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The Plasticity of Human Saccadic Eye Movements 

Trevor J. Crawford 

The central purpose of this research has been to examine 
the possibility of the plasticity of individual saccadic 
parameters and to identify their patterns of covariation. 
Experiments using trial-by-trial feedback or continuous 
on-going feedback methods demonstrated that the saccadic 
generator can prolong the duration of a saccade above 
normal levels. However, slowed peak velocities were only 
evident with continuous feedback. The results showed that 
although continuous feedback was a more effective method 
for inducing modifications of saccade trajectories, the 
effects of trial-by-trial feedback schedules were enhanced 
by distributing the training over several days. 

The instructions to produce slow saccades caused a 
'staircase' pattern of eye movements in which a continuous 
sequence of hypometric saccades was manifested. These 
saccades had latencies 400-600 msecs longer than normal 
visually controlled eye movements. Detailed measurements 
(chapter 4) of the latencies of the saccadic components 
indicated that each component was programmed 
independently. 

In chapter 5 the Gurevich claim that a saccade velocity 
depends only on the spatial magnitude of the saccade was 
tested by measuring saccades of equivalent amplitudes to 
targets which varied in movement duration and velocity. 
The accuracy of saccades but not their peak velocities or 
durations was sensitive to manipulations in the temporal 
characteristics of the target. 

Experiments in chapter 6 showed that the use of spatial 
signals in the aiming of a saccade can be systematically 
controlled. When subjects were trained for several days 
in a visual discrimination task the accuracy of the 
initial saccadic movement increased over time. The 
results of these experiments seriously question the Young 
and Stark (1963b) ballistic model and other formulations 
(Westheimer, 1954b, 1973; Yarbus, 1967) which assume that 
the saccadic system operates according to stereotyped 
mechanisms. 
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CHAPTER 1 

A Brief Introduction to the Physiology of the Human Eye 

and Extraocular Muscle Actions 

1.1 The Eye 

Each eyeball is suspended in its orbital socket by a 

complex matrix of check ligaments and extraocular muscle 

attachments. The check ligaments as their name implies, 

help to prevent instability or slackness during periods of 

fixation. Three pairs of muscles for each eye allow eye 

movements to be executed with horizontal, vertical and 

torsional components (see Fig. 1.1). Viewing from the 

front the outer coat of the eye, the sclera, is the white 

part of the eye surrounding the iris and the transparent, 

protruding cornea. The cornea is the first image forming 

surface of the eye and is responsible for 70% of the total 

refractive power of the eye (Moses, 1975). A watery 

substance called the aqueous humor, one of whose functions 

is to supply nutrients to the lens and cornea, fills the 

space between the cornea and the lens of the eye. The 

greater part of the inside of the eye, filling the cavity 

between the lens and the retina at the back of the eye 

contains a fluid called the vitreous humor (fig. 1. 2) • In 

front of the lens is the iris, which is a collection of 

muscles controlling the diameter of the eye's aperture, 

the pupil. At the 
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superior oblique 

inferior oblique 

Fig. 1.1. Primary and secondary motor actions of 
extraocular muscles, (after Carpenter, 1977). Medial and 
lateral rectus muscles exert forces largely in the 
horizontal plane. Superior and inferior rectus, superior 
and inferior oblique muscles produce rotations which have 
both horizontal and vertical components. Note also the 
torsional effect of these muscles. 
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F . 1 2 Anatomy of the human eye, 19 . . . 
1978). 

(after Laycock, 
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over the interior surface of the retina. The nerve fibres 

penetrate the surface of the retina to make connections 

with the photosensitive receptors of rods and cones. It 

is a curious phenomenon that light entering the eye must 

traverse the retina (including blood vessels) to reach the 

rods and cones. The cones are most densely distributed 

around the immediate foveal region. They function 

maximally in daylight (photopic) conditions, and are 

sensitive to colour. The cones provide a greater visual 

resolution than that of rods, which are particularly 

important in scotopic visual conditions. The region where 

the optic nerve enters the eye has no photoreceptors and 

is therefore insensitive to visual stimulation and is 

appropriately termed the blind spot. The fovea is 

approximately 0.3 mm in diameter (Osterberg, 1935)' 

corresponding to a visual angle of about 1 deg. and is the 

region of highest visual acuity. 

1.2 Extraocular Muscles 

The eye's orientation in the orbit is determined by the 

six extraocular muscles. The muscles are arranged in 

three pairs, with one muscle in each pair acting as an 

agonist (contracting) or an antagonist ('relaxing') for 

any direction of conjugate eye movements, (for 

disconjugate movements when the two eyes move in opposite 

directions the relationship of agonist I antagonist muscle 

actions will be modified e.g for horizontal convergence 

the medial recti of both eyes will simultaneously 
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contract). Each connection is made to the sheath-like 

Capsule of Tenon, enveloping the eyeball. This capsule is 

firmly attached to the eyeball and therefore moves in 

unison with movements of the eye. Five of the muscles, 

the superior, inferior, medial and lateral recti and 

superior oblique, originate at the apex of the cone of the 

orbit. The superior oblique, however, passes through a 

pulley whose mechanical leverage is arranged such that the 

primary muscle action causes a torsional rotation (see 

fig. 1.1 top right). The inferior oblique is fastened to 

the forward end of the orbit while the other end is 

attached to the capsule. The lines of action of each 

muscle are such that the muscles have subsidary or 

secondary actions as well as primary actions (Carpenter, 

1977). However, the lateral and medial recti are 

primarily responsible for the horizontal eye movements 

when the eye is in the primary position (0 degs. visual 

angle). These rotations have been the most widely studied 

of eye movements. 

The fact that each muscle is attached directly at the 

circumference of the eyeball means that their action has a 

mechanical advantage greater than that found in most other 

muscles. Thus although the eye movement energy 

requirements are minute compared to the demands of other 

body movements (for example the energy required to read a 

normal sized hardback of about 350 pages is roughly 

equivalent to the task of lifting a pint of beer to the 

mouth (Carpenter, 1977 pl47) the maximum muscle force is 
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calculated to be 100 times greater than that required to 

initiate a saccadic movement). Therefore only a 

proportion of the individual fibres need contract at one 

time; this reduces the likelihood of muscle fatigue. 

The extraocular muscles have a number of different types 

of fibres which vary along several dimensions. These 

include their diameters, their 

distribution within a fibre 

extent of myelinization, 

bundle and their neural 

inervation ratios in a motor unit. Within this spectrum 

Hess and Pilar (1963; see Moses, 1975) identified two 

categories of motor fibres with two distinct forms of 

contractile activity. These were 

contractions and tonic or slow activity. 

possible neuromuscular basis for the 

twitch or fast 

This suggested a 

fact that eye 

movements can be controlled from very slow velocities 

(less than 5 degs I sec) to the extremely rapid saccadic 

rates of 1000 degs I sec seen in primates (see 1.7.3). 

However, this distinction between twitch and tonic fibres 

does not cover the entire range of muscles fibres found in 

mammalian eye muscles. Four different classes of fibres 

that have twitch characteristics have been identified by 

Alvarodo and Van Horn (1975). These fibres differ in 

their size and position in the muscle as well as in terms 

of their mitochondrial and enzymatic content. The 

complexity of eye muscle actions is further increased by 

the dimensions of the individual muscles and their angles 

of insertion in the muscle. 
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Peripheral Mechanisms in the Control 

of Eye Movements 

The purpose of the following discussion is to try to 

provide a basis for an understanding of how the nervous 

system develops the muscular forces necessary to produce 

accurate refixation movements. An attempt will be made to 

outline some important biomechanical factors involved in 

the growth of muscle tensions during a saccade and to 

consider some fundamental features of a muscular system 

which will have a significant influence on the central 

programming of saccadic eye movements. 

Early comparative studies of different mammalian striated 

muscles (Cooper and Eccles, 1930) showed that eye muscles 

were the fastest acting of human muscles. Stimulation of 

the medial rectus in the cat led to a muscle contraction 

latency of 7.5 to 10 msecs. Similarly the frequency 

response of cat extraocular muscle exceeded that of other 

skeletal muscles, having a threshold for fusion of 

response firing (tetanic tension) of 350 Hz and a 

refractory period of 0.5 msecs. The equivalent rate for 

human eye muscle was somewhat less at 170 Hz (Reid, 1949). 

In vitro studies of electromuscular activity showed that a 

saccade is accompanied by a high burst of activity in the 

agonist and inhibition in the antagonist muscle. However, 

an early problem which. came to light concerned the 
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question of how the eye was brought to rest at the end of 

a saccade. According to one account of a ballistic 

movement (see Alpern, 1962), these movements are 

characteristically stopped by the activation of antagonist 

muscles towards the end of the eye movement. Bjork (1955) 

reported that a mechanism of this kind was observed in his 

studies. However, other workers failed to find any 

evidence of such a braking mechanism (Miller, 1958; 

Tamler et al., 1959; Westheimer, 1954a). There is strong 

evidence that a saccade is infact not terminated by an 

active braking mechanism but by the 'programming' of the 

exact muscular forces for a given eye movement ampli~ude 

(see below) • 

In 1954 Westheimer published some results and a theory 

derived from his studies of saccadic eye movements, whose 

dynamic parameters were obtained from records using an eye 

movement photo-camera recording device. Subjects (Ss) 

were asked in this study to make a single saccade between 

two sequentially illuminated targets. The visual angle 

for a saccade was varied between 2 and 30 degs. The 

individual records showed that saccades contained a rapid 

acceleration to a fast velocity for most of the saccade 

trajectory (fig. 1.3). It was also noted that when the 

eye arrived at the target there was some damped 

oscillation around this new baseline. Westheimer 

therefore calculated that the muscular mechanism in 

saccadic movements was equivalent to a system applying a 

step input force to an underdamped amplifier allowing a 
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gradually decelerates until the eye comes to rest. The 
negative velocity at the end of the movement represents 
d~namic overshoot. 
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resonance frequency of about 19 Hz. However, no direct 

recordings were obtained from the muscle activation itself 

and the oscillations mentioned by Westheimer were not 

clearly evident in the records he presented. The eye 

patterns can be better termed 'dynamic' overshoot. 

Robinson's work 10 years later provided a good test of 

Westheimer's claims by investigating the nature of dynamic 

and isometric tensions associated with saccadic movements 

and different angles of fixation against the viscous and 

elastic forces of the orbital mechanics. Robinson's 

method used a suction contact lens, firmly attached to the 

eye, in a device which allowed given weights to be applied 

to the eye. The system was used to calibrate the required 

force (in grams) necessary to pull the eye through a wide 

range of angles of rotation. The results of this work 

revealed a number of important mechanical properties of 

the oculomotor plant. 

Data obtained from isometric conditions, in which one eye 

was physically restrained while the other eye was allowed 

to move freely, demonstrated that as previously suspected, 

during a saccade the agonist muscle rises to a peak 

tension and then decays to a new resting muscle tension. 

This decay to the new tension had a time constant of about 

250 msecs. The resting tension was positively related to 

the final position of the eye in the orbit (cf Collins, 

1971) • The long time constant would suggest that the 

consequences of any extraocular innervation might be 
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influenced by its temporal onset relative to a previous 

innervation. Thus closely spaced saccades in time might 

be confounded with previous innervation making it 

difficult to gauge the correct force for a given saccade 

amplitude. This may partly explain why saccades are 

normally separated by intervals of approximately 200-250 

msecs. Collins (1975) showed that overshoot in the 

agonist activity was predominantly due to the large, fast 

conducting central fibres. The smaller fibres produced 

little overshoot during a saccade. 

Robinson also observed that the peak force developed 

during a saccade and its duration increased with the 

amplitude of the movement, although the increase was not 

proportional to the increase in amplitude. The duration 

of the force therefore increases with the amplitude to 

compensate for this absence of proportionality. Contrary 

to Westheimer's (1954a) claim a step input pr~duced a 

sluggish eye movement quite different from the fast 

saccadic actions. This result was clearly what would be 

expected from an overdamped rather than an underdamped 

system as originally proposed by Westheimer. 

Experiments in which a detached cat lateral rectus was 

stimulated at different frequencies showed that muscle 

tension increased with frequency from 25 to 150 Hz (see 

also Collins, 1971). But for any given stimulation there 

was a normal muscle length-tension curve as found in 

previous classic studies of muscle activity (e.g Hill, 
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1938). 

Further characteristics of the system were studied by 

Collins (1971) who separated out the viscoelastic forces 

of the globe, and passive and contractile elements of cat 

extraocular muscle. Although there were differences in 

the slopes and intercepts for each element, in general, it 

was found that there was a linear relationship between the 

viscoelastic forces and the level of muscle tension for 

the globe and passive elements. The viscosity of 

extraocular muscle during contraction was measured in one 

experiment by using the values for tensions developed by 

pulling the muscle at various velocities while stimulating 

the muscle at different frequencies. For any level of 

muscle innervation it was shown that when the rate of 

muscle change was in the range of saccadic velocities (e.g 

90 - 600 degs I sec) the viscous forces of the globe and 

contractile components declined gradually as the velocity 

increased (the function was flat in the pursuit velocity 

range, fig. 1.4). This result showed that even if 

Robinson (1964) was correct in arguing that the excess 

force (i.e peak force minus steady state level) does not 

increase with a saccade amplitude, the saccade velocity 

would still be expected to increase with the saccade 

amplitude, as is known to be the case (see 1.7.3). 

Collins' (1975) results support Robinson's finding that 

the eye is accelerated by an overshoot of muscle tension. 

This peak tension in the agonist occurs in phase with the 
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peak velocity of a saccade. The peak tension then falls 

to a new resting level. Interestingly at the same time, 

the stretching of the antagonist muscle causes a similar 

though reduced pattern of activity, even though there is 

no active innervation. The transient excess force of the 

agonist is therefore necessary to overcome the build up of 

the viscous forces of the globe and passive elements. 

When the excess force is withdrawn the eye gradually slows 

towards zero velocity and is then held in position at the 

new steady state. 

1.4 The Innervation of Motorneurons 

The research on mechanisms of extraocular muscle actions 

in the control of saccades showed that the neural input to 

saccades must satisfy at least three basic requirements: 

1. The neural parameter(s) controlling the 

muscle force should vary with the amplitude of the 

saccade. 

2. Two components of the neural input will be 

necessary. One providing the initial burst of force to 

accelerate the eye and a second component to provide the 

new baseline force to hold the eye at the new location. 

3. There must also clearly be some mechanism 

for terminating the input to the agonist muscles. 

Over the last two decades, with improved methods of single 

unit micro-electrode recording methods, neurophysiologists 

have located a number of cells or nuclei within the brain 



stem region, particularly in 

reticular formation (PPRF) , the 

the pontine 

IIIrd nucleus 
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paramedian 

and the 

abducens. These seem to function as final outposts 

discharge stations to the oculomotor neurons. By 

precisely quantifying the patterns of neural firing while 

at the same time taking accurate measurements of the eye 

movement dynamics it has been possible to develop a 

generally agreed and testable model of the key components 

of this network. 

Robinson (1970) reported the results of recordings taken 

from the IIIrd nucleus. Consistent with the findings on 

the development of muscle tension during a saccade units 

released a high frequency burst during the saccadic 

movement followed by a drop to a new steady firing rate 

when the saccade was completed. This seemed to confirm 

that the neural input to saccades was in effect a 

pulse-step of activation. For an eye movement which 

carried the eye in the opposite direction to that produced 

by the pulse-step response (the off-direction) a complete 

inhibition of activity occured (fig. 1.5). The discharge 

frequency increased linearly as the position of the eye 

moved further into the field of action and decreased 

gradually for movements in the opposite direction. In 

addition a positive relationship was also observed between 

unit firing rates and the velocity of the eye. 



PAGE 16 

......... Up 
0> 10 Q) 

"0 - 0 c 
Q) 

E 
Q) 

> 
0 
E 
Q) 

>- 30 
w Down 

\ ___ 
---··-················· 

400 

u 
Q) 
If) 

........ 
200 -Q) --0 

0::: 

0 
0 100 0 100 

Time (msec) 

Fig. 1.5. The pulse-step firing pattern of an oculomotor 
unit during and following a saccade. The upper traces 
show the position of the eye in space, the lower graphs 
show the corresponding motor firing levels. The first 
response pattern is a record of motor unit firing as the 
saccade moves into the unit•s field of action 
(on-saccade); the second record is that of an opposite 
saccade (after Robinson , 19 7 5) . 
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These two effects were restated in a simple differential 

equation: 

R = k8 + rd8/dt 

R = discharge frequency 

r & k = constants 

e = eye position 

d8/dt = saccadic velocity 

( 1) 

The two factors on the right hand side of the equation 

were equivalent to the pulse and step components observed 

in the discharge of the oculomotor units and also 

reflected in the tension developed in the extraocular 

muscle. However, to get from the pulse signal to a step 

of the same neural origin an integration is necessary. 

Robinson therefore argued that some form of neural 

integration process must also be involved in the 

generation of saccadic eye movements. 

Schiller (1970) obtained results that were consistent with 

Robinsons' data. In addition he found no correlation 

between the frequency of an oculomotor cell firing and the 

amplitude of the saccade (r = 0.06). The correlation of 

unit firing rate and saccade velocity was 0.38 (p < 

0.005). The failure to find a higher correlation here may 

have been related to the problem of firing saturation at 

saccade amplitudes above 20 degs. The duration of the 

burst was linearly related to saccade amplitude. Fuchs 

and Luschei (1970) again recording in the abducens also 
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found that units responded to saccades with a pulse-step 

discharge. However, they found that, unlike Robinson's 

cells in the IIIrd nucleus abducens units do not fire 

towards the end of saccades for saccades in the 

off-direction, thus ruling out the possibility that these 

units may play a role in any braking mechanism. 

Luschei and Fuchs (1972) distinguished between units in 

the abducens which differed in the form and timing of the 

activations relative to the onset of the saccade. The 

following describes four of the unit firing categories 

they identified: 

1) Medium lead burst (MLB) units were described as 

units which released a pulse of activity whose frequency 

was related to the saccadic velocity. These units fired 

approximately 8-9 msecs before a saccade and the burst 

duration was equal to the duration of the saccade. 

2) Long lead burst (LLB) units had similar firing 

characteristics to MLB units, however they tended to have 

lower correlations with the parameters of the saccade. 

Increased activity in these units could be detected in 

some cases as early as 80 msecs before a saccade. 

3) Tonic units did not show the 

characteristics of burst units during 

intense firing 

a saccade but 

developed an increased discharge related to the position 

of the eye at the end of a saccade. 
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4) Pause {P) units: A number of units were 

identified which ceased firing shortly before and during a 

saccade, although during fixation and smooth pursuit they 

discharged at high frequencies. Some units paused for 

ipsilateral or contralateral movements only while other 

units paused for all saccades. The duration of the pause 

equalled the duration of the saccade. However the authors 

were unable to offer any proposals as to the functional 

significance of these curious units. Robinson (1970) had 

also observed a similar unit in his sample but on the 

grounds that it did not appear to be a motor unit 

discarded it from his results More recent research has 

shown that these units in fact play a critical role in the 

regulation of saccadic eye movements. 

Keller (1974) showed that micro-stimulation of P units 

inhibited spontaneous saccades, although smooth eye 

movements were unaffected. In further studies Keller 

(1977) demonstrated that micro-stimulation of 

approximately 30 msecs duration during a saccade would 

cause the eye to stop in mid-flight, the duration of the 

saccadic pause was dependent on the stimulus duration. 

When the micro pulse was switched off the eye continued 

the saccade from its present position to the target 

position in one single movement. This seemed to suggest 

that saccades are controlled by a continuous input to the 

motorneurons. The signal to terminate a saccade was 

determined not by a predefined pulse duration but by the 

cancellation of the error between the current eye position 
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and the goal position. 

1.5 An Empirical Model 

Following Luschei and Fuchs (1972) it has been suggested 

that the MLB units provide the direct input which governs 

the high frequency burst activity carried by oculomotor 

neurons for a saccade. This hypothesis is based on the 

relative time of onset of burst unit firing and the high 

correlation of their firing durations with duration of a 

saccade. The consistent relationship between saccadic 

velocity and burst frequency also argues in favour of 

direct connections to the motor neurons. Keller ( 197 4) 

first raised the possibility that P units may serve an 

important function by inhibiting MLB units during fixation 

which is somehow also inhibited during a saccade. These 

and other concepts were brought together in a more 

comprehensive statement on the nature of this system by 

Robinson (1975), [only some aspects of the model will be 

described at this stage, further features will be 

discussed in subsequent sections as they become relevant] . 

The Bang-Bang Model 

The model (see fig. 1.6) proposes that motor neurons are 

continuously controlled by MLB neurons during a saccadic 

eye movement. As suggested by Keller (1974), it is argued 

that the activity of MLB units are under total inhibition 
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Fig.1.6Schematic representation of the neural organization of the saccadic eye movement 
system. See text for a discussion of the.hypothesized operation of this model. Symbols: H ... 
eye position; ML, brain stem midline; MN, motoneuron; 0, .. internal copy of eye position; T. 
tonic-eye position neuron; T1• inhibitory tonic neuron; MLB. medium-lead hurst neuron; 
MLBh inhibitory medium-lead burst neuron; PPRF. paramedian pontine reticular formation; 
P, pause neuron; LLB. long-lead burst neuron: LLB,. long-lead trigger neuron; 8T. target 
position in orbital coordinates; VC. a visuomotor center; DC. associated saccadic decision 
center; t, saccadic trigger signal; e, motor error signal. i.e .. the present difference between 
where the target is located and where the eye is located. (after Keller, 1974) 
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from P units during fixation and all eye movements which 

are not saccadic. When a saccade is signalled a brief 

pulse of inhibition is sent to the P units, this releases 

the MLB units to produce the high frequency discharge. 

When active the MLB neurons simultaneously inhibit P units 

through an inhibitory interneuron. Having obtained the 

necessary pulse to generate the saccade this can then be 

integrated to provide the step force component to hold the 

extraocular muscles at the new eye position. This 

integrated signal in fact serves two purposes. Firstly, 

it provides the control signal for the tonic units which 

discharge according to eye position. In addition a copy 

of the current eye position can be derived from this 

information and then used in a negative feedback circuit 

to evaluate the remaining target position error. When the 

eye position equals the target position the pulse 

generator is switched off. 

The entire process is initiated by the crucial inhibitory 

si9nal to the P units. It has therefore been particularly 

disappointing that this signal has not been clearly 

identified (Fuchs, 1977). Keller (1981) has suggested 

that such a signal could be passed on from the LLB units 

(cf Henn and Cohen, 1976). LLB units (but not MLB) 

apparently receive monosysnaptic inputs from the superior 

colliculus and some areas of the visual cortex. 

The model is particularly weak in accounting for the 

control of antagonist activity during a saccade. The 
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implicit assumption appears to be that inhibitor MLB units 

may also connect to the antagonist muscle in addition to 

the ipsilateral connections to the P units (Keller, 1981). 

1.6 Conclusions 

Human saccadic eye movements are an important means by 

which the brain gathers visual information. The saccadic 

mechanism allows the eye to be moved very rapidly from one 

visual location to another, thus the fovea can register 

visual detail over a wide field. The high speed of these 

movements allows the the visual system to allocate 

proportionally more time to the processing carried out 

during periods of fixation. In trying to understand the 

saccadic control system it is important to take into 

consideration the mechanism for generating the dynamic and 

static forces in the extraocular muscles. 

Neurophysiological research over recent years has made it 

possible to determine with some precision the fundamental 

characteristics of the transfer functions relating the 

neurological discharge frequencies to the development of 

muscle tensions leading to a saccade. This research has 

shown that the firing patterns of the brain stem motor 

units are elegantly matched to the requirements imposed by 

the mechanical features of the oculomotor plant. 

One exciting consequence of this work is that it is now 

possible to make inferences based on psychophysical 
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measurements (using non-invasive techniques) on the 

neurological state of the channels underlying the 

generation of a saccade. 
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1.7 Saccade Parameters 

1.7.1 Saccade Latency 

In a simple saccadic eye movement task a visual target is 

presented on a screen at a peripheral position to which a S has 

to make an accurate eye movement. The latency of the saccade 

is measured from the appearance of the peripheral target to the 

onset of the eye movement response. Two important kinds of 

processing take place during this delay interval. One stage 

involves the transfer of information from the retina to the 

visual cortex and the subsequent analysis of the visual 

information for use in the planning of an eye movement. At a 

second level the visual information is interpreted and used to 

stimulate a sequence of motor impulses in the brain stern area 

for the appropriate eye movement response. The study of 

saccade latencies therefore has potential value in reflecting 

the consequences of visual and motor processes in the 

preparation of the saccade. 

The usual latency reported for a visually elicited saccadic 

movement was found to lie within the range 120-180 rnsecs 

(Ginsberg, 1953; Westheirner 1954(a)) although values of up to 

250 rnsecs were reported by Johnson and Fleming (1963) and 

White, Eason and Bartlett (1962). Using monocular presentation 

Volkmann and Volkmann (1971) further reported slightly longer 

latencies for saccades in a nasal direction, than in a temporal 

direction. This result suggests that the ocular plant dynamics 
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may partially determine latencies, (although others e.g. Hyde 

(1959) have claimed that there is no latency difference between 

nasal and temporal saccades). Thus there are conflicting 

opinions on this issue. In the view of the author there is at 

present no convincing evidence that nasal and temporal saccades 

produce consistent or significant differences in saccade 

latencies. 

Hackman (1940) reported that knowledge of the stimulus location 

was a major factor in determining latency, however, his results 

are difficult to interpret because of the combined effects of 

the visual stimulus and a paired auditory cue. More recent 

work (Michard et al., 1974: Posne~, 1978) demonstrated that 

when the target position was known in advance this produced 

shorter saccade reaction times by 10-20 msecs. On the other 

hand Saslow's (1967) results and Heywood and Churcher's (1981) 

experiment showed that the number of possible stimulus 

locations (1,4,8 or 16) had no effect on the saccade latency. 

The question of whether prior information about a subsequent 

target position has a facilatatory effect on saccade latencies 

is still unresolved. 

Saccade latencies have also been found to vary as a function of 

the temporal and directional uncertainty of the target. 

Saccad~s to a regular, repetitive square wave input were very 

short and in some instances actually anticipated the target 

movement (Young and Stark, 1963b: Findlay, 1981: Michard, 

Tetard and Levy-Schoen, 1974: Cohen and Ross, 1977). Monkeys 

apparently do not make such predictive saccades (Fuchs 1967b) • 
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Beyond 20 degs. target eccentricity, the saccade reaction time 

has been generally found to increase with the visual angle of 

the target (for a review see Findlay, 1982). For smaller 

target eccentricities the saccade reaction time is relatively 

independent of the amplitude of the movement both in man 

(Johnson and Fleming, 1963) and monkeys (Fuchs 1967a). 

Lengthened reaction times have been observed in special visual 

conditions, such as when the target is dim (Cohen and Ross, 

1977). However, when the target intensity was systematically 

varied increases in reaction times were only found at the 

extremely low intensity range (Wheeless, Cohen and Boynton, 

1967). This suggests that lengthened latencies may result from 

increased uncertainty of the S in the discrimination of the 

target rather than as a consequence of the luminance of the 

target per se. 

Saccade latencies have been investigated in more complex visual 

search tasks. Gould (1973) investigated fixation durations in 

a task where Ss scanned a set of characters; the task was to 

respond to the detection ·of a target character if it was a 

member of a previously familiarized character set. The saccade 

latencies were found to be an approximately linear function of 

the size of the character set. Levy-Schoen (1981) has also 

shown that a current fixation duration is reduced when a S 

performs peripheral processing at the previous fixation 

location. Therefore in visual scanning tasks the delay between 

fixations is influenced by the memory load as well as the 

availability of useful peripheral information. 
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Summary and Conclusions 

The timing of a saccade has been widely used as an index to the 

role of temporal and spatial factors in the control of saccadic 

eye movements. Apparently visual factors, such as the 

brightness and eccentricity of a visual target, only have an 

effect when extreme values are used. Non-visual factors such 

as the temporal uncertainty of the target movement have a 

clearer effect on saccade latencies. Saccade latencies are 

also shorter to an auditory stimulus than a visual stimulus 

(Zahn et al., 1978). 

1.7.2 Saccade Duration 

It has been shown that the duration of a saccade is dependent 

upon the amplitude of the movement (Robinson, 1964; Yarbus, 

1967) and can be approximated by the equation: 

where : 

T = Saccade duration 

T = 21 + 2.29a msecs (2) 

(Robinson, 1964) 

a = Saccade amplitude in degs. 

Yarbus (1967) reported that this duration was determined 

only by the amplitude of the movement and not by the point 

of ocular rotation from which the saccade is initiated. 
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However, there is evidence that saccade durations for 

nasally directed saccades are about 5 msecs longer than 

temporal saccades (Fuchs, 1967b). 

Saccade durations are affected not only by differences in 

saccade magnitude and direction but are also influenced by 

alcohol consumption (Wilkinson et al, 1974); intravenous 

injection of valium (Aschoff, 1968); sleep (Fuchs and 

Ron, 1968); diurnal states (Kris, 1960); disorders of 

the central nervous system (Zee and Robinson, 1979) and 

fatigue (Becker and Fuchs, 1969) but Fuchs and Binder 

(1983) now seriously question the validity of any effect 

of muscle fatigue. Becker and Fuchs (1969) found that 

ambient visual input also has a modifying influence on 

saccade durations. By depriving Ss of visible fixation 

targets the duration of a 40 deg. saccade increased by 19 

msecs. A homogenous visual field resulted in the same eye 

movement as occured in the dark, suggesting that the 

visual input to the saccadic system can influence a 

dynamic component in the saccade (but see Gurevich, 1959). 

However, this effect was only demonstrated with large 40 

deg. saccades. 

Conclusions 

There is some evidence that the duration of a saccade is 

not a fixed characteristic of a saccade but can be 

modified by manipulating arousal states with, for example, 

drugs and alcohol. Jurgens et al. (1981) found that the 
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high accuracy of a saccade to a visual target was 

maintained under these conditions. They argued from this 

finding that the duration of a saccade was the outcome of 

the operation of 'local' feedback loop controlling the 

amplitude of the saccade (see section 1.10). This of 

course means that equation (2) does not hold for all 

populations of saccades, although it may on average be 

valid under normal conditions. 

1.7.3 Saccade Peak Velocity 

Early descriptions of saccadic eye movements developed the 

idea that these movements were ballistic in nature. The 

conventional definition of this term implies that once a 

movement is initiated it's trajectory cannot be modified. 

An earlier use of this term suggested that for a 

particular motor movement, there is a rapid build up to 

peak velocity which is maintained throughout the greater 

part of the trajectory, followed by a deceleration to zero 

velocity (fig. 1.3, Westheimer, 1954b). Hyde (1959) was 

able to demonstrate that the saccade was not 'ballistic' 

in this second sense. Further investigation revealed that 

for saccades up to 20 degs. the trajectory is a 

sinusoidal like function (Yarbus, 1967) that approximates 

the equation: 

a= b/2(1- Cos(3.14/T)t) (3) 



where : 

t = time in seconds 

a = angle of eye rotation 

T = duration of saccade (sees) 

b = amplitude of saccade (degs) 

Saccades larger than 20 degs begin to apppear less 

sinusoidal and more assymmetric with a longer deceleration 

phase. This assymmetry becomes marked for saccades of the 

order of 50-60 degs. (Hyde, 1959 see fig. 1.7). 

Investigations of the trajectories of small amplitude 

saccades shows that the average saccade attains peak 

velocity approximately mid-way through the movement (Baloh 

et al., 1975) and this velocity peak occurs later in time 

as the amplitude increases (Cook and Stark, 1965). There 

is some discrepancy in the time reported for the eye to 

accelerate from rest to maximum velocity (Thomas, 1961). 

Although the level of this maximum velocity is clearly 

dependent on the amplitude of the movement (Travis, 1936; 

Ginsberg, 1953; Hyde, 1959; Gurevich, 1961; Cook and 

Stark, 1965). The maximum angular velocity increases 

approximately linearly with the saccade amplitude at small 

amplitudes but shows a tendency to saturate with large 

amplitudes. A similar relationship has also been 

demonstrated for micro-saccades (Zuber,Cook and Stark, 

1965), the fast phase of vestibular nystagmus (Ron, 

Robinson and Skavenski, 1972) and secondary saccade 
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Fig. 1.7 The saccadic trajectory across time at different 
saccadic amplitudes. Note the increasing assymmetry in the 
acceleration and deceleration regions of a saccade as a 
function of the saccadic amplitude (Baloh et al., 1975). 
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components (Gurevich, 1961). 

Gurevich's (1961) experiments supported Westheimer's 

(1954b) results and showed that the average angular 

velocity for any given amplitude was fairly constant in 

the horizontal, vertical and diagonal planes irrespective 

of variations in the start position, direction of movement 

or whether fixation points were present and contrary to 

Becker and Fuchs (1969) even when the movement occured in 

total darkness. 

The finding that the velocities of micro-saccades, 

voluntary saccades and the quick phase of the vestibular 

nystagmus all have the same curvilinear relationship with 

respect to amplitude has led some workers (Zuber, Cook and 

Stark, 1965; Ron, Robinson and Skavenski, 1972) to 

propose 

common 

that all saccadic movements 

physiological system. Ron 

are produced by a 

et al. (1972) 

demonstrated that the temporal frequency of micro-saccades 

during fixation was similar to the rate of larger 

refixation saccades in normal visual scanning. Cunitz and 

Steinman (1969) consider all saccades to serve the single 

purpose of performing controlled visual search. 



