
HUMAN FIXATION AND 
VOLUNTARY PURSUIT: 

THE INTERACTION BETWEEN CENTRAL 
AND PERIPHERAL MOTION STIMULI 

MENSELIJKE FIXATIE EN OOGVOLGBEWEGINGEN: 
DE INTERAKTIE TUSSEN CENTRALE EN PERIFERE 

BEWEGINGSSTIMULI 

PROEFSCHRIFT 

TER VERKRIJGING VAN DE GRAAD VAN DOCTOR IN DE 
GENEESKUNDE 

AAN DE ERASMUS UNIVERSITEIT ROTTERDAM 
OP GEZAG VAN DE RECTOR MAGNIFICUS 

PROF. DR. M.W. VAN HOF 
EN VOLGENS BESLUIT VAN HET COLLEGE VAN DEKANEN. 

DE OPEN BARE VERDEDIGING ZAL PLAATSVINDEN OP 
WOENSDAG 7 DECEMBER 1983 TE 15.45 UUR 

DOOR 

ERNST PETER TAMMINGA 

GEBOREN TE KRIMPEN AAN DEN IJSSEL 

1983 
Offsetdrukkerij Kanters B.V., 

Alblasserdam. 



PROMOTOR : PROF. DR. H. COLLEWIJN 



iK.aM. ~i"JQ 
) 

a.a, 2\ash·a_a,., .€<-t t~A>av..J. 





VOORWOORD 

Velen hebben een bijdrage geleverd bij de totstandkoming van dit 
proefschrift. Hiervan wil ik er enkele in het bijzonder noemen: 

Prof. dr. H. Collewijn als promotor, begeleider, kollega, Lid van de 
promotiekommissie en als aandrager van vele, originele ideeen. 

De overige Leden van 
Hof, Prof. dr. 

de promotiekommissie te weten: Prof. dr. M.W. van 
ir. H.G. Stassen en Prof. dr. J.J. van der Werff ten 

Bosch als kritische beoordelaars van dit proefschrift. 

Dr. J. van der Steen als plezierig kollega, als steun bij het maken van 
de vele computerprogramma's en als hulp bij het drukklaar maken van 
dit proefschrift. 

DATEX Software b.v., mi jn huidige werkgever, voor het ter beschikking 
ste Llen van tijd en middelen. 

Tenslotte alle proefpersonen die hun tijd en inzet ter beschikking 
stelden en zonder wie dit onderzoek nooit plaats had kunnen vinden. 



CONTENTS 

Chapter Introduction 

Chapter 2 Methods 

2.1 Subjects 
2.2 Recording technique 

2.3 Visual stimuli 
2.4 Experimental procedures 
2.5 Data analysis 
2.6 Separation of smooth and saccadic eye movements 

Chapter 3 Pursuit upon a dark background 

3.1 Gain and phase 

3.1.1 Single sine waves 
3.1.2 Pseudo-random motion 

3.1.3 Triangular waves 

3.2 
3. 2.1 
3. 2. 2 

3. 2.3 

3. 2. 4 
3.3 
3.4 

Chapter 4 

4.1 
4.1.1 
4.1. 2 

4.1.3 
4. 1. 4 

4.2 
4. 2.1 

Retinal position error during pursuit 

Single sine stimuli 
Pseudo-random stimuli 

Triangular wave stimuli 

Similarity of retinal position error 
Saccades during pursuit 

Discussion 

Pursuit upon a diffuse or structured background 

Gain and phase 
Single sine wave 

Pseudo-random stimuli 
Triangular wave stimuli 

Different structured backgrounds 

Retinal position error 
Diffuse and random dot background 

11 

11 
12 
13 

13 
14 
18 

23 

23 
23 
25 

32 
35 
39 
39 

42 
42 
44 

46 

51 

51 

52 

53 
53 
55 
58 

58 



4. 2. 2 Effects of structure of backgrounds 60 

4.3 Open-Loop pursuit 64 
4.4 Discussion 66 
4. 4.1 Effect of background and attention 66 
4. 4. 2 Open-loop pursuit 69 

Chapter 5 Induced eye movements during fixation or pursuit 71 

5.1 Fixation 71 
5.2 Fixation with a stationary background 71 
5.3 Fixation with a moving background 72 
5.3.1 Gain and phase 74 

5.3.2 Retinal error 76 
5.4 Fixation of a central target in an open-Loop condition 77 
5.5 Induced motion during pursuit 79 
5.6 Discussion 80 

Chapter 6 Peripheral pursuit 

6.1 Peripheral versus foveal 

6. 2 Gain and phase 

6.3 Retinal position error 

6.4 Discussion 

Chapter 7 Concluding remarks 

Summary 

Samenvatting 

References 

Curriculum vitae 

pursuit 

87 

87 
88 
93 
94 

99 

103 

107 

111 

117 





C H A P T E R 

INTRODUCTION 

Vision is, for a human being, one of the most important senses. The 
basic function of vision, which is relevant for all species which have a 
form of vision, is spatial orientatione This function is important for 
postural control in tasks such as standing upright, walking around, 
guiding a hand to touch an object, etc. The important beneficial effect 
of vision above other senses is that it allows the subject to acquire 
information about objects not Located in the close vicinity of the 
subject. A second function of vision, which is only found in the higher 
primates and which requires a high visual acuity, is the intake of 
symbolic information in 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 timea 

Notwithstanding the fact that we can observe almost one half of the 
visual world without moving our head or eyes (Fig. 1~1> only the fovea, 

Nasal Temporal 

Fig. 1.1. Visual field of 
the right eye. The blind 
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. 

Fig. 1.2. 
Horizontal section 
of right human eye 
{From Walls, 1942) 
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Fig. 1.3 shows the acuity as a function of the eccentricity; visual 
acuity is maximal in the fovea, but drops readily below 30% of the 
foveal Level at an eccentricity of only 5°. 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 visual 
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 
chaotic movements of the image on the retina, but at the same time 
complete stabilization of the eye is not allowed because of fading of 
the visual image due to adaptation processes 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) step like discrete eye movements, 
called saccades, which rotate the eye very fast (within 10 to 100 ms) 
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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 objects. Fig. 1.4 shows an example 
of the two types of eye movement. 
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Fig. 1.3. Visual acuity 
as a function of dis­
tance from the fovea 
at five different lu­
minance levels. Visual 
acuity is tested with 
Landolt C rings and 
expressed in arbitrary 
units on a relative 
scale. Measurements 
were made along the 
horizontal meridian 
of the retina on the 
temporal side (from 
Mandelbaum & Sloan, 
1947). 

~~,\J\/\NV\ 
Fig. 1.4. Example of a combination of the two types of eye movement~ 
saccades (small steps) and smooth pursuit (in between saccades), from 
Fender & Nye, 1961. 

If we want to inspect a 
pursuit eye movements to 

moving object in 
keep the image 

detail, we make voluntary 
of the object as close as 
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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, 1961; 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 to the total displacement of the eye 
(composite eye movement) depends on various stimulus parameters such as 
predictability, velocity, frequency, etc. For constant velocity target 
movements smooth pursuit gain is near 1.0 for trained subjects and low 
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 & ~e, 1961). 

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 two 
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 frequency~ 
The latter approach has been followed in earlier system-analytical 
studies (Fender & Nye, 1961; Stark, vossius & Young, 1962; Dallas & 

Jones, 1963; Michael & Jones, 1966; St-Cyr & Fender, 1969a, b; Stark, 
1971; Young, 1971)~ In several of these studies predictability has been 
identified as an important stimulus parameter influencing pursuit 

Stark, Vossius & Young (1962) and Dallas & Jones (1963) 
difference between voluntary pursuit of single sinusoids 

performance. 
showed a clear 
and sinusoids 
predictability 
the saccadic 
their reaction 
predictability 

which were a component of a pseudo-random motion. The 
of the stimulus apparently permits both the pursuit and 
component to reduce the phase lag which is inherent to 
timeo It was later shown by Michael & Jones (1966) that 
is not an all or nothing phenomenon but that there is a 

continuum of degrees of predictability of signals. The gain and phase of 
eye movements depend upon the degree of predictability or the narrowness 
of the bandwidth of the input spectrum, with wide-band random noise and 
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single sinusoids 
superposition of the 
clearly shows that 

representing the 
responses to the 

a single linear 
inadequate. Furthermore, a systematic 
saccadic pursuit has usually not been 
pursuit system. 

two extremes. 
different input 

There is no 
signalsa This 

model of the pursuit system is 
distinction between smooth and 
made in descriptive models of the 

Other investigators (e.g. Puckett & Steinman, 1969; Murphy, Kowler 
& Steinman, 1975; Murphy, 1978; Lisberger, Evinger, Johanson & Fuchs, 
1981) showed that pursuit performance is not determined by frequency 
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 increased. 

All these stimulus parameters, however, can be quantified and 
manipulated by the investigator~ 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 factors are, in contrast to the physical 
parameters of the visual stimulus, difficult, if not impossible, to 
measure. An example of a combination of these psychophysical parameters 
are the experiments done by Collewijn, Curio & GrGsser (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. 

0' 5' 10' 15' 20' 

Fig. 1.5. One of the first 
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). 

At the Lower end of target velocities we find the velocity zero: a 
stationary 
type of eye 

target. "Pursuit" of this target motion results in a special 
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 
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by a consistent, but idiosyncratic pattern of slow 
eye movements which keep the eye in the vicinity of 
1a5). This pattern has traditionally been 

and fast miniature 
the target (fig. 
considered to be 

"involuntary", "reflexive" or "spontaneous". It was shown (Fiorentini & 

Ercoles, 1966; 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 Line 
of sight with smooth eye movements only (Steinman, Cunitz, Timberlake & 
Herman, 1967, called this "slow control"). The microsaccades are not 
necessary to prevent a visual image from fading; the slow eye movements 
in combination with a high frequency 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, is, 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 large saccades they continuously 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 is the absence of a structured backgroundv In daily Life, 
moving targets are normally seen against a stationary background (e.g. 
when one pursues a car riding in a street with buildings standing 
aside). Also fixation of objects is mostly done in the presence of a 
stationary background and sometimes even in the presence of a moving 
background (e.g. fixating an object in a railway station while a train 
Leaves or enters the station behind the object). In this respect, a 
combination of simultaneous target and background movement is not 
artificial either. Fixation of an object in the presence of a stationary 
background might conceivably enhance the quality of fixation, if the 
peripheral retina were able, by using the information of the stationary 
backgroun~, to assist the fovea in maintaining the Line of sight. On the 
other hand, the structures within the background might invite the 
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visuo-motor system to scan the region around the central target and thus 
affect the quality 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 conflicting stimulus on the overall performance has been 
little investigated. It is theoretically possible that this conflicting 
stimulus by the surround is completely suppressed by a highly selective 
attention mechanism. Kowler, Murphy & Steinman (1978) found a 
non-significant interaction of a homogeneous Light background with 
pursuit of a slowly moving target (velocity Less than 6°/s). This 
finding does not argue for a 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 (1975) found a modest increase in 
drift in the direction of the movement of a background grating (constant 
velocity) during fixation 
facilitatory effect of 

of a stationary target. There even might be a 
a background. Ter Braak (1957, 1962) and Hood 

(1975) noticed a facilitation of smooth pursuit of a central target in a 
direction opposite to the motion of the background. In contrast to these 
findings, Merrill & Stark (as reported by Stark, 1971) found 
acceleration 
inhibition in 
investigators 
of background 
structured or 
result of the 

of pursuit in the direction of the background movement and 
the opposite direction. The findings of the different 

contradict each other. This might be a result of the type 
employed in the different studies: small or large, 

non-structured, specific structure of the background, or a 
type of motion of the target or the background (constant 

velocity or sinusoidal movement). 

Here I report a systematic study of 

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

- fixation of a central target 
Subjects had to fixate a stationary target to investigate ''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 
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eye movements, subjects pursued a perifoveal target. The dominance of 
the fovea 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. 

Oculomotor 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 
(S.D.) of retinal position error. 

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

- background 
To investigate the interaction between centr~l 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 illumination 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 
background. 

- background movement 

8 

To test if, during fixation or 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 spectral composition of the stimulus motion 
Predictability of the stimulus motion is known to have an important 



~nfluence in the generation of smooth eye movements (see introduction 
above). Therefore, different motion stimuli were used: predictable 
(single sine wave and triangular wave stimuli} as well as 
non-predictable stimuli (pseudo-random motions formed by the sum of 
two to four sine waves of non-harmonic frequencies and different 
amplitudes). 

- shape 
Velocity and acceleration of the stimulus 
performance of the pursuit eye movements. 
stimuli with a constant velocity (triangle wave 
which incorporate a continuous acceleration 
stimuli). 

