktoren van de slipsnelheden van
centrale en perifere retina worden enerzijds bepaald door de struktuur
van he visuele systeem, maar kunnen anderzijds door de proefpersoon
sterk beinvloed worden door selektieve aandacht te schenken aan bepaalde
gedeelten van het gezichtsveld
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