PAGE 34 

1.8 Efferent and Afferent Information on Eye Position 

Behind the investigations of early workers on eye 

movements (e.g Sherrington, 1918; Irvine and 

Ludvigh,l936; Gurevich,l959;1961; Helmholtz,l866) was 

the question of the source of information used in 

determining the position of the eye. 

There is considerable evidence that there are stretch 

receptors in human extra-ocular muscles (Buzzard (1908); 

Whitteridge (1960)) and that these receptors and their 

afferents project to various parts of the brain, in 

particular the cerebellum (e.g. Fuchs and Kornhuber, 

1969). Sherrington argued that information on eye 

movement activity, based on what he termed the 'muscle 

sense', was fed to the central nervous system from these 

stretch receptors located in the extra-ocular muscles. 

This channel of information could then provide direct and 

continuous feedback on the eye position to the motor 

control centers in the brain. 

Helmholtz (1866) had argued that our knowledge of eye 

position comes from 'the effort of will put forth in 

moving the eye'. Helmholtz supported his theory with two 

observations on the perception of motion and stability. 

Firstly, when the eye is passively displaced the target 

rather than the eye is perceived as moving; secondly, if 

the eye is restrained during an attempted eye movement the 

target is seen as displaced in the direction of the 
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attempted eye movement. It was argued that if 

proprioceptive information was available it should be used 

to inform the perceptual system of the veridical motion of 

the eye in the passive displacement condition, and the 

fixation of the eye in the stabilized eye condition. 

However, if knowledge of the eye position was primarily 

derived from the motor efferent impulses sent to the eye 

muscles, then the percieved motion of the world during 

passive movement of the eye could result from the failure 

of this informatiom to match the retinal movement. 

Collins (1971) has proposed a model in which oculomotor 

innervation is 

model makes it 

monitoring of 

linearly related to eye position. Such a 

reasonable to suppose that central 

innervation levels would provide reliable 

information on eye position. 

The brain can derive information about the motions of the 

eye from several sources. Visual feedback from the retina 

on the discrepancy between the fovea and the visual target 

conveys information specifying the position of the eye 

relative to the visual array. This information is not 

used to control the trajectory of a saccade, as the 

saccade duration of 30-80 msecs does not allow sufficient 

time for concurrent visual information to be used to 

modify a motor response. Keele and Posner (1968) have 

estimated the minimum time to be between 190 to 260 msecs 

for the visual adjustment of manual movements. Becker and 

Jurgens (1979) showed that for saccade movements the 

minimum modification time is in the region of 80 msecs. 
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One further problem which rules out this possibility is 

that the quality of visual information is degraded during 

saccades due to the retinal blurring of the image and 

visual masking. 

Psychologists have long been aware of the fact that the 

quality of visual perception during a saccadic eye 

movement is significantly weakened relative to normal 

vision. Dodge (1900) showed that the probability of 

detecting a stimulus decreased subtantially during a 

saccadic eye movement. He explained this result by 

arguing that as the retinal image during a saccade travels 

at high velocities, the resulting blurring of the retinal 

trace could account for the reduced visibility. 

This theory has been tested by decreasing the duration of 

a stimulus presented during a saccade to a level which 

would eliminate any retinal blurr or smear during a 

saccade. Volkmann (1962) measured visual thresholds to a 

20 micro sec flash. He found that the threshold for 

detection of a flash, superimposed on a steady light 

fixation field, was raised by 0.5 log units for a moving 

eye relative to a fixating eye. Further evidence against 

the idea that simple retinal smearing could account for 

the reduced visual sensitivity during a saccade came from 

Latour (1962). In this experiment it was shown that the 

'suppression' effect preceeded the saccadic movement by a 

mean time of 40 msecs. Volkmann et al. (1968) showed 

that the effect also continued well after the eye had come 



PAGE 37 

to rest. Thus retinal smear alone cannot account for 

visual impairment during a saccade. 

A different kind of theory was offered by Richards (1969) • 

As the eye consist of different substances, during a 

saccade these parts will accelerate and decelerate at 

slightly different rates. The eye is not a solid mass but 

more like a pot of jelly. These factors mean that during 

fast eye movements shearing forces will be generated 

between the retina and the vitreous body. This resultant 

shear could cause the photoreceptors to be tilted away 

from the direction of the eye movement causing a decrease 

in sensitivity to light during a saccade. As Laycock 

(1978) stated, "The average shift in the Stiles-Crawford 

effect following a 5 deg eye movement is approximately 

equal to 0.6 mm which is equivalent to a 2 deg angular 

tilt on the retina. This plus the fact that up to 15 msec 

after the movement has been completed the position of the 

retina may still trail that of the sclera, could account 

for the suppression observed after a saccadic movement. 

Furthermore, because the neural effect of a light flash 

resides in the retina for several tens of milliseconds 

following the flash, it is possible that a saccade might 

affect the threshold for a flash delivered prior to the 

movement." 

The theory predicts that the suppression should increase 

with the velocity of the movement, and therefore its 

amplitude. Unfortunately, Richards did not test this 
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prediction. However, Volkmann et al. (1968) did and 

found that saccade size had no effect on the magnitude of 

suppression. In contrast Latour (1966) and Mitrani et al. 

(1970) found a positive effect of saccade amplitude on the 

amount of suppression. Thus the evidence is 

contradictory. Richards' view is an attractive one and it 

seems highly likely that eye movement shearing forces will 

contribute to the reduction in visibility during a 

saccade. However, at present there is insufficient direct 

evidence to support the theory. 

One type of masking which might account for saccadic 

suppression is the so-called shift effect. The shift 

effect refers to the phenomenon where pattern movements in 

the periphery reduces the visual sensitivity in the 

central visual field. A typical display is one in which a 

grating of low (0.2 to 0.3 c/deg) is projected over a wide 

(30 - 40 degs rectangular) visual angle. The central 

circular area (about 20 degs diameter) of the grating is 

occluded and adjusted to a mean luminance equal to the 

space average luminance of the surrounding grating. The 

threshold for visibility of a central spot of light is 

then measured on trials on which the grating moves 1/2 a 

cycle simultaneously with the light stimulus flash; this 

is then compared to the visibility of the light with no 

movement. With the grating movement visual thresholds are 

increased by 0.2 to 0.4 log units (Breitmeyer et al., 

1980). 
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Brooks and Impelman (1981) compared the loss in visual 

sensitivity in the following two tasks: in one task there 

was a surrounding grating movement with the eye stationary 

and in a second task saccades were generated accross the 

grating display. The magnitude and time course of the 

change in visual thresholds was almost identical in these 

two tasks. This finding suggests that the reduction in 

sensitivity during a saccade may be due to the masking 

effect induced by luminance and contour shifts across the 

retina. Further evidence in support of this view comes 

from the findings that both the shift effect (Derrington, 

1984) and saccadic suppression (Burr et al., 1982) are 

selective for targets of low spatial frequency. 

Nonetheless, there is strong evidence that in addition to 

the visual masking there is a specific eye movement 

component to the visual suppression (Riggs et al., 1974). 

Given the problems in accessing visual feedback 

position other channels of information will 

on eye 

also be 

required. A further source of information comes from the 

record the brain has about its own output programs. This 

concept was re-introduced by Von Holst (1954) and has been 

variously described as 'ouflow', 'efference copy' and 

'corollary discharge'. 

A further possible source is that of proprioceptive 

information. Evidence against a functional role of eye 

proprioception was provided by the work of Brindley and 

Merton (1960) and Irvine and Ludvigh (1936) which showed 
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that the stimulation of stretch receptors in human 

extra-ocular muscle failed to produce conscious sensations 

of eye position changes ('inflow'). However, Skavenski 

and Steinman (1970), Skavenski (1972), presented evidence 

suggesting that proprioceptive inflow also acts as an 

additional source of eye position information during 

passive eye displacements. They criticised Brindley and 

Merton (1960) and Irvine and Ludvigh's (1936) techniques 

arguing that proprioceptive information could be masked by 

the painful and arduous techniques employed and the 

interferring sensations on the eyelid in restraining the 

eye. 

In a series of 

demonstrate the 

experiments 

functional 

Skavenski 

role of 

attempted to 

extra-retinal 

information in the control of eye movements (Skavenski, 

1972). Extraretinal signals can be described as position 

information that does not arise from the relative location 

of a target image on the retina, which may include 

'inflow' or 'outflow' information. In the first 

experiment each trial began with a 10 sec period of 

fixation on a visible target in either the primary or 10 

deg. arc to the left or right of the central position. 

The target was then switched off and the S attempted to 

maintain fixation on the defined position for 38 sees in 

total darkness. The mean fixation error for both Ss was 

less than 1 deg. The fixation error was not markedly 

influenced by target position. Error increased throughout 

the dark interval but the rate of increase was slow, less 
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than 1 min arc/sec for the best s. Although the eyes of 

the Ss slowly moved further away from the target position, 

fixation stability about the short term (7.6 sec) showed 

no progressive changes. 

The finding that fixation stability was a flat function 

throughout the dark interval suggested, according to 

Skavenski, that the progressive accumulation of error in 

the dark was caused by a deterioration of spatial memory 

rather than a loss of oculomotor control. This was a 

possible confounding factor in the comparisons because in 

the visual condition the position information is 

continuously present. 

In a subsequent experiment Skavenski (1972) tried to 

demonstrate the functional significance of inflow in the 

control of eye position. The study was based on the 

assumption that by applying forces to the human eye in 

total darkness and requiring him to report the moment the 

force was percieved this would confirm the presence of 

proprioceptive inflow. If only outflow information was 

available Ss would not be able to respond correctly. 

External forces on the eye were produced by loads silently 

applied to a moulded, tightly fitted scleral contact lens 

worn on one eye. Passive eye displacements were achieved 

by increasing the load applied to the left or right sides 

of the eye. Both Ss could detect the presence of a load 

and report the direction of the pull on their eyes. 
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There were at least two serious limitations with this 

experiment. Firstly, the loads required to produce an 

awareness of eye movement corresponded to eye deviations 

of 7 and 14 degs. This performance does not explain how 

in their previous experiment extraretinal information was 

used to maintain eye position within an mean error region 

of less 60 minutes over a 38 sec period. One 

interpretation of this is that proprioceptive information 

is more accessible for large eye movements and that inflow 

is not used to control precise fixation. A second 

limitation arises from the need to demonstrate directly 

the role of inflow in the control of eye position not 

simply an awareness of such stimulation. A third 

experiment attempted to show this. 

In this experiment the spring I tension relationship was 

calculated for each S such that the amount of force 

required for a given eye deviation was evaluated. Known 

forces were then applied to one eye and the task was then 

to maintain eye position in the dark relative to a 

previous visual fixation stimulus. For one S the load 

corresponded to an eye displacement of 2.5 deg.; for 

another a load equivalent to 7 deg. was used. Both Ss 

were able to maintain eye position with mean fixation 

errors of 2 to 3 degs. (But it should be noted that both 

Ss had had several years experience by this time (Matin, 

1976a)). By using only experienced Ss the applicability 

of the conclusions 

tenuous. In order 

to a 

to 

wider population is somewhat 

determine the generality of the 
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finding it is necessary to use experimentally naive or 

inexperienced Ss. 

Stevens et al. (1976) tested visual judgements of 

movement with Ss whose eyes were paralyzed using various 

paralytic drugs. According to Helmhotz, under these 

conditions when an eye movement was attempted although the 

eye could not move, the world should not appear 

stationary. This is because the absence of retinal 

movement fails to cancel the neural innervation to the eye 

muscles which should provide a phenomenological percept of 

movement. However, when the eyes were totally paralyzed 

no perception of movement was experienced when a S 

attempted to make an eye movement. Moreover, Brindley et 

al. (1976) also showed that when only one eye was 

paralyzed, movement was perceived in the non-paralyzed but 

not in the paralyzed eye when an eye movement was 

attempted. The strict conclusion to be drawn from this 

work is not necessarily that proprioception is used in 

visual jugdgements, but that efferent information alone is 

not sufficient to account for visual stability as argued 

by Helmholtz. Nonetheless, the results of these 

experiments are consistent with the former possibility. 

Yet efferent information is clearly of some significance 

since when subparalytic doses of curare are applied 

movement perception is associated with attempted eye 

movements (Stevens et al., 1976) which suggests that 

proprioception does not provide veridical information on 

the stability of the eyes in this case. 
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The work of Hallett and Lightstone (1976) has been taken 

to support the claim that the saccade generator has access 

to continuous information on the position of the eye 

during a saccade. In a typical trial the observer fixated 

a target which stepped randomly left or right by 3.8 

degs. to elicit a saccade. The onset of a saccade 

triggered a second instantaneous target step to one of 

eight randomly selected positions in the range of + or -

11.5 degs. After a given period the target was blanked 

out for 150 - 350 msecs before final re-illumination. 

The results showed that a saccade of normal latency and 

correct amplitude was made to a brief target flashed 

during a previous saccade. Strangely, the duration of the 

target flash (1-300 msec) made no difference. Moreover, 

the saccade was directed to the true location of the 

target in space and not to its projection at the retina at 

the time of the flash. The eventual saccade amplitude 

also correctly compensated for any intervening change in 

eye position. 

These data showed that the continuous eye position 

information signal can be used to direct the eyes to 

specific locations in space. This is consistent with the 

neurophysiological research which demonstrated that after 

interruption, by the electro-stimulation of pause units in 

the PPRf, the saccade resumes its flight to bring the eye 

accurately to the target (see 1.4). Hallett's result, 

however, should be regarded with a degree of caution in 
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this result (Cummings, 1981). 
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attempt to replicate 

Cummings (1981) did not 

find that corrective saccades could be accurately directed 

to a target presented during a previous saccade. It is 

possible that this discrepency can be explained in terms 

of the intensities of the stimulus sources. Hallett and 

Lightstone (1976) used sources 2 log units above 

threshold. Saccadic suppression is reported to have a 

magnitude of only 0.5 log units. Thus their stimuli would 

still be visible during a saccade. Unfornately, Cummings 

(1981) did not report the intensities he used. 

Experiments which have investigated 

visual targets during a saccade 

important limitations on the 

the localization of 

showed that there are 

use of extraretinal 

information in vision. Matin's (1976a) studies have shown 

unequivocably that targets presented just before, during 

or just after saccades are quite significantly 

mislocalised. Matin (1976a) argued that the eye position 

signal used in the perception of direction is sluggish and 

is not in phase with the actual eye position in space. 

Summary and Conclusions 

The availability of feedback information on the position 

of the eye is important for perception and the role it 

plays in the control of eye movements. The main forms of 

eye position information can be derived from three 
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separate sources: Firstly, the position of the retinal 

image, relative to the fovea: Secondly, from 'inflow• 

proprioceptive feedback via muscle spindles: And thirdly, 

from efference information within the control commands 

sent to the eye muscles. The presence of efference 

information was supported by observations on the 

perception of visual motion when the eye is passively 

displaced and when an attempt is made to move an 

immobilized or paralyzed eye. The question of the extent 

to which 'inflow' information contributes to the 

extraretinal signal is still unclear. 

It is debatable whether this issue can ever be finally 

resolved. Matin (1976b) has suggested a hybrid mechanism 

in which efferent stimulation also produces sensitivity 

tuning of muscle spindles. The reverse of this had been 

suggested by Ludvigh (1952) who argued that muscle spindle 

information might be used to modify innervation to the 

muscle fibres ! But the question of the functional value 

of the extraretinal eye position information has centred 

around its role in the perception of motion, direction and 

visual stability. An important question concerns the role 

of this information in the control of the saccade motion 

itself. 
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1.9 Motor Programming 

The view that a motor movement is controlled in terms of a 

motor 'program' has become increasingly popular in recent 

years (Stelmach, 1978: Stelmach and Requin, 1981). This 

implies that the parameters of the motor act are 

determined prior to the 

definition of the motor 

movement itself. A common 

program originally proposed by 

Keele (1968) is that 'a motor program may be viewed as a 

set of muscle commands that are structured before a 

movement sequence begins, and that allows the entire 

sequence to be carried out uninfluenced by peripheral 

feedback'. The motor program approach has been helpful in 

providing insight into the underlying components of a 

motor skill and much research has been directed at 

establishing its empirical 

Stelmach and Requin, 1981). 

value, (Stelmach, 1978: 

The first clear statement of programmed saccadic eye 

movements came from an experiment by Westheimer (1954b). 

The experiment began with a S looking at a fixation target 

in the centre of the visual field. A peripheral LED light 

spot was then flashed for a period varying from 40 and 200 

msecs. The S moved his eyes to the illuminated target 

followed by a return saccade back to the central fixation 

position. It was observed that Ss made a precise eye 

movement to the peripheral stimulus followed some 

200 msecs later by a return eye movement to the centre. 

This behaviour was particularly interesting for target 
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pulses of short durations. In these cases saccades to the 

peripheral target occured although at the time the eye 

movement was initiated the target was already back at the 

fovea. Recent research using double-step targets (cf 

chapter 6) have provided further information on how the 

eye behaves to a target which changes position at various 

times prior to a saccade (Becker and Jurgens, 1979; see 

1.10). 

The usefulness of the motor program concept for limb 

movements was inspired by an early study by Lashley (1917) 

in which the capacity of a spine injured patient to 

reproduce movement was studied. This patient showed that 

normal accurate control of movement was possible in the 

absence of sensory feedback. Lashley became a proponent 

of the centralist view of motor control. He argued that 

examples from many human skills supported the conclusion 

that the parameters of a motor movement can be preset and 

released independently of any sensory controls. Lashley's 

approach was supported by his observations on fast motor 

sequences such as those of a pianist's fingers which can 

move at a rate of 16/sec, a rate too fast for any 

closed-loop proprioceptive feedback to control the 

movement. Chernikoff and Taylor (1952) have estimated the 

kinesthetic reaction time to be about 119 msecs. (This 

time is probably considerably shorter for the oculomotor 

system. Fuchs and Kornhuber (1969) found that stretch of 

the extra-ocular muscles of the cat produced a response in 

the cerebellum in 4 msecs and a response in the brain stem 
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in 3-4 msecs). 

Assuming the human saccadic movement involves a structured 

sequence of motor commands, one can ask about the 

information carried in the motor signals and how these 

signals might be related to each other. 

Extensive research has been carried out on the nature of 

the neural impulses for eye movement control. Robinson 

(1975) has shown that the neural information used to move 

the eye in a saccade is composed of step/pulse components, 

in systems analysis terms. The height of the pulse 

provides the impulse for acceleration; the duration of 

the pulse determines the duration of the response and the 

size of the saccade. A similar approach has been recently 

outlined for limb movements (Wallace, 1981). The step 

change in 

match the 

overshooting 

neural 

pulse 

of 

firing rate has to be appropriate to 

to prevent either undershooting or 

the saccade movement. This component is 

also necessary to hold the eye position. 

However, there are further aspects of the motor 

preparation process of which we know very little. 

1. How much time is required to specify the parameters of 

the movement ? Does the increased antagonist muscular 

stretching and the greater recruitment of agonist muscle 

fibres for large, fast movements require more programming 

time than for small slower movements ? 
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2. How much time is required to specify each of the 

program parameter values ? 

3. Are different values specified independently of one 

another or are the identities of individual parameters 

affected by the identity of other values ? 

4. Are the values specified in serial or parallel ? 

5. What aspects of a motor act are open to modification ? 

Can a given parameter of a saccade be modified 

independently of other parameters ? 

6. Do complex motor sequences require more time than 

simpler movements as predicted by the Henry and Rogers' 

(1960) 'memory-drum' theory for motor movements ? 

7. Are small dimensions for amplitude, velocity and 

movement duration S to the same principles as for large 

dimensions ? 

Research on such questions is particularly important 

because it promises to provide specific data on how the 

oculomotor skill is organized by the nervous system. very 

little eye movement research has actually addressed any of 

these 7 issues. 

However, workers on saccadic movements are faced with a 
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methodological difficulty somewhat unique to this system. 

An immediate problem lies in the fact that large saccades 

are extremely fast, with peak velocities of 700 degs I sec 

and durations of less than 100 msecs for 20 

deg. movements. In contrast to manual motor movements it 

is widely held that neither this velocity nor the saccade 

duration can be controlled voluntarily (Yarbus, 1967). 

One formidable problem therefore has been the problem that 

key parameters such as the peak velocity and duration 

cannot be independently controlled under normal conditions 

(although they can be manipulated artificially by drugs, 

alcohol and possibly fatigue: Carpenter, 1977). 

1.10 Continuous Feedback Control of Saccades 

There are several lines of research which suggest that any 

extreme claim that saccades are entirely preprogrammed, 

ballistic movements (Westheimer, 1954b) represents a 

grossly oversimplified view. Although Keele (1968) and 

others (see Stelmach, 1978) have argued convincingly for 

the validity of the motor program concept, the possibility 

that certain categories of movement may use information in 

a closed-loop manner was not ruled out. Also further 

research has begun to examine the possiblity that 

different dimensions of a motor response may vary in their 

degree of programming. Klapp (1975) for example has 

argued that the extent to which a motor movement is 

programmed is a function of its amplitude. Schmidt and 
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Russell (1972) on the other hand have argued that the 

duration of the movement is the critical variable in the 

way a movement is regulated. But as amplitude and 

duration are highly correlated in saccadic eye movements 

these views are not for the present purposes incompatible. 

Strong evidence for a local feedback loop in the control 

of saccade movements larger than 5 deg. comes from a 

recent study by Jurgens et al. (1981). In this study of 

human saccadic eye movements, certain relationships were 

observed in the variability of saccade velocities and 

durations for a given target eccentricity. At each target 

position there were a cluster of saccades possessing a 

range of different durations and velocities. However, 

although durations and velocities showed pronounced 

fluctuations, the accuracy of the saccade was largely 

unaffected by this variability. The authors argued that 

their results were best explained by the hypothesis that 

the duration of the pulse is modulated in a local eye 

movement feedback circuit, to balance the on-line level of 

the pulse intensity (see 1.2). Zee et al. (1976) argued 

that the pulse duration is based on an efference copy of 

the motor innervation. In both of these formulations the 

height of the pulse ('independent variable') drives the 

adjustments in the pulse duration ('dependent variable'). 

If the pulse is controlled in the on-line manner, as 

argued by Jurgens et al. (1981), certain effects on the 

trajectory of the saccade can be predicted. Hyde (1959) 
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and Baloh et al. (1975) discovered that there was an 

increase in the difference between the length of the 

deceleration phase and the acceleration phase as the 

amplitude of saccade increases (fig. 1.7). Baloh et al. 

(1975) have also found that the absolute time of the 

deceleration phase but not the acceleration phase 

increases with the size of the saccade, suggesting that 

the deceleration phase may be influenced by the · duration 

of the pulse controlling tpe amplitude of the saccade. 

For saccades in which the pulse intensity is larger than 

necessary for a target eccentricity the local feedback 

loop should ensure that the duration of the pulse is 

adjusted appropriately on detection of the enhanced nerve 

impulses generating the peak velocity of the saccade. 

Therefore for saccades of equal accuracy the length of the 

deceleration region, from peak velocity for 

high intensity pulses (when the pulse 

excessively 

duration is 

shortened), would be less than for lower intensity pulses 

(when the pulse duration is increased) • On the other hand 

the saccade deceleration would be independent of the pulse 

duration, if the deceleration of the saccade is entirely 

due to the viscosity of the orbital mechanics as 

originally suggested by Robinson (1964). Further work 

will be necessary before we can be certain whether the 

system operates in a continuous on-line fashion using the 

actual pulse firing or whether the saccade response is 

controlled on the basis of efference or predicted pulse 

activity. 
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Conclusion 

It may be permissible to refer to a saccade as a 

'programmed movement' in the sense that firstly, important 

decisions concerning the nature of the response (e.g the 

specification and recruitment of muscle fibres) are 

initiated prior to the saccade, and secondly that the 

projection of a saccade to a visual stimulus must be based 

on visual information received before the release of the 

response. However, there is evidence that the dynamic 

parameters of the saccade movement is modulated in a 

continuous feedback loop. 

1.11 Plasticity of Saccades 

It has been widely assumed that saccadic eye movements are 

stereotyped responses. In an extensive series of sudies 

Gurevich (1957,1959,1961) found that the saccade 

amplitude I velocity relationship was remarkably 

invariant. Harris and Cynader (1981) showed that the 

normal amplitude I peak velocity relationship was found 

even in cats who were visually deprived from birth. 

Yarbus (1967) argued that saccade velocities cannot be 

varied voluntarily by human Ss. Further research however 

has suggested that the control of saccades may in fact be 

open to a greater degree of modification than had 

previously been assumed. 
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In an experiment by McLaughlin (1967), Ss were asked to 

fixate on a light target. Upon hearing a tone cue, they 

made a rapid eye movement to a target 10 degs to the left. 

This initial movement was normally accurate within about 

0.3 deg. Following some trials, the target light was 

switched after the start of the eye movement to a new 

position 9 degs. away from the fixation point. At first 

the eye tended to overshoot the 9 deg. position, but after 

3 or 4 trials the 10 deg. signal came to initiate an 

accurate 9.1 deg. eye movement. When the trials were 

changed back to a simple 10 deg. target shift 

undershooting occured for several trials, indicating that 

the motor program had indeed been modified. Cavicchio 

(1975) extended this work by showing that the phenomenon 

was a parametric effect, in that the recalibration 

adjustment was generalized proportionally to eye movements 

of different amplitudes. However, although ~iller, Anstis 

and Templeton (1981) replicated the Mclaughlin result, 

contrary to Cavicchio's finding, they found that the 

amplitude adjustments did not generalize strongly to other 

saccade amplitudes and was practically absent to targets 

in the opposite direction to the trained adjustment. 

Adaptation of the central mechanisms subserving saccadic 

eye movement generation has been demonstrated in response 

to extraocular muscle paresis. Kommerall et al. (1976) 

reported on a patient who had developed a unilateral 

abducens nerve palsy in the visually dominant eye. When 

the paretic eye was patched it was found that the 
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non-paretic eye made overshooting saccades, suggesting 

that the oculomotor control centre was attempting to 

increase neural activity to the paretic eye, and that 

because both eyes receive equal muscular innervation 

(Hering's law, 1868), this was manifested in larger 

saccades in the good eye. Optican and Robinson (1980) 

detached the horizontal rectus muscle of one eye in 

monkeys and found that viewing with the good eye produced 

hypometric saccades in the weak eye that undershot the 

target by about 50%. When the normal eye was patched the 

hypometria of the weak eye was eventually eliminated after 

3 days and replaced by saccades of normal gain (i.e the 

ratio of saccade amplitude to the target eccentricity). 

Abel et al. (1978) have conducted the most detailed 

investigation on the plasticity changes in a patient with 

an oculomotor paresis and its affects on saccadic 

parameters. Their S was asked to wear an eye patch for 

ten days. From days 1 to 6 the patient wore the patch on 

the good non-paretic eye; from day 7 to day 9 the patch 

was placed on the paretic eye. On each day monocular and 

binocular eye movements were recorded in both the paretic 

and non-paretic fields. With paretic eye viewing saccade 

gain increased for saccades into the paretic field while 

leaving unchanged saccades into the non-paretic field. 

Although saccadic gain increased, peak velocity showed no 

real change. However, saccades did show an appreciable 

increase in duration time. 
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The authors argued that the changes in saccade gain 

reflected adaptive alterations in the neural mechanism 

responsible for saccadic eye movements. They concluded 

that the changes in saccade gain for movements into the 

paretic field and the simultaneously unaffected saccades 

in the opposite direction showed that plastic adaptation 

can be directionally selective in humans (see also 

Cavicchio, 1975). Since saccadic gain and duration 

increased while the peak velocities did not, they proposed 

that the central control mechanism responsible for 

saccades can 'selectively alter the operation of different 

aspects of the saccadic system'. 

Some reports have suggested that the optokinetic nystagmus 

(OKN) can be brought under some degree of voluntary 

control. Zikmund (1973) reported that Ss could, by 

imagining an OKN inducing stimulus, simulate the OKN eye 

movement pattern. In a later study Guensberger and Zucha 

(1973) observed that individuals could suppress the OKN to 

moving striped bars if they were also provided with a 

fixation point and auditory feedback on the eye movements. 

For one S auditory feedback alone was sufficient to 

inhibit the OKN. This result is consistent with recent 

results on the use of continuous feedback in the 

attenuation of congenital nystagmus (Abadi et al. 1979, 

1980; Ciuffreda et al. 1980). 

There has however, been only one study which showed that 

the speed of the saccade trajectory can be controlled. 
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Viviani and Berthoz (1977) in a text scanning task asked 

Ss to detect a critical word embedded in the centre of a 

passage of text on the screen. Individuals were asked to 

across a display while saccade 40 deg. obliquely 

attempting to detect a critical word. After some training 

Ss were able to pick out the critical word during the 

saccade. On examination of the saccadic records all S's 

showed slowed components in the saccadic trajectories. 

Becker and Jurgens (1979) tested a S's response to a 

visual stimulus that stepped 60 deg. in one direction for 

a short period and then stepped back to the 30 

deg. position (pulse-step) in the opposite direction. 

Saccadic patterns were occasionally observed ih these 

conditions which showed that the initial saccade could be 

cut short in mid-flight by a second saccade which seemed 

to have zero latency and which carried the eye accurately 

onto the new target position. These data showed that the 

system must have access to information about the current 

position of the eye during a saccade in order to calculate 

the target position and to adjust the eye accurately to 

this location. It is also likely that the saccade is 

planned in terms of the position of the target in spatial 

coordinates and not retinal coordinates (see Robinson, 

1975; ch. 7) • Finally these data also support the 

hypothesis that the saccade can be modified under special 

conditions. 
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1.12 Conclusions 

Research on the modified control of saccades has provided 

evidence that saccades are not simple stereotyped motor 

reflexes. They are open to short term adjustments and in 

common with other oculomotor eye movements (e.g 

vestibular) can be adapted to meet demands (experimental 

and neuromuscular impairments) imposed on the system. The 

modification of eye movements in cases of both human and 

animal oculomotor impairments is beginning to shed light 

on the mechanisms of repair. This is particularly 

important in the clinical treatment of oculomotor paresis. 

The study of the modification of saccades is also 

important theoretically, 

understanding of how the eye 

in particular 

movement system 

for an 

controls 

individual saccade parameters. This may also provide 

further insight into the general principles underlying the 

control of motor skills. 

The experiments in the following chapters were designed to 

investigate the possible plasticity of the saccadic system 

in human Ss. By concentrating on the modification of 

saccades it was planned, as has been done in motor skills 

and biofeedback research (see Appendix A), to begin to 

determine the way in which saccade parameter relationships 

are regulated. Particular interest centered on the issues 

raised in section 1.8, where several questions on the 

control of a saccade were proposed. By investigating the 
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study the 

(e.g the 

saccade timing and precision) and its effects on other 

saccadic characteristics. 

The first step in analyzing the control of saccadic 

parameters 

controlled 

was aimed at developing a method to allow a 

de-coupling of saccadic parameters. The 

experiments in chapter 3 were designed to test Yarbus' 

(1967) claim that saccadic velocity could not be 

independently modified. It is concluded that this 

research can be most suitably incorporated within a 

non-ballistic model of saccadic eye movement control 

(chapter 7) • 
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CHAPTER 2 

METHODS 

2.1 Eye Movement Recording 

This chapter is organized into 2 general sections. The 

first section briefly reviews the development of current 

eye movement recording techniques and provides a critique 

of their principles and some of their underlying 

assumptions. It is shown that judgements on a particular 

technology for recording eye movements must involve 

considerations based on the nature of the eye movement 

information required. The second section of the chapter 

describes the general methods and apparatus used in the 

experiments presented in the following chapters. 

2.1.1 The Problem of Head Movements 

Individuals normally execute eye movements together with 

head movements (Bizzi, Kalil and Tagliasco, 1971). This 

is often a serious irritation for eye movement work. The 

problem arises from the neurophysiological wiring of the 

compensatory eye I head feedforward relationship, whereby 

the eye is rotated in the opposite direction and to a 

corresponding extent to the angle of the head rotation. 

This is a reflex mechanism which cannot be entirely 

suppressed, although the gain of the relationship can be 
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modified (Melvill-Jones, 1976). 

One approach to the problem is to try to stabilize the 

image relative to the motions of the eye. The eye signal 

is usually amplified and filtered so that the gain of the 

relationship can be reliably controlled by the 

investigator. This is then fed to the visual stimulus 

position input, which modulates the target position with 

the eye motion. Some compensation for pure head movement 

can be introduced by simply using the head oscillation 

information to drive the target. 

The drawback with this solution is that it is difficult to 

determine what additional effect this extra compensatory 

loop may have on the main eye movement task. Any delay in 

the extra-feedback loop may introduce unstable delayed 

feedback effects into the tracking operation. In addition 

one needs a highly sensitive device to compensate properly 

for micro eye movements. However this principle has been 

successfully applied in image stabilization studies 

(Ditchburn, 1973). 

Rather than attempting to stabilize the retinal image with 

respect to the head, a second option is to simply monitor 

the head movement simultaneously with the eye movement. 

The relative movement of the retinal image can then be 

estimated by subtracting the motions of the head from the 

eye position in the time domain. However, the method 
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increases the data processing demands on the system and by 

introducing a new stage of data analysis increases the 

margin for measurement errors. 