- direction and dimensionality 

motion affect the 
I used (predictable) 
stimuli) and stimuli 

component (sine wave 

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

- amplitude 
The amplitude of the stimulus influences both 
acceleration of the target motion and thus affects the 
the eye movements~ Therefore, subjects had to pursue a 

veLocity and 
performance of 

pseudo- random 
target motion three times, each with a different maximum amplitude in 
horizontal 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 stimulus motion more than once~ Only a few pilot experiments 
will be reported here~ 

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

A B 

I 
i 

! i i ' I -f-1/ ' 
~+ 1-l 

I ' I I I 
' I ll 

B 

Fig. 2.1. The principle of measuring the horizontal eye position (view 
from above) . 
A:eye looking 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 coil 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 vertical eye movements were measured with an 
induction coil mounted in a scleral annulus in an a.c~ magnetic 
first described by Robinson (1963) and modified by Collewijn, 

field as 
Van der 

Mark & Jansen (1975). This technique 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 0.05 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 10kHz using a Helmholtz configuration. The voltage ei induced in the 
coil was: 

e i = N A sin ¢ 8 s i nwt (1 ) 

N number of windings of the coil 
A = area of the coil 

¢ = 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 ed was produced, which 
was proportional to sin¢. Because rotations of the eye with the 
induction coiL were Limited to 20°, sin¢ w.:~s used as an approximation 
of the rotation of the eye ¢ , which resulted in a non-Linearity of Less 
than 2%. A second, vertical magnetic field, in spatial and phase 
quadrature 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 coil, the surface of 
the eye was anaesthetized with two drops of Novesine 0.4%. The ring was 
wetted with Ringer's solution, put on the limbus with the leads 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 
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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-Ne 
Laser, backprojected on a translucent screen at a distance of 1850 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 independently. Pre-calculated 
digital target movements were converted to analog voltages via two 10 or 
12 bits D/A converters, low pass filtered C-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 laser 
spot to about 200 cdtm2 ~ A background could be superimposed which filled 
the whole visible part of the screen (subtending about 90 x 90 degrees 
arc; limited by the field coils of the recording system). The 
backgrounds used were darkness (luminance < 1 cd/m2); diffuse 
illumination C11 cdtm2) 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/m2, of the black parts 
3.6 cd/m2• The luminance of the diffuse background was equal to the 
average luminance of the random dot background. For the experiments 
described in 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 9~46°; two random dot patterns with 
individual elements of 1.05 x 1.05 and 2~1 x 2.1° and two checkerboard 
patterns with elements of 3623 x 3.23 and 6.46 x 6.46°. Examples are 
shown in Fig& 2.26 

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 
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Fig. 2.2A Fig. 2.2B 

Fig. 2.2C Fig. 2.2D 

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 (2.2D). 
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was aligned with the 
started, gain and offset 
values for fixation of 

centre 
were 

of screen~ Before 
manually adjusted to 

the data recording 
obtain standard 

the target at a number of known positions~ This 
procedure also 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 seconds after the start of the stimulus movement~ The order of the 
measurements was altered between subjects to balance for effects of 
practice. 

A session was limited to about 30 minutes of recordingu After the 
Last calibration measurement, the induction coil was taken out 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 component of eye and target position 
and if 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 position were displayed on a graphics terminal~ Parts of the 
recordings were selected by a manually controlled cursor to point out 
the beginning 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 calculated values. Typically 
adjustments did not exceed 1 - 2% for gain and 0.2 - 0.3° for offset. 
Adjustment differences between the calibration at the beginning 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 occured. 
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Fig. 2.3A. Combinations of horizontal target and composite eye movement 
{A), fitted and real eye movement (B), target and cumulative smooth eye 
movement (C), 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. 
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Fig. 2.38. As Fig. 2.3A for vertical target and eye movements. 
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To analyze the 
software <described 

smooth 
in 2.6) 

pursuit component of 
was developed to detect 

the 
the 

eye movement, 
saccades in the 

eye 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 in 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 in opposite directions. This trend would cause a 

distortion of the power spectrum and Lead 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 target position signals were Fourier transformed with a Fast 
Fourier Transform (FFT) routine. Gain {ratio of peak to peak amplitude 
of the fundamental component of eye and target position) and phase 
{difference in 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 spectral densities. 
Analysis of the fundamental components in the eye and target movement by 
Fourier transformation is a form of least square fitting of sinewave 
stimuli~ Fig. 2.3A and 2~38 show examples of this process for the 
horizontal and vertical component of the composite as well as the 
cumulative smooth eye movementm The fitted curves were calculated by (1) 
a forward Fourier transform, (2) removal of all frequencies in the 
signal except the four frequencies used in the stimulus and (3) an 
inverse Fourier transform of the stripped spectrumm 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 frequencies. For single 
sinewave stimuli, these figures were 99% and 90% respectively for the 
single frequency 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 triangular wave stimuli the trend in the cumulative smooth eye 
movement was not removed~ The slopes of the triangles were used to 
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 triangles were used to calculate 
gain (Fig. 2.4); 12.5% at the beginning and at the end of the slope in 
horizontal or vertical direction were excluded from the analysis. 

75% 

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. 

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 subtraction of the eye position 
from the target position. Paired t-tests were used to test for 
differences between different stimulus conditions; p values shown are 
for two-tailed testing. 

2.6 Separation of smooth and saccadic eye movements 

7o 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 accelerations, 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 algori thin 
to detect saccades in the eye posi­
tion signal. 



threshold <fast preselection)~ 
2. Each part 

the eye 
selected in 1. was checked for minimal duratione Noise in 
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. 2e5 is a flow chart of the basic algorithm. 

-~ Eye /~~~, / 

Smooth "" / ~ / "" No int. ~ 

Int. 
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Velocity 
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Fig. 2.6. An example of separation of composite eye movement in response to a 
sinusoidal target movement of 0.28 Hz into a cumulative smooth (with and without 
interpolation) 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 
Limits) 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 saccade: were Larger and reached higher 
peak velocities. The determination of an appropriate set of parameters 
was a trial and 
used for all 
the target from 

error process. Once a satisfactory set was found, it was 
comparable experiments. In practice, a velocity range of 
5°/s to 30°/s together with a maximum amplitude of 7-10° 

and a sample frequency of 125 Hz resulted in the same set of parameters 
for detection of saccades (velocity threshold 10°/s, acceleration 
threshold 400°/s2, 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 using 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 smooth pursuit could be connected by Linear 
interpolation of the smooth eye velocity to obtain a gradually changing 
smooth pursuit velocity. The saccade detection signal was saved to 
calculate the gain of the smooth component during pursuit of triangular 
wave stimuli and to analyze the correctivity of saccades. 
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C H A P T E R 3 

PURSUIT UPON A DARK BACKGROUND 

3.1 Gain and phase 

3.1.1 Single sine waves 

T 
Hor \ 

E 0 NB 

T B [,oo 
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E 

NB 

8 

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 CNB). The horizontal and vertical component of 
the target movement were single sine waves of the same frequency 
(0.28 Hz) and amplitude (10°), 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-dimensional single sine wave stimuli (amplitude 10°, solid 
lines), or two-dimensional stimuli with an amplitude of 7.07° 
(dashed lines) or 10° (dotted lines). Means! S.D. for 5 subjects. 
The S.D. is indicated by a vertical line for one condition only. 
The S.D. of the other conditions were comparable. 

Fig~ 392 shows mean gain and phase as a function of frequency for 5 
subjects for one-dimensional target motion (amplitude 10°) and 
two-dimensional target motion with an amplitude of 7a07° or 10°6 The 
gain of the composite eye movement in response to single sine wave 
stimuli was close to unity. For 0~15 Hz the mean gain was 1.01 + 0.02 
<S~D.; n ~ 30 = 5 subjects x 3 situations x 2 dimensions). Gain 
decreased only to 0.99! 0.03 {S.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 subjects were small. The phase Lag of the composite eye movement 
was Less than 5° for all stimulus frequencies used, but showed a 
tendency to increase 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 were not completely smooth~ 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 (S.D~) 

and of the vertical component 0.93 ! 0.05 {S.D.), which means that 
(since the gain of the horizontal 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 frequencym For a one-dimensional 
stimulus of 0.52 Hz, the gain of the cumulative smooth component of the 
horizontal eye movement was only Oa66 i 0.06 (S.D.) and of the vertical 
eye movement 0.61 i 0.12 (S.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 circular target motion with an amplitude of 7.07° the mean 
increase amounted to 0.06 ± 0.04 (S.D.; p < 0.001) and for an amplitude 
of 10° to O.Qj i 0.04 (S.D.; p < 0.001). The phase of the smooth pursuit 
component was not systematically different from the phase of the 
composite eye movement. Smooth pursuit gain of the horizontal component 
was significantly higher than the vertical component, mean difference 
0.03 ~ 0.06 (S.D.; p < 0.05). 

The standard deviations 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 slowly 
moving target with frequent 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 frequency range and over sessions. 

3.1.2 Pseudo-random motion 

Fig. 2.3A and 2.38 show a recording of pursuit of a 
Pseudo-random stimulus (frequency range 
the single sine wave stimulus (Fig. 3.1) 

two-dimensionally moving 
0.15- 0.70 Hz). Compared to 
more saccades were used to pursue the target. 

Fig. 3.3A and B show Bode plots of the mean results for the same 5 
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: horizontal 
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-random target motion in one dimension with an ampli­
tude of 10° (solid lines), in two dimensions with an amplitude 
of 7.07° (dashed lines) or 10° (dotted lines). Fig. 3.3A and 
3.3B show results for pseudo-random target motions with dif­
ferent frequency ranges. Means t S.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 frequency. 

SLM 1 SIJI1 2 

------------------------------------------------------------
Frequency lmplitude Phase Frequency Propl itude Phase 

(Hz) (deg) (deg) (Hz) (deg) <deg) 

------------------------------------------------------------
Hori- 0.153 5. 70 0 0.336 4. 50 30 

zan- 0.336 2.59 30 0.519 2.97 60 

tal 0. 519 1. 68 60 o. 580 2. 66 90 

0.580 1. 50 90 0.946 1. 63 0 

ver- 0. 214 4. 50 -30 o. 275 4. 50 -60 

ti- 0.275 3.50 -60 0.397 3.12 -60 

cal 0.397 2. 42 -60 a. 702 1. 76 -90 

0.702 1.37 -90 0.885 1.40 0 

The gain of the composite eye movement increased from a value of 

about unity for the Lowest frequency component in the pseudo-random 

stimuli to a value above 1.1 for the highest frequency component. For 
example, for the pseudo-random motion with the Lowest frequency 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 frequency component in this stimulus). These gains increased 

to about 1.12 at 0.58 Hz for the horizontal component and to about 1 .. 24 

at 0. 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 frequency, the stimulus with the higher 

frequency range resulted in Lower gains of the composite eye movement 

for identical frequency components. 
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The gain of the smooth component during pursuit of 
stimuli was lower than that for single sine wave stimuli 
frequencies; during pursuit of pseudo-random stimuli 
contribution of the saccadic component increased compared 
a single sinusoidal trajectory~ The results for horizontal 

pseudo-random 
of comparable 
the relative 
to pursuit of 
and vertical 

eye movements for these two pseudo-random stimuli are not completely 
comparable because different frequencies 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-dimensional target motions 
for the two pseudo-random stimuliu For the stimulus with the frequency 
range of Oa15- Oa70 Hz (Fig. 3.3A), the gain of the smooth component 
during the one-dimensional pursuit task (maximum target amplitude 10°) 
was comparable to the gain of the smooth component during pursuit of 
two-dimensional target motions with a maximum ampLitude of 10°. For the 
stimulus with the higher frequency 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 component during pursuit 
of two-dimensional target motions with a maximum amplitude of 7~07°. 

The phase Lag 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 
common, the stimulus with the highest frequency range resulted in larger 
phase Lags of the composite eye movement over the whole frequency range. 

The phase of the smooth pursuit component showed a Lead for the 
lowest frequency component of both pseudo-random stimuli. For the 
stimulus with the Lower frequency range this phase Lead was 12° at 
0.15 Hz for the horizontal component and 3° at 0.21 Hz for the vertical 
component. For the pseudo-random stimulus with the higher frequency 
range a simiLar phase Lead 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 eye 
movement always showed a phase Lag. The phase Lead of the smooth pursuit 
component changed into a lag with the increase in frequency. This change 
was Larger than for the phase of the composite eye movement. The phase 
Lag of the smooth component at the highest frequency component in 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 composite 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-random 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 stimuli 
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 ln°~ 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 ll'l 3 s ll'l 4 

Frequency .Amplitude Phase Frequency Prnpl itude Phase 
(Hz) (deg) (deg) (Hz) (deg) (deg) 

------------------------------------------------------------
o. 153 6. 06 0 0. 214 6. 94 -30 
0.336 2.76 30 0.519 2.86 -60 

0.885 1. o> 60 o. 702 2. 11 -90 
1.129 0.82 90 0.946 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 two combinations used. 
Although during the experiments the horizontal component of Fig. 3.4A 
was combined with the vertical component of Fig~ 3o4B (and in an other 
experiment the vertical component of FigB 3.4A with the horizqntal 
component of Fig. 3.4B), the results for identical 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 z 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° 
(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. 3.4A 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. 3.4B. 