A more direct solution to the head movement problem is to 

devise an apparatus to maintain the head in the required 

position. A number of workers therefore prefer to clamp 

the head in position 

dental bite bars and 

with a combination of head rests, 

chin rests (fig. 2 .lb) • Such 

measures cannot guarantee perfect head stability, but with 

a co-operative S significant head movements can be 

appreciably reduced. In any case for experiments in which 

absolute eye position information is not crucial a certain 

margin of DC shift caused by head movements can be 

tolerated. Perhaps the main obstacle to physical head 

stabilization devices is the possible discomfort to Ss 

caused particularly in long and tedious experiments. But 

the comfort of Ss can be improved substantially by 

ensuring that all the securing components of the apparatus 

can be adjusted to each individual S. 

2.1.2 Direct Visual Observation 

A general impression of the nature of an eye movement can 

be obtained from direct visual observations of the eye. 

Some authors (Javal, 1879) used a plane mirror for this 

purpose. Observations 

fluctuations of the 

were made by 

reflected mirror 

simply noting the 

image with the 
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unaided eye. Movements greater than 1-2 degs. could be 

reliably detected. The accuracy of visual observations 

was later increased by using optical instruments to 

provide a magnified image of the eye, or some part of it. 

Lenses giving the required magnification were used in the 

study of relatively large eye movements (Newhall, 1928) 

and a microscope was adapted for the study of small eye 

movements or micro movements during fixation (Gassovkii 

and Nikolskaya, 1941). 

Park (1936a 1936b) recorded eye movements during fixation 

by measuring, using a galvanomter, the movements of a lens 

attached to the eye. Peckham (1934) and Ogle, Mussey and 

Prangen (1949) used a stereoscope and telescopes to study 

changes in convergence during fixation on an object. 

Direct viewing methods are currently usually adopted in 

studies where only the occurence of a lateral eye movement 

and its direction are required, with no measures of the 

extent of the movement as in studies on the use of eye 

movements as an index of lateralization in cognitive 

processes (Kinsbourne, 1972) and fixation preference in 

infants (e.g. Fantz, 1961). 

2.1.3 After Image Methods 

Several experimenters (Dodge, 1907; Helmhlotz, 1925; 

Duke-Elder, 1932; Barlow 1952) have used after-images to 
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study eye movements. The method involved presenting to 

the eye a bright flash shortly before or during the course 

of an eye movement. A sharp high contrast source of light 

produced a negative after-image lasting some several 

seconds. As this after-image was fixed on the retina 

perceived motions of the image reflected the corresponding 

eye movements. Knowing the distance between the eye and 

the stimulus it was possible to calculate the size of the 

eye movements with a correctly calibrated reference, such 

as a screen graticule. Small, clear stimuli improved the 

precision of the method. Rough approximations of the eye 

velocity could be gained using after-image methods. The 

basic requirement was that the stimulus was of an 

appropriate alternating current type and of sufficient 

duration to produce a clear image on the retina. A large 

saccade across the light source resulted in a perceptible 

array of discrete points or flashes spread out across the 

retina. The inter-point distance was equivalent to a 

moment-to-moment sample of the average eye velocity along 

the saccade trajectory (see also Thomas, 1961 for an 

interesting suggested application of this principle). 

One ingenious early version of this method used a bright 

source placed at the centre of a narrow slit. While the 

observer fixated this target a lamp was flashed behind the 

upper and lower halves of the slit. The lamps were 

switched on and off consecutively at a predetermined rate 

producing an after-image of each half of the slit. An eye 

movement during the interval between two flashes displaced 
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the two halves of the after-image relative to each other. 

Thus, when the source was of a frequency greater than the 

inter-fixation rate, the magnitude of the displacement 

corresponded to the magnitude of an eye movement. 

One appealing feature of after-image methods, which tends 

to be entirely absent in modern eye movement recording 

systems is the direct awareness Ss have of the character 

of the motions of the eye. This may be particularly 

helpful in studies on questions of voluntary control of 

eye movements. The method is largely unaffected by head 

movements - a problem still faced by modern recording 

systems. However, as a general method it lacks the 

precision of, for example, the more recent photoelectric 

recording systems, and therefore is unsuitable for 

detailed measurements of saccadic parameters. 

2.1.4 Mechanical Methods 

In the past some workers have used mechanical principles 

in their attempts to obtain accurate measurements of human 

eye movements. One early method used a probe which rested 

directly on the apex of the surface of the cornea. The 

movement of the cornea was transmitted along a lever which 

was balanced at a fulcrum attached to the Ss head. The 

other end of the lever arm charted a record of the eye 

movements on a moving paper graph (cf Ohm, 1928; Cords, 

1927) • A second mechanical method used an aluminium or 
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plaster cup shaped contact lens, in which a small aperture 

was drilled in the center. A lever connected to the cup 

transmitted eye movements to the recording chart. In some 

experiments Orschansky (1899) fixed a small mirror to the 

cup: he was evidently the first to use a beam of light 

reflected and projected on a screen to study eye 

movements. Direct mechanical methods have never enjoyed 

wide popularity as a procedure for recording eye movements 

and are now more or less obsolete, although mechanical 

systems are still applied in producing passive eye 

rotations (e.g Skavenski, 1972, Collins, 1975). 

2.1.5 Reflected Beams Using Mirrors 

Mirror reflection methods have in common the use of a 

mirror attatchment on a contact lens, placed over the 

corneal surface. A light source directed at the eye is 

reflected back and focused onto a photosensitive material 

or device. Ss eye lids are sometimes held open manually 

or with adhesive tape as the mirrors are usually mounted 

on a stalk attached to lens. The head is held in position 

by the use of a headrest. Haddad and Steinman (1973) have 

used such a mirror system in conjunction with an 

attenuated laser as the light source. The discomfort and 

inconvenence to Ss is an obvious drawback of this method. 

The possiblity of contact lens slippage during fast eye 

movements must also to be considered when using this 

procedure. 
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2.1.6 Corneal Reflection Methods 

The radius of curvature of the cornea is approximately 

8 mm and that of the eye itself about 12 mm, the centre of 

curvature of the cornea is therefore displaced on average 

by 3-5 mm relative to the centre of rotation of the eye. 

The cornea behing a clear, shiny surface, partly reflects 

any light source falling on its surface. And since the 

rotations of the eye and cornea do not coincide, the angle 

of reflection from the cornea during an eye movement moves 

with the eye. This principle has been used to estimate 

the angle displacement of the eye. 

Dodge and Cline (1901) and Stratton (1902) were the first 

to recognise and apply this method to the recording of eye 

movements. Lord and Wright (1948) developed a 

photoelectric method for recording movements of the 

corneal reflex, as it has been called. In their 

experiments the head was restrained by a head strap and 

the use of a bite bar attached to the head rest. A beam 

of ultraviolet light was directed onto the cornea, whose 

reflection fell onto a semi-transparent mirror. The 

reflected beam was then divided into two parts to be 

picked up by two photodiodes which registered the 

horizontal and vertical components of an eye movement. 

The signals were then amplified and displayed on a 

cathode-ray oscilloscope. 

Mackworth and Mackworth (1958) in a famous study, measured 



PAGE 69 

the corneal reflex using a closed circuit television 

camera system. By magnifying the image 100 times and then 

projecting both the corneal reflex and the visual display 

onto a television tube the position of the corneal reflex 

was made to correspond directly to the point of fixation. 

The system was accurate to + or 1 deg. over a 

20 deg. range. 

Corneal reflection methods can potentially provide eye 

movement resolution of up to 1 min. of arc. over a range 

of 10 to 20 degs. An important feature of the method is 

that the brightness and contrast of the image can be 

enhanced by simply increasing the intensity of the source. 

2.1.7 Photo-Camera Methods 

Several authors have developed photographic methods based 

on motion-picture or still photography methods to study 

eye movements. Dodge and Cline (1901) were the first to 

make photographic studies of the eye in motion. 

Judd, Mcallister and Steel (1905) took sequential 

photographs of the eye at a rate of 9 per sec. Two high 

reflectance 'land marks' were· attached to a fixed head 

rest and were included in the exposure field of a 

recording camera. A small spot of chinese white was 

placed on the cornea. The position of the white spot 

relative to the land marks was determined in each frame 
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and the measurements were used to provide a descriptive 

account of eye movements. 

Barlow (1952) recorded eye and head movements by 

monitoring the displacements of two small drops of mercury 

placed on the cornea and forehead. Karslake (1940) made 

motion pictures of the image of the eye in a 

semi-transparent mirror, through which Ss looked at the 

object of perception. 

Photographic methods can be used fairly effectively for 

recording large eye movements and accurately reflects 

movements in both horizontal and vertical orientations. 

However, a laborious analysis is often necessary before 

the data can be clearly interpreted. But a more serious 

handicap is the implicit limitations on details of the 

saccade dynamics that can be derived by photographic 

systems due to the low temporal resolution. 

2.1.8 Electro-oculography (EOG) 

An ocular electric potential is known to exist between the 

outer and inner sides of the retina (Mowrer, Ruch and 

Miller, 1936). The higher metabolic rate of the retina 

causes the cornea to be some 0.4 to 1.0 pV positive with 

respect to the retina. During rotary movements of the eye 

in the horizontal plane there occurs a change in the 

potential difference with respect to the outer canthi of 
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the eyes. When the eyes rotate in a vertical plane these 

changes take place between points on the head above and 

below the eyes. The relative potential changes can be 

detected by two low impedance electrodes attached to the 

corresponding 

few millivolts 

points on 

and must 

the skin. 

therefore 

The signal is only a 

be amplified. The 

change in potential is linearly related to the visual 

angle of the eye with respect to the head, over a wide 

visual angle. This signal can be used to measure 

movements of the eye and is currently a popular and widely 

used procedure in many eye movement laboratories. 

However, the EOG method has several serious problems. 

Miles (1939) investigated the effect of various conditions 

on the magnitude of the cornea-retinal potential 

difference. It was revealed that light adaptation causes 

an increase, while dark adaptation causes a decrease in 

the absolute eye potential. A further serious doubt 

concerning the EOG method has been caused by unresolved 

questions concerning the origin of the EOG potential, as 

this seems to be influenced by EEG, EMG and GSR artifacts. 

Furthermore, Lippold and Shaw (1971) apparently recorded a 

EOG potential sychronised with instructions to move the 

(absent) eyes from an enucleated S! Byford (1963) has 

also suggested that the velocity of the eye may contribute 

a confounding component to the EOG, causing a marked 

distortion in the registration of some saccades. By using 

the corneal reflection as a reference, it was shown that 

changes in the EOG measure can occur in the absence of an 
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eye movement and vice versa. 

Notwithstanding many researchers have used the EOG method 

because it has a number of attractive features. The 

method can be used for recording eye movements in the dark 

and when the eyes are closed. EOG is simple to use and 

does not impede a S's vision. It also produces a linear 

output over a wide visual angle. 

2.1.9 Electromagnetic Recording 

A uniform alternating magnetic field induces a measurable 

current in an eye coil situated within that field. The 

amplitude of which is proportional to the angle between 

the plane of the eye coil and the lines of forces 

generated in the magnetic field. The signal is fed into a 

recording device for phase detection and amplification. 

The recording of vertical eye movement components requires 

a second orthogonal magnetic field. A second pair of 

parallel coils is placed around the Ss'· head with a 

different frequency from the current generating the 

horizontal magnetic field. The S is fitted with a scleral 

coil carefully positioned to center around the cornea 

covering the scleral region (Robinson, 1963; 

et al., 1975). 

Collewijn 

It has been claimed that this method is sensitive to 15" 

of arc. A further characteristic of the procedure is its 
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insensitivity to pure lateral displacements, but the 

recordings may still be contaminated by head rotations 

inducing compensatory eye torsion. It is therefore still 

necessary to ensure stabilization of the head. 

2.1.10 Photoelectric Methods 

Photoelectric methods take advantage of the fact that the 

iris and sclera of the eye reflect light by different 

amounts. A light source is directed towards the temporal 

side of the eye so that half of the signal is on the 

sclera and the other half on the iris. The different 

reflecting properties of the sclera and iris causes a 

modulation of the reflected light proportional to the 

ratio of sclera and iris surface area orthogonal with the 

light source. This signal is then reflected back to a 

photodiode and fed into an amplifier, before final storage 

on magnetic tape or computer disks. 

A high signal to noise ratio of many photoelectric devices 

makes the system particularly appropriate for giving 

precise resolution of small saccades and have the 

additional advantage of requiring no direct attachments to 

the eye. The system is normally limited to horizontal eye 

movement, since the upper and lower limbus areas are 

obscured by the eye lids. 
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2.2 Methods and Apparatus of the Experiments 

The experiments were conducted in a specially adapted room 

approximately 5.5m x 3.0m x 3.5m for the running of visual 

psychophysical experiments. The minicomputer controlling 

the experiments was placed in the same laboratory, except 

for two early experiments when it was located in a 

separate, adjoining room. 

The experiments raised a number of issues concerning the 

operational characteristics of the saccadic motor system. 

Saccades are normally generated when the eye is attracted 

by a peripheral target that appears sufficiently into the 

peripheral field that detailed vision is poor in 

comparison to when the visual axis is aligned with the 

target. Thus the sudden movement of an object from the 

fovea to the parafovea or further peripheral retina 

provides an adequate stimulus for a saccade. The target 

displacements used in these experiments were generated by 

applying a step function to the target input with a rise 

time much smaller ~han 1 micro second. 

2.2.1 The Computer 

Central to the running of the experiments was a Computer 

Automations LSI alpha (CED) 2/20 minicomputer, using the 

502 interface model. The computer performed three general 

functions: 
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a) The Eye Movement Displays 

One function of the computer was to generate visual 

stimuli on an X-Y display. With the exception of 

Experiment 4.1, which used smooth target movements, all 

target movements were step functions. The processing time 

to display the screen targets was determined by the size 

and complexity of the stimulus matrix in addition to the 

on-line analytical operations in eye movement contingent 

experiments (further details are presented with each 

experiment) where the target presentation was determined 

by the timing of the saccade. This allowed the experiment 

to hold the duration of the target at the fovea constant 

for a saccade of any latency. 

The display unit was a Tektronix model 602 phosphor 31 

which produced very little after-image in normal ambient 

conditions. The screen surface area was lOOmm x 80mm. 

The height of the scope was set to the S's eye level using 

an adjustable platform. This scope was used for recording 

5 deg. saccades. Ss were situated 1145 mm from the 

display. A second Hewlett-Packard model 1327A X-Y screen 

was used for experiments in which both large (20 degs) and 

small (5 degs) eye movements were required. When using 

this larger scope Ss were seated 850 mm from the display. 

This scope had a frontal surface area of 430mm x 330mm. 

~ 
The average luminance of the display was 100 cd/m • 

By conducting the experiments in a semi-darkened lighting 

conditions any "glare" from the scopes was significantly 
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reduced. A pilot study revealed problems in attempting to 

make recordings completely in the dark. This tended for 

example to increase eye strain on the s. It also became 

difficult to make any adjustments to the settings of the 

eye movement apparatus at the calibration points during an 

experimental run, also scope after-effects became more 

noticeable. 

The same display units were used to carry textual 

information and to signal the start and end of a run and 

to present the visual feedback of experiments 3.1 - 3.4. 

b) Eye Movement Sampling 

The frequency at which eye movement sampling could be 

achieved was related to the level of complexity of the 

stimulus display. This problem was approached in two 

ways. By keeping the display as simple as possible, thus 

holding the time display overheads to a minimum, it was 

possible to record eye position at up to 1000 Hz. 

However, sampling intervals at 500 Hz were found to be 

adequate for our purposes. 

A different strategy was required for experiment 4.2 where 

the effect of a target velocity on the saccade trajectory 

was investigated. In this study it was necessary to 

manipulate the rate of movement of the target across the 

scope. Here the display refresh rate frequency was 
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separately controlled from the eye movement sampling stage 

by using a hierarchical timing system. This made it 

possible to move the target at fast or slow speeds while 

permitting the high frequency sampling of the eye 

position. Once the data was recorded this was written 

immediately and stored onto floppy disk. 

c) Data Storage and Analysis 

The third key function of the computer was in the filing 

and analysis of the data. However, before describing this 

the process of recording the eye data is described. 

2.2.2 The Calibrations 

Once a S was set up he/she was presented with three dot 

points at the left, central and right positions for that 

condition. A symmetrical eye position measure was 

obtained by a continuous process of resetting the 

photoelectric DC offset and amplifier gain while 

simultaneously monotoring a voltage meter reading. The 

calibration continued with a press from the S controlled 

button when the triple dot stimuli were replaced by a 

single target moving from the left peripheral eccentricity 

to the central and then right eccentricity at intervals of 

512 or 1024 msecs. The S was instructed to fixate 

accurately the target at each position, where continuous 

samples of the eye were recorded. The symmetry and 
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variability of the fixations was then analysed on-line and 

the results displayed on the computer terminal. The 

calibration was rejected and the procedure recommenced for 

assymetries in the order of 10% of the total left I right 

visual angle for that condition. The procedure was 

repeated every 20 trials. 

The problem of head instability was reduced by using a 

combined head clamp, chin holder and a 1 em diameter dowel 

bite board (see fig. 2.1). 

2.2.3 The Eye Movement Recording Unit 

The eye movement recording device operated on the 

photoelectric method. The set up used a fibre optic 

channel called a random Y-guide to transfer light from a 

light emmiting infra-red diode (LED) to the limbus area 

between the iris and the sclera (fig. 2.2). One arm of 

the Y-giude transmitted the chopped incident source while 

the second arm returned the scattered signal from the eye 

back to a receiving diode in the recording box. The 

signal was then amplified by a standard DC amplifier. 

The input-ouput function of the system was measured in the 

following way: A mid-grey contrast stimulus was placed 

across the incident surface of the fibre optic by 

operating a micro manipulator (see fig. 2.3). This 

provided the visual input to the photo diode. A dial 
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Fig. 2.3. Measurements of the linearity of the eye 
movement recording device using a single probe (a) and the 
double probe (b) . These measurements were obtained by 
recording the input displacements of a mid-grey contrast 
stimulus with a micrometer dial. This was plotted as a 
function of the output voltage from the eye movement 
recording system. Measurements were taken at minimum 
gain. 
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micrometer was used to 'sense' the movement of the 

stimulus at increments of 0.0128 mm. This was equivalent 

to 0.073 degs. The angular displacements were plotted 

against the corresponding voltage output from the 

recording unit. Fig. 2.3a shows that this system was 

linear up to + or 2.5 degs relative to the central 

fixation position. 

A second device using similar principles was used to 

measure larger eye movements (20 degs). The device used 

two channels for 

channels for 

each i.r 

photodiode 

source and 

detection 

second pair 

(fig. 2.2). 

of 

A 

phase-locked oscillator was added to counter-act transient 

interference. Thus changes in ambient light did not 

affect the performance of the system, which was designed 

to register only mechanical displacements. The 

sensitivity of the system was improved by implementing an 

adjustable DC offset mechanism separately from the 

amplifier stage. 

The probes were placed at the sides of the cornea and were 

held in position by perspex frames mounted on an aluminium 

stand. The mounting frame for the probes allowed 

movements in horizontal, vertical and depth planes. Eye 

movements were recorded monocularly. 

The two probes were aligned such that a horizontal eye 

movement would produce a signal of increasing polarity in 

one probe and a decreasing signal in the second probe. 
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The respective signals were picked up by two photodiodes 

and treated electronically in the same way as in the 

previous system. The voltages were passed to a 

differential amplifier which generated the final analogue 

signal proportional to the angle of the eye rotation. 

This information was then transmitted to the digital 

computer and recorded onto floppy disk. Fig 2.3b shows 

that the system was linear over a central area of at least 

20 degs. Fig 2.4 shows the results of the stability of 

the system centered around a DC of 0.01 volts at maximum 

gain. The drift over 30 minutes was less than 0.25%. The 

sensitivity of the system was better than 4 min. arc. 

Fig. 2.5 shows the frequency response of the system, which 

was good up to 125 Hz. The rise and fall time from 0 to 5 

volts was 5 msecs. 

2.2.4 Data Processing 

The object of the analyses were directed at a number of 

saccadic parameters which included the latency, amplitude, 

peak velocity, duration and peak acceleration of a 

saccade. Of these the measures of peak velocity, 

acceleration and duration are most sensitive to the 

sampling frequency. Saccade latencies and amplitude can 

be reliably estimated at frequencies as low as 100 Hz. 

However a system operating at this level would be totally 

inadequate for someone interested in the details of the 

saccade dynamics. For example, if a 5 deg saccade lasts 
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30 msecs, such a system would provide a maximum of 3 

points with which to calculate the saccade trajectory. 

These studies therefore used a sampling rate of 500 Hz, 

with the exception of experiment 3.5 which was based on 

samples at 250 Hz. 

Sampling at such high frequencies however also introduced 

a problem. Even during so-called period of fixation the 

eye was never entirely stationary but was moving 

continuously in involuntary tremors and drifts (Ditchburn, 

1973). A 500 Hz sampling rate picked up a significant 

proportion of these high frequency eye oscillations. A 

criterion therefore was used to distinguish between these 

irregular involuntary movements and the larger saccadic 

movements used in voluntary refixations. This criterion 

was then used to determine the amplitude and duration of a 

saccade. The criterion applied took the form of a 30 

deg/sec velocity threshold. A sub-criterion specified 

that in addition a saccade also contained an acceleration 

component for three successive samples (Ditchburn pers. 

comm., 1981). A temporal gate was also specified by 

defining an anticipatory response as a saccade having a 

latency less than 80 msecs (after Becker and Jurgens, 

1979~ Heywood and Churcher, 1981). 

The analysis algorithm used an interactively operated CRT 

marker which indicated the estimated beginning, the end 

and the point of peak velocity for each saccade 

(fig. 2.6). Obvious miscalculations could therefore be 
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Fig. 2.6. Top record, detection of onset and termination 
of a small saccade. Lower record, a typical blink 
artifact. Note the longer duration and distinctive 
profile of the artifact. 
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rectified by adjusting the position markers superimposed 

on the displayed eye records. Thus errors due to blinks 

and other artifacts could be clearly identified with this 

procedure. 

During the course of experiment 3.3 a number of 'hard 

errors• were generated at random on some records. These 

sectors were unsuitable for proper analysis. Subsequent 

experiments circumvented this problem by (superstitiously) 

double-checking each sector for read and write eligibity 

prior to finally writing a record to disk. Further 

descriptions of the procedures will be presented with each 

study. 
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CHAPTER 3 

The Modification of Saccadic Trajectories 

3.1.1 Introduction 

A report on experiments 3.1 and 3.2 in this chapter has 

previously been published in Crawford (1984). 

When the point of visual 

movement 

regard 

the 

is 

time saccadic eye 

displacement has a characteristic 

transferred 

course of 

form. The 

with a 

the eye 

saccade 

begins with a gradually increasing velocity which reaches 

a peak approximately half way through the movement for 

small saccades (<lOdegs.) and then decreases once more 

(see example in fig. 3.1). For larger movements the point 

at which the saccade reaches its peak velocity falls 

proportionally nearer the beginning of the saccade as the 

amplitude of the saccade increases (Baloh et al., 1975, 

see fig. 1.7). This peak velocity can be seen in a record 

of the velocity time curve of the saccade in fig. 3.1. 

It is now well established that the peak velocity and the 

saccade duration manifests a predictable relationship with 

the amplitude of the saccade (see fig. 3.2). Both the 

peak velocity and duration increase approximately linearly 

with the amplitude at small saccade amplitudes, but the 

peak velocity tends to saturate at amplitudes beyond 20 
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degs. This general relationship has been termed the 'main 

sequence' (Bahill and Stark, 1975). 

Early descriptions of saccadic eye movements developed the 

view that saccades were largely stereotyped, preprogrammed 

movements. This conclusion was advanced from at least two 

lines of research. Westheimer (1954b), in a well known 

study, had a visual target which jumped from a central 

fixation position to a peripheral position for periods 

varying between 40 and 400 msecs, and which then returned 

to the centre. Ss eye movement responses consisted of a 

saccade to the initial target displacement followed by a 

return eye movement to the centre. This response sequence 

persisted even when the target had returned back to the 

line of the visual axis before the onset of the initial 

saccade. This implied that saccades were controlled in a 

serial order with a minimum refractory period of 200-250 

msecs. It appeared that once a saccade was initiated it 

was no longer under direct visual or volunta~y control. 

This work also encouraged the development of the Young and 

Stark (1963) sampled-data model which claimed that a 

saccade was triggered by a visual sampler receiving input 

at a rate of approximately 3-4 Hz. 

Studies on saccade durations and peak velocities also 

seemed to support the view that saccades were produced in 

a stereotyped manner. Robinson (1964) demonstrated that 

the duration of the saccade was dependent on the amplitude 

of the movement. Yarbus (1967) claimed that this duration 
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could not be controlled voluntarily when Ss were directed 

to increase or decrease the speed of their saccades. 

Subsequent research (e.g Becker and Jurgens, 1979) has 

undermined the original Westheimer (1954b) claim by 

showing that a saccade can in fact be modified by visual 

information received up to 80 msecs. before the saccade is 

released and adjustments in the saccade can occur during 

the saccade flight (Van Gisbergen, Ottes and Eggermont, 

1982; Findlay and Harris, 1984). However, the Yarbus' 

experiment has been taken by some workers as conclusive 

evidence that saccade velocities cannot be modified by 

human Ss. It also provided an important foundation for 

formulations in which the saccade was seen as a totally 

preprogrammed eye movement, (e.g Fuchs 

Shaknovich, 1977). There were a number of 

the experiment, however, which casted 

validity of deductions based on this result. 

1971, 

problems 

doubt on 

1976; 

with 

the 

The absence of several important details in Yarbus' report 

meant that it was difficult to be certain about the 

precise nature of the conditions used in the experiment. 

From the data presented, it appeared that only between 8 

and 10 trials were used in each condition. His Ss 

therefore had little time to become familiar with their 

tasks. The tasks were made more complicated by the use of 

a mixed rather than a blocked trials design which would 

have decreased the possiblity of Ss developing a 

consistent strategy for the tasks. Yarbus also apparently 
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only investigated saccades within an amplitude range of 6 

to 8 degs. It may be that there are important operational 

differences in the control of small and large saccadic eye 

movements (Frost and Peppel, 1976; Posner, 1978). 

Yarbus' apparatus for measuring eye movements, which only 

allowed saccade durations to be measured with a temporal 

resolution of 10 msecs, would have left room for 

appreciable errors in the estimation of the durations of 

these small saccades, which usually only take 30-40 msecs. 

Finally, other measures of the saccadic trajectory such as 

the peak velocity were not discussed in Yarbus' brief 

account. 

Recent research has re-opened the idea that Ss may be able 

to influence directly the course of an individual saccadic 

eye movement. Viviani and Berthoz (1977) showed that the 

saccade trajectory could be slowed when individuals were 

asked to detect a key word during a large oblique saccade 

across a text display containing the word. Van Gisbergen, 

Ottes and Eggermont (1982) showed, in a double target step 

paradigm, that saccadic velocities can be modified in 

mid-flight. Also Jurgens et al. (1981) found that in a 

population of saccades to a given target location there 

was a wide range of peak velocity and duration values but 

the saccades still arrived accurately at the target. It 

should be noted, however, that the results reported by 

Viviani and Berthoz (1977) and van Gisbergen et al. (1982) 

were obtained for saccades of approximately 30 and 40 degs 

which is well beyond the normal amplitude range for 
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naturally occurring saccades (Bahill et al., 1975). 

Such observations suggested that the modification of 

saccades was certainly possible. Yet there has been no 

clear demonstration that the duration and peak velocity of 

horizontal saccades can be systematically modulated in the 

absence of direct manipulations of the nervous system (e.g 

with drugs; Carpenter, 1977). 

3.1.2 Overview of the Experiments 

The series of experiments described in this chapter were 

designed to re-examine the assumption that the trajectory 

of a saccade cannot be systematically controlled as argued 

by Yarbus (1967) and others. Experiment 3.1 used a method 

of trial-by-trial feedback to examine the possible 

modification of saccades in two saccade motor tasks. This 

experiment used two biofeedback (BF) conditions. The 

'BF-slow' task required Ss to reduce the speed of the 

saccade trajectory and a 'BF-fast' task asked Ss to 

increase the speed of their saccadic eye movement. In a 

further condition the effect of extended practice in the 

BF-slow task was investigated by training two Ss for 10 

days in this paradigm. It was felt that the demonstration 

of the presence or absence of motor control provides 

important but limited information on the qualitative 

nature of the underlying motor system itself. The 

modification process would be more clearly understood if 
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one could also determine whether the modification of 

saccadic parameters 

learning curve of 

approaches that of the systematic 

normal human skills. The process of 

acquiring a motor skill or becoming more proficient in a 

movement task (as well as in many cognitive and perceptual 

skills) has a well known positive relationship with the 

extent of training (Newell, 1981) although single trial 

learning does occur in some tasks (Kay, 1965). Previous 

research on the modification of biological systems with 

feedback (cf Appendix A) have perhaps prematurely 

interpreted the evidence for acquired biological control 

in terms of a human skills acquisition model without going 

on to provide any evidence on the skilled characteristics 

of the target behaviour (see Appendix A). It was 

therefore considered important to determine whether 

saccade adjustments are all-or-nothing phenomena or 

whether they are sensitive to the fundamental practice 

effects in a similar way to other motor performance. The 

data demonstrated that modifications in the saccade 

trajectory increased by up to 40% with extended training. 

In experiment 3.2 individuals were tested at 5 degs. and 

20 degs. target eccentricities for their ability to 

modify saccade velocities with continuous on-going 

feedback, since experiment 3.1 demonstrated that increases 

in saccade peak velocities were possible with the 5 

deg. saccades used in that experiment. The extremely fast 

speeds attained during large saccades (approximately 

500-700 degsjsec) suggested that further increases in the 

velocity of 20 deg. saccades would be unlikely. However, 
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there would be room for reductions in the peak velocities 

of large saccades in the BF-slow task. The results were 

generally consistent with the view that with practice the 

velocity of small saccades can be increased, while large 

saccades can be slowed. Experiment 3.3 then investigated 

the effects of extended practice in the BF-fast task over 

a period of 5 days at target movement eccentricities of 5 

degs. and 10 degs. Saccadic peak velocities increased 

gradually for 3 out of 4 Ss during this period. 

Experiment 3.4 used a task which placed demands for 

processing a visual stimulus during the saccade execution, 

to determine whether the modification of saccade 

velocities can be adapted to the requirements of a visual 

task and to look in detail at the temporal region of a 

saccade in which modifications can occur. Thus the 

experiment attempted to determine whether modifications in 

the trajectory of the saccade are biased to one temporal 

vicinity or whether, as predicted by the Robinson 

bang-bang model, modifications are equally probable in 

different temporal regions. The results were consistent 

with Robinson's model. 
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3.2 

Experiment 3.1 

It was predicted that it should be possible, under certain 

conditions, for example as with highly informative 

feedback, to induce adjustments in the parameters of the 

saccadic trajectory; 

velocity. However, 

in particular, the duration and peak 

if saccades are the product of 

preprogrammed, stereotyped processes the modification of a 

saccade trajectory should not be possible. 

3.2.1 Method 

Subjects 

Three post-graduate students participated in this 

experiment. The Ss were all naive concerning the detailed 

characteristics of eye movements. All Ss had emmetropic 

vision. 

3.2.2 Procedure 

This experiment used a method of trial by trial feedback 

to examine the modification of saccade speeds in two 

saccade motor tasks. In both tasks the Ss had to move 

their eyes to a 5 deg target jump. Two biofeedback (BF) 

conditions were used: 'BF-slow' and 'BF-fast'. 

The BF-slow condition 

In the BF-slow condition Ss were instructed to reduce the 

velocity of their saccadic trajectory on each trial with 
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respect to ten initial baseline control trials. 

The BF-fast condition 

In the BF-fast condition Ss were required to increase 

their saccade velocities. The distinction between the 

reaction time of a saccade and saccade velocities was 

first clearly explained to each subject. 

Each condition consisted of 60 trials and commenced with 

calibration measures of the eye movement registration 

This calibration was repeated apparatus (see chapter 2) . 

every 20 trials. The first ten trials in the feedback 

baseline trials. The Ss were conditions were used as 

instructed to follow the movement of the target accurately 

without attempting to adjust saccade velocities until the 

onset of the feedback information on trial 11. A trial 

was initiated by the subject who controlled a push button. 

At the start of the trial the target was positioned at the 

central fixation position of the oscilloscope. On the 

initiation of a trial a high contrast visual spot target 

was displaced 2.5 degs. to the left or right (this 

direction was randomised). Ss were required to fixate 

this target until it jumped 5 degs. across the display 3 

sees later and remained there for 2048 msecs. Ss were 

required to modify their saccade trajectory to this step. 

The end of the eye movement sampling and also the trial 

was signalled by the return of the target to the central 

fixation position. Ss were encouraged to proceed at their 

own pace, and to pause whenever necessary. 
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Each S also took part in a control session, with no 

feedback, in which they were instructed to track as 

accurately as possible the movement of a target step which 

occurred on that trial. As in the other two conditions Ss 

controlled the intiation of a trial by a start button. A 

trial began with the target for the eye movement in the 

central screen position. Following the start signal the 

target shifted 0.5 degs. to the left or right for 3 sees, 

after which the target jumped twice this distance to the 

opposite corresponding screen position. The size of the 

target jump was incremented by 1 deg. every ten trials for 

fifty trials. The only subject requirement was to follow 

the movement of the stimulus as accurately as possible. 