The gain of the 
influenced by the 

composite eye movement was 
stimulus amplitude. Although 

not 
the 

significantly 
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 
S.D., p < 0.001). 

However, the phase Lag of the composite eye movement did increase 
with increasing frequency Cas shown earlier) and wasp 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 2°, whiLe for a maximum target 
amplitude of 10° these data were 5.0 and 17.5° respectively. 

The gain of the smooth component was lower than that of the 
composite eye 
was affected by 

movement and in 
the amplitude 

contrast to the composite eye movement, 
of the stimulus. A larger stimulus 

amplitude resulted in a lower smooth pursuit gain. The difference was 
significant over the whole frequency 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 smooth 
eye movement for the horizontal component was 0~04 ~ 0~06 (S.D.) when 
the maximum stimulus amplitude was increased from 2 to 5° and 0.09 
t 0.06 (S.D.) when the amplitude increased further from 5 to 10°. The 
vertical component of the smooth eYe movement was more sensitive to an 
increase in the stimulus amplitude. The decreases amounted 0.12 i 0.08 
(S.D.) for an amplitude increase from 2 to 5° and 0.12 ± 0.08 (S.D.) for 
an increase from 5 to 10° for this component. All differences were 
highly significant (p < 0.001). 

The phase of the smooth eye movement showed in general, for a 

stimulus amplitude, a larger phase lead for the lowest frequency 
nent and a smaller phase lag for the highest frequency component 

Larger 
campo­
of the 

pseudo-random stimulus. For example, the ohase of the smooth horizontal 
component (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 < 0.001 (mean and S.D. of the 
horizontal and vertical component over the whole frequency range). 

3.1.3 Triangular waves 

In contrast to sine ~ave stimuli~ triangular wave stimuli 
measure the pursuit performance with constant stimulus 
triangular wave stimuli of the same frequencies (0.15, 0.28 and 
and amplitudes (7.07 and 10°) as the single sine wave stimuli 
addition triangular waves of 0.06 1 0.09 and 0.12 Hz of 

have a 
velocity 
0.52 Hz) 

and in 
the same 

amplitudes were used. This resulted in target velocities in the range 
from 1.7 to 20.8°/s. The corners of the triangular wave stimuli were 
excluded from the calculation of Qain of the comoosite and cumulative 
smooth eye movements. Fig. 3.5 shows a recording of pursuit of a 
rhomboid stimulus trajectory. 

T 
Hoc 

NB 

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 symbols) 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. 3.6A is for low and Fig. 3.6B for 
high target velocities. Means t S.D. for 5 subjects. 
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The horizontal and vertical components of the target movement were 
triangular waves of the same frequency (0g28 Hz) and amplitude (10°), 

shifted 90° in phase. 
The gain of the composite eye movement was unity for all 

frequencies, directions of target movement and stimulus situations~ 
Although more saccades were used to pursue a triangular wave stimulus of 
20.8°/s than of 1.7°/s, the amplitude of the composite eye movement 
remained equal to the target amplitude and the gain was independent from 
velocitya Fig. 3~6 summarizes the gains of the smooth component of the 
eye movement, averaged over 5 subjects, during pursuit of 
one-dimensionally moving (amplitude 10°, 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. 3.6A) and for high 
velocities (Fig. 3.68). There was a progressive shift from smooth 
towards saccadic pursuit when the velocity of the stimulus increased 
from 1.7°/s to 20.8°/s. The gain of the smooth pursuit component 
decreased from 0.96 at 1.7°/s to 0.58 at 20.8°/s (means of 5 subjects 
and of the horizontal and vertical component). The standard deviations 
of the gain of the smooth 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 to 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 component was Lower than of the horizontaL 
smooth component (mean difference 0~04 ~ 0=07 S.D.; p < 0.02). There was 
no significant difference in gain of the smooth component between right­
and leftward and between up- and downward target movements. The gain of 
the smooth component appeared to be Largely determined by the velocity 
of the stimulus. As can be seen in Fig. 3.68, a decrease in horizontal 
and vertical smooth pursuit gain occurred when the horizontal and 
vertical target motions were combined. It should be emphasized that 
these gains were calculated as the ratio horizontal eye movements I 
horizontaL target movement (and similarly for the vertical component). 
Therefore, the inputs to the horizontal and verticaL systems remained 
unchanged by the two-dimensionaL presentation, although the total 
(vectorial) target velocity was increased. 

A remarkable error of direction occured when the frequency (and 
thus the velocity) of the rhomboid target motion was increased (see 
Fig. 3.7). 
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Fig. 3.7. Rotation of the eye movement trajectory with respect to the 
rhomboid traget trajectory when the frequency of the target increased 
from 0.15 Hz to 0.52 Hz. A period of 16.39 s of the target and eye 
movement recording are shown. 

In general, pursuit eye movements in response to a rhomboid target 
motion of 0.15 Hz were in the direction of the target motion. Sometimes 
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 Cleft and top corner of the Left rhomboid). When the 
frequency of the target was increased from 0.15 to 0.52 Hz, however, eye 
movements were not completely aligned with the target movements: pursuit 
was done not exactly in the direction of the target movement~ but in a 
somewhat tilted direction~ The rhomboid trajectory of the eye movements 
was rutated in the direction of the target motion. 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 between the centre of the fovea 
and the image of the target will occur. The distribution of this error 
in time is a measure of the quality of pursuit~ I assumed a normal 
distribution and characterized this by a mean value and a standard 
deviation (S.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 

in two-dimensional pseudo-random motion upon a dark CNB) 

stationary random dot background (B) are shown in Fig~ 3.8. 

3s 

stimulus 

and a 

Fig. 3.8. Recordings of the horizontal and vertical retinal position 
error (E) during pursuit of a pseudo-random target n1otion (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 in detail in 

chapter 4~ .An example of the two-dimensional 
position of the target during pursuit of 

movement is shown in Fig. 34 9. 

distribution of 
one eye le of 

the retinal 
a circular 

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 

error are shown in Fig. 3.10. In principle, the distributions are 

bimodal, because the eye lags the target and the image of the target is 
in general 

movement of 

at that side of the fovea, which is in the direction of the 

the image (see Fig. 3.8). The actual distributions of 
retinal position error, however, show an overlap between the different 

parts of the distribution and the bimodality is only marginally visible 
(Fig. 3.10). Therefore, for practical purposes, the distributions were 

considered to be unimodal and mean and standard deviation 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. 
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Fig. 3.10. Distributions of retinal position error in horizontal (A, B, 
C) and vertical (D, E, F) direction for a two-dimensionally moving 
sinusoidal stimulus of 0.28 Hz (A, D), a pseudo-random stimulus with a 
frequency 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 Single sine wave stimuli 

For single sinewave stimuli, the S.D. of retinal position error 

increased with frequency (Fig. 3.11). 

1.0 

SD. RPE 

0 1 DIM 10° 

El 2 DIM 7.07° 

~ 2D!M10° 

Frequency 

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

Within each frequency, 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. 1-bwever, only the difference with the two-dimensional stimulus 
with an amplitude of 10° was significant (mean difference 0.09 ~ 0.12 
S.D.; p < 0.001). The S.D. of the vertical retinal position error was 
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 pseudo-random 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 lower 
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frequency range (Fig. 3~11>. Similarly 

stimuli, the S .. D. during pursuit of 
pseudo-random stimulus with an amplitude 

as for the single sine wave 
a two-dimensionally moving 

of 7.07° was Lower than during 
pursuit of a one-dimensionally or two-dimensionally moving stimulus with 
an amplitude of 10° (mean difference 0.12 ~ 0~11 S.D.; p < 0.001 and 
0 .. 22 !. 0.13 s. D.; p < 0 .. 001 respectively). 

To measure the influence of the amplitude of the target movement 
one pseudo-random stimulus (see Table 3. 2) was shown at three different 
maximll11 amplitudes: 2, 5 and 10°. To compare the horizontal and vertical 
retinal position error, the same stimulus had also to be pursued in a 
situation in which the composition of the horizontal and vertical 
component of the target motion had been interchanged: The results of 
these balanced tests have been regrouped in Fig. 3.12. 

Fig. 3.12. Standard 
deviations (mean va­
lues for 5 subjects, 
S.D. for this mean is 
indicated by vertical 
lines) of the hori­
zontal and vertical 
retinal position 
error during pursuit 
of pseudo-random sti­
muli in two dimen­
sions with an ampli­
tude of 2° (open 
bars), 5° (dotted 
bars) or 10° 
(hatched bars). 
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1.4 D o2' Do 5° ~!§! o10° 

1.2 

Hor Ver 
0.153-1.129Hz 

Hor Ver 
0.214-0.946Hz 

In general, a Larger stimulus amplitude (and thus a higher target 
velocity) resulted in a Larger S.D. of retinal position error 
(Fig .. 3.12). For example, for the stimulus with the frequency range of 
0 .. 15-1 .. 13 Hz a stimulus amplitude of 2° resulted in a mean S.D~ of 
retinal position error of 0.27 + 0.05° (S.D.), an amplitude of 5° in 
0.46 + 0.05° (S.D.) and 10°- in 0.85 + 0.08° (S.D.). The vertical 
component of the retinal position error was only slightly, but 
significantly higher than the horizontal comp::ment (mean difference a. 05 
+ 0.1° S.D., p < 0.02). 
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Fig. 3.13A 

Fig. 3.13B 

Fig. 3.13. Standard deviations of horizontal (filled symbols) and 
vertical (open symbols) retinal position error (RPE) during pursuit 
of triangular wave stimuli moving in one dimension only with an am­
plitude of 10° (solid lines) or in two dimensions simultaneously 
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 z S.D. for 5 subjects. 
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3~Zo3 Triangular wave stimuli 

For triangular target movements, the SoD~ 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 
stimuli, the S~D. of retinal position error of 
was lower than that of the vertical component 
+ 0.13 S.D.; p < 0.001). 

3o2.4 Similarity of retinal position error 

the single sine wave 
the horizontal component 

(mean difference Oo06 

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-random target motion three timeso Two of these three measurements 
were done in the same session (separated about 20 minutes in time); the 
third measurement was done in another session with the same subject. 
Fig. 3.14 shows the recording of retinal position error over these three 
trials for two different subiects. 

The following remarks may be made: 

1o There is a large similarity of retinal position error within one 
subject over different trials under the same stimulus conditions. One 
subject (EP) showed this similarity to a larger extent than the other 
subject (HC). 

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

3. The pattern of the retinal 
corresponding pursuit eye movements 

position error and thus 
was idiosYncratic. Subiect HC 

the 
used 

fewer saccades to correct his eye position, his eye movement was more 
smooth than that of subiect 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 S.D. of retinal position error of subiect 
HC 1.17 ~ 0~4° S.D. between measurements; of subject EP 0.96 ~ 0.04° 
S.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 recording 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 earlier. 
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3m3 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 is not zero. Lhdershoot 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 
sac cades. 

B 

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 (A) or a rhomboid (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 (S), 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, amplitude 10°) and a 
second for pursuit of a rhomboid trajectory of the same frequency and 
amplitude (Fig. 3.158) .. In both situations, pursuit was done upon a 
structured background. 

In Fig. 3.158, 
saccades are mainly 
position 
sacc a des 
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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 slopes 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 direction of the target movement 
coincide with the 45° axes of the retinal position error plane. For 
example, a target movement from the Left to 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 within 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 
retinal position error. Therefore, the centre of the ellipse T is very 
close to the origin. The vertical axis of the ellipse Tis 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 lies 
completely inside the ell ipse S. 

There was no sharp threshold of retinal position error at which 
saccades were automatically 
start of saccades varied 
conditions. The starting 

generated. The retinal position error at the 
within and between different stimulus 

points of saccades were not clustered in a 
circle or an ellipse in the retinal error plane. 

The Location of the ellipse T in between the ellipse S 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, velocity and predictability of the target 
movement were selected to favour smooth pursuit, it never showed a gain 
above Oa96 and saccades supplemented the smooth eye movements to track 
the target with the proper amplitude. These findings are in agreement 
with those of Puckett & Steinman (1969), Murphy (1978) and Kowler, 
Murphy & Steinman (1978). The Latter investigators reported that 
subjects could only match velocity of slowly moving targets (2.4°/s) 
after considerable practice while a target moving with a higher velocity 
(5.4°/s) was always pursued with an appreciable retinal slip velocity. 
In this study I showed that untrained subjects are unable to pursue 
targets moving at velocities 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 
composition of the stimulus. Even if two stimuli have three 
of the same frequency and differ in only one frequency, a 
different response and performance can be obtained (Figs. 3~3 

spectral 
components 
completely 
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 basis of the Literature (Stark, vossius & 
Young, 1962; Michael & Jones, 1966; Bahill, Iandolo & Troost. 1980; 
Lisberger, Evinger, Johanson, & Fuchs, 1981; Lisberger, Evinger, 
Johanson, & Fuchs, 1981). 

New results are that the gain of the composite eye movement and the 
cumulative smooth eye movement increase with frequency 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 Lead with 
respect to the target motion for the lower frequency components. 

A composite gain above unity is due to saccades which overshoot the 
target movement (figs.2.3A and B). Although the composite gain could 
be Larger than one, smooth pursuit gain was always smaller 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 pseudo-random stimuli. I chose 
·~.:he amplitude of the frequency components of this type of stimul1 
inversely proportional to their frequency in order to obtain different 
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components with 

of the component. 

equal maximum velocities, independent of the frequency 

Since the maximum acceleration of a sine wave is 
proportional to the amplitude times the square of its frequency, the 

components had a maximLKil acceleration which increased linearly with 
frequency. If the findings of Lisberger, Evinger, Johanson, & Fuchs 

(1981) would apply for my results as well, I should have found a smooth 

pursuit gain which decreased with increasing frequency, but I did not 
(Figs. 3.3 and 3.4). Lisberger, Evinger, Johanson, & Fuchs (1981), 

however, used 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. 1his 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 period 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 

only one maximum acceleration which is present only once in the complete 
recording period. Com pari son of the results presented here with those of 
Lisberger, Evinger, Johanson, & Fuchs (1981) may th·=refore be 

1 confirm, however, that the gain of the smooth component does 
depend on frequency of the stimulus, but on a combination of 

and amplitude. For a stimulus with a certain amplitude, 
frequency (range) results in a lower gain of the smooth 

(Fig. 3.2) and similarly, for a stimulus with a certain 

perilous. 

not only 
frequency 

a higher 
component 

frequency 
(range) a larger amplitude results in a lower smooth pursuit gain 
(Fig. 3.4). 

My results are in partial agreement with St-Cyr & Fender's (1969a) 

findings that composite gain increased with frequency within a narrow 
frequency band, but in contrast to their results I found that gain could 

reach values in excess of unity. 01e difference between 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 proportional to frequency. St-Cyr & Fender used a maximum 

amplitude of 1.5° for the composed signal; the amplitudes of the 

different components as such were not specified. Given the fact that 

small differences in composition of the stimulus can result in a 
markedly different pursuit performance, one can expect discrepancies 

between different studies. 
It remains unclear why the cumulative smooth eye movement shows a 

phase lead for the lower frequencies 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 polynomial still resulted in a phase lead and 
omission of the trend correction Led to erroneous results for gain and 
phase~ A phase lead of the smooth pursuit eye movements occurred only 
with pseudo-random target motionsa A sinusoidal target motion was 
followed in general with a phase Lag. 

For triangular wave stimuli, smooth pursuit gain was lower for a 
two-dimensional than for a one-dimensional target motion, This is in 
contrast to sinusoidal wave stimuli where a one-dimensionally moving 
target was pursued with a lower smooth pursuit gain than a 
two-dimensionally moving, circular 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 stimuli 
are equal; the vectorial velocity (square root of sum of the squares of 
horizontal and vertical velocity) and acceleration are different. The 
velocity and acceleration of one-dimensional sinusoidal target movements 
changes continuously whereas the vectorial velocity and (centripetal) 
acceleration of the circular target motion are constant. On the other 
hand, the vectorial velocity of a rhomboid trajectory shows frequent 
abrupt directional changes~ 

I found that horizontal pursuit contained a higher proportion of 
smooth pursuit and was more accurate in terms of retinal positio~ 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 targets 
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 trained 
to pursue vertically with the same gain as horizontally. If this is so; 
the difference between horizontal and vertical 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 general, a subject makes a 
saccade during pursuit if the retinal error rises above a certain 
unacceptably high Level. This saccade brings the target closer to the 
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fovea and the remaining retinal error position error is smaller than the 

av-:rage retinal error during pursuit. The Level 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 imperfection of pursuit and saccadic 
correctivity was found by Mackeben, Haegerstrom-R:>rtnoy & 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. 
lhe 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 threshold. The function of 
sac cades is 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 undershoot is tolerated up to a 
certain level which can vary between subjects and depends on 
experimental conditions Such as frequency or velocity of the target, 
predictability of its trajectory, etc. 

Pn interesting question is whether the saccades and the smooth 
pursuit eye movements would become more precise if a dynamic acuity task 
had to be performed, which would require a better foveation of the 
moving target. Even in the present situations, however, saccades brought 
the target already to an area where visual acuity is relatively high. 
Fig. 3.15 shows that the standard deviation of the position of the line 
of sight on a single meridian is about 35 1 at the end of saccades. ~, 

during pursuit, the precision of gaze with respect to position is 
sufficient to permit clear vi sian, particularly if modern acuity 
measurements are considered which show that the diameter of the 
isoacuity area is as Large as 50' CMillodot, 19n). 

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

Collewijn, 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 
those done in another session. The trajectory of retinal position error 
during pursuit of a pseudo-random stimulus is~ however, idiosyncratic. 
Subjects have different strategies to pursue a moving target. Some 
subjects pursue relatively smoothly whereas others use saccades more 
frequently. As a consequence, the trajectory of the retinal position 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 
respect to the rhomboid trajectory of the target 

movements with 
may be due to 

expectation of the direction changes of the target. Kowler & Steinman 
C1979a) found that subjects made anticipatory smooth eye movements 
during periodic steps of a small 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 in both horizontal 
and vertical meridians, were not Learned and became faster as the time 
of the step approached. Kowler & Steinman C1979b) 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 is 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 also to the change of direction of a continuously moving target, 
then the increase in frequency of direction changes (and thus of the 
rhomboid motion) would Lead to a Larger rotation of the eye movement 
trajectory with respect to the targets trajectory. For the rhomboid 
target motion with a frequency of 0.52 Hz (rightmost rhomboid of Fig. 
3~7) one side of the rhomboid motion had a duration of about 480 ms. If 
the anticipatory eye movements start 350 ms before 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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C H A P T E R 4 

PURSUIT UPON A DIFFUSE OR STRUCTURED BACKGROUND 

4~1 Gain and phase 

the 
One of the simplifications 
absence of a structured 

in most Laboratory studies of pursuit is 
backQround. In a normal physiological 

situation, moving targets are seen against a stationary background and 
pursuit of the target will induce a concomitant opposite motion on the 
peripheral retina~ To measure the influence of a stationary background 
the single sine wave, triangular wave and two of the Pseudo-random 
stimuli 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 illumination 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 background. 

Some examples of recordings of pursuit upon a structured background 
(B) were shown in previous chaoters: in Fig. 3.1 (circular target motion 
at 0.28 Hz), Fig. 2.3A and 2.38 (pseudo-random stimulus) and Fig. 3.5 
(rhomboid target trajectory, frequency 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 maximum amplitJde of 10° will be presented in detail to 
illustrate and quantify the effect of the background. The other stimulus 
conditions (horizontal or vertical target movements only with an 
amplitude of 10° and two-dimensional target movements with a maximum 
amplitude of 7.07°) showed the influence 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. 

Gain Horizontal Vertical 

1.0 ~ ~~· ··~· ... = .. ~ii=··-,-. -,....,;: 

0.8 

0.6 

"o 
0.4 

0.1 0.2 0.3 0.4 0.5 0.1 0.2 0.3 0.4 0.5 
Frequency Hz Frequency Hz 

..... §.~.-. ; --~ I 

t 
Fig. 4.1. Gain and phase of composite (filled symbols) and cumu­
lative smooth eye movement (open symbols) during pursuit of cir­
cular stimuli with an amplitude of 10° upon a dark (solid lines)~ 
diffuse (dashed lines) or structured background (dotted lines). 
Means z S.D. for 5 subjects. 

The introduction of a 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 visible 
b ac kg round. 

The gain of the smooth eye component was unaffected 
background but lowered in the presence of a structured 

by a diffuse 
background. The 

mean decrease in gain of the smooth component for single sine wave 
stimuli was 0.07 :_0 .. 08 (S.D.; p < 0.001) for the horizontal component 
and 0.19 :_0.13 (S.D.; p < 0.001) for the vertical component. Clearly., 
vertical smooth 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 stimuli 
upon the three different backgrounds used (dark, diffuse and random dot) 
is shown in Fig. 4.2. The influence of a background on pursuit of 
pseudo-random stimuli is 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 canposite 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 (S.D.; p < 0.001) for the vertical component (means and S.D. for 
the two pseudo-random stimuli pooled). Similarly as for the single sine 
wave stimuli, the random dot backgroi.J'ld inhibited the vertical component 
more than the horizontal component of the smooth eye movements. 

The phase of neither the composite nor the smooth 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 canposite eye 
movement was not systematically affected by a diffuse or structured 
background. 1-bwever, the contribution of the smooth canponent 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.D.; p < 0.02) for the horizontal component and 0.03 :t_ 0.06 
(S.D.; p < 0.01) for the vertical canponent (note: only the three higher 
velocity triangular wave stimuli were pursued upon a diffuse 
background). The decrease in smooth pursuit gain was larger for the 

structured background: 0.09 '!._0.08 (S .. D.; p < 0.001) for the horizontal 
and 0.17 + 0.10 (S.D.; p < 0.001) for the vertical component. These 
values are comparable to those obtained 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 ± S.D. for 5 subjects. 
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Fig. 4.3. Horizontal 
(filled symbols} and 
vertical (open sym­
bols) smooth pursuit 
gain in response to 
two-dimensional tri­
angular wave stimuli 
with an amplitude of 
10° during pursuit 
upon a dark (solid 
lines) , diffuse 
(dashed lines) or 
structured (dotted 
lines) background. 
Means ± S.D. for 
5 subjects. 

On the basis of these results I conclude that the presence of a 
Large stationary structured backqround has an inhibitory influence on 
smooth pursuit eye movements; vertical smooth pursuit is more inhibited 
than horizontal smooth pursuit. The inhibition 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 Different structured backgrounds 

In order to test the influence of 
on the decrease in smooth oursuit 
(described in Table 3.2) had to be 

the type of structured background 
qain, one oseudo-random stimulus 
pursued upon twelve different 
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structured backgrounds: sine wave and square wave gratings with tt.10 
different wave Lengths and edges in horizontal or vertical direction, 
two checkerboard patterns with different element sizes and two random 
dot backgrounds, also with two different element sizes Call backgrounds 
are specified in Chapter 2, page 13L With these backgrounds the 
following 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 backgroJund 
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. 
Ad. 1. The orientation of the contrast edges (tested with the horizontal 
and vertical 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 vertical edge. The mean difference was small <0.04 
+ 0.1 S.D.), but significant (p < 0.001). 
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Fig. 4.4. Gain and phase 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° (dashed lines) or 10° 
(dotted lines) upon a random dot background with elements of 
2.1°. Fig. 4.4A and 4.4B show the results for pseudo-random 
target motions with different frequency ranges. During the 
sessions, the horizontal component of Fig. 4.4A was combined 
with the vertical component of Fig. 4.4B and the vertical 
component of Fig. 4.4A with the horizontal component of Fig. 
4.4B, in order to have uncorrelated horizontal and vertical 
stimulus motions. Mean ± S.D. for 5 subjects. 
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Ad. 2~ A structured background with a soft contrast edge between 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 grating). 
Ad. 3. The size of the elements of the background had no influence on 
the decrease in smooth 
Ad. 4. The decrease in 
background was Larger 

pursuit gain~ 
smooth pursuit gain 
for a smaller stimulus 

due to the stationary 
amplitude. Fig 4.4 shows 

results for pursuit upon the random dot background with an element size 
of 2.1°. Compared with the results for pursuit upon 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 2°: 0.20 ± 0~13 (S.D.); for an amplitude of 5°: 
0.18 ± 0.1 IS. D.) and for an amplitude of 10°: 0.15 ~ 0.08 CS.D.I. 

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 

4.2~1 Diffuse and random dot background 

A typical example of retinal position error of pursuit of a 
pseudo-random target motion upon a random dot background was shown in 
F~ga 3.8 (recording marked with B). Fig. 3.9 showed an example of the 
two dimensional distribution of the retinal oosition error during 
pursuit of one cycle of a circular target motion upon a dark CNB) and 
random dot background (8). Both figures illustrate the effect of a 
structured background on pursuit movements: the smooth component slowed 
down and extra saccades were inserted to supplement the smooth 
component. The S.D. of the retinal position error during pursuit upon a 
diffuse or structured background are shown in Fig. 4.5 (sin~Le sine wave 
and pseudo-random stimuli) and Fig. 4.6 (rhomboid target trajectories). 
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Fig. 4.5. Standard deviations (mean values for 5 subjects, S.D. of this 
mean indicated by vertical lines) of retinal position error during pur­
suit of circular or two-dimensional pseudo-random stimuli with a maxi­
mum amplitude of 10° upon a dark (black bars), diffuse {open bars) or a 
structured (checkerboard bars) background. 