Ss were told that this was not a reaction time experiment, 

but that the aim of the task should be to modify the speed 

of the eye trajectory once it was initiated. The Ss were 

informed that the purpose of these conditions was to 

determine whether they were able to adjust the speed of 

saccadic eye movements, and that to help them achieve this 

visual and auditory feedback on the peak velocity of their 

eye would be provided following each trial. Analogue 

information was provided in the form of a computerised DAC 

unit measure of the saccade peak velocity. This was 

presented on the screen approximately 1 sec after the eye 

movement for the duration of that trial. A visual binary 

feedback signal, 

satisfactory level 

an 

of 

asterisk ( I * I ) 

performance, was 

indicating 

based on 

a 

a 

criterion of 0.5 standard deviation outside the mean of 
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the baseline control velocities obtained at the start of 

the feedback sessions. In addition, an auditory tone, 

whose frequency was related monotonically to the saccade 

peak velocity, was provided. 

Extended Training Condition 

Two further Ss took part in a condition in which they were 

given practice in the BF-slow paradigm for ten days. The 

details of the training procedure were identical to the 

BF-slow condition described above. On day 1 baseline 

control data on saccadic characteristics were obtained. 

Ss were giv~n 40 practic~ trials only (to reduce any 

possible effects of fatigue) on each day for ten 

consecutive days. Eye movements were sampled at 500 Hz. 

The data presented here were taken from the initial 

saccades on a given trial. 

3.2.3 Analyses and Results 

Saccade Peak Velocity and Duration 

The analysis of individual records revealed that Ss 

appeared to use a regular strategy in their efforts to 

reduce saccade speeds in the BF-slow task. On a large 

proportion of trials in this condition Ss produced a 

regular sequence of hypometric saccades (or 'multiple 
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saccades') which ultimately took the eye to the target 

position. Therefore, as saccade peak velocities and 

durations are a function of saccade amplitudes they were 

treated by using the amplitude of the saccade in the 

calculation of any differential velocity effects. The 

standard deviations showed that the variances of the 

control and feedback conditions were not homogeneous and 

this was confirmed by F-tests on the variances. The 

control and feedback data were therefore analysed in a 

t-test for data with unequal variances (Edwards, 1970). 

Plots of the data are shown in fig. 3.8 and fig. 3.9. The 

data from each session were also analysed in a linear 

least squares regression analysis of amplitudes against 

peak velocities and durations. The regressions were found 

to be highly significant (p < 0.0001 level for the slopes 

of amplitude I velocity and p < 0.001 for the 

amplitude I duration relationships). 

the curves accounted for 70% to 98% of 

In experiment 3.1 

the variance in 

saccade velocities. More complex curves could have been 

developed to describe each individual trend, but this was 

not necessary as the prime object was to determine whether 

saccades in the feedback and control conditions were 

significantly different from each other. The velocity and 

duration of saccades produced in the feedback conditions 

were compared to the control values by calculating the 

duration and velocity of saccades of equivalent amplitudes 

obtained in the control condition. 

ss showed saccade duration increases in the BF-slow 
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condition of 5.7 msecs (81), 8.9 msecs (82) and 13.2 msecs 

(83); (8l:t=4.73, df(ll45), p < 0.005; 82:t=3.98, 

df(ll47), p < 0.005; 83:t=l4.17, df(ll47), p < 0.005). 

Table 3.1 shows that no 8 successfully reduced peak 

velocities in the BF-slow condition. Velocities increased 

from mean levels by 9.3 degslsec, 13~6 degslsec and 30.2 

degslsec in the BF-fast conditions (8l:t=3.22, df(ll59), p 

< 0.005; 82:t = 5.82, df(ll52), P < 0.005; 83:t=4.21, 

df(ll46), P < 0.005). 81 also had increased velocities in 

the BF-slow session. Note that no 8 shortened a saccade 

duration from the control performance. One 8 showed 

longer durations in the BF-fast condition than in the 

control condition but this 8 showed the largest increase 

in saccade durations in the BF-slow task. 

Correlations 

Table 3.2 shows that the amplitude I peak velocity Pearson 

product-moment correlation coefficients are still very 

strong in each condition. In the control conditions 

correlations of approximately 0.9 and 0.8 are found for 

the amplitude I duration relationships. These 

correlations are clearly reduced in the BF-fast and 

BF-slow conditions, showing that in the feedback 

conditions there was an increased variability in this 

relationship. This result shows firstly, that a weakening 

in the saccade duration I amplitude relationship can occur 

independently of any overall changes in the baseline level 

of saccade durations as manifested in the BF-fast 
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conditions. Secondly, the increased durations cannot have 

been the result of simply increasing saccade amplitudes. 

The Multiple Saccade Response 

An analysis of individual records revealed that Ss were 

frequently using a regular strategy in their efforts to 

reduce saccade speeds in the BF-slow task. On a large 

proportion of trials in this condition Ss produced a 

regular sequence of hypometric movements which ultimately 

took the eye accurately to the target location (fig. 3.3). 

These saccade sequences will be referred to as 'multiple 

saccades'. A multiple saccade is defined here as a 

sequence of hypometric movements in which the initial 

component is less than 60% of the final eye position. 

Further analysis of these saccade trajectories showed that 

they were partly responsible for an inverse relationship 

observed for saccade amplitude and saccade reaction times 

in the BF-slow condition. Multiple saccades will be 

discussed in more detail in chapter 4. 

Saccade Latency 

A dramatic effect of the BF-slow task on saccade reaction 

times is illustrated in fig 3.4. In a similar way to the 

effects on saccade velocities, saccade latencies in the 

BF-slow condition were modified, and in this case 

lengthened, within two or three trials following feedback 

onset. This increase was maintained for the duration of 
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the sessions. 

Enhanced saccade latencies occurred concomitantly with an 

increase in variability, as indicated by the standard 

error markers (fig. 3.4). However, if the variability is 

taken as a proportion of the absolute latency, the 

enhanced deviations found in the BF-slow condition become 

similiar to thoses in other conditions. 

Extended Training Condition 

Peak Velocity 

Fig. 3.5 show the changes in peak velocities relative to 

the initial velocities measured on day 1. No significant 

trend for peak velocities were observed over the training 

sessions. The mean changes in peak velocities across the 

entire training period were 1.14% for Sl and 7.93% for 82. 

The correlations for saccade amplitudes and peak 

velocities were also unchanged. There were reliable 

amplitude I velocity correlations on every day (fig. 3.6). 

Saccade Duration 

Fig. 3.5 also illustrates the changes in saccade 

durations. The change in saccade durations from the 

control levels increased from initial values of 8%(+) and 

3.6%(-) on day 1 to final values of 49%(+) and 21%(+) on 

day 10. The modification of saccade durations increased, 
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although nonlinearly, with further training. The curve 

showing lengthening of saccade durations was largely 

isomorphic with that showing the fall in the 

amplitude I duration correlations, confirming that neither 

the within or the between session modulation of saccade 

durations can be adequately accounted for solely in terms 

of adjustments in the saccade amplitudes. 

Saccade Latency 

Fig. 3.7 shows the mean saccade latencies 

Clearly the BF-slow task induced large 

for both Ss. 

delays in the 

initial saccadic responses to the target movement. This 

effect occurred almost immediately, within the first 2 or 

3 trials of the BF-slow task. Such lengthened reaction 

times persisted in all the sessions. 

3.2.4 Summary 

1. Trial-by-trial feedback training in the modification 

of saccade speeds can induced changes in saccade movement 

durations, such that saccade durations are increased in 

the BF-slow task relative to a control condition. This 

effect is enhanced when training is distributed over 

several days. 

2. In feedback conditions saccade movement duration time 

and saccade amplitude are modified such that the strength 

of the relationship is reduced from the control condition. 
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3. The usual high correlations for peak velocity and 

saccade amplitude is maintained in all conditions. 

4. The limitations of modifications in this experiment 

were indicated by the moderate increase in peak velocities 

in the BF-fast condition and in the absence of any 

lowering of the peak velocities or saccade durations 

relative to the control conditions. 

5. Performance in the BF-slow task revealed the 

'programming' of multiple saccades. It was suggested that 

these multiple saccades were responsible for the grossly 

lengthened saccade latencies in this condition. This will 

be discussed separately in chapter 4. 

3.2.5 Discussion 

The results demonstrate that modifications in the dynamic 

and would components of 5 

therefore seem to 

deg. saccades are 

be incompatible 

possible 

with the view 

saccades are fundamentally stereotyped mechanisms. 

that 

The results show that the modification of one parameter 

relationship does not necessarily simultaneously affect 

the values of other saccade characteristics. This was 

shown by the velocity and duration correlations with 

saccade amplitude. While amplitude I duration 

correlations were reduced in the feedback sessions, no 

effects were evident on the peak velocity I amplitude 
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correlations. Interestingly, further analyses showed that 

in the BF-slow sessions there was also a fall in the 

correlation of amplitude with peak acceleration as 

calculated from a mathematical differentiation of the 

velocity data arrays. 

The modification of saccade durations and the relationship 

with saccade amplitudes showed that the saccadic system is 

sensitive to the degree of practice. This widespread 

feature of learned experience might seem to begin to 

provide empirical support 

modifications developed 

acquiring or enhancing a 

for theories 

in terms of 

motor skill 

of biological 

processes for 

where practice 

effects are well known. More research on this large issue 

is clearly required to determine the significance of other 

important variables, such as the frequency of information 

feedback and the distribution of practice on the 

modification process before we can put forward categorical 

conclusions on the status of the motor skill model in 

feedback research (see general discussion). 

Experiment 3.1 showed that the saccadic system is able to 

modulate the duration of the signals generating a saccade 

depending on the demands imposed by a saccade movement 

task. This mechanism apparently has the capacity to 

modify a saccade duration, while permitting the saccade 

amplitude to be less restricted by the saccade duration 

when it does so. 
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The finding that it is possible to lengthen the duration 

of a saccade while inducing no general variations in the 

peak velocities implies that these saccade parameters may 

be determined by different components of the 

neurophysiological input. This is therefore consistent 

with neurophysiological research on this question. 

Schiller (1970) for example has shown that cells in the 

oculomotor nucleus increase their firing durations as the 

saccade amplitude increases although the frequency of 

response remains constant. 

modified 

Thus, saccade peak velocities 

with the aid of feedback can apparently be 

methods, although the possibility of adjustments in 

arousal states etc. cannot be ruled out. 

Increased saccade durations have been observed previously 

in a patient with oculomotor paresis (Abel et al., 1978: 

but see Optican and Robinson, 1980), spinocerebellar 

patients (Zee et al., 1976) as well as with patients under 

the effects of alcohol and drugs (Carpenter, 1977). 

Although these effects have usually been observed with 

large saccade amplitudes. Abel et. al. (1978) concluded 

from their observations that the central mechanism 

responsible for saccades can 'selectively alter the 

operation of different aspects of the saccadic system'. 

These results provide further support for this view by 

demonstrating that the duration of saccades 5 degs and 

smaller can be lengthened, particularly with extended 

feedback practice. 
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also make the point that 

not sufficient to reduce the 

normal levels of saccade peak velocities or the tight 

relationship 

velocities. 

between saccade amplitudes 

Therefore, in Experiment 2, 

and peak 

continuous 

on-going feedback was used in an attempt to stimulate 

clear and reliable modifications of saccadic peak 

velocities. The use of this second form of feedback was 

encouraged by previous reports on its use in biofeedback 

studies (Yates, 1980). It was felt that it was crucial to 

distinguish between the limiting boundaries of plasticity 

characteristic of a specific feedback mode and the 

possible functional or generic physiological constraints 

in the control of saccades. 
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3.3 

Experiment 3.2 

3.3.1 Introduction 

Previous demonstrations of the slowing of saccade peak 

velocities by using drugs have been confined to large 

saccades in the order of 20 to 60 degs. A number of 

experimenters have suggested that different control 

principles may apply to the regulation of small and large 

saccades (e.g Posner, 1978; Frost and Poppel, 1976). The 

fact that large saccades can attain peak velocities of 

500-700 degs/sec and are the fastest movements of which 

the body is capable, suggests firstly that further 

increases in these peak velocities might be unlikely if 

they already travel at maximum velocities; and secondly, 

that large saccades might be amenable to attempts to 

induce a lowering of saccade velocities. Such an effect 

of baseline saccadic velocity levels would be reminscent 

of the law of initial values frequently used in 

psychophysiological research. 

Extensive research in the field of psychophysiology has 

shown that direct feedback is particularly effective in 

the modification of many biological systems (Schwartz and 

Beatty, 1977). Also continuous on-going feedback had 

already been successfully used in research on the control 

of congenital nystagmus eye movements (Abadi 

et al., 1979). In the following study direct on-going 
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feedback was therefore used to try to determine the 

plasticity of saccadic peak velocities as a function of 

saccade amplitude. 

3.3.2 Method and Procedure 

Eight Ss were tested for their ability to increase or 

decrease the speed of their saccadic eye movements. Ss 

were divided equally amongst the BF-fast and BF-slow 

tasks. They were asked to saccade between two point 

targets spaced at either 5 or 20 degs. of visual angle. 

The larger target amplitudes were used because it may be 

that the shorter duration of small saccades leaves 

insufficient time for any reductions in saccade velocity 

to occur. In addition 20 deg. saccades would avoid the 

possible floor effects on the lowering of saccade 

velocities, since they have much higher velocities than 5 

deg. saccades. The converse would be true for increasing 

the speed of saccades. 

In each condition two Ss were tested at each target 

eccentricity. Saccadic peak velocities were measured 

immediately before, during and after auditory feedback 

information trials. This feedback procedure used a 

variable analogue tone whose frequency was modulated with 

the position of the eye. Although the range of tone 

variation depended to some extent on the gain setting of 

the eye movement recording system, which could differ 

slightly for each s. A 20 deg. saccade corresponded 
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approximately to a change in tone frequency from 1 KHz to 

3.5 KHz. Velocity information was given by the contingent 

relationship of the eye velocity and the gradient of the 

tone frequency modulation. Each S was also tested at 

different eccentricities in an equivalent control 

condition, without feedback, when the instructions were to 

saccade normally. Eye movements were recorded in a 

darkened room to minimize the effect of any distracting 

visual stimuli. 

The Analyses 

Fig. 3.8 and fig. 3.9 show the relationships between 

saccade amplitudes and peak velocities for the range of 

amplitudes used in this study. The data were analysed as 

in experiment 3.1 by evaluating peak velocities and 

durations of saccades of equivalent amplitudes in the 

control and feedback conditions. These velocities were 

then analysed in a t-test (Edwards, 1970;see experiment 

3.1) by comparing the experimental and control sessions 

for each S's data. A further analysis was used to 

determine the significance of the changes in the two 

coefficients of the regression relationships, namely the 

slope and the intercept. The saccaqic amplitudes and 

velocities obtained in each session were fitted to linear 

regression of the form Y =mX+c. The data for each session 

was analysed by calculating two F values. Fs, represented 

the F-statistic for the statistical significance of the 

difference between the slopes for the baseline saccades 



PAGE 119 

CONTROL " #v u u " u 8 F- FAST BF- SLOW 

" w w / LU 

"'" 450 Vl 350 * / Vl V> 350 

~ " / " / " ......... 

* * {) () 400 7 
" 

() 
300 "' * /" * w 300 

LU 

' 
LU 

*"* 0 " / " 0 350 ;If 0 .;(- " *I' - 250 .t " / - . * 250 ** /* " >.. / >- 300 
7.--!IQ /v >-

""( 
200 

/ . ~" u 200 / u 
" u 250 0 ~- *v ./ 0 fl 0 ;/ / 

Q) 
-)(-/" 

Q) 150 Q) 150 ~"/ 200 > > > 
/* ....:..: 100 ~ ~ 100 V With Feedback 

0 0 
" 

0 * Without feedback Q) Q) "- Q) 
100 ¥: 50 a... a... a... 50 

18 2 6 8 10 12 14 16 18 20 2 4 6 8 10 12 14 16 18 6 10 1 2 14 16 

Saccade Amplitude (DEG) Saccade Amplitude (DEG) Saccade Amplitude (DEG). 

Fig. 3.8. The amplitude I peak velocity relationships 
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regression analysis. The regressions lines accounted for 
between 75% and 98% of the variance. This comprised one 
of the analyses used to compare saccadic behaviour in the 
BF-slow, BF-fast and the control conditions. 
BF - biofeedback. 



PAGE 120 

before feedback and for the final feedback saccades of 

each session with feedback. This analysis tested the null 

hypothesis Ho: m(l) - m(2) = 0, (Seber, 1977). This 

showed whether there was any significant change in the 

slope or gradient of the amplitude I velocity regression 

relationships. A second F-statistic, Fe, was calculated 

to test the Ho: m(l) - m(2) = 0 AND c(l) - c(2}= 0, where 

c represented the intercept of the curve on the Y-axis. 

If the relationships were in fact parallel but with a 

significant offset this would be shown by the second 

analysis. The mathematical details of these calculations 

are described in appendix B. 

3.3.3 Results 

Peak Velocity and Duration 

The t-tests showed that under the instructions to speed up 

the eye movement, peak velocities were only raised in the 

5 deg BF-fast condition (see table 3.3) where mean saccade 

velocities increased by +16.2 deg/sec and +66.1 deg/sec 

(85: t = 4.89. p < 0.005; 86: t = 5.25, p < 0.005) 

while in the 20 degs. BF-fast condition velocities changed 

by 1 deg/sec and -84 degjsec (87: t = 0.11, p < 0.45; 

88: t = 14.6, p < 0.005). The fall in saccade velocity 

for the second S in the BF-fast condition would seem to be 

consistent with the view that large saccades are more 

easily slowed than speeded up (see below) • In the BF-fast 
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116.1 (29.9) 
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367 .6( 67 .2) 

70.2(14.4) 

OF p 

1/14 <0.01 

1/14 <0.005 

1/14 >0.35 

1/14 <0.005 

1/14 <0.005 

1/13 <0.005 

1/12 >0.45 

1/14 <0.005 

Table 3.3. Details of the analyses of feedback and control saccades. Note 
the reduction in peak velocities (PV) of the 20 saccades in the BF-slow 
condition and the increase in peak velocities in the BF-fast 5 deg 
saccades. Standard deviations are shown in parenthesis. TE - target 
eccentricity, DF - degrees of freedom, p - probability level, 
RP - biofPPdback. D - duration. 
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5 deg. condition one S enhanced peak velocities by the end 

of the session while the slope of the amplitude I velocity 

curve was unchanged (S6:Fs = 0.01, p > 0.05, Fe = 6.93, 

p < 0.05). The other s showed no significant change 

before and with feedback (S6:Fs = 0.12, p > 0.05; Fe = 

0.17, p > 0.05). Three out of four Ss were able to slow 

saccades by the end of the BF-slow condition. These 

modified saccades had peak velocities which fell below the 

normal saccade amplitude I velocity relationship (see 

fig. 3.9). The reductions in peak velocities represented 

mean changes of 30.5, 94.1, 37.5 and 1.3 degslsec 

were trained in the 20 respectively. Two of these Ss 

deg. target amplitude condition. 

82: t = 6.44, p < 0.005; 84: 

(Sl: t = 2.8, p < 0.01; 

t = 12.3, p < 0.005; 83: 

t = 0.37, p > 0.35). 

The linear regression slope I coincidence analysis also 

confirmed that saccades were reduced by the end of each 

feedback session for these three Ss (Sl:Fc = 14.97, 

p<O.Ol; S2:Fc = 

S3:Fc = 2.36, 

amplitude I velocity 

33.68, 

p>0.05) 

p<O.Ol; S4:Fc = 26.1, p<O.Ol; 

although slopes of the 

functions were not significantly 

changed from the control sessions. Saccade durations were 

also lengthened in these BF-slow trials, which suggested 

that the saccades may have been controlled in a feedback 

loop in accordance with the model proposed by Jurgens 

et al. (1981). 

Inspection of the velocity profiles of slowed saccades 



u 
w 
til 
......... 

<-' w 
Cl 

>-. 

v 
0 
Q) 

> 
~ 

0 
Q) 

a.. 

u 
w 
1.1) 

......... 
0 
w 
Cl 

>-. -v 
0 
Q) 

> 
~ 

0 
Q) 

Q... 

PAGE 123 

BF- 5LCM' 
BF- SLOW u v 

350 * 
w 350 / til * 

/ 

/ ......... 
/{v 

300 * /v <-' 300 
/ v w * y 

* 
v Cl 

250 t v / 
v /V 

/ / 
>-. 

200 
/ - v / 

* v .;' 
v v / 

/ 
0 / vv 

150 fv/ 
~/ Q) 

> / 
v 

100 
150 

/ v 
~ 

0 
Q) 100 so 

2 ... 6 8 10 12 1.4 16 
c... 

18 2 .c 6 8 10 12 14 16 18 20 

Saccade Amplitude (DEG) Saccade Amplitude (DEG) 

BF- SLOW 300 u Bf- SLOW 

* w 
1.1) 

* ......... 
200 * 0 

250 

w 

* Cl 
v 200 

/ >-. 
150 / -

'* / 

* v / 
v 150 

.(. 

0 v/'f 
v / 

* ~ v Q) 
'4 * 

** / 'il/' v v > / * 
100 * / 100 7 

v / ~ ~v 

'V;<f"'v 0 
Q) 

3 ·5 c... 50 
2 3 .c 5 

Saccade Amplitude (DEG) Saccade Amplitude (DEG) 

Fig. 3.9. Saccade amplitude I peak velocity regression 
lines. In 3 of the 4 subjects saccade peak velocities are 
reduced after training with continuous auditory feedback. 

BF - biofeedback. 



l 

a 

-------,. 
. ' ·. 

c 

L .. -... _. 

e 

Normal Saccades 

b 

. . 

PAGE 124 

8 

- . . .. 0: ~zrlb'*~· --· == 
e 

200 MSEC 

Modified S.a c cades 

d ________ _ 

... 
---------------------~·~ 

f _ ..... _____ " 

--........ _. 
· ... -·--,.,..·.-___....._,._--.....___-.... , · ...... _ --·· --

F~g. 3.10. Normal ~accades have a single sinusoidal-lik{ 
paeked waveform. Modified saccades have a discontinuou~ 
velocity waveform as shown in records c,d,e and f. 



showed that 

replaced by 

fig. 3.10). 

PAGE 125 

the usual single peak was occasionally 

a double peak trajectory (see examples in 

Subsequent tests immediately after feedback 

training showed that normal velocity saccades were evident 

within 10-15 responses. 

Correlations 

The correlations for amplitude I velocity and 

amplitude I duration relationships are shown in table 3.4. 

As previously observed in experiment 3.1 correlations of 

0.9 were produced for the amplitude I peak velocity 

relationships. 

weakened in 

The amplitude I duration correlations were 

the feedback trials relative to the 

relationships before feedback. However, this effect was 

small, the difference being usually less than 0.2. 

Saccade Latencies 

In the feedback conditions latencies were compared for 

baseline values before feedback and for saccades with 

feedback. Table 3.5 shows the results for 5 degs. and 20 

degs. target eccentricities respectively. The longest 

responses were produced in the BF-slow condition and the 

fastest saccade responses were found in the BF-fast 

condition. However, whereas with trial-by-trial feedback 

saccade latencies in the BF-slow task were in the order of 

800 msecs, mean saccade latencies were usually less than 



Pl\Cl: l 2 6 

Correlations (N= 15) 

·ss T~ J3F-slow Control SF-fast 

1 20 A/PI 0.866 0.955 
A/0 0.829 0.843 

2 20 A/PV 0.945 0.93 
A/D 0.913 0.927 

3 5 A/PI 0.823 0.947 
A/D 0.148 0.836 

4 5 A/PI 0.928 0.974 
A/D 0.84 0.691 

5 5 A/PV 0.978 0.775 
A/D 0.965 0.67 

6 5 A/Pi 0.97 0.969 
A/D 0.97 0.878 

7 20 A/Pi 0.966 0.983 
A/D 0.905 0.884 8 20 

0.94 0.949 A/PI 

A/D 0.926 0.884 

Table 3.4. Correlation coefficients of amplitude I peak 
velocity (AIPV) and amplitude I duration (A/D) 
relationships. TE - target eccentricity, BF- biofeedback. 
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Latencies (msec) 

Ss TE SF-stow Control Sf-fast 

1 20 379 270 
(111) (48) 

2 20 374 156 
(80) (38) 

3 5 271 197 
(118) (11) 

4 5 564 188 
(188) (61) 

241 164 
5 5 (43) (..e) 

246 199 
6 5 (..e) (13) 

249 252 
7 20 (87) (II) 

306 170 
8 20 (186) (42) 

Table 3.5. Mean saccade latencies and standard 
deviations. TE - target eccentricity, BF - biofeedback. 
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400 msecs. 

3.3.4 Summary 

1. These results demonstrated that in addition to the 

lengthening of saccade durations the saccadic system can 

also slow the peak velocity. 

2. The data also indicated that saccades in the 20 deg 

target condition were more consistently slowed than 

saccades in the 5 degs. condition. This is consistent 

with Frost and Poppe! (1976) and others who have suggested 

that the processing of small saccades may be characterised 

by processing limitations that do not neceassarily apply 

to larger saccades. 
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3.4 

Experiment 3.3 

3.4.1 Introduction 

Experiment 3.1 demonstrated that with feedback Ss can 

increase the peak velocity of saccades of 5 degs. or 

less. Experiments 3.1 and 3.2 suggested that although the 

trajectory of a saccadic eye movement might be slowed 

relative to a control condition, increases in the speed of 

a saccade are less readily obtained with large saccades. 

Experiment 3.1 had also shown that the effect of 

trial-by-trial feedback could be enhanced if the training 

was distributed over several days. In this Experiment two 

further questions were posed: Firstly, does extended 

practice also enhance performance in the BF-fast task, (as 

it might not necessarily be that increasing and decreasing 

the velocity of an eye movement involves complementary 

mechanisms) ? Secondly, as the 20 deg. target 

eccentricity was outside the range of normal occuring 

saccades, which are usually less than 15 degs., could the 

velocity of a saccade directed to a 10 deg. target be 

enhanced ? 

3.4.2 Method and Procedure 

Four undergraduate students participated in this study. 

The details of the training cond{tions were identical to 

the BF-fast condition described in experiment 3.1, with 
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the exception 

trials in each 

that in this study Ss received 40 feedback 

session as in the extended BF-slow 

condition. The task of the Ss was to try to increase the 

speed of their saccades with the benefit of the post-trial 

saccade velocity feedback information (see Experiment 

3.1). Two Ss were trained with a 5 deg. target step and 

two Ss with a 10 deg. step target movement. Each S was 

trained in this task for 5 days. 

3.4.3 Results 

Peak Velocity 

As in previous experiments peak velocities and durations 

were analysed with respect to saccades of equivalent 

amplitudes in the baseline condition. 

that peak velocities across the 

increased for three of the four Ss. 

Fig. 3.11 shows 

training sessions 

Two Ss displayed 

faster velocity saccades on day 2 and one s showed 

increased velocities by day 3 of feedback training. The 

one S who showed only small enhancements in saccade 

velocities came from the 10 deg. target condition. 

Saccade Duration 

Fig. 3.12 shows that as in previous attempts to induce 

shortened saccade durations, no reliable decreases were 

found (for three out of four Ss). For Sl saccade duration 
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differences relative to control saccades were 13.1 

msecs. longer on day 1 and 14.8 msecs. longer on day 5. 

For S2 the differences were 3.6 msecs on day 1 and 4.4 

msecs on day 5. 

An analysis was performed on the direction of 

modifications of saccade peak velocities relative to the 

direction (i.e increase or decrease) of saccade duration 

adjustments on consecutive days. This was achieved by 

comparing the direction of adjustment from the mean levels 

on the previous day. In 11 of the 16 comparisons an 

increase or decrease in peak velocities was associated 

with a change in the opposite direction for saccade 

durations. The phi co-efficient (a correlation statistic 

for comparing data which vary between two states only, as 

in binary data, Edwards, 1976) for this relationship was 
,_ 

-0.4228 ()(=2.86), although this just failed to be 

statistically significant due to the small number of 

comparisons. 

Latency 

The saccade latency data is shown in fig. 3.13. All Ss 

showed faster saccade reaction times with the feedback 

practice. This speeding of saccades reaction times is in 

contrast to the saccade control in the BF-slow task, where 

saccade latencies are always lengthened. However, in this 

case the 20-50 msec reductions is much smaller than the 

usual size of the latency increases produced in the 
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BF-slow tasks. 

3.4.4 Summary 

1.) This study shows that saccade peak velocities can be 

raised with extended feedback practice. 

2.) The absolute level of saccade durations in general is 

not reduced from baseline values. 

3.) However, there is a negative correlation between the 

sign of peak velocity and duration modifications. 

4.) Saccade latencies decreased gradually across the 

sessions. 
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3.5 

Experiment 3.4 

3.5.1 Introduction 

Experiments 3.1, 3.2 and 3.3 have demonstrated that the 

peak velocity and duration parameters of a saccade can be 

controlled in ways which support the view that a saccade 

movement is regulated in a continuous on-line manner as 

proposed in Robinson's (1975) model. However, it is of 

theoretical importance to determine whether the entire 

duration of the saccade is under such control. Bahill and 

Stark (1975) argued that only the period of the saccade 

from its initiation to peak velocity (where the time to 

peak velocity varies inversely with saccade amplitude) is 

actively controlled by the neural input. This approach 

argued that only the acceleration region of the saccade is 

actively controlled by the pulse generator. The 

'switching on' of the pulse input caused the eye to 

accelerate until the pulse is 'switched' off, whereupon 

the eye gradually decelerated to rest under its own 

inertia and the viscous damping of the orbit. 

Neurophysiological measures of the duration of the burst 

signals relative to the duration of the saccade (Schiller, 

1970) seemed to indicate that the durations of these 
. 

signals were somewhat less than the duration of a saccade. 

However, Robinson's (1975) recordings of the duration of 

firing of the oculomotor neuron cells indicated that the 

entire saccade is actively controlled by the 



PAGE 137 

neurophysiological input to the eye muscles. 

This experiment attempted to distinguish between these two 

approaches using behavioural, rather than 

neurophysiological measures. A task similar to that used 

by Viviani and· Berthoz (1977) was used to encourage 

modifications in the velocity I time profiles of saccadic 

eye movements. The task required Ss to identify a visual 

stimulus which was present only during a saccade movement. 

It was predicted that if only the period of a saccade up 

to peak velocity (the speeding up phase or rise time) was 

actively controlled by the pulse generator, then any 

modifications in the velocity profile of a saccade should 

be confined to this temporal region of the saccade. If 

however, the entire flight of a saccade is under 

continuous control then modifications could occur in both 

the rise and fall time regions. 

3.5.2 Method and Procedure 

Four Ss participated in 

emmetropic vision with 

wore contact lenses. 

this experiment. All Ss had 

the exception of one subject who 

The Ss were divided equally into the 2 conditions of this 

experiment. These conditions differed only the size of 

the eye movement target displacements. In one condition 

the amplitude of the target movement was 5 degs. and in 

the second condition this amplitude was 20 degs. Each 
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session began with a block of control trials. These 

trials were identical to the control trials described in 

experiment 3.2. 

In the main session a trial sequence proceeded in the 

following way: a trial commenced with a signal from the 

subject controlled trial initiation button. The eye 

movement target then moved to the appropriate visual angle 

for that condition (either + or - 10 degs. or + or 2.5 

degs.), for a variable interval of 300, 400, 500 or 600 

msecs. The target then stepped to the corresponding 

visual angle in the other hemifield. The Ss were required 

to make accurate eye movements to this movement sequence. 

When the eye began a saccade to the second of these target 

movements a visual stimulus was presented in the central 

screen position providing the eye velocity exceeded 30 

degs 1 sec. This stimulus was either a double vertical or 

double horizontal arrow (a length of 10 mm). The Ss were 

required to discriminate the orientation of the arrows. 

This orientation was randomised. After the presentation 

of the arrows the Ss pressed one of two buttons to 

indicate which type of arrow had been displayed. 

The extra computational and visual display demands on the 

computer meant that the maximum sampling frequency 

possible was 250 Hz. However this provided sufficient 

information with which to perform a full analysis of the 

saccadic parameters. 
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3.5.3 Results 

Shown in fig 3.14 are records of normal and modified 

saccades after approximately 40 trials in the arrow 

discrimination task. The upper traces are saccadic eye 

position waveforms over time. The lower traces in each 

pair show the eye velocity over time relationships. An 

analysis of these individual records showed that 

modifications occurred most frequently in the later trials 

of the 20 deg. eye movement target displacement condition, 

although similar modifications in saccade flights were 

occasionally observed in smaller amplitude movements. 

These modifications were frequently manifested as a 'kink' 

and a double perturbation in the velocity I time and 

acceleration I time curves respectively. In these 

saccades the normal steady changes in eye velocity were 

replaced by a region in which the eye velocity either 

stabilized or momentarily reversed direction. 

Where do the modifications occur ? 