1.5° S_D_ Ret1nal POSitiOn Error 

lO 

5 

Tnangles 

201m.10° 

10 

.• 

Velocity 

15 

Fig. 4.6. Standard de­
viations of the hori­
zontal (filled symbols) 
and vertical (open sym­
bols) component of re­
tinal position error as 
a function of target 
velocity during pursuit 
of rhomboidal stimuli 
with a maximum ampli­
tude of 10° upon a dark 
(solid lines), diffuse 
(dashed lines) or a 
structured (dotted 
lines) background. Mean 
:!: S.D. for 5 subjects. 
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For all types of stimuli used, the S~D. of retinal position error 

increased with increasing frequency and velocity. For single sine waves 
the S.D. increased from O. 28° to 0. 73° when the frequency increased from 

0.15 to 0.52 Hz* The S.D 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 pseudcrrandom stimuli specified in Table 3.1, the 
one with the higher frequency comp:~nents resulted in a higher S.D of 
retinal error: 0.89° versus 0.51° for the pseudcrrandom stimulus with 
the lower frequency range. 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° + 0.19° S.D.; p < 0. 001) and for the triangular wave 
stimuli (mean difference 0.08° + 0.1° So.; p < 0.001). In nearly all 
situations, the S.D. of retinal position error during pursuit upon a 
diffuse background was slightly Lower than during pursuit upon a dark 
background (see open 
The mean difference 
(S~D.; p < 0.02) and 
(S.D.; p < 0.001). 
significanL 

bars in Fig. 4.5 and the dashed Line in Fig. 4.6). 
for single sine wave stimuli was 0.06° + 0.22° 

for the two pseudo-random stimuli 0.15° + 0.18° 
For triangular wave stimuli the difference was not 

For single sine wave and triangular wave stimuli the S.D. of 

retinal position error showed no significant differences between pursuit 
upon a dark or a structured background. Although the smooth component 
slowed down when the structured background was introduced, the S 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 pseudcrrandorn stimuli were 
pursued with a slightly Larger S D. of retinal position error upon a 
dark background than upon a structured background (mean difference 0.06 
:':_ 0. 16 S.D. ; p < 0. 01l. 

4. 2. 2 Effects of structure of backgrounds 

In general, the introduction of the random dot background did not 
significantly 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 struGture within the background had any systematical influence on 
retinal position error, one pseudcrrandom 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 C12 x 3) were used twice with interchange of the horizontal 

and vertical target motion to balance for the composition of the 

stimulus in both orthogonal directions. Figs. 4. 7 and 4. 8 show the S.D. 
of retinal position error for the two compositions used. 

The type of structured background present during pursuit (dark or 

any of the twelve other backgrounds) did not systematically influence 
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 

upon a structured background as well. 

Another spectral composition of the stimulus resulted in another 
retinal error. The S.D 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 frequency range of 0.21 

-0.95 Hz. The average difference for a maxirnLITI target amplitude of 10° 
was 0.22 + 0.16 CS.D, p < 0.001), for 5° amplitude 0.10 + 0.07 (S.D., 
p < 0.001) :;-nd for the 2° amplitude 0.04 :':_0.04 (S.D., p < 0.001). 

The vertical component of retinal 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 0.01 ::_ 0.05 (S.D., 

p < 0.05) for a 2° stimulus amplitude, 0.05 ::_ 0.08 CS.D_) for a 5° 

amplitude and 0.06 + 0.15 (S.D.) for 10°. f=or the other spectral 
composition (Fig. 4.8) these figures were 0.04 + 0.05 (S.D.); 0.07 

::_0.11 (S.D) and 0.22 ~0.22 (S.D.) respectively. The last five 

differences were highly significant Cp < 0.001). 

Thus, the retinal position error was not significantly influenced 

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 movements. The vertical component of the 
retinal error is, in similar conditions, larger than the horizontal 

component. 
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Fig. 4.7. Standard deviations (mean values for 5 subjects, S.D. of this 
mean indicated by vertical lines) of the horizontal (open bars) and 
vertical (checkerboard bars) retinal position error during pursuit of 
pseudo-random stimuli in two dimensions with an amplitude of 2, 5 or 10° 
as a function of the 13 different backgrounds used. The frequency range 
of the stimulus was 0.15- 1.13 Hz. 
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4. 3 Open- Loop pursuit 

One way to study oculomotor characteristics and to identify the 

oculomotor system directly is to use an open-Loop 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 position to the target 

position (Fig. 4.9). 

Retinal Error 
Cl d I ose oop 

Target .0 
Oculomotor Eye 

System 
-

Open loop 
Retinal Error = Stimulus 

Target 

Stimulus~ Oculomotor Eye 
+ + System 

+ -

Electronic Feedback 

Fig. 4.9. Schematic diagram of the normal closed-loop 
and artificially open-loop pursuit condition_ In the 
open-loop condition, the retinal error signal is equal 
to the presented stimulus motion. 

Only a number of pi Lot experiments was done. In these experiments, some 
of the measurements were open-Loop, others were not. 01Ly the feedback 

Loop for the horizontal eye movements was opened. One pseudo-random 
stimulus (Table 3.1; horizontal component of SLM 1) was displayed in 

horizontal direction with an amplitude of 0.5, 1 or 2° for the open-Loop 
condition (in these measurements the retinal error signal was equal to 
the stimulus) and with an amplitude of 1, 2 or 40 for the c Lased- Loop 
condition. Subjects were told before the ex per imen tal session that 
open- loop measurements would be done Call knew what an open- loop 

condition was) and instructed to pursue the target in a normal way. In 

practice, subjects immediately recognized an open-Loop condition. 
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The results obtained with these open-Loop experiments were very 
idiosyncratic. Fig. 4.1 0 shows five examples of open-Loop pursuit, one 
for every subject serving in these experiments. 

Error Hm ~~ ~I, o 

~ ~ l3 
Eye 
S:JH 

S:GM 

~-==::7 ~ 

--"8:;::: H=S==""'~'-------'"c:::::o::;=--// __ · [20o 
- 7 ~ 

S:EP 

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 equipment (20°). 

A completely different response can be seen for the different subjects. 
01e subjects (HC) responded to the stimulus (= retinal error signal) 

with very 
The gain 

Large eye movements which exceeded the range of the apparatus. 
of his eye movements (measured with the stimulus = retinal 

65 



error signal 
20G Another 

serving as input signal) varied between approximately 5 and 
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 voluntary modified her eye movements (i.e. the gain of her eye 
movements) in order to keep the target within a Limited area <about 20°) 
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-loop condition. 

4.4 Discussion 

4.4.1 Effect of background and attention 

The results presented in this chapter show an interaction between 
voluntary 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 oursuit whereas the overall 
accuracy of gaze is maintained, both in terms of the gain 
relationship between eye and target movement and in terms 
position error. The specific structure of the background is 
marginal importance. 

and phase 
of retinal 

only of 

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 smooth eye movements to correct the eye position. Smooth 
pursuit movements do not minimize the unweighted retinal slip velocityi 
rather they minimize the sum of retinal slip velocities at different 
parts of the retina after weiqhting with different factors. These 
factors are partially determined by the structure of the visual system, 
but they can, on the other hand, be modified by the subject. 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 that4 in the 
generation of optokinetic nystagmus, the influence of the central 10° of 
the visual field is disproportionally large 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 S·Jme extent (Collewijn, Curio & GrU'sser, 1982). 

The decrease in smooth pursuit was compensated by another part of 
the visuo-motor system: the saccade generation system. As a result, the 
gain of the composite eye movement did not decrease and the S D. 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 increase 
the total amount of time in which threshold for vision is elevated 
(Zuber & Stark, 1966; Beeler, 1967; Campbell & Wurtz, 1978). 01e 
possible explanation for the strategy to replace part of the smooth 
component by sac cades is that if, during foveal pursuit, the visual 
information coming from the surrounding of the moving target is 
completely neglected, any object of interest or danger which is in this 
surrounding will remain unnoticed by the subject. This is an unwanted 
and possibly dangerous situation. Therefore, visual information from the 
periphery of the retina is processed 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 
background 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 ret~nal slip. In 
agreement with Kbwler, Murphy & Steirman (1978) I found only a minimal 
effect of a diffusely illuminated background. For all types of target 
motion, the s, 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 background8 Differences in contrast could be the 
cause of these differences. The difference in luminance between target 
and background was larger for the dark background than for the diffuse 
background, because I used the S.;!,ne 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 position error and to insert small saccades more 

frequently to foveate the target, which resulted in a smaller S D. of 
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retinal position error. 

My results contrast with the preliminary findings of Ter Braak 
(1957, 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 between 
target and background, e.g. when target and background are moving in the 
same direction with different velocities, 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 velocity of target and background used by Ter Braak, it is hard to 
compare his findings with my results. 

Hood (1975) did some preliminary experiments 

which moved in darkness or upon a striped 
on pursuit of a target 

background, using EOG 
recording. In nonnal 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 a very effective 
stimulus on the peripheral retina during foveal pursuit. The difference 
in recording technique could also account for the different results 
obtained. M::>st saccades during pursuit are small (< 1.0°) and only 
revealed by a very precise recording technique~ Hood (1975). did find an 
effect of the striped backgroUI'ld on pursuit in patients with cerebellar 
Lesions. This effect was similar, but much stronger than the one I have 
recorded in normal subjects. It is well known that the cerebellum 
(particularly the flocculus and para flocculus) is important for normal 
pursuit in primates (Zee, Yee, GJgan, Robinson & 8"lgel, 1976; Zee, 
Yamazaki, Butler & GU_x.er, 1981L lherefore, cerebellar pathology may 
make the rema1n1ng smooth pursuit function more susceptible to 
disturbing influences such as exerted by a background~ 

The decrease in smooth pursuit gain during purs,..Jit upon a 
stru-::tured background as presented in this study, is somewhat smaller 
than the one reported earlier (Tamminga & Collewijn, 1981L 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 Learned to counteract the inhibitive influence of the 
background with as a result a smaller decrease in smooth pursuit gain. 
It also indicates that training can have a beneficial effect on pursuit 
in the presence of a backgrounda Thus, the inhibitory effect of a 
stationary surround can sometimes be overcome by sufficient training 
and/or specific attentiona It is known that training can also improve 
the quality of pursuit without a backqround (Kowler, 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 & Collewijn (1981) were obtained with a fairly Large 
(40 min arc) and transparent target, i.e. the background was not 
concealed by a solid target. This means that any retinal velocity 
detectors in the central retina were stimulated by the opposite stimuli 
of target and background# which could Lower the velocity dependent drive 
for pursuit by straightforward competitive interaction. 

4.4.2 Open-Loop pursuit 

Several investigators have 
open-loop condition (e.g. Heywood 

done experiments 
& Churcher, 1971; 

on pursuit in an 
Yasui & Young, 1975; 

Wyatt & Pola, 1979; Cushman, Tangney, Steinman & Ferguson, 1983). Their 
general finding was that small tarqet motions or displacements on the 
retina gave rise to relatively Large eye movements. This high open-Loop 
gain is thought to be the mechanism that brinqs about accurate pursuit 
under normal closed-Loop conditions encountered in the real world~ 

However, the experiments done to investiqate the influence of a 
stationary background upon pursuit under open-Loop conditions (this 
study) were not successful. The results obtained showed gains of the 
open-Loop system which were for one subject a tenfold higher than for 
another subject. Although the open-Loop measurements were intermixed 
with normal closed-Loop measurements, subjects recognized an open-Loop 
condition almost immediately. Furthermore, at Least one subject was able 
to modify 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-Loop 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 eye position if the retinal position 
error rises above a certain unacceptably high Level (see Figs. 3.8, 3.9, 
3.14 and 3.15). In an open-loop condition, eye movements are unable to 
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influence the retinal position of the image of the target; retinal slip 

and position error are completely determined by the stimulus motion. 

This artificiality of retinal error resulted in Large individual 

differences. Such differences, however" were small during pursuit in a 

closed- Loop condition. 
Wyatt & Pola (1979) obtained, in contrast to the results presented 

in this chapter, consistent results in a comparable open-loop situation. 

They used sinusoidal stirnul i of comparable amplitude (2 or 3° peak to 
peak) and frequency (Q.3 1.5 Hz). There are, however, a nunber of 

differences which could account for this (apparent) consistency. Wyatt & 

Pota did experiments with two subjects and illustrate their findings 
with the results of one subject only. Furthermore, they used recording 

equipment with a Low resolution CO. 25°) and used a feedback loop to 

create the open-loop condition with an accuracy of 0.25 0.5° and 

limited bandwidth (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 allows 

the subject to overcome the idiosyncratic characteristics of his smooth 

pursuit sl.bsystem. Slip, even when 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 S.D. of this gain. 
01 the basis of my results, I conclude that in 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 between pursuit and a stationary 
background & 
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CHAPTER 5 

INDUCED EYE MOVEMENTS DURING FIXATION OR PURSUIT 

5~ 1 Fixation 

In the previous chapter it was shown that the presence of a 

conflicting 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 frequency, was not 

degraded, the smooth eye movements slowed down and there was a shift 

from smooth towards saccadic pursuitG To extend the range of target 
velocities to the lowest velocity possible <= zero), fixation 
experiments were done~ To investigate the influence of a stationary or 

structured background upon the eye movements during fixation, subjects 

had to fixate a stationary target during 32.77 s under various 
conditions: with or without a stationary diffuse or random dot 

background (section 5.2) or in the presence of a moving random dot 
background in a closed- (section 5~3) or open-loop condition (section 

5.4). During the fixation experiments, the sensitivity of the recording 

equipment was 2. 5 times higher than during the pursuit experiments. Each 

fixation measurement was repeated once, with a time interval of about 15 
min. 