Table 3.6 gives the temporal region in which the velocity 

kinks were observed. The table shows that the velocity 

modifications occurred in both the acceleration and 

deceleration regions as well as the middle region of 

saccades. In normal saccades the duration of the 

decelerating region tends to exceed that of the 

accelerating region (Baloh et al.,l975; Hyde, 1959). 
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Fig. 3.14. Control saccades and saccades with velocity 
perturbations. Arrows indicate regions in which the 
saccade velocity changes from the normal waveform. 
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Temeoral Region of Modifications in· Velocit~ Profiles 

Ss TE ACC-R DEC-R MID-R 

1 20 25.0 25.0 50.0 

2 20 44.7 25.0 39.4 

3 5 27.2 9.09 88.8 

4 5 61.5 30.7 7.6 

Table 3.6. Temporal phase of saccadic velocity 
perturbations. ACC-R acceleration region; DEC-R, 
deceleration region; MID-R, middle region; TE - target 
eccentricity. 
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However this rule does not necessarily hold when 

modifications in the saccade velocity curves are produced. 

In modified saccades the duration of the speeding-up time 

and slowing-down time region is influenced by the region 

in which the perturbation occurs. The duration of a 

region will be lengthened if the velocity modification is 

located in that region of the velocity I time curve. This 

suggests that both the pulse height and duration can be 

controlled continuously in the saccade flight. 

Table 3.7 shows that Ss were remarkably good at the 

discrimination task. One S made virtually no errors. In 

the Viviani and Berthoz (1977) task it was found that Ss 

were also surprisingly adept at registering visual 

information during the course of a saccade. 

3.5.4 Discussion 

These results show that modifications in the velocity of 

saccades can occur in both the acceleration and 

deceleration regions of the movement. However, any 

adjustments are more likely to occur in large movements 

rather than small movements. 

The view that saccades are continuously controlled has 

also received support from a study by Mays and Sparks 

(1981). In this experiment it was found that when a goal 

directed saccade is interrupted in mid-flight and driven 

to a new position in the orbit, the eye will still saccade 
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Discrimination Performance (%) 

Ss TE(degs) Correct 

1 20 78.7 

2 20 26.2 

3 5 63.0 

4 5 97.5 

Table 3.7. Discrimination scores in the arrow orientation 
task. Chance level was 50%. TE - target eccentricity. 
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accurately to the true spatial location of the target. 

However these authors did not compare the effects of 

perturbations during the acceleration and deceleration 

regions of the saccade. 

3.6 General Discussion 

Modifications of a saccade trajectory were associated with 

increases in the amplitude I duration variability when 

trial-by-trial feedback training was supplied. A smaller 

increase in variability was also obtained with continuous 

feedback. This increase in variability indicated that the 

saccade durations were being less constrained by the 

amplitude of the saccade movements. A consistent feature 

of the results was that there was more variability in the 

amplitude I duration relationship than the 

amplitude I peak velocity correlations. This result was 

particularly interesting for the following 

neurophysiological study of the brain 

reason: the 

stem control of 

saccadic eye movements has shown that the duration of 

firing of cells in the pontine paramedian reticular 

formation (PPRF) , correlates systematically with the 

duration of the saccade. However, the firing frequency of 

these cells, according to Schiller (1970), does not change 

with the amplitude of the saccade. However, recordings 

from single cells in other regions (e.g the oculomotor 

nucleus) of the brain stem, have shown that there is a 

relationship between the peak velocity of the saccade (and 

therefore its amplitude) and the discharge burst frequency 
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This neurophysiological distinction 

responsible for the duration and 

saccade is compatible with the 

a behavioural separation of these 

However, the firing rate of these cells does not change 

during the saccade itself. This perhaps indicates that 

other important factors in the control of the saccade have 

not been clearly defined. For example, the number of 

muscle motor units and the rate of recruitment of muscle 

fibers will also influence· the velocity of a saccade. It 

is possible, for example, that the high correlation of 

saccade peak velocity and amplitude derives from factors 

which also determine the recruitment and rate of 

recruitment of extraocular motor fibres in saccadic eye 

movements. 

3.6.1 

The role of feedback 

A comparison of the continuous feedback and trial-by-trial 

feedback experiments reveals that both methods lead to 

increases in the peak velocity of small saccades and 

saccade duration, but only the former generates a lowering 

of peak velocities. An account may be offered in terms of 

advantages of the continuous feedback method (see e.g. 

Johnston and Lethem, 1981). Firstly, this method almost 
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entirely eliminated the feedback delay associated with the 

periodic trial-by-trial feedback system. Secondly, 

continuous feedback increased the amount of information 

available to a subject about a saccade by also providing 

feedback when the eye was stable. Thirdly, and perhaps 

most importantly continuous feedback also provided 

information on the trajectory of the saccade during the 

saccade 'itself. These merits would suggest that this 

method is generally more effective for producing 

modifications of a saccade movement. 

The results observed with feedback are not always evident 

under ordinary conditions. There are at least two reasons 

for this. Firstly, the control of the saccade will depend 

on the task. In a situation in which the movement of the 

visual stimulus is controlled in such a way that 

modifications of the saccade trajectory serve the purpose 

of re-positioning the eye to the new position of a rapidly 

moving target, 

and Becker, 1979~ 

on-line adjustments are observed (Jurgens 

Van Gisbergen et al., 1982). Secondly, 

the absence or weakness of a conscious sense of eye 

movement may explain why saccades are not normally subject 

to the same types of control as used in voluntary limb 

movements, although Skavenski (1972) has asserted that 

this sense does exist for eye movements and that Ss can be 

made aware of this. Nonetheless, the primary source of 

information on the position of the eyes comes from the 

retinal image. However, this information is brief and is 

degraded during a saccade and is therefore inadequate to 
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provide a conscious sense of eye position during the 

saccade. In contrast with the movement of a limb such as 

an arm, both continuous visual and proprioceptive feedback 

are available. The major role of the external feedback 

information used in these experiments may have been to 

supplement any latent afferent information on the saccadic 

eye movement. 

How does the biofeedback work? 

The early research on the plasticity of physiological 

mechanisms was performed within the conceptual framework 

of instrumental conditioning (Kimmel, 1967~ Miller, 

1972). But in recent years investigators have come to the 

view that the development of control can best be 

understood entirely in terms of a motor skills model. 

Arguably the most complete formulation and presently the 

only c biofeedback model generally applicable to 

non-cardiovascular control is that of Brener (1974). 

Brener's model assumes that feedback pathways are 

fundamental to the development of the voluntary control of 

a motor behaviour. By 'voluntary' control Brener is 

referring to an act which can be systematically influenced 

by instructions which may be either explicitly or 

symbolically specified. An act is not intrinsically 

voluntary or involuntary, rather it is argued that in 

otder to identify the control process the antecedent 

conditions surrounding the initiation of the act have to 
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be defined. The interoceptive afferent (IA) pathways 

provide a basis for the ability to discriminate the 

occurrence of a controlled act from which modulation of 

the target behaviour can occur. The next stage of the 

theory holds that with a repeated motor act the afferent 

information arising from the response is stored centrally 

as a response image (RI) • If the RI is stimulated by 

specific instructions then the particular action 

associated with the RI will be initiated. One of the 

functions of feedback is that of establishing a lawful 

relationship linking the RI to the instructional labels 

outlined in an experiment. This is achieved by what 

Brener refers to as the 'calibration' process. The 

primary function of this process is to correlate the 

variations in the biofeedback information with the pattern 

of excitation associated with the available interoceptive 

signals. Thus when the exteroceptive feedback is 

correctly interpreted by the individual a functional 

feedback loop is eventually established between the 

central control processes and the motor consequences of 

the target behaviour thus enabling an individual to 

discriminate between the occurrence and non-occurrence of 

the target behaviour, in the case of a binary 

relationship, or finer control acuity, in the case of a 

proportional control system. The exteroceptive feedback, 

as mentioned above, may facilitate control by either 

substituting for a lack of available intrinsic feedback or 

it may serve to calibrate the available intrinsic feedback 

by defining, in the present context, the sensations 
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associated with fast and slow eye movement velocities. 

Brener,'s theory represents one of the few attempts to 

provide a theoretical basis for the wealth of data already 

generated in this field, and has therefore been widely 

welcomed. However, the model is weakened by at least 2 

critical points. Firstly, the motor skills approach in 

which the Brener model is embedded is now somewhat out of 

date. Current motor skills research is focusing more 

sharply on the programmed or planned nature of many 

aspects of motor behaviour. Many motor theorists no 

longer hold that feedback is necessary for the control of 

a motor reponse (Stelmach, 1978; Keele, 1968; cf motor 

programming discussion in chapter 1). Secondly, a number 

of reports have shown that contrary to the explicit 

predictions of the. model, response discrimination is not 

necessary for effective voluntary control (Cott et al., 

1981; Lacroix and Gowen, 1981). In the experiments 

subjective reports failed to reveal strong evidence for 

response discrimination when saccadic trajectories were 

controlled. Thus while the Brener model may represent a 

useful working model in which to interpret the general 

dynamics of the feedback process, there are still a number 

of problems that the model fails to deal with. 

3.7 Conclusions 

The experiments presented in this chapter which have 
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focussed on the use of feedback to explore the plasticity 

of the saccade dynamics, were largely stimulated by the 

unsubstantiated claims of Yarbus and other oculomotor 

researchers on the characteristics of saccadic control. 

The present data show that the peak velocity and duration 

of a saccade can be modified with extra afferent feedback 

information. However continuous on-going feedback has a 

greater range of effects than discontinous feedback, while 

extended training over several days produces a greater 

modification of the saccade trajectory than practice in a 

single session. One interesting question concerns the 

behaviour of the saccadic characteristics when the 

feedback is withdrawn. Experiment 3.2 showed that normal 

saccades returned within 15 saccades after feedback. 

However, it does not follow that modified saccades cannot 

be generated once feedback is withdrawn. Firstly, Ss may 

need to be directed specifically to continue to control 

the eye movements in a particular mode following the 

feedback trials. Secondly, longer training periods than 

was employed in these studies may be required to so 

establish Brener's calibration mechanism to enable the 

modification of saccade velocities in the absence of 

information feedback. 

The pattern of results is consistent with previous 

feedback findings in quite separate biological systems 

(Williamson and Blanchard, 1979). These results provide 

further support for the Robinson model in which a saccadic 

eye movement is controlled by a non-ballistic continuously 
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regulated feedback system (see chapter 7). 
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Chapter 4 

Multiple Saccades and Saccade Latencies: 

Consequences of the BF-slow task 

The Experiments presented in chapter 3 suggested that 

there are associated consequences with the modification of 

human saccadic parameters. A clear example of this came 

from the BF-slow conditions. The modifications of peak 

velocities and durations were found in conjunction with 

the manifestation of multi-component saccades having 

characteristically prolonged latencies in the range of 

600-800 msecs (fig. 4.1). A given multi-component 

response (or multiple saccade(MS)) contained between 2 and 

6 saccadic components. This chapter will attempt to 

explore a number of questions raised by these saccades and 

specifically to determine whether MSs are preprogrammed 

eye movements. 

4.1 Introduction 

Although saccadic sequences possessing 2 components are 

commonly reported (e.g Becker and Fuchs, 1969) an 

important problem, which has received little attention in 

eye movement research, concerns the questio~ of how a 

continuous sequence of eye movements is controlled. 

Becker and Fuchs (1969) observed that corrective saccades 
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Fig. 4.1. Multiple saccades. Note that saccadic 
components after the initial saccade do not have reduced 
saccadic latencies. 
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following the primary saccade to a visual target had 

latencies that were about 50% of the normal saccade 

latencies. It was proposed that these corrective saccades 

were programmed simultaneously with the primary saccade. 

Becker and Jurgens (1975, 1979) measured saccade responses 

to pulse-step targets (cf introduction to chapter 3). Two 

features of their data were consistent with this 

possibility of saccadic preprogramming. Firstly, in cases 

where two saccades were generated, there was an inverse 

relationship between the initial saccade latency and the 

intersaccadic interval. Secondly, several cases were 

reported where the second of the two saccades seemed to 

have zero latency while still accurately moving the eye to 

the target position. These data showed that in some 

circumstances the saccadic system apparently does not 

demand the normal latency for a second saccadic movement 

which corrects for small spatial errors following a 

previous saccade. This raised the possibility that MSs, 

with their characteristically long latencies for the 

initial saccade might also display evidence for the 

preprogramming of saccades. It followed from Becker and 

Jurgen's (1975) argument that if MS components were 

prepared en masse then saccadic components after the 

initial saccade should have reduced latencies when 

compared to a normal single saccadic movement. However, 

if the saccades are produced independently then saccade 

component latencies would not necessarily be reduced from 

normal saccades. 
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4.1.2 Multiple Saccade(MS) Analysis 

The data described in this section carne from an analysis 

of the multiple saccades (MSs) generated in the BF-slow 

condition of experiment 3.1 (this was the first condition 

in which MSs were consistently produced) • For the details 

of the design and procedures of this experiment see the 

methods section in chapter 3. 

Results 

Fig. 4.1 shows some examples of the multiple saccade (MS) 

patterns produced in the BF-slow condition of this 

experiment. In fig. 3.3d there is an example of a special 

case where a normal single saccade, followed by a return 

movement, precedes the MS sequence. It is evident from 

table 4.1 that all Ss produced a high proportion of MSs in 

the BF-slow task. One subject, who showed these 

responses, commented that it was difficult to prevent the 

eyes responding automatically to the immediate presence of 

the eye movement target. It appeared that in order to 

control the multiple eye movement Ss have to first inhibit 

'reflexive' responses stimulated by the peripheral target 

onset. Eye movement traces of the kind shown in fig. 3.3d 

showed that this process was 'leaky' in some instances, 

although these 'mistakes' contributed less than 2% of all 

Ss records in BF-slow task. 

Table 4.2 shows that there was a significant negative 



Subjects Control BF-fast BF-alow 

1 

2 

3 

" 
LAT 

" 
LAT 

" 
LAT 

MS 
6 

185 

14.7 
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Correlations 

Subjects Control BF-fast 

1 

2 

3 

0.06 

0.04 

0.25• 

Amplitude / Latency 

-0.08 

-0.17 

-0.04 

-0.08 

-0.33 

-0.57** 

Table 4.2. Saccadic amplitude and latency 
product-moment correlations. Also shown 
correlation coefficients of the relationship of 
and the number of saccadic components (NSCs) in 
saccade. BF - biofeedback. 

BF-slow 
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correlation (Pearson product-moment coefficient) between 

the number of saccade components (NSC's) and the amplitude 

of the initial saccade in the trajectory. The 

interpretation that the system takes into account the 

dimensions of the available visual space between the eye 

and the target in the generation of the saccade components 

seemed a logical one. Table 4.2 also shows that for two 

Ss there was a significant negative correlation between 

initial saccade amplitudes and latencies in the BF-slow 

condition. As this only happened in the BF-slow task 

there was a strong likelihood that the MSs had contributed 

to this particular result. One prediction which followed 

from this was that since the amplitude of the initial 

component decreased with 

latency should be positively 

increasing NSCs, 

correlated with 

the saccade 

the NSCs. 

When single amplitude saccades are included in 

is in fact 

the 

what analysis table 4.3a shows 

occurred. 

The MS I Latency Effect 

that this 

The observed effect of MSs on saccade latencies seemed 

compatible with the direction of the amplitude I latency 

correlation. A simple interpretation of this effect was 

that the latency period before a MS included a preparatory 

time overhead for each saccade component as predicted by 

the preprogramming hypothesis. If this was the case the 

latency of saccades within the sequence should have been 
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reduced from the normal levels for saccade latencies 

(approximately 250 msecs) 

saccades in the Becker 

as found with the secondary 

and Fuchs (1969) study. The 

examples in fig. 4.1 indicate that this was not the case, 

subsequent saccade components do not have reduced 

latencies but are generally in fact much longer than 

normal saccadic reaction times. The results of a 

correlational analysis between NSCs and saccade latencies 

for MS sequences only (therefore excluding cases where 

only single amplitude saccades were produced) showed that 

this subgroup did not significantly correlate with the 

NSC's (see table 4.3b). It was therefore unlikely that 

MSs were 'programmed' jointly. The initial NSCs I latency 

correlation seems more probably to have been derived from 

a categorical distinction between the total temporal 

programming demands of a multi-component sequence and that 

of a normal single response. 

However, it was still possible that the enhanced latencies 

evidenced in the BF-slow task were due to deliberate 

decisions by Ss to delay the saccade as part of the 

general effort to reduce the saccade velocity, rather than 

as a direct consequence of MSs. It was necessary to try 

to separate MSs from the process of controlling saccadic 

velocities. In the following experiment MSs were examined 

under conditions when there were no instructions to attend 

to the speed of the saccade movement. If the latency 

effect was the outcome of special conditions unique to the 

BF-slow task and not due to MSs per se then MSs generated 



a 

Subjects 

1 

2 

3 

b 

Subjects 

1 

2 

3 

BF-slow 

N 

60 

60 

60 

41 

27 

36 

NSC I Latency 

0.48M 

0.23 

0.57 .. 

NSC I Latency 
..... NSc.>l 

0.14 

0.16 

0.01 

Table 4.3. Multiple saccade component analysis and 
saccade correlation coefficients when single component 
saccades are (4.3a) and are not (4.3b) included in the 
analysis. NSC - number of saccadic components. 
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in quite different tasks should fail to show the effect. 

Alternatively if there is a genuine relationship causing 

MSs to prolong the release of a saccade this should show 

up even when Ss are not specifically required to produce 

slow saccades. 
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4.2 

Experiment 4.1 

4.2.1 Introduction 

Under normal visual conditions the human eye finds it 

difficult to evoke a smooth pursuit eye movement in the 

absence of a smoothly moving target (although recent 

research has shown that for example, it is possible to 

track the movement of one's own hand in a completely 

darkened room; Glenny and Heywood, 1979). Instead what 

normally occurs is that a flight of MSs along the path of 

the target movement is released when Ss are required to 

attempt this task, although subjectively an individual may 

be quite confident that he has made a perfectly smooth eye 

movement. This task therefore provided a possible 

condition in which the analysis of the MS I latency 

relationship could be further explored. In a second 

condition MSs were probed by a more direct method. In 

this condition Ss were asked on each trial to make a 

specific number of intervening saccades (1-5) from the 

initial starting position to a target at a distance of 5 

degs. away from the visual axis. In a third condition Ss 

were required to delay their saccades but no MSs were 

required. Following a foreperiod indicated by an auditory 

signal Ss were required to saccade accurately to the 

target. The purpose of this condition was to answer the 

question of the direction if any of the causal 
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relationship in the MS 1 latency effect. If MSs were an 

outcome rather than a stimulating factor in lengthening 

saccade latencies, MSs should also be evident in this 

condition (see diagram of conditions in fig. 4.2). 

4.2.2 Method and Procedure 

Subjects 

Seven Ss (4 post-graduate students, 2 visitors to the 

psychology department and 1 undergraduate psychology 

student) were used in this experiment. Sl, S2, S3 and S6 

had participated in previous eye movement experiments, but 

none of the other Ss had taken part in previous 

psychophysical research. All Ss apart from S6, whose 

contact lenses corrected for a slight myopia, had normal 

uncorrected vision. 

Procedure 

The experiment was divided into a simulated pursuit (SP), 

inter-saccadic step (ISS) and saccade delay (SD) 

conditions. Three Ss participated in the SP condition, 

the ISS and SD conditions each used two Ss. 

• 
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Fig. 4.2. Target trajectory co~ditions and required 
saccadic patterns. SP - simulated pursuit, ISS - Inter 
saccadic step, SD - Saccade delay. 
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The Simulated Pursuit(SP) Condition 

In all conditions a trial began with a high contrast spot 

target at the central fixation position. On the 

initiation of a trial the target stepped + or 2.5 

degs. horizontally from the centre. After a randomized 

period of either 500, 700, 900, 1400 or 3000 msecs the 

target 

or 10.4 

moved smoothly at an average velocity of 3.5, 5.2 

degs/sec for a distance of 5 degs. to a 

symmetrical locus across the screen. The target then 

immediately returned back to the starting position. After 

1000 msecs the smooth ramp movement was repeated. Ss were 

asked to track the target movement accurately at each 

stage. At the termination of the second ramp target 

movement the target was presented again at the ramp 

starting position (for 2500 msecs) before disappearing off 

the screen. The Ss were instructed on this cue to attempt 

to reproduce their recent smooth eye movements (see 

diagram in fig. 4.2) 

The Inter Saccadic Step(ISS) Condition 

The initial target displacement was again a + or 2.5 

degs. step displacement from the central position. After 

the randomised interval the target moved in a single step 

to the 5 deg. position across the screen. Before moving 

the eyes to this target position Ss were required to make 

a number of intervening saccades. The number of required 
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saccades en route was indicated at the start of a trial by 

a digit, from 1 to 5 which flashed in the upper right 

quadrant of the screen for 2000 msecs. The number of 

saccades per trial was processed on-line and used to 

provide Ss with feedback on their performance. 

The Saccadic Delay(SD) Conditon 

In this condition a single amplitude saccade was required 

to the 5 deg. step displacement. However, Ss were 

required to delay the saccade to the target movement until 

a 430 Hz tone was presented. The interval from the 

movement of the target to the presentation of the tone was 

randomly varied on each trial between 300, 600, 900 and 

1500 msecs. 

Each condition consisted of approximately 50 trials. 

Calibrations were taken at regular intervals during a 

session. Eye movement samples were taken at a frequency 

of 500 Hz and 1,024 samples were obtained for each trial. 

4.2.3 Results 

The results for the SP condition are summarized in table 

4.4. S's attempts to produce pursuit movements in the 

absence of the ramp target resulted in the predicted 

flight of MSs (see fig. 4.3), although single saccades did 



SP Condition 

Uean Subjects N 
Amp 

MS 32 2.25 
1 

ss 10 4.3 

MS 31 2.05 
2 

ss 10 4.0 

MS 45 1.88 
3 

ss 10 6.0 

Table 4.4. Mean amplitudes (Amp), 
components (NSCs) in a multiple 
latencies (Lat) in the simulated 
SS - single saccades. 

Mean Mean 
NSC Lat 
2.6 405 

(2te) 

1 173 
(27~ 

2.87 404 
(228) 

1 308 
(tiD) 

2.44 430 
(»4) 

1 195 
(2U) 

number of saccadic 
saccade (MS) and mean 
pursuit (SP) task. 
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sometimes occur. Table 4.4 shows that initial saccade 

amplitudes were reduced for MS sequences. The initial MS 

latency was also appreciably longer than latencies for 

single saccades in the control condition. Included 

amongst the small proportion of single saccades were 

responses which possessed latencies within the range of MS 

times. However, the small amplitude of these saccades 

suggested that 

then completed 

they may have been part of a MS which was 

after the sampling period. Also 

demonstrated was a dramatic effect on the variability of 

MS saccade latencies. 

A number of individual records revealed some particularly 

interesting pursuit-like tracking eye movements. On 

several trials towards the end of the session S3 showed 

eye movements of the kind depicted in fig. 4.3. These 

records show that for some Ss pursuit movements can be 

generated in the absence of retinal motion. 

The results from the ISS condition are summarized in table 

4.5. MSs can also be reliably produced when Ss are 

directed to make intervening saccades between two points, 

although Ss fell increasingly behind the target frequency 

as the required number of intermediate responses 

increased. Saccade amplitudes are reduced for MS 

sequences relative to single amplitude movements. Saccade 

latencies for MSs exceeded those for single saccades as 

demonstrated for MSs in previous conditions. However, the 

size of differential latency effect was quite different 
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Pursuit 

Multiple Saccade 

Fig. 4.3. Eye movement records illustrating pursuit eye 
movements in the simulated pursuit condition. Note that 
these reponses occured in the absence of any smooth target 
displacements. The lower record shows an apparent 
incompleted multiple sacdade. 



ISS Condition 

Mean Mean Mean 
Subjects N Amp _ NSC_ -- -- _Lot _ NSC_ /_ lot 

MS 36 2.03 2.48 896 0.18 
1 (471) 

ss 13 4.29 1 459 
(542) 

MS 36 
2.2 2.6 460 -0.25 

2 (112) 

ss 22 4.6 1 357 
(15.1) 

Target Subjects 1 2 J 4 5 

Mean 1 NSC 1.8 2.0 2.7 2.5 2.3 

2 1.7 1.6 2.3 2.7 2.1 

Table 4. 5. [\1ean amplitude (Amp) , number of saccadic 
components (NSCs) in a multiple saccade (MS) and mean 
latency (Lat) of saccades in the inter-saccadic step (ISS) 
task. SS - single saccade. In the final column the 
correlation coefficients between NSC and saccadic latency 
are shown. 
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in the two Ss. Also as in the SP condition the latencies 

for single saccades were substantially longer (by about 

200 msecs) than for normal visually elicited saccades, 

suggesting that they may have been subject to an effect of 

the context of the task, similar to the reported change in 

the latencies of normal saccades in pulse-step experiments 

(Becker and Fuchs, 1969). 

Table 4.6 summarizes the results of the SD condition. Ss 

were clearly producing delayed single amplitude responses. 

The accuracy of these long latency saccades was equivalent 

to the accuracy of normal latency saccades in the control 

block of this condition. 

4.2.4 Discussion 

These results are consistent with the original hypothesis 

concerning the effect of MSs on the reaction time of a 

saccade. Previous results had not ruled out the 

possibility that MSs were a product rather than a cause of 

the enhancement of saccade latencies. The direction of 

the relationship had not been unambiguously determined. 

It was possible, for example, that the long response times 

characteristic of MSs could have disturbed the normal 

processes controlling the saccade accuracy (as MSs 

latencies were well above the point at which saccade 

accuracy is improved by longer latencies: Kapoula, 1984). 

This might have caused the saccade to fall short of the 



Subjects 

1 

2 

Control 

Delayed 
sa ceo des 

Control 

Delayed 
so ceo des 

SO Condition 

N 

10 

57 

9 

58 

llean 

Amp 

5.05 
(0.4) 

5.5 
(0.9) 

5.13 
(0.5) 
5.0 

(0.7) 
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Yean 
Lot 

163 
(32.1 J 

1003 
(435; 

332 
(111) 
909 
(449) 

Table 4.6. Details of saccades generated in the saccade 
delay (SD) condition. ·Amp - amplitude, Lat - latency. 
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target thus stimulating corrective saccades. Condition SD 

was an attempt to determine whether this was a valid 

explanation of the effect. In fact, lengthened latency 

saccades were as accurate as normal latency saccades, thus 

supporting the contention that MSs have a substantial 

effect on latencies and not vice versa. 
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4.3 

Experiment 4.2 

4.3.1 Introduction 

Experiment 4.1 showed that the slowing of saccadic 

reaction times could be explained in terms of the specific 

generation of MSs. The following study attempted to 

determine whether it might still be possible to eliminate 

or reduce the latency effect in the BF-slow task while 

still producing MSs. The original BF-slow task had not 

specifically required Ss to produce short saccade 

latencies while simultaneously slowing the saccade 

trajectory. In the following experiment the BF-slow was 

re-introduced with a time criterion on the saccade 

latency. If Ss are asked to do the BF-slow task with fast 

saccade latencies will this eliminate the MS I latency 

effect altogether ? (In retrospect it would also have 

been nice to determine the effect on the saccade 

velocities. Unfortunately there was no control condition 

for the velocity comparison.) 

4.3.2 Method and Procedure 

Subjects 

Three Ss (two post-graduate and one undergraduate 

psychology students) participated in the experiment. The 
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apparatus was identical to that used for the experiments 

of chapter 3, with the addition of a 6-channel digital 

tone generator. 

Procedure 

A trial began 

triggerred a 

when the 

movement 

s 

of 

pushed a 

the target 

start key. This 

from the central 

fixation position to 2.5 degs. to the left or right. The 

target then jumped, after a random period, through a 

visual angle of 5 degs. to the corresponding position 

across the screen. As in the original BF-slow tasks the 

Ss were required to try to produce slow saccade 

trajectories to the 5 deg. target movement. The 

distinction between saccade velocities and latencies was 

made clear to the Ss. They were also informed that a 

warning tone (produced by a tone generator positioned 

approximately 0.5 m behind the S) would be heard "if the S 

waited too long before moving his/her eyes". This tone 

therefore indicated that the saccade was running behind 

schedule and that it should be produced without further 

delay. The details of the feedback for saccade velocity 

were identical to the methods used in experiment 3.1. 

4.3.3 Results 

Single saccades and multiple saccades produced saccade 

latencies with non-homogeneous variance. Therefore a 
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t-test analysis for groups with different variance and 

unequal observations (Edwards, 1970, p99-104) was used to 

test the significance of the difference between mean 

latencies of SS and MS. Table 4.7 shows that the general 

pattern of the data replicate the 

4.1. MSs have smaller initial 

results of experiment 

saccade amplitudes and 

longer saccade latencies than single saccades. (Sl: t = 

3.31, p < 0.005; 82: t = 5.24; p < 0.005; 83: t = 

4.61, p < 0.005). The magnitude of the MS effect on 

saccade latencies was 107, 405 and 152 msecs. This result 

shows that even when Ss are required to reduce saccade 

latencies, when MS are generated they take significantly 

longer to release than accurate single saccades. 

Interestingly all the Ss reported great difficulty in 

completing the main task of reducing the saccade speeds 

while simultaneously attempting to prevent a large 

increase in the delay of the saccade. 



Ss 

1 

2 

3 

Single 
Sacca des 

218.5 
(39.8} 

398.8 
{238) 

248.2 
(139) 

Multiple 
Sacca des 

325.4 
(153) 

803.4 
(277) 

400.1 
(126) 

OF p 

28/24 <0.005 

34/18 <0.005 

31/35 <0.005 

Table 4.7. The table shows that multiple saccades produce 
significantly longer latencies than single saccades. 
DF - degrees of freedom, p - probability level. 

"'0 
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4.4 Discussion 

The results show that in situations where MSs are 

stimulated the reaction time of the saccadic system is 

substantially increased. The magnitude of this effect 

does not depend on the number of saccadic components in 

the trajectory. Furthermore the latency of the saccadic 

components in the sequence are not reduced from normal 

levels. This supports the view that each saccade was 

produced independently. 

4.5 Summary 

1. MSs produced in different settings are found in 

conjunction with latencies 400-600 msecs longer than those 

of single saccades. Moreover, lenthened saccade latencies 

appear to be a necessary but not sufficient condition for 

MSs. 

2. The number of saccade components in a given MS appears 

to have no additional effect on the saccade latencies. 

3. In addition to the large increase in saccade latencies 

there is also a large effect on the variability of saccade 

latencies. 

4. As would be expected from an adaptable control system 

the amplitude of the initial saccade in the MS sequence 

was inversely related to the NSC's. Thus the frequency of 
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saccades in a sequence was a function of the retinal space 

between the eye and the target. 

5. Single amplitude saccades produced in sessions which 

involved a large proportion of MSs also had longer than 

normal latencies. 

· Conclusion 

These experiments establish a direct link between the 

generation of multi-component saccades and the enhancement 

of saccade latencies. The data do not support the view 

that the components in a MS sequence are preprogrammed in 

advance of their release. 
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Chapter 5 

The Effect of Temporal Parameters of the Stimulus 

Movement on the Saccade Trajectory 

5.1 Introduction 

The theory that a saccade is controlled by a 

preprogramming and stereotyping saccadic generator has 

received implicit support from research on the effects of 

spatial and temporal manipulations of the visual input on 

the parameters of a saccade. It was claimed that the 

saccadic trajectory is insensitive to such factors as the 

target direction, manipulations in the fixation target 

onset I offset, and preceeding eye movements (Gurevich, 

1957; Westheimer, 1954b; Young and Stark, 1963b; Harris 

and Cynader, 1981). These experiments have been 

inadequate in their scope and have frequently ignored the 

saccade duration in the measurement of saccadic eye 

movements. A further problem has been the predominant use 

of near infinite velocity steps as the stimulus input for 

a saccade. (But see Heywood and Churcher, 1981; 

Feinstein and Williams, 1972 for two exceptions.) 

Recent experiments have shown that the trajectory of a 

saccade is not ballistic but appears to be controlled in a 

continuous fashion. This view has been supported by 

evidence of 'on-line' adjustments in the saccade movement 
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as reviewed in Chapter 3. Perturbations in the saccadic 

movement were usually produced in visual tracking tasks in 

which the target movement was controlled so as to make it 

visually advantageous for the saccadic system to execute 

readjustments in the saccade velocity while the eye was 

still in motion (Van Gisbergen et al., 1982; Becker and 

Jurgens, 1979). These results suggested that there might 

be a significant relationship between temporal parameters 

of the visual stimulus movement and the parameters of the 

saccadic response. Current models of the saccadic system 

assume that the stimulus movement does not feed directly 

into the operator controlling the dynamic characteristics 

of the saccade. Any effect of the stimulus is assumed to 

be manifested via the saccade amplitude. 

Few studies have addresed the question of whether the 

visual input to the saccadic system can influence the 

dynamic components of a saccadic movement. An early 

attempt was made in 1957 by the Russian visual scientist, 

B.Kh. Gurevich. In his paper he reported the outcome of 

his studies on saccade peak velocities under a number of 

manipulations of the visual input. He concluded that: 

"the numerical data on the speed of motion of the eyes are 

governed by a single pattern irrespective of (a) the 

original peripheral projection of the new point of 

fixation at the moment of projection of the turn (i.e the 

target movement), (b) the peripheral projection of the old 
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and new points of fixation at the moment of the jerk (the 

saccadic eye movement), (c) the orientation of the eyes at 

this moment, (d) the number and dimensions of the jerks 

preceding and coming after the given jerk in the turn, and 

(e) the direction of the jerk towards the side of the turn 

or away from it." 

This encouraged Gurevich to propose a 'universal law' of 

saccades which stated that the velocity of a saccade was 

determined independently by the amplitude of the eye 

movement and not by the visual input. 

The theoretical approach of Gurevich and others to the 

study of the saccadic system is subject to a major 

weakness. 

considered 

These experimenters seem not to have 

the possibility that the saccadic 

seriously 

control 

mechanisms may pay attention to the functional demands 

imposed by the visual context (or task). For example, it 

is not immediately apparent what functional advantages 

would be served by a control operator which modified the 

speed of a saccade depending on the position of the eyes 

in the orbit; or the number of saccades preceding or 

following a saccade (cf Gurevich op. cit.). A system 

which operated on such principles could not effectively 

carry out normal eye movements while still maintaining 

clear vision. 

The stimulus movement used in Gurevich's study followed 

the tradition in saccadic eye movement research of using 
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step target displacements at velocities approaching . 

infinity. In the world outside of visual science 

laboratories objects move at finite velocites. Although 

saccadic eye movements are not normally used to track a 

continuous smoothly moving object, saccades are required 

to null the initial displacement errors that are caused by 

smooth target movements (Heywood and Churcher, 1981). 

Saccades may also be required to compensate for errors 

when the eye movement falls out of alignment with the 

target movement (fig. 5.1). 

The eye movement normally employed in the continuous 

smooth tracking of a visual stimulus is . the pursuit 

movement (see examples in fig. 5 .1) • Making an accurate 

pursuit eye movement is achieved by setting the eye 

velocity approximately equivalent to that of the moving 

target. However, it is claimed that wheras the sensory 

input to the saccadic system is a position error signal, 

the pursuit system responds to velocity or movement 

information. A classic demonstration of this was first 

described by Rashbass (1961). If a stimulus is made to 

step in one direction while a ramp of the opposite 

direction is simultaneously imposed, first an initial 

pursuit movement is detected closely followed by a saccade 

in the opposite direction bringing the eye accurately onto 

the target (fig. 5.lb). The interesting point about the 

initial pursuit component is that the eye is actually 

taken further away from the target than if it had not 

moved at all. This highlighted the distinction between 
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b 

1 sec 

d 

0 • 

Fig. 5.1. Tracking responses to a target moving with 
uniform velocity preceded by a variety of displacements. 
(a) no displacement: (b) 3 deg. displacement in a 
direction opposite to the velocity: (c) 1 
deg. displacement in a direction opposite to the velocity: 
(d) 1 deg. displacement in the same direction as the 
velocity. (after Rashbass, 1961). 



PAGE 186 

the position error input for a saccade and the velocity 

information for pursuit. 

It follows that although a saccade can be introduced to 

null any position offset when the eye is tracking a moving 

target, if Rashbass was right, the dynamics of the target 

movement should only be reflected in the pursuit 

component. Robinson (1965) recorded human eye movements 

to a target which made a horizontal jump or step followed 

by a constant velocity smooth motion in the same direction 

(i.e a step-ramp). The amplitude of the saccade increased 

with the velocity of the ramp but was predominantly 

related to the position of the stimulus 100 msecs prior to 

the saccade. No measures were reported on the peak 

velocities and durations of these saccades. 

The view that a saccade is not sensitive to velocity 

information seemed to be seriously challenged by Barmack 

(1970). He investigated monkey saccadic and pursuit 

movements to targets which decelerated and accelerated 

between 42 and 128 degs/sec. Changes in the velocity of 

the target modified the amplitude, velocity and 

acceleraton of a saccade occuring between 50-80 msecs 

later. The average latency from the start of the ramp to 

the onset of the saccade was 160 msecs. 

However, Barmack's data do not allow a clear 

interpretation of the modifications reported for his 
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both saccade 

reduced to 

decelerating ramps, but the absence of control saccades to 

step movements with which to compare these results makes 

it impossible to determine whether the findings 

represented a significant departure from the amplitude I 

velocity main sequence relationships. 

Heywood and Churcher (1981) have recently re-emphasized 

that the amplitude of a saccade to a ramp target is based 

on a position error sample recieved prior to the onset of 

the saccade and not to the velocity of the ramp. But 

these authors only used ramp velocities below 24 degs/sec. 

It may be that the saccadic system responds differentially 

to fast and slow ramps. Evidence that the ramp velocity 

was registered by the saccadic system comes from their 

finding that, in the case of at least one subject, there 

was a negative correlation between the saccade latency and 

ramp velocity. untortunately, no measures were reported 

on the saccade peak velocities and durations. At the 

present time the effects of a smoothly moving ramp target 

on the control of the dynamics of a saccade has not been 

unambiguously determined. 

There are at least two important reasons why saccadic eye 

movements to ramp stimuli should be examined in detail: 
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targets provide a good stimulus to 

claim that the pursuit system but not the 

saccadic system is sensitive to the velocity or movement 

information contained in the trajectory of an eye target. 

In contrast to previous studies the following experiments 

'measured the velocity and accuracy of the eye movements in 

addition to the saccade amplitude and latency. Ramp 

stimuli would seem to be a more appropriate movement with 

which to test the Gurevich claim than has previously been 

adopted. The original motive for the Gurevich studies was 

the desire to determine whether there was a relationship 

between visual information and the peak velocity of a 

saccade. However, the obvious analogue of the eye 

velocity, the target velocity was overlooked in his 

experiments. Secondly, an important related issue which 

has been under discussion in motor control theory, in 

recent years, concerns the processes which determine the 

accuracy of a motor act. However very little of this 

debate has included the control of human eye movements. 

Schmidt et al., (1979) and his colleagues have recently 

argued that the accuracy of a motor behaviour is 

determined directly by the forces controlling the dynamic 

characteristics of the movement. The theory holds that 

the precision of a movement will be a function of the 

variability of the impulses modulating the acceleration of 

the movement. Schmidt's idea can be put to the test by 

measuring the relationship between the variations in the 

peak velocity (which reflect the acceleration forces) and 

the accuracy of eye movements to ramp and step inputs. 



PAGE 189 

According to Schmidt the movement accuracy and variability 

of velocity should be positively related. 

In this 

Experiment 

chapter four 

1 considered 

experiments are presented. 

the hypothesis that saccadic 

durations and peak velocities are controlled differently 

to step and ramp target movements. Saccades were elicited 

to ramp targets by using ramp speeds above the velocity 

threshold for smooth pursuit tracking. The possibility of 

pursuit movements was further ruled out by ensuring that 

the duration of the movement would be less than the normal 

150-200 msecs pursuit movement latency (Fuchs, 1967a). 

Experiment 2 attempted to determine whether the effects of 

the target movement could be accounted for in terms of the 

duration component independently of the movement velocity 

information by measuring saccadic responses to step 

targets in which a pure movement delay was introduced 

between the onset and offset of the step movement. These 

stimuli are referred to as 'open steps' target movements. 

Experiments 3 and 4 examined the relationship of the 

temporal parameters of the 

speed by evoking saccades 

discrimination task using 

durations. In Experiment 

predicted to the short~r 

visual input to the saccade 

to targets in a visual 

stimuli of different temporal 

3 faster movements were 

duration targets. Slower 

saccadic movements were expected for the. longer duration 

targets. 
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5.2 

Experiment 5.1 

5.2.1 Method and Procedure 

Subjects 

Three Ss were used in experiment 1. Subject 1 had had 

previous experience in psychophysical eye movement 

experiments, the other Ss had no previous experience. The 

Ss all had normal vision, but Sl wore contact lenses. 

Procedure 

A session began with a block of control trials as 

described in previous experiments. These trials consisted 

of step target displacements centred around the central 

fixation position. The target eccentricities were in the 

range of 1 to 5 degs. The Ss were required to move their 

eyes accurately to the target jumps. The ramp stimulus 

was a single high contrast point as had been used in 

previous experiments. 

Following the control trials the remainder of a session 

proceeded in the following way: To begin a trial the Ss 

pressed a trial initiation key. The target would then 

step from the central position to a position 2.5 degs. to 

the right or left. The target remained at this location 
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for a random period of 500, 700, 900, 1000 or 1400 msecs. 

During this period the S moved his/her eyes to the target 

location. At the end of this interval the target would 

then move smoothly a distance of 5 degs. to the opposite 

corresponding position, across the display scope. The 

velocity of this movement was either 35, 96 or 114 

degs/sec. The total movement duration in each case was 

144, 52 or 44 msecs, respectively. 

was controlled by modulating 

The speed of the ramp 

the frequency of the 

refreshing cycle. From previous work it was anticipated 

that eye movement responses to these target movements 

would be composed entirely of saccades. This would be the 

case because the speed of the movement would be above the 

range for pursuit eye movements (Rashbass, 1961); and 

secondly, the short duration of each ramp movement also 

ensured that the movement would be completed before the 

subsequent 

constant 5 

amplitude, 

eye movement response was 

deg. retinal error signal 

would reduce any effect 

released. This 

for the saccade 

of the saccadic 

amplitude on the saccade dynamics. The termination of a 

trial was indicated by the return of the target to the 

centre of the display. The details of calibration and eye 

movement sampling were identical to those used in 

Experiment 1, 2 and 3 of chapter 3. Eye movements were 

sampled at a frequency of 500 Hz and the analyses were 

based on 512 words of eye movement samples for each 

record. Eye position calibrations were recorded at 

regular intervals throughout a session. 
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5.2.2 Results 

Saccadic Responses to Ramps 

Fig 5.2 illustrates 3 general categories of saccadic 

movements generated to ramp movements. The upper record 

(OS) shows saccadic movements which take the eye between 

0.2 an 0.6 degs. beyond the position of the target. The 

eye is then brought back by a corrective saccade with a 

reaction time frequently less than the mean 150-200 msecs 

required for the primary saccade. Each saccadic component 

of the movement has the peaked velocity I time waveform 

shown with each saccade. These overshoot saccades (OSs) 

had a probability of 0.27 of all saccades to ramps. The 

middle traces (US) illustrate cases in which the eye falls 

initially short of the target. In some exceptional cases 

this can be by as much as 1 or 2 degs. (i.e 20% - 40% of 

the target distance). The probability of undershoots 

(USs) was 0.48. These 'errors' were similarly rectified 

by a single corrective movement. The lower traces are 

examples of saccades which hit the target accurately at 

the first attempt and had an overall probability score of 

0. 23 (ACC) • 

Fig. 5.3 shows the individual frequencies of OS, us and 

ACC saccades as a function of the ramp velocity. For step 

targets the probability of ACC saccades exceeds OS and us 

by at least a factor of 2. Sl showed effectively no OSs 

responses to steps. OSs occur with greater frequency to 
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ramp movements, this was particularly noticeable to the 

faster ramps (96 and 114 degslsec) where the proportions 

range from 27% to 45% compared to 7% and 15% to the slow 

ramp. uss at frequencies of 77% (Sl) and 61% (82) were 

the more likely response to the slow ramps. The frequency 

of ACC saccades were reduced from the control steps to the 

ramps by 21.5%, 31.9%, 34.7%(81) and 50.0%, 39.3% and 

54.7%(82) for the 35, 96 and 

respectively. A number of saccades 

114 deglsec 

to ramps were 

ramps 

also 

observed in which the eye was somewhat unstable in the 

period immediately following the primary saccade. These 

are referred to as 'unstable' saccades in the records 

shown in the examples in fig 5.4. These results indicate 

that in directing the eye to a target the saccadic 

movement differentiates between a ramp and a step target 

USs to ramp displacement. The pattern of OSs and 

velocities suggests that the system is also to some degree 

sensitive to the rate of stimulus movement. 

Peak Velocity and Duration 

The amplitude I peak velocities and amplitude I durations 

relationships were assessed by applying the analysis for 

linear regressions (Seber, 1974) as described in Chapter 

3, with each ramp velocity data set and comparing these to 

the control measures to step movements. In general no 

significant effect on slopes or intercepts were found for 

peak velocities at any ramp velocity (see fig. 5.5. Sl: 
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at 35 degsjsec Fp = 3.34, Fe = 3.19, df(2/21) p>O.Ol, 

S2:Fp = 0.89, Fe= 0.56, df(2/20), p>0.05; at 96 degs/sec 

Sl: Fp = 0.24, p>O.Ol, Fe= 6.27, p<O.Ol, df(2/19), S2: 

Fp = 0.83, Fe = 0.67, df(2/18) p>O.Ol; at 115 degsjsec 

Sl: Fp = 5.05, p>O.Ol, Fe = 5.21, p>O.Ol, df(2/17), S2:Fp 

= 0.11, Fe = 0.73 df(2/20), p>O.Ol). As the analyses show 

the one exception was at the 96 deg/sec ramp where Ss 1 

showed slightly slower velocity saccades than for the step 

target. Similarly ramps had no significant effect on 

saccade durations, (Sl: at 35 degs/sec Fp = 1.33, Fe = 

0.90, df(2/21), p>O.Ol, S2: Fp = 3.33, Fe = 1.75 

df(2/20), p>O.Ol); at 96 degs/sec Sl: Fp = 0.32, Fe = 

1.56, df(2/19), p>O.Ol, S2: Fp = 2.46, Fe = 1.24, 

df(2/18), p>O.Ol; at 114 degsjsec Sl: Fp = 0.08, Fe = 

1.02, df(2/27), p>O.Ol, S2: Fp = 0.19, Fe = 0.21, 

df(2/20), p>O.Ol). 

Saccade Latencies 

The saccadic latency analyses suggested that ramps have a 

small inhibitory effect on the latency of the ensuing 

saccade. Mean ramp saccades latencies are 12-46 msecs 

greater than to control steps. Since it was necessary to 

control the ramp velocity by modulating the ramp duration 

the saccade latency should be measured from the end of the 

ramp. The format of the experiment did not encourage 

anticipatory saccades therefore there is no reason to 

reject normal assumption that the saccade is generated to 

the final position of the target. Mean latencies are as 
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shown in the curves in fig. 5.6. The latency of the 

saccade increased with the velocity of the ramp. 

5.2.3 Discussion 

These results show that the saccadic system is sensitive 

to the dynamic information in a target displacement. The 

target velocity influences both the metrics of the 

saccadic aim and its latency. No effect was detected on 

the peak velocities and durations. The saccadic system 

though quite able to respond to ramp information responds 

more accurately to step inputs. 

By using ramps of short durations it was possible to avoid 

the introduction of pursuit movements and the problem of 

and their possible non-linear interaction with saccades 

(Jurgens and Becker, 1975). It was felt that this was a 

significant factor in helping to clarify the behaviour of 

the saccadic system to ramps. 

However, the present experiment did not distinguish 

between the significance of the velocity and the duration 

information within the stimulus movements, as they were 

varied simultaneously in the ramps. This arose from the 

requirement to hold the ramp amplitudes constant so that 

the elicited saccades would be comparable. It may have 

been that the velocity information was in fact irrelevant 

and that the manipulation of the duration of the stimulus 
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displacement was the crucial factor in the determining the 

effects of the temporal information on the saccade 

displacements. It was therefore decided to measure 

saccadic responses to step displacements where the 

duration of the step would be systematically modulated 

with no change in velocity information. Thus the effects 

of duration information alone could be estimated. 



5.3 

Experiment 5.2 

5.3.1 Method and Procedure 

Subjects 

PAGE 202 

Two Ss participated in this experiment. Sl was an 

experienced psychophysical observer with slight corrected 

myopia. 82 had no previous experience of eye movement 

experiments. 

Apparatus 

The recording apparatus was identical to that used in 

previous studies (Chapter 2) • 

Procedure 

The target movement manipulations used in this study are 

illustrated in fig. 5.7. A trial commenced with a point 

target at the central fixation position. The target 

movement was initiated from a push button controlled by 

the subject. When the start signal was received the 

target moved 2.5 degs. to the left or right of the central 

fixation position. The duration of the target at this 

location was randomised between 300 and 3000 msecs. to 

reduce the likelihood of anticipatory responses. The 

screen was then blanked for a period of 50, 60, 70 or 80 

msecs., before the target reappeared at a distance of 5 

degs. Ss were asked to follow the movement of the target 

as accurately as possible and were unaware of the 
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rationale of the experiment or the target manipulations. 

Eye movements were sampled at 500 Hz and the analyses were 

based on 512 words of eye movement samples for each 

record. Calibrations were obtained every 20 trials. 

5.3.2 Results 

Saccadic Responses to Open Steps 

Fig 5.8 gives the frequencies of OS, US and ACC saccades 

to open and closed steps. Considering first the results 

to the closed steps (i.e with zero step interval) ACC 

saccades are most frequently generated, while OS saccades 

are very rarely produced. This is the typical pattern of 

responses to closed step displacements. There was no 

typical pattern in the proportions of us generated by the 

Ss to the 'closed step illustrating that individual eye 

movement styles are an important feature in the general 

control of saccade aiming. The variability of options 

open to Ss in the correction of saccades undermines the 

preprogrammed model of saccadic eye movements (Weber and 

Daroff, 1972) • 

As in the case of the ramps of Exp 5.1 the proportion of 

ACC saccades to the open steps are reduced from the normal 

closed step level. With open step displacements the 

probability of ACC saccades is reduced by 24.6% to 

35.4%(Sl) and by 35.4% to 44.6%(82). The data showed that 

the increase in saccadic aiming errors to open steps 

consisted predominantly of US saccades. The proportions 
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of OSs were similar in each category of step movement. 

There was no apparent relationship between the step 

interval duration and these frequencies. 

Peak Velocity and Duration 

A between lines regression analysis (Seber, 1977) was 

performed on the amplitude I peak velocity data at each 

interval duration against the control saccades to closed 

step displacements. As shown table 5.1 there was no 

effect on amplitude I peak Velocity or amplitude I 

duration relationships at any open step duration. Details 

of the statistical analyses are presented in table 5.1 and 

table 5.2. 

Variability in terms of standard deviations 

Fig 5.9 shows the overall variability of three saccadic 

parameters to the open step displacements. Compared to 

the values for the closed steps the variability of saccade 

amplitudes, peak velocities and durations increased to the 

open steps. 

Latencies 

Table 5.3 shows the mean latency of saccades of each s. 

It is evident that as in the case of ramps, open steps had 

a similar but even larger facilitatory effect on saccade 

latencies. The effect has a mean value of 120 msecs (Sl) 



Table comparing closed and open step amp/vel regressions 

Mean 
ss 51 Amps P.VeJs Fp Fe N OF 

(dega) (dlga/.ec) 
1 50 4.5(0.6} 133( 13.3) 0.53. 3.17• 23 2/19 

60 4.9(0.5) 142(17.4) 2.27• 2.23• 19 2/15 

70 4.8(0.5) 131 (23.3) 0 .. 23$ 2.0S. 25 2/21 

80 4.7(0.6) 138(22) 0.734: 0.82• 17 2/13 

2 50 4.6(0.5) 154( 16) o.:;s. 0.54- 19 2/15 

60 4.0(1.2) 148(32.5) 0.04* 1.54* 20 2/16 

70 4.3{0.6) 149(19.5) 0.01• 0.02• 25 2/21 

80 4.0( 1.0) 145( 17 .2) 0.~ 0.87• 16 2/12 

• NS 

Table 5.1. Summary of regression analyses on the effect of open steps on 
saccadic peak velocities. Fs = F-statistic for the statistical 
significance of the difference between the slopes of amplitude 1 peak 
velocity regressions to open and closed steps; Fe = F-statistic for the 
coincidence of open and closed step regressions (see chapter 3 Appendix 
B)~ SI - step interval; Amp - mean amplitude; P.Vel - peak velocity; 
DF - degrees of freedom. 
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Table comparing closed and open step amp/dur regressions -
Mean 

Fp Fe OF ss Sl Amps Our N 
(dlga) (n-..) 

1 50 4.5(0.5) 53(2.5) 0.01 * 0.09• 23 2/19 

60 4.9(0.5} 54(1.7) 1.76• 0.99• 19 2/15 

70 4.8(0.5) 57(6.7) 0.1~ 0.61• 25 2/21 

80 4.7(0.7) 53(4.0) 0.01• 0.44* 17 2/13 

2 50 4.6{0.5) 48(2.6) 1.1S. 1.0Jk 19 2/15 

60 4.0( 1.2) 43(9.2) 0.1S. 0.65• 20 2/16 

70 4.3(0.6) 46( 4.3) 0.11• 0.28• 25 2/21 

80 4.0(1.0) 43(10.6) 2.71• 1.71• 16 2/12 

• NS 

Table 5.2. Summary of regression analyses on the effect of open steps on 
saccadic durations. Fs = F-statistic for the statistical significance of 
the difference between the slopes of amplitude I duration regressions to 
open and closed steps; Fe = F-statistic for the coincidence of open and 
closed step regressions (see chapter 3 Appendix B); SI - step interval; 
Amp - mean amplitude; Dur - Duration; DF - degrees of freedom. 
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50{:[) 70 so Step t nte rva 1 ( msecs) 

Fig. 5.9. The variability of amplitudes (A), peak 
velocities (B) and durations (C) are increased to open 
steps. The values on the y-axis are control values to the 
closed steps. S.D. - standard deviations. 



Ss 

1 

2 

50 

149 
(26.6) 

118 
(42.3) 

Mean Latencies (msecs} 

Step inteNaJ 

60 

160 
(35.8) 

120 
(63.5) 

70 

127 
(24.7) 

117 
(52.1) 

80 

126 
(33.5) 

113 
(55.5) 

Table 5.3. Saccadic latencies and standard deviations (in 
parenthesis) to open and closed steps. The latencies of 
the saccades are reduced for saccades to open step targets 
relative to the control step target displacements. SI -
refers to the of blanking within the target displacement; 
this was timed in units of milliseconds. 
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and 60 msecs (82). 

5.3.3 Discussion 

These results further suggest that the saccadic system 

does discriminate in behavioural terms between categories 

of visual movement. The saccadic accuracies, mean 

latencies and peak velocity variability were the most 

sensitive parameters of the target manipulations. 

However, the regression analyses show that the absolute 

level of peak velocities and durations did not depart from 

the main sequence relationships. 
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5.4 

Experiment 5.3 

5.4.1 Introduction 

In this experiment the question of whether the velocity of 

saccades is influenced by the total duration of the 

stimulus presentation is addressed. In a task where 

accurate eye movements are required to identify a stimulus 

of low discriminability in the peripheral field a 

reasonable strategy would be for the eye to move more 

rapidly to short duration stimuli and less rapidly to 

stimuli of longer duration. The time it takes for the eye 

to arrive at the target position could, however be 

influenced by modifying either the saccade reaction time 

or the saccade velocity. In experiment 5.3 it was decided 

to leave these possibilities open thus allowing the system 

to manipulate either or both of these parameters. 

A pilot study indicated that using symbols such as letters 

in a multiple discrimination task would encourage the 

'programming' of accurate saccadic eye movements. The 

pilot study showed that the upper case letters "B-D-0-Q" 

when laterally masked by crosses (X X), would require 

fairly precise eye fixations to be able to discriminate 

these successfully. This was determined by estimating the 

discriminability of these letters as a function of 
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eccentricity (Bouma, 1978). Fig. 5.10 shows that optimal 

performance was only possible within a 1 deg. radius of 

the line of the visual axis. Eye fixations outside of 

this region increased the difficulty of the task. 

5.4.2 Method and Procedure 

Subjects 

Eight psychology students participated in the experiment. 

With the exception of Sl who wore corrective contact 

lenses all Ss had normal emmetropic vision. 

Procedure 

The experiment used two conditions which were defined by 

the eccentricity of the target displacements, either 5 or 

20 degs. of visual angle. Ss were divided equally into 

these conditions. 

The stimuli used consisted of the upper case letter set 

"BDOQ". The dimensions of the letters were 0.2 degs x 

0.33 degs. The pilot study had shown that this letter set 

would require accurate fixations within 1 deg. to ensure 

optimal performance. 

On a typical trial a dot fixation was initially present at 

the centre position. When the S indicated that he or she 

was ready to begin the trial the dot target at the centre 

stepped to a position 2.5 (or 10) degs. to the left or 
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Fig. 5.10. Discriminability of laterally masked letters 
as a function of eccentricity. Chance level was 25%. 
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right for a random period between 400, 600, 800 or 1000 

msecs. A target letter was then presented at the 

appropriate eccentricity for that condition. Ss were 

required to saccade from the spot stimulus to the target 

letter and to indicate the letter presented by pressing 

one of 4 prescribed keys. 

A session consisted of 2 blocks, each of 30 trials. One 

block had letters of 200 msecs duration while the other 

contained letters of 600 msecs duration. The order of 

blocks was counterbalanced at each target eccentricity. 

Ss were instructed to move their eyes accurately to the 

stimuli and to attempt to identify the letters presented. 

They were not warned about the letter duration 

manipulations used in the experiment. Verbal feedback on 

the letter identification performance was provided 

throughout the session. 

5.4.3 Results 

Letter Identification Performance 

Fig. 5.11 shows that as expected Ss were more successful 

at identifying letters in the 600 msecs condition. The 

one s whose results did not conform to this pattern had 

poor parafoveal vision in previous tests; that is at 

eccentricities of 2 to 5 degs. her visual discrimination 
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performance was inferior to that of other 8s. This 8 was 

retained in the main experiment however because her foveal 

vision was normal and the experiment was designed to 

encourage 8s to saccade accurately to the stimuli. 

Peak Velocity and Durations 

Tables 5.4 and 5.5 shows the mean values for the saccade 

peak velocities, mean durations and mean amplitudes. Also 

presented are the results of the regression analyses 

comparing the 200 and 600 msec saccades. Only one 8(87) 

showed a significant main effect for peak velocities and 

durations. In general the stimulus duration produced no 

effect on the absolute level of amplitude I velocity or 

amplitude I duration relationships, but 2 8s (81 and 87) 

showed a significant effect of the stimulus duration. 

Latencies 

The results plotted in fig. 5.12 showed that in both the 5 

deg. and 20 deg. target conditions three of the four 8s 

demonstrated faster saccade latencies in the 200 msec 

duration blocks but the effect was small. Interestingly 

the variability of latencies was also reduced in the 

200 msec blocks. 

Accuracy 

Although the 600 msec letter duration condition left 



TabJe .. com~rini the effect of stimulus duration on amp/vel reireasiona 

5 DEG MEAN 
Sa so Amp Vel Fa Fe N OF 

(dlgt) (cllgl/.w;) 
1 200 4.5(0.4) 219(19.4) 0.02• 6.82•• 60 2/56 

600 4.8(0.6) 219(23.2) 
2 200 5.7(0.7) 301 (52) 1.9• 1.77• 51 2/47 

600 4.2(1.1) 301 (52.8) 
3 600 5.0(0.4) 246(22.3) 0.02• 4.56• 52 2/48 

200 5.0(1.2) 255(56.9) 
4 600 4.9( 1.1) 248(55) 0.78• 0.42• 56 2/52 

200 3.7(1.4) 193(68.5) 

20 DEG 
5 200 22.6(2. 7) 469( 180) 0.93• 1.23• 54 2/50 

600 18.0(2.1) 378(36.9) 
6 200 20.8(1.9) 549(66) 0.86• 0.6S. 60 2/56 

600 18.4(1.3) 487(48) 
7 600 17.0{1.9) 477(42) 23.1•• 11.7 .. 49 2/45 

200 15.6(3.4) 439(135) 
8 600 19.1(2.4) 496(73) 0.1• 0.42• 51 2/47 

200 18.0{3.5) 482( 1 05) . 
• NS 

** p < 0.01 

Table 5.4. Saccadic amplitude I peak velocity relationships to 200 msec 
and 600 msec stimulus durations (SD). Fs = F-statistic for the 
significance of the difference between the slopes of the amplitude I peak 
velocity regressions; Fe = F-statistic for the coincidence of regressions 
(see chapter 3 Appendix B). Amp - amplitude, Vel - peak velocity, 
DF - dearees of freedom. 
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Tobie comparing the effect of stimulus duration on amp/ dur regressions 
r5 DEC 

MEAN 
Ss so Amps Our Fp Fe N OF 

(digit) <-> 
1 200 4.5(0.4) 33.1(2.2) 0.00. 4.26• 60 2/56 

600 4.8(0.6) 35.7(3.0) 
2 200 5.7(0.7) 34.3(5.1) 1.&- o.ss. 51 2/47 

600 4.2(1.0) 30.4(3.4) 
3 600 5.0(0.4) 33.0(2.1) 0.0• o.os. 52 2/48 

200 5.0( 1.2) 33.2( 6.5) 
4 600 4.9( 1.1) 33.3(3.9) 0.1 a. 0.3S. 56 2/52 

200 3.7 29.9 

20 DEG 
5 200 22.9(2.7) 83.1(9.9) 8.69•• 4.37•• 54 2/50 

600 18.0(2.1) 79.8(7. 7) 
6 200 20.8( 1.9) 72.0(9.9) 0.07• 0.6S. 60 2/56 

600 18.4{ 1.3) 71.1 (6.9) 
7 600 17.0(1.9} 65.3(5.9) 17.2 .. 8.8•• 49 2/45 

200 15.6(3.4) 65.8(18) 
8 600 19.1(2.4) 68.7(8.5) 3.S. 3.32• 51 2/47 

200 18.0(3.5} 69.5( 13.2) 
• NS 
•• p < 0.01 

Table 5.5. Saccadic amplitude I duration relationships to 200 msec and 600 
msec stimulus durations (SD) • Fs = F-statistic for the significance of the 
difference between the slopes of the amplitude I duration regressions; Fe 
= F-statistic for the coincidence of regressions (see chapter 3 Appendix 
B). Amp - amplitude, Dur - durations, velocity, DF - degrees of freedom. 
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sufficient time for corrective saccades, 6 of the 8 Ss 

produced more accurate initial saccades, both in terms of 

their standard deviations and their absolute position 

errors, in the 600 msec conditions (see Fig. 5.13, where 

the standard deviation data are plotted). The results 

also illustrate a parallel trend for each S with the 

variabilities of peak velocities. 

5.4.4 Discussion 

The saccadic system adjusts its response to manipulations 

in the duration of a stimulus presentation in some 

interesting ways. When the duration of the stimulus is 

relatively long the accuracy of saccades, particularly 

large saccades is improved over short duration 

presentations. The saccadic system allows more time for 

the preparation of the eye movement. This could be 

explained in two ways. It may be that a speed I accuracy 

trade off in the saccadic system means that the greater 

accuracy of saccades in the 600 msec condition requires 

the longer latencies observed. Kapoula (1984) has 

recently shown that a speed I accuracy trade-off does 

exist for saccadic eye movements. Alternatively, the 

saccade accuracy and latencies may have been independently 

determined by the stimulus duration. Further experiments 

are necessary to distinguish between these possibilities. 

Saccades showed only minor modifications (< 5%) in peak 
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velocities and durations. However, the saccade latency 

results showed why modifications were not necessary for 

the task. By reducing the delay of the saccade the system 

was still able to locate the stimuli more rapidly in the 

short duration blocks. When possible it seems that the 

saccadic system quite sensibly uses the simplest or 

easiest route to maximize foveal vision when having to 

track a target. 

In experiment 4 an attempt was made to guide the system 

into adjusting the saccade dynamics rather than the 

saccade latency. This was attempted by using a contingent 

procedure in which the duration of the stimulus was 

present for a fixed period relative to the onset of a 

saccadic movement. This method eliminated the effect of 

the saccade latency on the time that the stimulus would be 

present in the foveal region following a saccadic 

movement. 
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5.5 

Experiment 5.4 

5.5.1 Introduction 

This experiment was designed to test the possibilty that 

Ss could adjust the speed of the saccades in a letter 

identification paradigm in which the duration of the 

stimuli were short. 

5.5.2 Method and Procedure 

Two Ss participated in this experiment, one of whom 82, 

had taken part in experiment 5.3. 

Procedure 

Each condition 

displacements, 

display was 

started with a 

where the total 

constant. The 

block of 

duration 

amplitude 

displacements was varied from 1 to 5 degs. 

20 target 

of the target 

of these 

An experimental trial started with a fixation dot in the 

central position. When Ss were ready this was shifted + 

or - 2.5 degs. After a randomly determined foreperiod the 

spot was replaced by one of four laterally masked letters 

5 degs. to the left or right (in the opposite direction to 

the spot displacement) "B-D-0-Q". Each letter was 

presented for a total duration of 150 + RT msec, where RT 
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was the reaction time of the saccade. The fixed period of 

150 msec was chosen so as to encourage a fast saccade 

trajectory but not necessarily shortened reaction times. 

With respect to the visual system, a faster trajectory 

would increase the duration of the stimulus at the fovea 

but faster saccade latencies would have no effect. The 

on-line analysis of eye movements was based on eye 

position samples taken at 2 msec intervals. A saccade was 

signalled once the eye velocity exceeded 30 degs/sec and 

was accelerating. This required a minimum delay of 4-5 

msecs plus analytical time overheads which came to less 

than 1 msec. (see General Methods chapter for details of 

the alogorithm common to all the experiments). 

At the end of each trial Ss signalled the letter presented 

by pressing one of four response keys. 

5.5.3 Results 

Letter Identification 

Table 5.6 also shows that although both Ss scored above 

chance level, many more errors were made in this task than 

in the conditions of experiment 5.3. 