5.2 Fixation with a stationary background 

During fixation the eye was not completely stable. Eye movements 

consisted of combination of small sac cades Cal so called microsaccades) 
and drift~ The amount of instability of the eye varied between subjects. 

Fig. 5.1A shows the combined horizontal and vertical eye movements 

during fixation with a dark background for two subjects. The eye 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 S D. of the retinal error 
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was calculated as a measure of the quality of the fixation. 

A B 

SOP 

Fig. 5.1. Registration of the 
combined horizontal and verti­
cal eye movements of two sub­
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 
(B). Duration about 8 s. 

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. Although the structured 
background formed a larger stationary stimulus, the S.D. of retinal 
position error did not decrease by the presence of this background. The 
horizontal component of the S .. D. of retinal position error was generally 
smaller than the vertical component although the difference was not 
significant. The S.D. of retinal position error is comparable to the 
values obtained if the results for tracking of a slope CFig. 3.13A) are 
extrapolated to a zero target velocity: 0.10° for the horizontal and 
0.12° for the vertical componenL 

5.3 Fixation with a moving background 

The complement of pursuit with a statirJnary background is fixation 
with a moving background. During fixation of a central target, the 
moving background formes a large moving visual 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 amplitl.des: 
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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. 

Dark Diffuse Random dot 
Subject Background Background Background 

------------------------------------------------------------
Ho ri zonta l component 

EP a.169 a.14a a.135 
a.127 a.a7a a.161 

GM a.a62 a.a5a a. a73 
a.a92 a. 111 a.a71 

HC a. a85 a.135 a. 089 
a.a66 a.a93 a. an 

HS a. a98 a. a58 a. a69 
a.a89 a.129 a.199 

Mean (S D ) a. a99 <0.035) a. a98 (0. 036) a. 111 <a. a49) 

Vertical component 

EP a.174 a.a89 a.107 
a.a67 a.a87 a.1a2 

GM a. a60 a. a48 a. a58 
a.a69 a.a60 o.a53 

HC a. 122 a. 238 o. 171 
0.1a6 0.168 a.152 

HS a.080 0. 088 0.058 
a.133 0.159 0.147 

Mean (S D ) o. 101 (0. 04al 0.117 <0.065) 0.106 <0.047) 

(a) 0.153 Hz and 4.94°; (b) 0 .. 275 Hz and 2.68°; (c) 0.397 Hz and 1.84° 

and (d) 0.580 Hz and 1.26°. The amplitudes of the background motions 

were inversely proportional to the frequency to obtain stimuli with 
equal maximun velocities. 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 c; band d; a, b and c; b.r c and 
d; and all four single sine waves~ Due to technical limitations, the 

background was displaced in horizontal direction only. 
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Se3~1 Gain and phase 

Fixation was influenced by the presence of 
although the induction of motion was small and 
and between different background movements. 

a moving background,. 
varied between subjects 

S,HS 

E 

8;2.5 

s 

[4' 

E 

3s 

E 
s 

Fig. 5.2. Registration of the horizontal composite (E) and cumulative 
smooth (S) eye movements of two subjects (HS and DP) during fixation 
in the presence of pseudo-randomly or sinusoidally moving background 
(dot:ted 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 
sinusoidally and pseudo-randomly moving background Subject HS showed a 
relatively large induction of eye movement, while the induced eye 
movements in subject DP were very 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 
baCkground movements with a 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, only the gain and phase of the cUTiulative 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. 

0.10 

0.08 

0.06 

004 

0.02 

0.1 

0 

-30 

-60 

Gain 

0.2 

I 

0.5 Hz 
Frequency 

Fig. 5.3. Mean gain and 
phase of the cumulative 
horizontal smooth eye 
movements which were in­
duced by a sinusoidally 
(dashed lines) or a 
pseudo-randomly (solid 
lines) moving random dot 
background of different 
spectral compositions. 
Mean t S.D. of 4 sub­
jects, two trials each. 
The background moved in 
horizontal direction. 

For single sine wave stimuli, the gain increased with frequencyo 
The amplitude of the induced eye movements, however, decreased with 
increasing frequency, because the increase in gain was less than the 
increase in frequency (stimulus amplitude was inversely proportional to 
frequency)~ For a background motion with an amplitude of 4.94° at 
0.15 Hz, the amplitude of the cumulative smooth eye movements was 0.17° 
(=stimulus amplitude x gain). This amplitude decreased to 0.09° for a 

background movement of 1. 26° at 0. 58 Hz. 
There was no superposition of the motion induced by the single sine 

waves. The induced motion was smaller for pseudo-random stimuli than for 
single sine wave stimuli and decreased when the nLJTiber of components in 

75 



the stimulus 

phase, nor in 
smooth eye 

increased. The induced eye movements were not clearly in 

counter phase with the background motion. The phase of the 

movements varied between -30 and -100°, and decreased with 
the increase in frequency. 

5 .. 3~ 2 Retinal error 

Fig. 5.4 summarizes the S.D. of retinal position error for fixation 

in darkness and in the presence of a stationary or moving background. 

SD Retinal Position Error 

0.15 

0.05 

Fig. 5.4. S.D. of the horizontal (dotted bars} and vertical (hatched 
bars} component of retinal position error during fixation of a spot 
of 7' diameter upon a dark background (A}; stationary random dot back­
ground (B); sinusoidally moving background of 0.15 Hz and 4.94° (C); 
0.28 Hz and 2.68° (D); 0.40 Hz and 1.84° (E); 0.58 Hz and 1.26° (F); or 
a pseudo-randomly moving background with a spectral composition equal 
to the sum of C and E (G); D and F {H); C, D and E (I}; D, E and F (J); 
and all four single sine waves (K}. Mean and S.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. 

Due to the induction of motion 
horizontal direction, the s D. 

error increased (mean increas~ 

component, however, 

also visible in Fig. 

amplitude when the 
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decreased. 

5.18. The 
background 

by the background which moved in 

of the horizontal component of retinal 
0. 03°). The S.D. of the vertical 

This decrease in vertical direction is 

vertical eye movements decreased in 

was moved horizontally. There was no 



significant difference in retinal error during fixation between the 
different movements of the background. 

5. 4 Fixation of a central target in an open- Loop condition 

The visual feedback during fixation enabled the visual system to 
correct the eye position with a saccade whenever the eye deviated from 
the target position. To eliminate this visual feedback, open- Loop 
experiments were done in which the target was stabilized in horizontal 
direction within the foveal region. During this stabilization, subjects 
which showed a very stable fixation in vertical direction, reported that 
the target faded (which indicates a good stabilization) but that the 
target could be made visible by making small vertical eye movements. 
During these experiments, the background was displaced with a 
pseudo-random stimulus (sun of four sine waves; Table 3.1, horizontal 
comp::>nent S\JI'I 1) with three different maximll11 amplitudes: 0.5, 1 and 2°. 
Fig. 5.5 shows two examples of the resulting composite and cunulative 
smooth eye movements. 

S:JH E 

s 
.. 

B 

ro 3s E 

s 
B 

S:HS 

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

The induced movement varied between subjects but amounted to only a 

fraction of the movement of the background. Fig. 5.6 sunmarizes mean 
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gain and phase of the cl.lllulative smooth eye movements for the three 

different amplitu:les of the background motion. 

0.30 Gain 

mo 

0.1 0.2 0.4 0.6 Hz 
Frequency 

o,---~-.----~--~-.~ 

-30 

-60 

0 
-90 

Phase 

Fig. 5.6. Mean gain and 
phase of the horizontal 
component of the cumula­
tive smooth eye movements 
which were induced by a 
pseudo-randomly moving 
random dot background with 
a maximum movement ampli­
tude of 0.5° (squares), 
1.0° (circles) or 2.0° 
(triangles) during fixa­
tion of a horizontally 
stabilized target (open­
loop fixation) . Mean i 

S.D. of 5 subjects. 

Even under open-loop conditions, the gain of the smooth comp:::ment was 
small: less than OD25. There was no clear relationship between the gain 
and the amplitude of the background motion. The background movement with 
the maximt..m amplitude of 2° resulted in a lower gain than the 0. 5° 
motion, but in a higher gain of the smooth component than the 1° 
background movement. The phase of the smooth eye movements varied 
between 0 and -90° and showed a tendency to decrease with the increase 
in frequency. 

Although there was a Large moving visual stimulus on the perifoveal 
retina and no visual feedback from the central retina due to the 
open-Loop condition, the eye movements which were induced were small and 
not in phase nor in counterphase with the motion of the background. 

78 



5.5 Induced motion during pursuit 

To investigate the induction of motion 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) in 
horizontal or in vertical direction while a random dot background was 
displaced in horizontal direction with a pseudo-random motion (sum of 
four sinewaves; Table 3.1, horizontal component SUM 1). Target and 
background motion were uncorrelated. The amplitudes of the components of 
target and background motion 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. 

During simultaneous horizontal target and background movements, 
subjects perceived that the target and background were moving both in 
horizontal direction with uncorrelated motions. However, when the target 
was moved in vertical direction only and the background in horizontal 
direction only, subjects had the strong illusion 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 horizontal 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 horizontal induced smooth eye movements 
during pursuit in vertical direction. 

Not withstanding the strong illusion that durinQ vertical pursuit 
the target was displaced in horizontal direction as well, the gain of 
the induced horizontal eye movements was small: Less than 0~15 over the 
complete frequency range of the background motion. A smaller amplitude 
of the background motion tended to induce a smaller eye movement~ The 
standard deviations of the gains were relatively large, due to large 
differences between the subjects. The phase lag of the smooth eye 
movements was larger for a smaller background amplitude and showed a 
tendency to increase with frequency. The ohase varied between -12 and 
-105°. 

Compared to the induced eye movements during fixation (Fig. 5.3) 
the induced eye movements during pursuit (Fig. 5.7) were larger. 
Apparently, the induction of motion is larger when the eye 
than when the eye is stationary. The cumulative amplitude of 

is moving 
the smooth 

eye movements, however, was limited in 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 
of the horizontal component of 
the cumulative smooth eye move-

0.20 Gain 

ments which were induced by a 0.15 
random-dot background moving 
pseudo-randomly with a maximum 
amplitude of 1. 0° (circles), 0.10 
2.0° (triangles) or 4.0° 
(squares) during pursuit of an 
uncorrelated pseudo-random 
target motion with the same 
amplitude in vertical direc-
tion. Mean I S.D. for 5 
subjects. 
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5~ 6 Discussion 

The results in this chapter show that, during fixation, the eye is 
never completely stable. Even if a Large stationary pattern was added to 
support the eye to fixate the central 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 duf' 
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 between subjects. Some 
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subjects showed; even in the presence of a moving background, a very 
stable fixation almost without saccades and drift; other subjects moved 
their eye in a small region near the target or drifted strongly in the 
direction of the moving backgrounda This intersubject variability was 
reported before by other investigators (Fiorentini & Ercoles, 1966; 
St-Cyr & Fender, 1969c; Steinman, Haddad, Skavenski & Wyman, 1973; 
Steinman, Cushman & Martins, 1982). The S.D. of retinal error as 
reported in this study is somewhat larger than values typically 
mentioned in 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 (Laser 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. 

During fixation, the eye movement pattern is composed of three 
kinds of eye movements: Cmicro}saccades, drift and tremor .. In this 
study, no special arrangements were made to analyze tremora This type of 
eye movement has a frequency of 20 to 100Hz and a median amplitude of 
about 20" (Findlay, 1971). There are several theories about the function 
of the microsaccades and drift during fixation. Che theory is that if 
the eye does not move, the visual image is stabilized on the retina and 

the image fades from perception after several seconds.. In 1956, 
Cornsweet 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, Timberlake & 

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 sho'W!l in this 
chapter, is that during normal visual 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. If, 
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. 

81 



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 eye 
position 
system to 

to counteract the induced eye movements forced the visuo-motor 
abolish the small scanning eye movements; the system was too 

much involved in correction of the eye position. There is, however, in 
literature some controversy concerning the significance of the various 
fixational eye movements; see Ditchburn C1980) and Kowler & Steinman 
(1980) for a recent overview. The small saccades, functional or not, are 
not detrimental to vision; they do not move the target away from the 
part of the retina where objects can be seen well. 