Peak Velocities and Durations 

For Sl velocities increased to the letter targets from the 

control level by 11.9 deg/sec while for S2 showed an 
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163 
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(36.7) (162.4) 

Accuracy (dega) " Correct 

1.3 35.7 

1.5 40.3 

Table 5.6. Saccadic latencies, accuracy and visual 
discrimination of contingently controlled letter stimuli. 
EXP - main experimental condition. 
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increase of only 3.41 degjsec. 

than the standard error of 

For 82 the effect was less 

the amplitude I velocity 

regression. Saccade durations showed even smaller effects 

with both Ss showing modifications relative to the control 

conditions of approximately 1 msecs. Table 5.7 show these 

saccadic durations and peak velocities were not 

significantly different from control saccades. 

Latencies 

Table 5.6 shows that there was no real difference in mean 

saccade latencies in the mean values over the control 

trials. One subject who seemed to show longer latencies 

in the contingency trials 

substantially less than the 

session. One explanation 

showed a difference that was 

standard deviation in this 

of the lack of an effect on 

latencies is that as it was not possible to use peripheral 

vision to identify the letters at 5 degs. there was no 

perceptual advantage in delaying the saccadic movement. 

There was also no advantage in speeding the reaction time 

of the eye because in contrast to experiment 5.3 this 

would not increase the duration of the stimulus at the 

fovea. However, the increased standard deviations for 82 

suggested that although this 8 did not stick to either of 

these strategies consistently both were tried at points 

throughout the session. 



Table comparing the effect of stimulus duration on amp/vel regressions 

Ss Amp 
c-.> 

Vei 
( ... /..c) 

Fs Fe N DF 

1 ConlrGl 2.7(1.7) 
3.4(1.3) 

148(58) 
180(46) 

1.92 2.75 85 2/81 

2 ~ 2j5(1.6) 
3.6(1.5) 

138(51) 
159(54) 

0.03 0.71 82 2/78 

Table 5.7. Saccadic amplitude I peak velocity 
relationships. Fs = F-statistic for the significance of 
the difference between the slopes of the amplitude I peak 
velocity regressions; Fe = F-statistic for the 
coincidence of regressions (see chapter 3 Appendix B). 
Amp - amplitude, Vel - peak velocity, DF - degrees of 
freedom. 
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Accuracy 

The accuracy of saccades was similar to the levels 

achieved in the 200 msec duration letters in the 5 

deg. condition of experiment 1 (Table 5.6). 

5.5.4 Discussion 

Several aspects of the results question the view that the 

control of a saccade is insensitive to the quality of 

information in the target motion. Two examples of the 

effect of the movement input on the saccade was the 

finding that the accuracy of saccades was severely 

impaired to the ramp and open step targets. It might be 

argued that these saccades were generated in reponse to 

position error information sampled prior to the saccade. 

This proposition is incompatible with the finding that OSs 

occured to fast and in some cases slow ramps. Only uss 

would be expected if saccades were singularly based on 

presampled position information. 

This interesting effect of ramps on saccadic position 

aiming may provide one answer to the question of why 

saccades are not the naturally favoured option of the 

oculomotor network for the tracking of smoothly moving 

targets. In order to generate the correct pulse for a 

saccade the system needs to have stable information about 

the target position. According to Becker and Jurgens 
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(1979) the spatial information for a saccade is picked up 

from the visual input over a finite time width 

(approximately 80 msecs), this data is 'pooled' or 

averaged and a saccade is then programmed as a consequence 

of the spatia-temporal processing. It may be that if the 

visual information is in motion for a significant duration 

of the visual sampling it will be more difficult to 

estimate the appropriate pulse necessary to generate a 

saccade to a specific spatial location. The records which 

demonstrate what have been called 'unstable' saccades (cf 

fig. 5.4) show that ramps may also cause a problem for the 

system to determine the appropriate correspondence between 

the pulse for the saccadic movement and the step component 

for maintaining the eye position once· it has arrived at 

the target location. 

A possible relationship between the saccade accuracy, 

variability in peak velocities and length of saccade 

latency was raised in these experiments. Interestingly, 

there are previous observations which would support such a 

covariation of saccadic parameters. Ross and Ross (1981) 

and others have demonstrated that the offset of a foveal 

fixation point followed subsequently by the onset of a 

peripheral target reduces the latency of the ensuing 

saccade. Thus a luminance offset seems to act as a 

positive warning cue to increase the preparation for the 

release of a saccade. Reulen (1984) has recently 

developed a detailed model to explain this effect. There 

appears to be something unique about an offset cue as a 
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similarly timed luminance onset has an inhibitory effect 

on the saccade latency. The situation in experiment 2 

where reduced latencies and an increase in the standard 

deviation of the saccade amplitude were found, was very 

similar to the Ross and Ross conditions in which saccade 

latencies are reduced from their baseline levels. In 

these terms the open step would be 

warning cue to the target movement. The 

interpreted as a 

relative change 

in mean saccade latencies in Experiment 3 can be explained 

by the need in that situation to move the eye more quickly 

in the short duration (200 msecs) than in the longer 

stimulus presentation condition (600 msecs). Kapoula 

(1984) has shown that there is a negative relationship 

between the variability of a saccade amplitudes and the 

mean saccade latency. In other words there is a speed I 

accuracy trade off. The results presented above 

this view. However, also associated with 

support 

this 

relationship is an increased variation in peak velocities, 

supporting the view that impulses controlling the accuracy 

and acceleration of a movement are functionally linked 

(Schmidt et al., 1979). In common with previous data Ss 

here showed individual variability in the control of their 

eye movement characteristics, further indicating that 

saccades are not stereotyped motor behaviours (cf Baloh et 

al., 1975). 
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5.6 Summary 

1. Saccades are less accurate to a ramp than to a step 

movement. But the velocity of a ramp movement is not 

reflected in the velocity of a saccadic movement to that 

stimulus (Gurevich law) • The proportion of OSs and USs 

depend on the velocity of the ramp. OSs are more likely 

to fast ramps and uss are more frequently produced to a 

slow ramp. 

2. The saccade latency to the termination of a ramp was 

found to be positively correlated with the latency of the 

initial sacccade, for the range of ramp velocities used in 

this study. 

3. Increasing the temporal duration of a movement with no 

variation in. the stimulus velocity reduces the saccade 

accuracy and peak velocity relative to near infinite 

velocity steps. Mean saccade latencies were also 

shortened for these saccades. 

4. The variability of saccades are to some extent a 

function of the duration of the stimulus, when the saccade 

eye movement task maximizes the need for foveal vision. 

5. The saccade latency is also lengthened to longer 

duration stimuli. 

6. The dynamics of the saccade are only marginally 
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affected in this type of task even when the influence of 

saccade latencies is counteracted. 
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CHAPTER 6 

The Modification of Saccade Amplitudes 

6.1.1 Introduction to the Control of Saccade Amplitudes 

The control of the size of a saccade has been of central 

significance to the question of whether saccades can be 

properly conceived as stereotyped, preprogrammed movements 

or continuously controlled behaviours. This chapter 

briefly reviews eye movement research which has focussed 

on the control of saccade amplitudes. Then 3 experiments 

are presented which attempted to investigate the use of 

spatial signals in the voluntary and involuntary control 

of saccadic amplitudes. 

Dodge (1907) discovered that when a visual disparity 

between the line of the visual axis and the position of a 

target was detected a saccade of almost appropriate 

amplitude was triggerred towards the target position. Any 

residual error following the initial saccade was corrected 

by a smaller reduced latency saccade. According to Weber 

and Daroff (1972), if the residual error following the 

primary saccade is unequal in the two eyes this disparity 

is corrected with what have been called 'glissade' eye 

movements. For small amplitudes (<10 degs.) the residual 

error following the primary saccade is in the order of 10% 

of the total visual angle (Becker and Fuchs, 1969). The 
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consistency of this undershoot coupled with the reduced 

latency of these corrections has led some workers to 

suggest that these responses were preprogrammed (Becker 

and Fuchs, 1969). This view was supported by the finding 

that corrective saccades were consistently produced in 

spite of the fact that the visual target was switched off 

prior to the onset of the primary saccade. Thus there was 

no visual disparity at the time of the movement to trigger 

the correction (but see Shebilske, 1975; Prablanc, 1980). 

The latencies of these corrective movements were reduced 

by approximately 50% of the primary fixation saccade 

latency. 

However the data on corrective saccade amplitudes reported 

by Weber and Daroff (1972) showed that the Becker and 

Fuchs (1969) explanation had failed to take into account 

the intrinsic variability in the strategies available to 

the oculomotor system in the cancelling of foveal 

disparities. Weber and Daroff showed that corrective 

movements were comprised of several different categories. 

These included glissades, positive and negative 

corrections as well as a total absence of any observable 

corrective responses. These authors concluded that the 

wide range of methods available for re-aligning the eye to 

the target would make an account of the control process in 

terms of preprogramming mechanisms highly unlikely. 

Further evidence against the preprogramming concept came 

from Shebilske (1976) who found that the amplitudes of 

corrective saccades when the target was extinguished in 
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the dark were matched precisely to the size of the 

original residual disparity. This suggested that 

extraretinal feedback information on the position of the 

eye was actively used in the control of saccadic 

corrections (but see Prablanc, Masse and Echallier (1978), 

Experiment 1). Prablanc et al. (1978) reported results 

which differred from Shebilske's findings in a curious 

way. They observed that corrective saccades were produced 

when a target was extinguished at the onset of the primary 

saccade, although the corrective saccade only correctly 

compensated for the residual error when the target was 

switched off during the deceleration phase of the primary 

saccade (cf Experiment 2). This demonstrated that 

afferent feedback information can be reliably utilized in 

the control of corrective movements. 

The limited research on corrective saccades seems to 

provide support for the conclusion that saccade amplitudes 

are precisely controlled to reduce retinal errors. This 

task may be facilitated by the regularity or 

predictability of any necessary corrections that follow a 

primary saccade (i.e the normal undershoots). 

6.1.2 Pulse-Step Movements 

Fig. 6.1 illustrates the categories of stimulus movements 

used in experiments on pulse-step movements. Research 

using these patterns of movements are based on the 
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Fig. 6.1. Pulse-step stimuli and saccadic eye movement 
responses. SP - symmetrical pulse, PU- pulse under, 
PO - pulse over, SC - staircase, Pl - position 1, 
P2 - position 2. 
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rationale that when a target is flashed in the periphery 

the visual processing of this event triggers a chain of 

visual and motor operations which subsequently evokes a 

saccade towards the spatial location corresponding to the 

position of the image on the retina. The effect of the 

visual information on the control of the saccade and the 

question of whether these processes can be modified, can 

be ascertained by examining the response of the system to 

a second stimulus movement, which is presented at various 

times following the first movement. 

The procedure was first employed by Westheimer (1954b). 

His experiment used a symmetrical pulse (SP, see fig. 6.1) 

movement with a variable pulse duration (W) from 40 to 200 

msecs. Westheimer reported that a single mode of response 

occurred to this event. This consisted of an initial 

saccade to the first target location followed 200 msecs 

later by a return movement back to the central fixation 

position. In other words the saccade was not cancelled in 

spite of the return of the target to the central position 

before the take-off of the first saccade. 

Westheimer's data, however, has been consistently 

undermined by 

wider range 

more carefully controlled studies using a 

of step-pulse movements. Wheeless 

et al. (1966) recorded saccadic eye movements to single 

step and PO target movements. He observed that double 

component (type I) and single component (type II) 

responses were elicited to pulse-over (PO) movements. The 
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probability of their occurence was a function of the 

duration of the pulse. Type I responses increased and 

Type II decreased as W increased, (this had in fact been 

previously demonstrated by Bartlett, Eason and White, 

1961). The latency of type II reponses was analysed with 

respect to the latency of single steps by simply 

subtracting the value of W, the duration of the pulse, 

from the type II response latency. This showed that the 

delay of the modified saccade amplitudes exceeded the 

latencies of normal saccades to single steps as well as 

the latencies of type I responses. This effect of W on 

the probability of type I and II saccades has been 

replicated in a number of laboratories (Kommoda et al., 

1973; Levy-Schoen and Blane-Garin, 1974; Carlow et al., 

1975; Lisberger et al., 1975; Nam, Park and Choi, 1975; 

Taumer, 1975; Becker and Jurgens, 1979). However, there 

are several questions on the control of saccade amplitudes 

which have received little attention in these studies. 

For example, are modified saccades (in this case type II 

saccades) controlled to the same level of performance in 

terms of their precision as saccades to single step 

targets ? Are the end points from a population of 

modified saccades equivalent to the distribution of normal 

saccades ? Are responses to PU movements simply the 

symmetrical opposite of SC movements ? 

Some of these issues have been addressed in the work of 

Becker and Jurgens (1975, 1979). Previous research had 

focused on latencies and amplitudes as a function of the 
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temporal separation of the two target positions. In their 

work, Becker and Jurgens showed by implication, firstly, 

that the categorization of saccades into type I and type 

II responses 

amplitudes to 

was an oversimplification. Saccade 

SP, SC and PU stimuli in fact form a 

'transition' function in which the distribution comprises 

saccades whose extremes lie at Pl and P2 (see fig. 6.1) 

but many responses are positioned at intermediate 

locations between Pl and P2. Moreover, it was shown that 

the position of a saccade on the transition function was a 

function of the temporal delay from the second step of the 

sequence to the onset of the saccade. So the greater the 

temporal interval between the second target step and the 

onset of the initial saccade the more accurate were the 

saccades to the final target position. This further 

demonstrated that the initial processing for a saccade can 

be cancelled during programming stages and replaced with a 

redirected movement. But the system seems to require 

extra time in which to complete the adjustments. 

A more detailed inspection of Jurgens and Becker data 

suggested that the modification of saccade amplitudes are 

not equally probable for all stimulus movements. Exact 

figures were not reported but an approximate estimation 

revealed that there were only 6 (<5%) complete on-target 

type II saccades to the SC stimuli compared to over 100 

(>50%) type II responses to the PU stimulus. A similar 

assymmetry in the modification of saccade amplitudes had 

been previously reported by Levy-Schoen and Blane-Garin 
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(1974). This important result will be discussed again in 

subsequent sections. 

6.1.3 Modification of Saccade 'Gains' 

The issue of the capacity of the system to use the spatial 

stimulation from a single target to control its saccade 

amplitude to adjacent spatial locations has interested 

some workers. This task can be understood to require the 

'recalibration' of a saccade by some mathematical 

operation on the neural output arising from the visual 

stimulation of the current target event. 

The first experiment along these lines was conducted by 

Mclaughlin (1967). In this experiment a target was 

presented at a 10 deg. horizontal position to one side of 

the visual fixation point. The subject was asked to 

saccade to this point. While the elicited saccade was in 

progress the position of the target was shifted 1 

deg. back towards the eye. This caused the first saccade 

to overshoot the target. However, within 3 to 4 trials 

the amplitudes of saccades were adjusted so that the eye 

was accurately directed to the final target (9.1 degs). 

Subsequent research using this paradigm has replicated 

this effect but also produced some contradictory results. 

Cavicchio (1975) argued that the effect was 'parametric' 

because the adjustments induced at the training 

eccentricity were generalized proportionally to other 
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target distances. Miller, Anstis and Templeton (1981) 

reported that there was a generalized adjustment of 42% of 

the trained amplitude adjustment to similarly directed 

target eccentricities. But there was only a 25% change in 

saccade amplitudes when the task required an increase in 

saccade 'gain', compared to a 60% decrease in the lower 

gain condition. (Gain is defined here as the ratio of the 

eye movement amplitude to the target eccentricity.) This 

apparent reluctance of the system to generate saccades 

which overshoot a previous target location is reminiscent 

of the low probability of type II responses to SC stimuli. 

Miller et al., (1981) also showed that although the gain 

effect generalized to saccades of different amplitudes in 

the same direction as the training target, the effect did 

not transfer to saccades in the opposite direction. This 

had been previously shown by Weisfield (1972). He 

demonstrated with the contingent target shift saccades to 

a stationary target in the opposite direction to the 

modified saccade were as accurate as normal saccades. 

This showed that the motor channels controlling 

and rightward saccades are independent and 

selectively manipulated. 

leftward 

can be 

An elegant experiment by Henson (1978) looked at the 

question of whether undershoots are a direct consequence 

of a controlled strategy by the saccadic operator. An 

optical distortion was produced by placing a hydrophylic 

contact lens on the eye which caused a reduction in the 
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visual focal length (myopia) • This myopia was 

counterbalanced by a spectacle lens of sufficient strength 

to restore normal visual acuity. The optical physical 

relationships were arranged such that to fixate accurately 

on a target a saccade with an amplitude of approximately 

90% of the visual . angle at the retina was required. 

Therefore the usual corrective saccades following a 

primary saccade would not in these circumstances be 

necessary. It was found that over the course of a session 

saccades which took the visual axis past the target were 

gradually replaced by saccades which re-established the 

negative target disparities. 

from at least 2 of the 

Interestingly, the results 

3 Ss clearly showed that the 

frequency of normometric saccades was largely unaffected, 

showing that the system aims to minimize overshoots but 

not necessarily to make all saccades undershoots! 

6.1.4 The Hallett Amplitude Recalibration Experiments 

It may be that the curious assymmetry found in the 

training of overshoots and undershoots (and similarly the 

frequency of type I and type II responses to PO and sc 

stimuli) are restricted to contexts in which very fast 

responses are encouraged when Ss have little awareness of 

their saccadic performance. Hallett and workers (Hallett, 

1978: Hallett and Adams, 1980) carried out experiments on 

the modification of saccade amplitudes in voluntary eye 

movement tasks. These studies demonstrated that Ss can 
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consciously modify the amplitude of a saccade to a target 

with a consequential increase in saccade latencies of 40 

to 60 msecs. However, no data were reported on the 

relative accuracy of overshoots and undershoots. 



PAGE 245 

6.2 Introduction to the Experiments 

Extensive modifications of saccade amplitudes have already 

been demonstrated in the BF-slow tasks (cf Experiment 3.1) 

and also in the experiments described in chapter 4. These 

found that the 'programming' of a saccade was not 

automatically regulated by the visual processing at the 

current target eccentricity. 

range of spatial locations to 

directed around the target 

For any saccade there were a 

which the eye could be 

position. The most ardent 

supporter of the 'ballistic' approach would perhaps 

concede that saccade amplitudes are modifiable and to some 

degree open to voluntary control. Yet it is important to 

draw a distinction between this accepted view, which does 

not require any sophisticated or precise control of the 

saccadic generator and the possibility of finely 

controlled modifications in the saccade accuracy. 

Precise, systematic 

could in fact be 

responsible for the 

adjustments of saccade 

achieved by the same 

continuous control of 

amplitudes 

mechanisms 

a saccade 

trajectory, previously described 

important factor here would be 

in chapter 3. The 

that the new target 

reference would be defined having a vector appropriately 

displaced from the spatial co-ordinates of the current 

target. With the required positional reference one can 

assume that the same principles postulated in the Robinson 

paradigm for the regulation of a saccade also operate for 

recalibrated saccades. (The model requires that the 
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in absolute spatial 

terms of the retinal 

position, although this information is necessary in order 

to calculate the former.) 

The previous observations on saccade amplitudes in chapter 

3 showed that hypometric and hypermetric saccades are not 

equally probable when saccades are modified. In our 

BF-slow task the large undershoots in the initial saccades 

were not matched by equivalent overshoots in the BF-fast 

task. This phenomenon, which as mentioned above has been 

alluded to in previous research led me to expect that 

there might also be a bias in the way the saccadic system 

uses spatial information to control fine adjustments in 

the saccade accuracy. 

6.3 The Pilot Study 

The purpose of the initial pilot study was to determine, 

using 2 psychophysically naive Ss whether controlled 

adjustments in the saccade amplitude could be achieved, 

and whether this could be done in both directions around 

the target. The continuous control model of saccades 

suggested that the system should have little difficulty 

controlling recalibrated saccades. However, the absence 

of isormorhic amplitude adjustments in the BF-slow and 

BF-fast tasks indicated that the control of hypermetric 

saccades 

saccades. 

might 

This 

be more 

aspect 

problematic 

of saccadic 

than hypometric 

control was 
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investigated by first running a simplified pilot study, 

with two Ss, where the hypometric and hypermetric tests 

were conducted in separate sessions. 

6.3.1 Method and Procedure 

Apparatus 

The eye movement recording apparatus was identical to that 

previously described. The device used the fibre optic 

probe as described in the chapter 2. 

Procedure 

Two male Ss were tested in this study. Neither had 

previous experience of eye movement research. The 

experiment was divided into three main sessions which were 

run on consecutive days. On day 1 Ss were tested in a 

control session which required only target directed 

saccades. On days 2 and 3 the US and OS tasks were given 

to each S on different days. Therefore any given session 

consisted exclusively of either OS, US or N trials. 

The Neutral(N) task 

At the start of a trial a spot fixation target was 

switched from the centre to a position + or - 1.5 degs. A 

vertical arrow cue was then presented at a position 3 

degs. in the opposite direction. This cue indicated the 
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position the eye was to be directed towards following the 

introduction of the target movement. A randomly 

determined interval of between 480 and 900 msecs was 

allowed to elapse. The spot target was then made to step 

from its current position and to reappear at the cued 

position. The location of the spot displacement and the 

position of the cue for the eye movement were therefore 

identical in the N-task (see fig. 6.2). 

The Undershoot(US) task 

The movement of the target on these trials was exactly the 

same as for the N-trials. However, the cue for the 

positioning 

deg. inside 

movement. 

of the eye movement was 

the displacement position 

Thus on these trials the Ss were 

presented 1 

of the spot 

required to 

make a hypometric saccade of 2 degs having an undershoot 

to the target of 1 deg. 

The Overshoot(OS) task 

An OS trial differed from a US 

position cue was placed 

trial in that the eye 

1 deg. beyond the spot 

displacement. Therefore this task required Ss to make 

saccades of 4 deg. producing an overshoot of 1 deg. 

In conjunction with the presentation of the arrow cue the 

amplitude of the required saccade (in digits) was also 

simultaneously displayed. Ss were able to gauge the 
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success of a trial by comparing this figure with feedback 

information on the ensuing saccade amplitude which the 

computer displayed on the oscilloscope immediately after 

the completion of the eye movement sampling period (1024 

msecs). Ss were given 10 practice trials for the 

appropriate task at the start of each session. 

6.3.2 Results 

Saccade amplitudes in the N-task session fell short of the 

target by mean values of 0.17 degs. (Sl) and 0.24 

degs. (S2); mean undershoots in the us session were 0.57 

degs. (Sl) and 1.54 degs (S2). Mean amplitude adjustments 

in the OS task were 0.79 degs. (Sl) and 0.18 degs. (S2). 

Standard Deviations 

The accuracy of saccades in terms of the standard 

deviations of amplitude of adjustments are shown in 

table 6.1. Saccades were less variable in the N-trials 

and us-trials relative to the OS performance. The 

standard deviations in the US-trials approaches that 

achieved in the N task. 

Latencies 

Mean saccade latencies are shown in table 6.2. One 

important feature of these data is the observed increase 



Conditions 

Ss us N OS 
standard 
clewlatione 0.82 0.46 1.49 

1 
n 27 60 33 

......... 0.63 0.49 1.56 
2 

....... 
n 25 60 46 

Table 6.1. Standard deviations of saccade amplitudes 
(degs). US - undershoot, N- neutral, OS- overshoot 
task. 

Ss 

1 

2 

Mean Latencies (msecs) 

us 

LAT 281.5 
{30.2) 

LAT 196.1 
(21.5) 

N 

165.7 
(6.05) 

191.2 
(21.5) 

OS 

271.3 
(10.79) 

176.2 
(12.5) 

[~~an latencies and standard deviations. ·r able 6 . 2 . ., '" h 
h N - neutra] and OS - overs oot. US - undec::; oot, 

PAGE 2.51 
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in the saccade latency variability from the levels for the 

N-task. This is particularly evident in the US-trials but 

also apparent in the OS cases. It is worth noting that 

this increase in variability is not a consequence of 

generally increased saccade latencies, for example, in the 

case of S2 saccade latencies are 20 msecs shorter in the 

OS trials than for the N-trials. 

6.3.3 Discussion 

These results provide some support for the view that the 

visual processing for saccades provides scope for 

recalibrations in the mapping of spatial information to 

the saccadic generator. Saccades may be directed to 

produce controlled overshoots and undershoots to a fixed 

target movement. Moreover, in the case of one S 

overshoots required less time to evoke than normally 

directed saccades. However, this S showed standard 

deviations in the saccades amplitudes that were 15% larger 

than his variability in the us task. 

This pilot experiment used a pure block non-randomised 

design which maximized the opportunity for a subject to 

develop a predictive strategy for approaching the tasks. 

The Hallett experiments in fact used a design in which Ss 

were never entirely certain which task would be presented 

on a given trial. The results of the pilot study may have 

arisen from the particular homogeneity of the task 
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environment. Experiment 6.1 was designed to answer the 

question of whether precise, systematic adjustments in a 

saccade amplitude to a fixed target can be controlled 

reliably by the saccadic system, when trial-by-trial 

control of the 

Experiment 6.2 the 

saccade metrics is necessary. In 

objective was to determine whether 

controlled improvements in the saccade accuracy could be 

achieved even when Ss were not directly aware of the 

metrics of their saccade amplitudes. 
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6.4 

Experiment 6.1 

6.4.1 Method and Procedure 

Experiment 6.1 was conducted using a randomised mixed 

presentation of N, US and OS trials. Four Ss were tested 

in single sessions. In all other respects the experiment 

was identical to the pilot experiment. 

6.4.2 Results 

Saccade Amplitude Adjustments 

Fig 6.3 gives histograms of saccade amplitudes measured 

from the position of the target. 

N, and OS trials peak at 

degs. respectively. An analysis 

These show that the us, 

-0.5, 0.0 and +0.5 

of the frequency of 

undershoots and overshoots showed that this result was not 

due to a few extreme or exceptional saccades. The 

percentage of saccades which fell short of the target by 

0.5 degs. or more in the US, N and OS tasks were 79%, 46% 

and 36% respectively. The percentage of overshoots in the 

US, N and OS tasks were 11%, 25% and 42%. These results 

support the view that the saccadic system can to some 

extent control whether or not a saccade will be directed 

precisely to a visual target. More importantly the system 

can also accurately set up the vector determining the size 

and direction of any adjustments. However, at least one 
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Fig. 6.3. Histograms of the saccade amplitudes from the 
cued position (accuracy) in the undershoot (US), neutral 
(N) and overshoot (OS) task. 
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feature of these statistics suggested that undershoots and 

overshoots are not isomorphic. This was indicated by the 

fact that the proportion of undershoots in the us and 

N-trials greatly exceeded the proportion of overshoots in 

the N-trials and OS-trials. Fig. 6.4 gives further 

details on the accuracy of these saccades. The standard 

deviation of saccade amplitudes were appreciably smaller 

in the US trials than for the N and OS tasks. This 

assymmetry indicates that the control of saccade 

undershoots and overshoots are not equivalent and is 

consistent with previous observations in chapter 3 in the 

BF-slow and BF-fast tasks. 

Latency I Saccade Adjustments 

Fig 6.5 gives the plots of the saccade recalibrations in 

degs of visual angle as a function of saccade latency. 

There is a positive correlation between the size of the 

saccade adjustments and saccade latencies in either or 

both of the US and OS trials. Interestingly, in at least 

2 cases the effect seemed to transfer clearly to the 

N-trials. 
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Fig. 6.4. Standard deviations in the undershoot (US) and 
overshoot (OS) tasks. 
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6.4.3 Discussion 

Research on saccade amplitudes shows fairly consistently 

that saccade overshoots are less frequently elicited than 

saccade undershoots in both the Hallett type experiments 

and with pulse-step movements. and Becker and Fuchs 

(1969) suggested that this bias in the system might be 

required to facilitate the release of subsequent 

corrective saccades. This is because the vector of the 

subsequent corrective saccades could then be anticipated 

in advance. Robinson (1973) argued that by consistently 

undershooting the visual system can retain the target in 

the same half of the brain. This would be particularly 

important if the saccadic system is lateralized. (One 

piece of evidence for this comes from work on the 

stimulation of frontal eye fields which evoke saccades 

contralateral to the stimulated hemisphere.) Time delays 

will be minimized if the visual processing can be limited 

to the same hemisphere. These arguments suggested that 

the visual system is designed to cope more easily with 

saccadic undershoots than overshoots. The results of the 

present experiments confirm that USs are more readily 

elicited than OS saccades (~ith probabilities of 0.88 and 

0.12 respectively in experiment 6.1). Furthermore the 

variability of OSs are less tightly controlled. The level 

of variability of the OSs saccades which were aimed at a 4 

deg. eccentricity, was in the order of approximately 1.3 

degs. This was larger than the normal range of 0.3 to 0.5 

degs. normally observed for 5 deg. saccades (e.g chapter 
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5). The increased amplitude of saccades in the OS 

conditions cannot therefore account for the level of their 

variability. 

It has been known for some time that the accuracy of a 

manual motor movement is correlated with its latency, that 

is there is a speed accuracy trade-off (Fitts, 1954). 

However, this trade-off has not been clearly demonstrated 

with voluntary saccadic eye movements. If this trade-off 

also applies to the control saccadic eye movements (cf. 

Leushina, 1965; Viviani and Swennson, 1982; Kapoula, 

1984) this should be manifest when adjustments in the 

saccade amplitude to a target are required. The results 

presented support this hypothesis. 

6.4.4 Summary 

The results show that the saccadic system can modify the 

amplitude of a saccade to a target movement by choosing to 

systematically undershoot or overshoot the current visual 

stimulus. The precise control of saccade amplitudes in 

conjunction with the regulation of the dynamic components 

of the saccadic trajectory would seem to be highly 

consistent with the Robinson model. However, at present 

the assymmetry in hypometric and hypermetric saccadic 

control has not been formally incorporated into any model. 
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6.5 

Experiment 6.2 

6.5.1 Introduction 

The demonstration that the saccadic system can readily 

modify the amplitude of a saccade around the target 

vicinity is consistent with previous findings on the 

plasticity of saccades. However, these experiments have 

only shown that the saccade amplitude to a current target 

can be manipulated by introducing a position offset 

relative to the 'target'. Thus with the exception of the 

clinical studies, so far we only have evidence that 

saccades can be reliably 'misdirected'. Clearly the 

plasticity of the saccadic system will be of limited value 

in the real world if this only permits an increase in the 

frequency of fixation errors. A more useful mechanism 

would also enable the system to improve the accuracy of 

fixation in the scanning of a visual scene. 

In the following experiment a visual scanning task was 

used which previous experiments (Findlay, 1982) had shown 

produced inaccurate fixation responses. When the eye is 

presented with two squares in the same hemi-field an 

initial saccade is generated which takes the eye to an 

intermediate point between the two targets (fig. 6.6). 

The exact end points of these saccades will depend on the 

relative sizes and distance of the targets. The term 

'global effect' has been used to describe this phenomenon. 
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It is suggested that the initial saccadic vector is 

largely controlled by the global or course features of the 

spatial display. The effect has considerable potential 

value as a research tool in opening up further avenues of 

investigation on the channels of spatial information used 

in the processing of a saccade. One interesting special 

feature of this paradigm is that it seems to be one of the 

few experimental tasks in which negative corrective 

saccades in small amplitude movements can be studied. 

Despite the robust nature of the global effect and the 

subsequent corrective saccade that is frequently elicited 

to carry the eye accurately to the target, Ss are quite 

unaware of what their eyes are doing. It was therefore 

decided to use this paradigm to examine whether the 

accuracy of saccadic eye movements could be improved when 

the eyes were directed to two targets presented 

simultaneously. 

6.5.2 Method and Procedure 

Subjects 

Two female postgraduates served as Ss in this study. Both 

Ss had previous experience in psychophysical experiments, 

although only 82 had participated in previous eye movement 

research. 
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Stimuli 

The visual targets consisted of a micro-pattern of four or 

five dots, surrounded by a square frame (see fig 6.7). 

The dots in each case occupied positions chosen at random 

from a 3~3 array of possible positions. The separation of 

the dots in the array was 2.8 min arc and the length of 

the side of the square was 9.1 min arc. These targets 

were chosen as they satisfied the requirement that they 

could only be discriminated with precise eye fixations. 

This was established in a pre-experimental discrimation 

test (fig. 6. 7). 

Procedure 

On each trial the S was presented with either a single or 

a double target. The S was instructed to respond with one 

of two keys if a five dot pattern appeared in either 

square in the case of double targets. The other button 

was used when a single target had four dots or if both 

squares in the double targets had four dots. The 

eccentricities used were 2 deg. and 4 degs. Trials were 

run in blocks of 64; the first eight trials were not 

analysed and the remaining 56 contained 16 single 2 deg. 

targets, 16 single 4 deg. targets (in each case 8 targets 

had 4 dots and 8 had 5 dots) and 24 double targets (8 with 

5 dots at 2 degs. and 4 dots at 4 degs., 8 with the 

reverse and 8 with an equal number of dots in both 

positions). 
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Fig. 6.7. Functional visual field for the numerosity 
discrimination for two subjects. Different symbols 
correspond to tests in different sessions. 
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Each trial commenced with the appearance of a fixation 

cross which remained visible until the s released a key 

when it was switched off and was replaced by the target 

stimulus. The S's task was then to make a saccade to the 

first box and to identify its contents. By pressing one 

of the prescribed keys the S was to indicate whether the 

box contained four or five points. The boxes were 

presented for 500 msecs after which the central fixation 

cross reappeared in preparation for the trial. Two blocks 

of 64 trials were run on each day for five days. The 

training sequence was completed fully for Sl on 

consecutive days. In the case of 82 sessions SA and SB 

were run in the following week. In addition two further 

blocks were also tested. 