The induction and perception of motion during fixation has been 
investigated earlier~ Murphy, Kowler & Steinman (1975)~ Mack~ Fendrich & 
Pleune {1979) and Mack, Fendrich & Wong (1982) used backgrounds which 
moved at constant velocity, while Yasui & Young (1975), Wyatt & Pola 
(1979), Pola & Wyatt (1980) 1 Mack, Fendrich & Wong (1982) and Collewijn~ 
Conijn, Martins, Tamminga & Van Die C1982) used a sinusoidal movement of 
a background or a structure surrounding the central target which was 
viewed in closed- or open-loop. 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 90° of phase and 
that the induction of motion was larger during pursuit~ 

Murphy, Kowler & Steinman (1975) 1 using a background formed by a 
square wave grating which moved in horizontal direction with a constant 
velocity, found that most 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 
four points which marked 
wide. 

a frame of referencei which consisted of 
the corners of a rectangle 3° high and 0.5° 

The results of experiments done with sinusoidal background motions 
contradict each other. Wyatt & Pola (1979) found that the eye movement 
was in phase with perceived movement of the target and in 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 rectan~le 27° wide and 22° high. The eye viewed a central target which 
was stabilized on the retina (open-loop)~ In addition to this 
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experiment, Wyatt & Pola (1979) found that pursuit of a sinusoidally 
moving target in open-Loop was augmented by the movement of the frame in 
counterphase with the stimulus motion. Mack, Fendrich & Wong (1982), 

however, replicated the experiments done by Wyatt & Pola and found the 
opposite of what Wyatt & Pola reported: the amplitude of pursuit was 
substantially reduced when a counterphase frame was present. This is 
consistent with my finding that smooth pursuit in the presence of a 
stationary background is slowed down. Collewijn, Conijn, Martins, 
Tamminga & Van Die (1982) rep:>rted that the eye motion induced by a 
sinusoidally moving random dot background in closed-loop condition had a 
phase lag of about 90° 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 lag 90° in 
phase with respect to the background, especially for background 
movements with a small amplitude (which is what Collewijn, Conijn, 
Martins, Tamminga & Van Die, 1982, used). Such background movements 
induce smooth eye movements with a relatively high gain2 Collewijn, 
Conijn, Martins, Tamminga & Van 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 various studies. First of all, there is the recording technique. 
Wyatt & Pola (1979) used an infrared reflection technique with a 
resolution of about 0. 25°; Mack, Fend rich & Wong (1982) used a AJrkinj e 

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 coil technique with a resolution better than min 
arc. Especially in the open-loop condition, 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 a high frequ2ncy induced smooth eye movements with a 
higher gain than a stimulus with large amplitu:le and low frequency, 
although the maximLrn velocities of all single sine waves were equal. The 
use of a more complex background motion resulted in a smaller induction 
of movement; if the background motion contained more comp:~nents, the 
gain of the cLrnulative smooth eye movements was lower. Another important 
factor was the nature of the background which was used in the different 
stu:lies~ 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 C1975) used a richer background (square wave grating) although 

it was rather small (4°). Collewijn, Conijn, Martins, Tamminga & Van Die 

(1982) and I used a background which was large and contained many 

contrast edges: a random dot background of 90 x 90° in size. The results 
obtained with this background are consistent: the induced eye movement 

lagged the background motion by 90°. 
During 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 SUll 

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 <Limited 
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 impossible 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_. Tamminga & 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 single sine waves {Figa 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 velocity 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 motion. 1\tJrphy, Kowler & Steinman (1975) found that the 

induction of motion was smaller for a background moving at 8°/s than for 

a backgrQund moving at 0.8°/s. Furthermore, induction probably needs 

some time to build up; single sine wave stimuli enable this build-up, 
while pseudo- random stimuli cancel the build-up because of the frequent 

and irregular changes of direction. On the other hand, single sine wave 
stimuli are known to induce a different type of response than (pseudo-) 

random stimuli. 
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Fig. 5.8. Distribution 
of velocity of a single 
sine wave of 0.15 Hz 
and an amplitude of 4.94° 
(top) aiJd of a pseudo­
random motion {bottom) 
which was the sum of four 
non-harmonic sine waves 
(0.15 Hz and 4.94°; 0.28 
Hz and 2.68°; 0.40 Hz and 
1.84°; 0.58 Hz and 1.26°). 

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 stationary 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 open-loop condition were only a fraction 
of the movements of the background. This was also reported by Mack, 
Fendrich & Pleune (1979) and Mack, Fendrich & Wong (1982) who found 
that, even in 
stable. This 

an open-loop condition, the eye remained relatively 
finding can only be explained by the imperfection of the 

open- Loop condition or the existence of additional feedback loops in the 
visuo-motor system. The recording technique and the projection aoparatus 
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 stationary 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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visual world. Although the coils were Located in the periphery of the 

visual field C45° out of centre) and only dimly Lit by the reflection of 
the illliTlination of the background, they marked the edges of the random 
dot background .. 

Another way for the oculomotor system to get information about the 
position of the eye is the proprioceptive feedback Loop. This Loop was 
not nullified by the opening of the retinal feedback Loop of the visual 
system. Proprioceptive feedback from the muscles of the eye may signal 
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 if 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 st.xnmarized 
by Skavenski & Hansen (1978) have Led 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 in 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 is pursuing a target in an orthogonal 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 
During pursuit, however, eye movements did not only serve to counteract 
the backgrol.Bld 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 induced 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 introduction 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). 

t 

Fig. 6.1. Target for 
peripheral pursuit. 
Subjects had to fixate 
an imaginary point in 
the centre between the 
two (green) arrows mo­
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 direction with single 
sine wave stimuli of 0.15 and 0.52 Hz and an amplitude of 10°; with two 

pseudo-random stimuli with frequency ranges of 0.21 - 0.70 and 0.28 

0.89 Hz and a maximlll1 amplitude of 10° (sum of four sine waves; Table 

3.1, vertical components of SL.M 1 and SLM 2) or with four triangular 
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wave stimuli with velocities of 

investigate if the presence of a 
pursuit performance, these stimuli 
diffuse and random dot background. 

6. 2 Gain and phase 

1. 2, 3. 7, 
stationary 

had to be 

6.1 and 20.8°/s. To 
background influenced 

pursued upon a dark, 

Subjects were able to pursue peripheral 
recordings of pursuit of a triangular wave 
dark and the random dot background. 

targets. Fig. 6. 2 shows 
stimulus of 3. 7°/s upon the 

Horizontal 

NB 

Vertical 

3s 

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

Even in the absence of a foveal target, pursuit upon 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 illustrated in 
Fig. 6.2 for the stimulus type which showed this effect most 
dramatically, i.e. a 
showed a tendency 
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used to keep the eye ahead of the imaginary target~ Vertical eye 

position was maintained in between the peripheral targets~ The eye 

remained, in general, within a range of 2° above or below the horizontal 

position of the imaginary target. 1\brmally, 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 
composite (open circles) 
and cumulative smooth eye 
movements (filled cir­
cles) during peripheral 
pursuit of single sine 
wave stimuli upon a dark 
(solid lines), diffuse 
(dashed lines) or random 
dot background (dotted 
lines). Mean t S.D. of 
four subjects. 
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For peripheral 

background did 

movement. This 
is comparable 
(slightly Less 

pursuit, the introduction of a diffuse or a structured 

not systematically change the gain of the composite eye 
gain decreased from 1e00 + OeOZ (S.D) at 0~15 Hz (which 

to foveal pursuit) to 0.96 + 0.03 CS D.) at 0.52 Hz 
than the composite gain during foveal pursuit)~ The 

pursuit eye movements were not completely smooth. In the presence of a 
dark background, the gain of the smooth component was 0.92 ~0.04 (S.D.) 

at 0.15 Hz which decreased to 0 .. 72 ~0.06 (S.D.) at 0.52 Hz, values 

comparable to the normal pursuit condition. The introduction 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 (S.D.) which is Larger than the decrease during foveal pursuit, 
which amounted to 0. 07 :._ 0. 09 (S _ D ) ~ The phase of the comp:>si te and the 
smooth eye movement was small and decreased Little with the increase in 
frequency. 

1.4 Gain 
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0.8 
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Fig. 6.4. Mean gain and 
phase of the horizontal 
composite (open circles) 
and cumulative smooth 
eye movements (filled 
circles) during periphe­
ral pursuit of a pseudo­
random stimulus with 
four components in the 
frequency range of 0.21 
- 0.70 Hz upon a dark 
(solid lines), diffuse 
(dashea lines) or struc­
tured background (dotted 
lines). Mean ±S.D. of 
four subjects. 
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Fig. 6.5. As Fig. 6.4 for 
a pseudo-random stimulus 
with a frequency range of 
0.28 - 0.89 Hz . 

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 small (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 influence smooth pursuit gain, but the introduction of a 

structured background lowered it. The difference in smooth pursuit gain 

between a dark and a structured background CO. 24 + 0.1) was Larger than 
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during foveal pursuit (0.07 :_ 0.09, Fig. 4.2L During peripheral 

pursuit, the eye movements were never completely saccadic; the mean gain 
of the smooth component remained larger than 0.35. lhe phase of neither 
the composite nor the smooth eye movement was systematically altered 
when the dark background was replaced 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 campo site and the smooth eye movement depended upon the 
spectral composition of the stimulus motion. 

lhe mean gain of the smooth comp:::>nent during peripheral pursuit of 
triangular wave motions is shown in Fig. 6.6 
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0.4 

02 

92 

Gain 

; 

• 

~······································• 

Triangles 

VelOCitY 

5 10 15 

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 
line) or random dot back­
ground (dotted line). Only 
the ~entral 75% of the 
slope of the target motion 
was used to calculate gain. 
Mean z S.D. for 4 subjects. 



For the two higher velocity triangular 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 (S D_) to 0.22 + 0.16 (S.D) for a 

stimulus velocity of 1.20/s and from 0.87 + 0.09 (S.,D) to 0.40 + 0.18 

(S.D.) 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 

calculated for the 

foveal pursuit, a retinal position error could 

difference between the point of fixation and 
be 

the 
imaginary target: the centre between the two arrows* Fig. 6.7 summarizes 

the results for the S D. 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 S.D. of retinal position error increased 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 S.D of 

retinal position error during peripheral pursuit was Larger than during 

foveal pursuit (mean increase about 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 a dark or a diffuse 

background, but lower in the presence of a structured background~ The 

difference in smooth 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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S.D. Retinal Position Error 

Triangles Sines Pseudo- Random 

6.1 0.519Hz Sum1 Sum2 

Fig. 6.7. Horizontal component of the S.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 stimuli {pseudo-random stimulus Sum 1 had 
a frequency range of 0.21 - 0.70 Hz~ Sum 2 a range of 0.28 - 0.89 Hz, 
see Table 3.1, vertical component SUM 1 and SUM 2). Mean~ S.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 

Pursuit is not only a function of the fovea. Most system-analytical 

studies describe smooth pursuit as the foveal fixation of a smoothly 

moving target (Robinson, 1976) .. This description is acceptable because 
hLITlans (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 in this chapter show that this method of pursuit 

is a preference but not the result of incompetence of the peripheral 
retina to control pursuit behaviour .. 

Tar~1ets moving in the perifoveal region are capable of generating 
smooth pursuit eye movements. A similar result was found, although not 
quantified, by Steinbach (1976), and also described by Winterson & 

Steinman (1978) and Collewijn, Curio & Grl.isser (1982). The Latter 

investigators described that, even in the absence of real movement, 
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perceived motion in 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 illuminated and the eye moves along this 
pattern at a specified velocity)~ The first two 
condition where the fovea was not stimulated 

investigations used a 
by any, possibly 

conflicting, visual stimulus. 
The results in this chapter show that smooth pursuit can be 

elicited by moving objects in the peri foveal 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 
was comparable to foveal pursuit. In the presence of a stationary 
background, however, peripheral pursuit resulted in 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. 6.6). Althot..gh 
peripheral pursuit was not as precise as its fov~al counterpart, the 
mean difference in S.D. of retinal position error amounted only to about 

35%. 
~findings seem to contrast with the results of van Die & 

Collewijn (1982), who reported that, during optokinetic nystagmus (OKN), 
the gain of the 
fovea was not 

which extended 

smooth eye movements 
stimulated by the 
90° to the Left 

decreased dramatically when the 
moving stimulus (a vertical grating 

and right). During 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 & Collewijn 
(1982) occluded a vertical sector with a width of 10° of the moving 
stimulus. Subjects had, in the configuration of van Die & Collewijn 
(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 vertical midline of the two arrows which were 
projected 5° eccentric in upper- and Lower half of the visual field van 
Die (pers. comm) found in supplementary experiments that occlusion of a 

horizontal sector of 20° in height resulted in a mean OKN gain of 0.55, 
which is a much smaller decrease in gain than during vertical occlusion. 