6.5.3 Results 

Fig 6.8 shows the percentage of saccade overshoots as the 

sessions progress. With the exception of rightward 

saccades of Sl there was a general saccade overshoot 

reduction of approximately 20%. However, training did not 

totally suppress the global effect. 

Fig 6.9 shows the changes in mean latencies. Both Ss show 

a systematic decrease across the sessions similar to the 

trend previously observed in Experiment 4 of chapter 3. 

The improved accuracy of the saccades were produced with 

increasingly shorter saccade latencies. 
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Fig 6.10 shows the percentage of errors made on each type 

of stimulus. The discrimation performance improved by 

10-20% between the first and last sessions. Sl performed 

close to 100% towards the final sessions. 

6.5.4 Discussion 

Two related questions were posed 

described in this section. The 

by the experiments 

first question was 

addressed to the modulation of saccadic control around a 

target location. 

a 

Could a saccade be directed accurately 

fine hypermetria or hypometria or do to generate 

saccades lose their normal precision when they are not 

controlled automatically by the current target 

eccentricity ? Experiment 6.1 revealed that the saccadic 

system can generate systematic hypometric and hypermetric 

saccades to a previously cued location at least for the 

saccade amplitude range used in that study. 

Previous eye movement research in a 

situations had seemed to form 

number of separate 

a consensus that, 

hypermetria was less commonly observed than hypometria. 

The results showed that this was also true of recalibrated 

voluntary saccades. It would seem that as Robinson (1973) 

noted the visual system prefers to have the saccadic 

stimulus remain in the same hemisphere following the 

initial saccade. When a corrective saccade becomes 

necessary this characteristic of the system will minimize 

the computational demands on the system. 
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The second question asked whether the system could improve 

on its saccade accuracy in a situation where there was 

clear scope for such improvement. In Experiment 6.2 Ss 

were unaware of the overshoots made to the double targets 

and the subsequent corrective saccade back to the first 

target and they were generally surprised when they were 

shown their records at the end of the experiment. 

Nevertheless the size of these overshoots decreased 

progressively with training, thus the saccades become more 

accurately directed to the target. As previously 

demonstrated in the context of multiple saccades produced 

when individuals were asked to reduce the velocity of a 

saccade, the absence of direct awareness on the 

modification of saccades does not necessarily inhibit the 

control of saccadic eye movement parameters (cf Brener, 

1974). The capacity for plasticity is incorporated within 

the normal functioning of the saccadic system. This 

undermines formulations which assume that purely reflex or 

stereotyped type processes define the motor mechanisms in 

the control of the saccade. 

6.6 Conclusion 

An important application of the capacity to modify the 

forces generating a saccade to a target has been 

demonstrated in patients suffering from an oculomotor 

paresis (Abel et al., 1978; Optican and Robinson, 1980). 

It has been shown with monocular viewing that the weakened 
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eye gradually comes to increase the neural innervation 

required to move the eye to a given target eccentricity. 

This reduces the amplitude of the saccade undershoot to 

the target in the paretic eye. However, this increased 

neural activity also causes the normal eye to now 

overshoot the target when examined. This limits the 

usefulness of this plasticity in monocular disorders. 

However in clinical cases where the two eyes are equally 

impaired this intrinsic plasticity of the saccadic system 

should enable some recovery of the precise control of 

goal-directed saccades. 
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This chapter provides a review of the preceding studies 

and discusses the theoretical implications for modelling 

the human saccadic system. 

The experiments discussed in the preceding chapters have 

investigated the plasticity of the descriptive parameters 

of a saccadic eye movement. Three areas of short term 

plasticity were identified, namely in the saccadic 

dynamics, in the timing of a saccade and in the use of the 

visuo-spatial information in directing the saccadic 

amplitude. These experiments showed that the trajectory 

of a human saccade can be systematically manipulated. 

Early experiments described how modifications are 

generated in the peak velocity and duration of a saccade. 

These studies also illustrated the effect this has on 

other saccadic characteristics. The slowing of saccades 

resulted in the generation of a multi-component staircase 

pattern of eye jumps (what has been termed multiple 

saccades). This pattern dramatically raised the time 

required to release the saccadic movement. These saccades 

were not eliminated with extended training, but their 

frequencies were reduced when continuous feedback was 

provided. Later studies showed that the system can pick 
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up different visually cued sources of spatial information 

in the processing of the saccade amplitude and the use of 

this spatial information for directing the saccade can be 

improved with extended training. 

The flow diagram in fig. 7.1 focusses on three processes 

in the making of an eye movement. 

(1) The visual information processing (VIP) unit 

represents the analysis of the visual input to the system. 

The output need not be the usual simple retinal error, but 

takes into account the temporal and spatial content in the 

target trajectory. This level of visual analysis also 

incorporates the mechanisms involved in the 'global' 

topography of the target visual field (Findlay and 

Crawford, 1983). In a multiple target display each target 

is not processed independently for the programming of a 

saccade. The eye is directed to a 'centre of gravity' 

position of the targets. One interpretation of this eye 

behaviour is that the visual information is processed in 

parallel since input from both targets is used to direct 

the eye. Thus, the eye is initially guided by the 

'course' or low spatial frequency information in the 

display. 

The VIP also incorporates the temporal input supplied by 

the target trajectory. If a ramp target is sufficiently 

fast and of a short enough duration only saccades will be 

generated. This was demonstrated in chapter 5. The 
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retinal stimulation produced by steps and ramps is quite 

different. Unlike ramps, during the period prior to a 

saccade the step target only stimulates the immediate area 

corresponding to the position of the target on the screen. 

In contrast a ramp stimulates a wider area of the retina. 

This factor causes the VIP to specify spatial information 

less precisely for ramp targets (chapter 5). 

(2) The visual output is transmitted to processes 

instrumental in the systemizing and structure of the motor 

programs. This involves for example the recruiting of 

motor units and delineating the agonist and antagonist 

muscle activity. Thus it is at this stage that the 

direction of the movement is specified (Becker and 

Jurgens, 1979). 

in the neural 

begin. But it 

These processes plus any passive delays 

machinery determine when the saccade will 

is suggested that the planning or 

programming I latency relationship is not one-way, if the 

saccadic preparation time is inadequate this will 

adversely affect the saccadic movement. According to Ross 

and Ross (1980) the visual input can also directly affect 

the timing of a saccade with no reported effect on the 

accuracy of the movement itself. 

(3) The saccadic flight is directed by the modulating 

impulses of the pulse-step generator (PSG) as argued by 

Robinson (see below), but the operating level of the pulse 

firing can be affected by a number of factors as outlined 

in chapter 3 and indicated in fig. 7.1. These can modify 
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a saccade from its stereotyped trajectory. 

The experiments on the control of saccadic peak velocities 

and durations presented in chapter 3 supported the 

Robinson bang-bang guided control model rather than the 

ideas of Yarbus and others who have claimed that saccadic 

peak velocities are a fixed 

of a saccade. An initial 

preprogrammed characteristic 

lack of confidence in the 

preprogrammed concept was reinforced by the finding that 

modifications of the saccadic trajectory from the basic 

single peaked waveform could be produced during the 

saccadic motion. Moreover, perturbations occurred in both 

early and late periods of the saccadic trajectory, 

undermining the claim that only the early period of a 

saccade is under the active control of the pulse. 

The model in fig. 7.1 also suggests that proprioceptive 

information can be used in the control of eye movements. 

Skavenski and others have shown that proprioceptive input 

from the eyes can be used to detect displacements of the 

eye and also to actively control the eye position. 

However, since visual feedback is such a powerful signal, 

it may be necessary to train Ss in order to enhance their 

awareness of extraretinal feedback. One of the goals of 

future research could be to determine the sensitivity of 

normal Ss to this information. Auditory feedback on eye 

position could be used in the initial training stages to 

facilitate the 'calibration' between eye position and 

proprioceptive feedback. 
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It is important to emphasize the conditions under which 

modifications in the saccadic motion are produced. As 

indicated in the schematic flow diagram in fig. 7.1 the 

amplitude of a saccade is one of the factors that have a 

significant influence on the variation of peak velocities. 

The peak velocity of small amplitude saccades was more 

readily increased than for large saccades, while the 

velocity levels of large saccades were more evidently 

reduced than for small saccades. These operational 

limitations are logically reasonable when one takes into 

account the nature of the velocities involved. A 20 

deg. eye movement can easily attain peak speeds of over 

700 degs/sec and are the fastest motor movements of which 

the body is capable. It is unlikely that this will be 

easily surpassed. As suggested elsewhere, Crawford 

(1984), faster saccades would possibly imply 

proportionally less time for the operation of the local 

feedback loop (Jurgens et al., 1979) controlling the 

saccade. Small saccades of 1 or 2 degs. have velocities 

within the approximate range of 50 - 120 degs/sec. If 

these saccades were made substantially slower they would 

enter the normal range of pursuit movements. [In the 

psychophysiology literature similar limits on 

physiological measures have been described as the law of 

initial values] • 

An important characteristic of the modification effects 

was that these were not ali-or-nothing but the size of the 

effect was related to the degree of training. The slowing 
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by up to 40% over a ten day 

also found that continuous 

more effective way of reducing 

peak velocities than the presentation of information on a 

trial-by-trial basis. This supported the view that the 

saccadic system is a sophisticated mechanism with a 

sensitivity to the nature of the feedback signals in 

contrast to an all-or-nothing ballistic process. The 

effect of external feedback on the saccadic velocity is 

represented by the augmented feedback loop in fig. 7.1. 

There are some questions which should be addressed in 

future research. Using a similar paradigm to the extended 

training experiment one needs to examine how long the 

feedback effects persist following both continuous and 

trial-by-trial feedback training. It would also be 

important to compare these conditions with a condition in 

which Ss are given no feedback but who are given direct 

instructions to modify their saccadic velocities in a 

longitudinal study. In order to ensure that Ss were 

suitably motivated in the no-feedback condition, some 

remunerative reward could be provided at the end of the 

experiment. Such a study would determine the duration of 

the feedback effects and would also show how significant 

auditory feedback per se is for the modification of 

saccade trajectories. 

Since the velocity of a saccade was closely related its 

amplitude, even in modified saccades, the decision was 
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made to investigate the 

dynamics to the accuracy 

experiments manipulated 

information in the target 

relationship of the saccadic 

of the eye movement. These 

the temporal and spatial 

movements (chapter 5). The 

modulation of the velocity or duration of a target 

movement from the normal step displacement impaired the 

accuracy of saccades but the systematic 

amplitude I saccadic velocity relationships were 

maintained. The system response was most accurate to the 

normal step displacement. The accuracy of these saccades 

was related to the timing of the saccade, supporting the 

speed I accuracy relationship recently reported by Kapoula 

(1984). This is shown in the model by a link between the 

VIP stage and the saccadic trigger. A similar 

relationship also emerged from the studies in which Ss 

were directly cued to make undershoot, overshoot and 

on-target saccades (chapter 6). One experiment 

(chapter 6) showed that it was possible to control 

systematically the use of the spatial signals in the 

aiming of a saccade. A second experiment showed that Ss 

do not have to be directly aware of the saccadic errors 

(in this case overshoots) for this to be possible and for 

the accuracy of saccades to improve with training. 

An exception to the latency I accuracy trade-off was 

observed under conditions where multiple saccades were 

generated (chapter 4). In these circumstances it seems 

that a separate effect on the timing of a saccade was 

involved. The generation of multiple saccades increased 
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saccadic latencies by up to 400-600 msecs. When Ss were 

questioned about the MS data, particularly in the BF-slow 

task, Ss stated that they tried to control the movements 

of the eyes to make a smooth continuous movement from one 

visual location to the other. Only when Ss were presented 

with a computer display of their eye trajectories did they 

fully accept that a 'staircase' pattern with discrete 

saccadic components was the most frequent product of their 

attempts to elicit slow eye movements. 

An account of MSs may be suggested in terms of recent 

developments in our understanding of the control of 

spatial attention and eye movements. Attention can be 

directed to localized regions of visual space. This can 

occur independently of eye movements and may also be 

separated from the programming of a saccade (Remington, 

1980). However, it is generally recognized that the 

separation of saccadic and spatial attention mechanisms is 

observed under specialized conditions, normally the two 

systems must work together. 

It has been found that there are limits on the rate at 

which the locus of attention can be moved through space. 

Shulman et al., (1979) investigated the movement of 

attention while the eyes remained stationary at the 

central fixation position. Attention was measured by 

comparing the reaction time to a visual target at a cued 

and an uncued position. The difference in reaction times 

to cued and uncued targets indicated the magnitude of the 
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facilitation or inhibition of the attention cue. Shulman 

et al., (1979) found that at short intervals following a 

central arrow cue, intermediate points between the 

fixation position and a peripheral target produced faster 

reaction times than stimuli occuring at the target 

position. They therefore concluded that the allocation of 

visual processing must move continuously through the 

visual field in an analogue fashion. From their data it 

can be estimated that attention moved at approximately 50 

degs/sec, which is slower than the movement of the eye 

during a saccade. On the assumption that attention and 

eye movements normally work together, the generation of MS 

could be derived from such a spatial attention mechanism. 

The Ss internal perceptions may therefore have been a 

consequence of the operation of this mechanism. 

There was no evidence that the saccadic components were 

preprogrammed as had been suggested for the secondary 

saccades of Becker and Jurgens (1969). It is interesting 

that multiple corrections, similar to the MSs observed 

here, have also been found for manual (finger) movements 

(Woodworth, 1938). The multiple saccade phenonmenon was 

observed when Ss were required to slow 5 deg. saccades, 

but was also found when multiples saccades were generated 

by other methods. It is concluded that an eye movement 

sequence having several components and where there is a 

single peripheral stimulus, takes substantially longer to 

initiate than a single movement. 
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The implications of the findings for the saccadic system 

can be further clarified by contrasting a preprogrammed 

ballistic and a system 'guided' control model of the 

system. Two models of these forms are depicted in 

fig. 7.2 and £ig. 7.3. The Ballistic model is of the type 

originally supported by Westheimer (1954b) Young and Stark 

(1963b), Yarbus (1967) and others. The input to the 

saccadic generation process is the retinal 'error' (RE). 

This is a differential signal proportional to the angle 

between the line of the visual axis and the target 

specifying the spatial input for the programming of the 

saccadic amplitude and direction. Decision judgements are 

set in operation to determine when a saccade should be 

triggered. Rashbass (1961) had suggested that a threshold 

trigger set at approximately 0.5 degs. had to be reached 

before the neural impulses for a saccade were generated. 

However, work by Steinman, Cunitz, Timberlake and Herman 

(1967) has seriously questioned the evidence for any such 

threshold specification or the idea of an operational 

saccadic 'dead zone'. They reported that it was possible 

to elicit voluntary micro-saccades. The extreme 

stereotyped, ballistic approach holds that once the 

saccadic generation 

cannot be cancelled 

progress. Moreover, 

mechanism is initiated the output 

or actively modified while it is in 

the speed of the saccade is 

preprogrammed and is a fixed descriptive characteristic of 

the system. 
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In an early version of the ballistic approach (Young and 

Stark, 1962) it was claimed that the retinal error was 

sampled by an impulse modulator at intervals of 200 msecs. 

This was claimed to be the refractory period for saccadic 

eye movements. The trigger for the sampler coincided with 

the onset of the target displacement. Providing the 

retinal error was of a sufficient magnitude the neural 

signal would then be used to generate a step command to 

move the eye towards the target. However, the model does 

not explain how the action of the impulse modulator is 

synchronized to the target motion. A further point 

concerns anticipatory or predictive saccades which are 

frequently produced to repetitive square wave target 

movements (Findlay, 1981). These saccades, which can have 

latencies less than 100 msecs, undermine the idea of a 

critical refractory period of 200 msecs. 

The claim that a saccade cannot be cancelled while it is 

being programmed has been convincingly undermined by 

research which has shown that a saccade can be modified up 

to 80 msecs and less before the saccade begins (cf 

introduction to chapter 6, Carpenter, 1977). The length 

of this period was less than the overall response time of 

the system. Therefore there must be an escape contingency 

for interrupting a saccade while it is being programmed. 

The present experiments also undermine this model by 

showing that the peak velocity and duration of a saccade 

are not fixed 9haracteristics of the system but can be 

modified even during the saccadic flight. Extended 
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training also affected the operating characteristics of 

the system. 

The central components of the so called bang-bang or 

guided control model have been described in detail in 

Chapter 1. The eye position is actively controlled by a 

combination of the pulse and step components of the neural 

input. (Lesion studies of areas of the cerebellum have 

shown that this structure is critically important in 

mininizing dysmetric saccades by ensuring the pulse and 

step are appropriately matched; Optican and Robinson, 

1980) • The pulse determines the acceleration force for 

the eye movement; the step, which is obtained from a 

neural summation of input pulse frequency (i.e an 

integration), is used to hold the eye in the orbit when 

the saccadic flight is terminated. This position 

information from the neural integrator is fed back into 

the system. Robinson's model claims that the eye movement 

is coded in spatial co-ordinates rather than just in terms 

of the position of the image on the retina. An absolute 

spatial position is derived by summing retinal error (RE) 

and the system eye position signal, giving the position of 

the target in space by taking into account the angle of 

the eye in the orbit. This is represented by "ASP". 

Evidence in support of a spatial rather than purely 

retinal input came from Mays and Sparks (1981). A monkey 

can be trained to make an accurate eye movement to a 

briefly flashed visual target. When the training was 

complete during a goal-directed saccade the eye was driven 
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(by stimulating motor cells in the brain stem) to a new 

position in the orbit. The saccade was inhibited during 

the period of stimulation, however when the 

switched off the saccade recommenced and 

projected to the true spatial position of the 

not the stimulated retinal location. 

stimulus was 

the eye was 

target and 

The model proposes that the size of the pulse is not 

preprogrammed, but that the input is terminated 

automatically when the eye position signal is equal to 

that of the saccadic goal. When this occurs no output is 

generated and the eye comes to rest. The control of the 

saccadic trajectory is regulated on-line. Our results are 

more in line with a model of this nature than the 

ballistic control model. 

However, both the ballistic and guided control models fall 

short of what is required of a more comprehensive 

formulation of the saccadic system. In particular 

Robinson's model does not address questions concerning the 

factors involved in the timing of a saccade or the spatial 

processing for a saccade. Both models use the rather 

simplified notion of a simple retinal error input to the 

pulse generator (cf Findlay and Crawford, 1983). The 

studies of saccades to double targets and in reading 

demonstrate that the amplitude of a saccade is a response 

to the global features of the stimuli rather than a single 

retinal input. A further weakness of these models is that 

they make no reference to eye movements in other planes 
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than the horizontal. It is often implicitly assumed that 

saccades are controlled in the same form regardless of 

their direction. This is questionable since eye muscles 

contribute differentially to horizontal, vertical and 

oblique eye movements (chapter 1). 

The present research can be extended by repeating some of 

the experiments with vertical and oblique saccades. Such 

experiments would require an eye movement recording system 

with a sensitivity to eye movements in all directions. 

Fortunately such a system, based on Robinson's sceral coil 

method, is now available in our laboratory. 

7.2 

Clinical Implications 

'To what extent can man modify the sensorimotor control of 

his eye movements ? The answer promises to be of 

scientific interest as well as of practical importance ••• ' 

(Ron , 19 81) • 

Ritchie (1976) found that lesions of the cerebellar vermis 

produced marked effects on the aiming of a saccade. 

Saccades towards the body midline became overshoots while 

those made away from the midline were undershoots. 

Interestingly, these saccades did not have the normal high 

correlation between saccade amplitudes and durations. 

This finding suggested that the cerebellum might be an 
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important cite in controlling the 'gain' of a saccade 

(where 'gain' is expressed as the ratio of the saccade 

amplitude to the distance of the eye target displacement). 

This idea was confirmed by Optican and Robinson (1980). 

They showed that cerebellar lesions in monkeys resulted in 

modified gains of up to 2.1 for 20 deg. target jumps. 

Optican and Robinson (1980) also found that in totally 

cerebellectomized animals there was post-saccadic drift in 

the position of the eye following a saccade. It was 

argued that this drift was caused by a neural imbalance 

between the pulse input to move eye and the step force to 

hold the eye in position (see section 7.1). Thus a second 

important function of the cerebellum seems to be that of 

ensuring an appropriate match between the pulse and step 

components. It seems likely therefore that this is the 

cite of the local feedback loop postulated by Jurgens et 

al., (1981). 

Saccadic aiming errors in cerebellar damage are normally 

followed by corrective eye movements which ultimately 

bring the eye in alignment with the target. In contrast 

animals with lesions of the superior colliculus, the 

mesodiencephalon and the dorsal thalamus do not correct 

for saccadic errors (Albano and Wurtz, 1981). Moreover, 

these animals do not recover normal accurate saccades. 

Ron (1981) conducted a study on patients having traumatic 

brain injuries. These patients had lengthened saccade 
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latencies and initial symptoms of multiple saccades. It 

is encouraging to note that training lead to a reported 

improvement in the saccadic gain. In four of Ron's 

patients the mean saccade latency (329 rnsecs) was much 

larger than for normal subjects. However, in several 

weeks latencies were reduced to the normal levels. 

Neurological disorders which affect the brain stern often 

result in impairments in the timing of a saccade (Baloh, 

Yee and Boder, 1978). It has also been reported that 

cerebral dysfunctions in Alzheimer's disease (Feldon and 

Langston, 1977) and acute encephalopathy (Dell'Osso, Abel 

and Daroff, 1977) are also associated with abnormal 

saccade latencies. However, these patients are usually 

only tested with single displacement targets in conditions 

where information on the timing and placement of the 

targets is minimized. Further experiments are necessary 

to determine whether these patients suffer primarily from 

other handicaps in perception and general spatial 

localization. It would be of interest to determine 

whether eye tracking to repetitive predictable targets was 

also impaired in these patients. A study along these 

lines would indicate the extent to which the saccade 

latency abnormalities were intrinsically attributable to a 

motor deficiency. 

Kornrnerell et al., (1976) examined a patient with a 

unilateral eye muscle palsy. The eye muscles in one eye 

produced weaker saccades than the other. However, the 
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weak eye was used for fixation because its acuity was 

greater than the normal eye. Thus while the weak eye 

would move accurately to a target the strong eye would 

overshoot the target. When the weak eye was occluded with 

an eye patch for three days the strong eye was able to 

make accurate saccades. The pulse and step components 

were not matched however, so that the weak eye drifted 

back to the primary position after a saccade. Adaptation 

of the pulse and step was nontheless shown by the 

normality of saccades in the strong eye when that eye 

alone was used for viewing. 

In contrast to the saccadic dysmetria caused by cerebellar 

damage, some recovery in saccade accuracy occurs following 

oculomotor paresis. Kommerell et al., (1976) argued that 

the modifications in the pulse-step forces to the eye 

muscles resulted from 'adaptive changes of the central 

ocular motor output'. In view of Optican and Robinson's 

(1980) work it can be concluded that this adaptation was 

generated · by the intact cerebellum. Similar findings to 

those of Kommerell and his colleagues were obtained by 

Abel et al., (1978). In this study the strong eye, rather 

than the weak eye, was initially occluded for a period of 

six days. Adaptation of the saccade gain in the weak eye 

was evident by 

generated to 

day 

a 10 

5, when accurate saccades were 

deg. target. Simultaneously the 

saccades in the occluded strong eye began to overshoot the 

target, showing that the increased innervation affected 

both eyes in accordance with Hering's (1868) law. 
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The capacity of the oculomotor system to compensate for 

changes in muscular states is of crucial importance in 

normal development. Changes in muscular state occur 

continuously through processes of growth, ageing and 

disease. Thus the ability to adapt the neural input to 

the operating characteristics of the eye muscles, as shown 

in these studies, is of substantial significance in the 

regulation of eye movements. 

The time scale of recovery of normal eye movements 

following brain injuries and other neural damage is often 

in the order of many months and longer (Ron, 1981). 

Further research into systems designed to improve 

oculomotor functions, and to reduce the period of 

recovery, is required. The experiments on the intact 

saccadic system, in conjunction with these reports (e.g. 

Abel et al., 1978), suggests that it might now be 

profitable to begin to develop fuller training procedures 

to facilitate recovery from central nervous system damage 

causing impairments in the control of saccadic eye 

movements. It is hoped that research on the plasticity of 

the human saccadic system will encourage further clinical 

research on methods of facilitating recovery from eye 

movement abnormalities. 
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Appendix A 

A Brief Introduction to Biofeedback 

A Biofeedback definition: 

"Biofeedback is a process in which a person learns to 

reliably influence physiological responses of two kinds: 

either responses which are not ordinarily under voluntary 

control or reponses 

down due to trauma or 

1978). 

for which regulation has broken 

disease" (Blanchard and Epstein, 

The Biofeedback method consists of three characteristic 

operations. The first operation is the detection and 

amplification of the biological response which is not 

normally perceived to the individual. This process 

requires appropriate transducers and electronic amplifiers 

to reflect the physiological activity as accurately as 

possible. The second operation is the translation of the 

signal to an easily perceived form. In many cases this 

means that the raw signal is receded in terms of a visual 

and/or auditory mode which can be easily interpreted by 

the individual. The precise functions relating the coded 

information on the physiological activity e.g whether a 

binary vs analogue or continuous vs discontinuous format 

is adopted will depend to some extent on the particular 

characteristics of the biological system. The third 

operation is the feeding back to the individual of his 
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behaviour state in this processed form. 

Illustrations of the basic biofeedback phenomena 

In a number of carefully controlled studies in which rats 

were immobilized with curare Dicara and Miller (1968) 

demonstrated that specific autonomic processes such as the 

heart rate (HR) and the vasoconstriction of blood vessels 

in the ear could be controlled by operant procedures. 

Evidence on the operant conditioning of human 

physiological processes came from Kimmel and Hill (1960) 

and Greene (1976) who demonstrated the effect on the 

galvanic skin response. Following 

succesful attempts to modify 

autonomic nervous system a vast 

on from these early 

the functions of the 

body of research 

accumulated demonstrating acquired voluntary control of 

many other component functions of the nervous system (see 

e.g Yates, 1980 for a detailed review). However, research 

on single motor unit control represented some of the most 

dramatic effects of biofeedback procedures on bodily 

functions. In the first study using feedback to influence 

single motor unit activity, Harrison and Mortenson (1962) 

demonstrated that Ss could be trained to produce 

contractions of individual motor units (in the tibialis 

anterior muscle - the leg muscle next to the shin bone) 

with the aid of visual and auditory guidance (cues). 

Basmajian (1963a,b) found that each of 16 subjects could 

be successfully trained to contract single motor units in 

the abductor pollicis brevis (thumb). They could also 
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vary the rate of firing of the single motor units (SMU). 

Basmajian and Simard (1967) trained Ss to isolate and 

contract the right tibialis anterior muscle and then 

evaluated the effects of other muscle activity on this 

control. Remarkably precise SMU control was maintained 

even when gross body movements were in progress. However, 

it is worth noting that there is evidence that individual 

differences can influence the acquisition of SMU control 

(Scully and Basmajian, 1969) as has also been found in 

other biofeedback research fields (Williamson and 

Blanchard, 1979a,b). 

Brener's early research (e.g Brener and Hothersall, 1966) 

showed that subjects can discriminate heart rate increases 

and decreases even when subjects were not informed about 

the details of the feedback contingent procedure. In a 

set up in which the fluctuations of a pen on a dial 

corresponded to HR fluctuations Lang, Strouf and Hastings 

(1967) showed that the variabilty in HR could also be 

significantly reduced. However, a number of studies 

(Bergman and Johnson, 1971; 1972~ Levenson, 1976) have 

found that subjects who receive instructions alone can 

sometimes manifest levels of control equivalent to the 

effects found with feedback. This suggests that some 

subjects come to the biofeedback experiments already 

equipped with the ability to modify the physiological 

target parameter. 
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Types of Feedback 

A number of papers have been published on the comparative 

effectiveness of a binary feedback system which informs 

the subject as to whether a given criterion level of 

performance has been achieved, and analogue forms of 

information in which proportional feedback on the 

magnitude of the target activity is provided. This 

research has generally found that the greater information 

contained in analogue feedback situation has a more 

pronounced effect on the target activity than the more 

rudimentary binary information (Blanchard and Young, 1972; 

Lang and Twentyman, 1974). 

Blanchard and Young (1972) 

differential effect between 

feedback on the control of HR. 

is apparently no evidence 

found that there was no 

visual or auditory analogue 

In fact at present there 

for any difference in the 

effectiveness of visual and auditory feedback, at least in 

the control of cardiovascular mechanisms. 

Studies on electromyographic feedback have relied largely 

on continuous auditory feedback directly related to the 

muscle activity, although visual feedback methods have 

also been widely used. However, there has been an 

increasing trend towards the use of combined auditory and 

visual feedback modalities. The one clear cut result from 

comparative feedback studies is that any form of feedback 

tends to be more effective than no feedback (see review in 
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Schandler and Grings, 1978). 

Effects of Extended Feedback 

Of the fifteen studies from 1973 to 1979 using extended 

training of HR control beyond one or two sessions only 2 

studies failed to find sizable HR increases (Williamson 

and Blanchard, 1979). On the other hand other 

investigators using only one training session (Bell and 

Schwartz, 1975; Obrist et al., 1975) have found effects 

of equal or even greater magnitude! For 'HR decrease the 

results have been even more contradictory. Some workers 

(e.g Colgan, 1977) have reported that HR slowing does 

appear to improve as training progresses, while McCanne 

and Sandman (1975) have failed to confirm this result. 

Williamson and Blanchard (1979) concluded therefore that 

the use of additional training sessions can be of some 

benefit in modifying the target behaviour but that it is 

clearly not the only factor. 

An unresolved problem in this area which can be traced 

back to the origins of this research (Kimble, 1961) is the 

question of whether the biofeedback process should be 

described in terms of operant conditioning (Engel, 1972) 

or as Brener and his colleagues describe it, in terms of 

information feedback. The basis for the distinction 

appears not so much in the details of procedure as in the 

underlying analytical framework associated with these 

formulations. According to Brener (1974) "whereas the 
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strict operant approach posits a response contingent event 

(the reinforcing stimulus) as the final cause of behaviour 

change, the feedback approach attempts to account for the 

processes by which response contingent events lead to 

behaviour change. Thus, the feedback approach permits a 

finer grain analysis of the voluntary control process". 

Interestingly, May and Johnson (1972) in a study involving 

different schedules of feedback, found that heart rate 

does not respond to schedules effects in the manner of 

most operants. However, this issue is is still open 

(Blanchard and Epstein, 1978) • 
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APPENDIX B 

F-values for testing the significance of the difference 

between the slopes and offsets (or coincidence) of two or 

more linear regression lines. 

General Paradigm 

It is assumed that the scores are derived from a data 

population which can be described in terms of the general 

linear regression equation: 

The first stage of the analyses determine whether the 

regression coefficients (m(n)] of each sample of X-Y data 

pairs have the same popultaion estimate M(n). 

\.~. 

F,~·' 

, . 

In fig. 1 the linear regression lines clearly have 

different gradients (m). However, in fig. 2 the curves 

have similar gradients but will cross the ordinate at 

different points. A further stage of the analyses 

therefore describes an F-value (F(c)] for testing: 



PAGE 301 

Estimation of M(k) 
"L 

~ ::-'i:('y.-;c)(V-Y)/~(y-)<) 

Residual Sum of Squares (RSS) 

RSS = 2 y' f.(xy"t / £x~ 

where 2 J'Z. ":. 2.. y7. - '[_ y.,_ In 
"'2.. 

i_ ( x~)L ::: (( iX Y (2.X J( i. Y)/Y\) 

f__ "X. 7. ::: £X ... i.. X "1./ Y\ 

The complete or total RSS using each regression 

coefficient for each sample is given by: 

~SS(") = f, (~ (Y-y)"l.-(~tY-Y)~ ~.:~-x')'"j~ (x-X)~) 

The common regression coefficient of the total data sets 

is: 
( {~ \. ~-v)C~-;<))/(~ ~ c~-x)"l_ 

... ' 

and the common residual sum of squares [RSS(2)] is then: 

R.~!>(LI :: ~~ t YK.- yya·_ ~ (~(("'"·- Xw]"l.il'fiC; -\;.,}/~ (xtt.-x)') 
If m(l) = m(2) = M(k) then RSS(2) RSS(l) will be 

relatively small. Note that RSS(l) must be less than 

RSS(2) since RSS(l) is the minimum RSS using the specific 

regression coefficient from each data set: RSS(2) uses 

the common estimate. 

The F-value is given as: 
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c.l\\ ·- c:. {.'l..) • · · l.(k) "'D 

RSS(3) is determined with: 

'/.. .,1_ i Y /N .,.,....k 
... i .. ; X. .. ;:' 'L ~ X"' I N 

~ . 

Any number of samples can be used although in the 

experiments described in earlier sections 2 regressions 

were analysed at a time. Note that the analyses can be 

applied to data sets with unequal number of X-Y pairs. 

Mathematical derivations of these formulae are presented 

in detail in Seber (1977, pp197-205). 
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