A second difference is that the two peripheral structures in my 
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experiments contained clear horizontal position information; there was 
only one midpoint of the two arrows. The visual 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 Steinbach (1976), who described that the occurrence of 
pursuit movement depended on the observer's appreciation of a 
object, rather than on the sensory information which Led to the 
Horizontal pursuit could even occur when the only physical 
present on the retina moved in vertical direction. 

moving 
percept. 

stimulus 

There is a biological function of this eccentric pursuit in higher 
primates. It permits the visuo-motor system to pursue targets moving 
under scotopic conditions when the fovea is not providing visual 
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. During pursuit of perifoveal targets, subjects must shift their 
attention from the fovea to the periphery (spatially selective visual 
attention). Collewijn, Curio & GrU"sser (1982) called this a shift of the 
"attention fovea". Whenever the attention fovea did not coincide with 
the retinal fovea, the part of the retina corresponding to the attention 
fovea controlled the pursuit eye movement and the speed of the Sigma-OKN 
slow phase. Thus the role of the fovea in the generation of Srllooth 
pursuit can be minimized (weighted with a small factor). 1-bwever, 
movement or perception of movement on the perifovea must be large enough 
to overrule the motion information of the fovea. Tynan & Sekuler (1982) 
found that the threshold for perception of motion is higher if the 
moving object is more eccentric. It would be interesting to investigate 
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 implications 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 simplea 
General attention and spatially 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 
will be di fficultm For a hllllan 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 
controlled 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 described 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 smooth 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 frequency composition, in a Lower gain of the smooth component 

and in a higher S~D. of retinal position error. The induction of eye 

movements was larger for a single sine wave background motion than for a 
pseudo- random motion. This dependence on the type of stimulus shows that 

the vi suo-motor system is non-linear. This non-linearity 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 ) • A further complicating factor in the generalization of the 

results is the idiosyncrasy of the response, which was most clearly 
visible in the open-loop pursuit experiments and in the fixation 

experiments. During open-loop 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. 

Idiosyncrasy is inherent to the functioning of a human being. 

Another general finding was the interaction between 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 velocity zero (fixation), 
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where smooth eye movements were induced by motion on the peripheral 

retina. In all experiments (fixation, foveal 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 degraded due to the presence of a 
stationary background, sacc3des 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 
spontaneous drift or motion induced by 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-motor 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. 1-bwever, this reliance on the saccadic system is, at 
least partially, under voluntary control~ Puckett & Steinman (1969) 

showed that subjects were able to adopt a highly saccadic or almost 
sact:ade-free mode of pursuit, although the last strategy Led to Large 

retinal position errors~ During the experiments described in this stl.dy, 
no explicit instructions were given to the subject to abolish the use of 
saccades in pursuit or fixation~ In all experiments the instruction was 
to pursue or fixate the target as accurately as possible. It might be 
that this instruction was not enough to elicit a more uniform response~ 

Attention is 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 unlimited. The actual 
processing capacity of the brain, however, is Limited and unable to 
process all information which is presented. Therefore, the processing 

Ci:'q)acity must be shared between the different systems. The way in which 
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the processing resources are allocated to the multiple sources of 

information is called "attention11
• 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 disproportionally large compared 

to the amount of information of the peripheral retina. Nevertheless, 
subjects were able to shift their attention from the fovea to the 
peri foveal retina (deallocate processing resources from the central 

retina and allocate this capacity to the processing of information of 
the peripheral retina) and pursue objects moving in the perifoveal 

retina, although the central retina was, at the sa~e time, stimulated by 
an opposite stimulus motion. 

visual 
stimulus 

eye 
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 

to a variety of visual as well as non-visual stimuli. 

and susceptible 

Modelling 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 ignores 

the fact that there is a complex information processing system which 

receives the visual 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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attention 

visual sensory eye 
stimulus system movements 

Fig. 7.2. Model of the visuo-motor system, incorporating a processing 
element which is influenced by non-visual sources of information. 

Retinal events as such are not enough to predict and explain the eye 
movements wliich 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 Learn us 
something about the most complex and intriguing part of the human body: 
the brain. 
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S~MARY 

To investigate 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 11 human 

subjects were recorded with a scleral induction coil 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 done upon a dark, diffusely Lighted or structured 
stationary or moving background. For 
experiments the visual feedback loop was 

some pursuit and 
electronically opened. 

fixation 

Data processing included separation of the comp:lsi te eye movement 

into 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 pursuiL The specific 

structure of the background was only of marginal importance. The 
influence of diffuse illumination of the background was minimal. 

Horizontal foveal pursuit contained a higher proportion of smooth 

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 Larger amplitude of the target motion resulted in a Lower 
gain of the smooth component and a higher S 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 stimuli. The cumulative 

smooth eye movements showed, during pursuit, a phase Lead with respect 
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to the target movement for the lower frequency components of 

pseudo-random stimuli. 
Open- Loop pursuit Led to eye movements which were very 

idiosyncratic. The gain of the eye movements varied between 0.5 and 20. 
At least one subject could control the amplitude of the composite eye 
movements during open-loop stimulation. 

sac cades during pursuit corrected the eye position, although not 
perfectly. During pursuit of pseudo-random stimuli, saccades overshot 
the target position. lhi s resulted in a gain of the com]:X>si te eye 
movement above unity for the higher frequency components. 

The distribution of retinal position error during pursuit was 
symmetrical around zero. Its standard deviation varied from 0. 2° to 
about 1.5°. During 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 component (0.1°). The S.D. 
of retinal position error increased in horizontal direction to about 
0.13° and decreased in vertical directio11 to about 0.07° when a 
background was moved in horizontal direction. These differences were 
independent of the type of movement of the background 

The induction of motion by a moving background during fixation was 

small The mean gain of the cumulative smooth eye movements was Less 
than 0.1 and tended to lag the background by 90°. The induction 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 peri foveal targets even upon a 
stationary background Gain and phase of the eye movements during 
peri foveal pursuit were comparable to foveal pursuit upon a dark or 
diffuse background_. but Lower upon a structered background, Peripheral 
smooth pursuit of slow target movements (below 5°/s) was, in contrast to 
foveal pursuit, inhibited heavily by the presence of a stationary 
background The S.D. of retinal position error during periphetal pursuit 
was about 35% larger than during foveal pursuit. 

I conclude that smooth and saccadic eye movements during pursuit 
and fixation subserve, in general, two different functions. Sac cades 
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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 slip 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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SAM ENVA TTING 

Om de interaktie te bepalen tussen (konflikterende) visuele stimuli die 

gepresenteerd worden op het centrale en peri fere gedeel te van de retina, 
zijn de horizontale en vertikale oogbewegingen, die gemaakt worden 
tijdens vrijwillig volgen en fixatie, met behulp van een sclerale 
induktiespoel gemeten bij 11 mensel ij ke proefpersonen" Stimulus 
bewegingen bestonden uit enkelvoudige sinussen, driehoekvormige signalen 
en serni-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 vol£r en fixatie experimenten werd de visuele 
terugkoppeling langs elektranische weg apgeheven" 
Het verwerken van de meetgegevens hestand uit het scheiden van de 
samengeste lde aagbeweg ing in een kum ulati eve glad de oagbeweg ing en een 
sac cadi sche aagbeweging; berekening van de versterkingsfaktar en 
faseverschuiving van de samengestelde en gladde aogb~weging met 
betrekking tot de stimulusbeweging en het analyseren van de retinale 
posi tiefout (posi tieverschi l tussen fovea en het beeld van het doel op 
de retina). 
Cbgvolgbewegingen waren altijd een kombinatie van gladde en saccadische 
oogbewegingen. De versterkingsfaktor van de kumulatieve gladde 
oogbeweging was altijd kleiner dan 0.96. Saccades vulden de gladde 
aogbeweging aan om de doelbeweging met de juiste amplitude te volgen. 
Een gestruktureerde achtergrond had een remmend effekt ap de gladde 
oogbeweging: de versterkingsfaktar verminderde met ongeveer 10% voar de 
horizontale en 20% voor de vertikale komponent. De achteruitgang in 
gladde aogbeweging werd volledig gekompenseerd door saccades met als 
resultaat een verschuiving van glad naar saccadisch volgen. De 
specifieke struktuur van de achtergrond zelf was niet belangrijk en oak 
de verlichting van de achtergrond als zodanig had weinig invlaed. Het 
aandeel van de gladde komponent was grater voar de hori zan tale dan voar 
de vertikale kamJX)nent van de aogvolgbeweging. Tevens was de harizantale 
volgbeweging nauwkeuriger met betrekking tot retinale positiefout dan de 
vertikale volgbeweging. 
De spektrale samenstell ing van de stimulus had een grate inv Loed op de 
oagvolgbeweging. Enkelvoudige sinusoidale bewegingen werden gevolgd met 
een grotere versterkingsfaktor 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 g Ladde komponent 

en een grotere retinale positiefout. De versterkingsfaktor van de gladde 
komp::>nent werd kleiner en de retinale posi tiefout werd grater als 
funktie van de frekwentie van de enkelvoudige sinusoidale stimuli en als 
funktie van snelheid voor de driehoekvormige doelbewegingen. De gladde 
volgbeweging had een fasevoorsprong ten opzichte van de doelbeweging 
voor de Laagste frekwentiekomponenten van de semi-wi llekeurige stimuli. 
Het openen van de visuele terugkoppeling tijdens het volgen leidde tot 
oogbewegingen die sterk afhankel ij k war en van de proefpersonen. De 
versterkingsfaktor van de samengestelde oogbeweging varieerde tussen 0.5 
en 20. Tenmi ste 1 proefpersoon was in staat om de ampl ti ude van de 
oogbeweging in deze sitiatie te be'invloeden. 
Saccades korrigeerden de oogpositie tijdens het volgen, alhoewel niet 
perfekt. Tijdens het volgen van semi-willekeurige bewegingen vertoonden 
de saccades een doorschot ten opzichte van de doelbeweging en dit 
resul teerde in een versterkingsfaktor van de oogbeweging die grater was 
dan een. 
De retinale positiefout was tijdens het volgen symmetrisch rand de nul 
verdeeld. De standaarddeviatie van de ret in ale posi tiefout Ceen rna at 
voor de nauwkeurigheid van de oogbeweging) varieerde van 0. 2° tot 1. 5°. 
De standaarddeviatie werd, tijdens fixeren, niet beinvloed door de 
aanwezigheid van een sti Lstaande gestruktureerde achtergrond en was 
ongeveer gelijk voor de horizontale en vertikale komp::>nent <0.1°). De 
standaarddeviatie vergrootte in horizontale richting tot ongeveer 0.13° 

en verkleinde in verti kale richting tot ongeveer 0. 07°, wanneer de 
achtergrond in horizontale richting werd bewogen. Deze verschillen waren 
o.1afhankel ij k van de soort beweging van de achtergrond 
De bewegende achtergrond induceerde een kleine oogbeweging tijdens het 
fixeren; de kumulatieve gladde oogbeweging had een gemiddelde 
versterkingsfaktor die kleiner was dan 0.1 en een faseachterstand van 
ongeveer 90° tenopzichte van de achtergrondbeweging. Een sinusoidale 
achtergrond beweging resulteerde in een grotere induktie van oogbeweging 
dan een semi-willekeurige achtergrondbeweging. Het openen van de visuele 
terugkoppel ing of het volgen van een verti kale doelbeweging Leidde tot 
een grotere induktie van horizontale oogbeweging door de horizontaal 
bewegende achtergrond. Desondanks bleven de oogbewegingen beperkt tot 
een fraktie van de totale beweging van de achtergrond (de 
versterkingsfaktor van de gladde oogbeweging bleef kleiner dan 0.25). 

Proefpersonen war en in staa t om een bewegend doel te volgen dat 
gepresenteerd werd op het perifere gedeelte van de retina, zelfs als er 
foveaal een st i l staande achtergrond a an we zig was. De 
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versterkingsfaktoren en faseverschuivingen van de oogbewegingen waren 
vergel ij kbaar met foveaal volgen tijdens volgen op een donkere of een 
diffuse achtergrond,. maar Lager tijdens het perifeer volgen op een 
gestruktureerde achtergrond~ In tegenstell ing tot foveaal volgen was het 
glad volgen van Langzaarn bewegende perifoveale doelen Csnelheid kleiner 
dan 5°/s) moeilijk en was de volgbeweging bijna volledig saccadisch. De 
standaard deviatie van de ret in ale posi tiefout tijdens peri foveaal 
volgen was ongeveer 35% grater dan bij foveaal volgen. 

Ik konkludeer dat gladde en saccadische oogbewegingen tijdens volgen en 
fixeren verschillende funkties hebben. Saccades korrigeren de oogpositie 
en vullen de gladde oogbeweging aan als deze tekort schiet. De gladde 
oogbeweging daarintegen dient om een gewogen sam van retinale 
sl ipsnelheden te minimal iseren. De weegfaktoren van de sl ipsnelheden 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 
gedeel ten van het gezi cht sveld 
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