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ABSTRACT
Accurate timing is of fundamental importance in motor control. Its importance in
ocular motor control can be readily demonstrated - for example in timing anticipatory
smooth pursuit or producing anticipatory saccades. Few studies, however, have
specifically examined ocular motor timing mechanisms. This thesis addresses this
issue.
In the first two studies, established timing paradigms were adapted to make them
applicable to ocular motor movements. The Continuation paradigm was used to
demonstrate that the Wing and Kristofferson model, which decomposes timing
variance into central ‘clock’ and peripheral ‘motor implementation’ components, can
be applied to saccadic eye movements. The Synchronisation paradigm was also
adapted to examine saccadic eye movements and was used to show that responsecontingent afferent information is not essential for precise synchronisation of a motor
response with an external metronome.
In the third study, the development of an anticipatory smooth eye movement
response to repeated target motion was enhanced by the presentation, in several
different modalities, of regular warning cues which reduced timing uncertainty in the
task. This allowed the steady-state level of anticipatory activity to be achieved more
quickly than when warning cues were absent.
In the fourth study, the timing of head and gaze movements (which are usually very
closely coupled) during head-free pursuit was shown to be precisely controlled, even
when they were intentionally dissociated. Further, head and gaze movements could
be carried out simultaneously at two harmonically-unrelated frequencies with little
impairment of timing.
These studies have highlighted and quantified the fundamental role of timing in a
range of ocular motor tasks. The application of established timing paradigms to a
system which differs from other motor control systems in several important respects,
has allowed ocular motor timing control to be considered in the wider context of
other established motor timing mechanisms.
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CHAPTER 1 - INTRODUCTION
TIMING IN MOTOR CONTROL
Accurate temporal processing is of fundamental importance in motor control. It is
often assumed that temporal parameters are explicitly represented and regulated at
the central level. An alternative view is that motor timing might be an emergent
property of the motor system that arises from the neural or mechanical mechanisms
that determine movement at the peripheral level. The accuracy, precision and
sensitivity with which humans and other animals are able to make purely perceptual
temporal judgements, however, strongly suggests that an internal timing system, in
which temporal information is explicitly represented, does indeed exist. It has been
suggested (Keele and Ivry 1987, Treisman et al 1990) that temporal perception and
the temporal aspects of motor performance may share the same underlying control
mechanisms. Evidence for this view comes from observations that the ability of
healthy human subjects to perceive temporal duration and to accurately reproduce
temporal intervals are significantly correlated (Keele et al 1985, Ivry and Hazeltine
1995) and that some neurologically impaired patients can show similar deficits in
temporal perception and motor production tasks (Ivry and Keele 1989, Pastor et al
1992a, 1992b, Harrington et al 1998a). Furthermore, a recent fMRI study (Schubotz
et al 2000) has demonstrated the involvement of the same brain areas in the
temporal control of movements and in temporal rhythm perception.

Experimental paradigms
The literature on timing control is vast and many different experimental paradigms
have been employed. A few of these are described here because they are
repeatedly referred to throughout this introduction.
In the Peak Interval paradigm (Roberts 1981) animals are trained to respond to a
signal (light or tone) that lasts for a specific duration, such as 50 seconds. The
animal’s response (eg. lever pressing in the case of rats or pecking in the case of
pigeons) is reinforced by the delivery of food. Responses that occur before or after
the target time are not reinforced. Once trained, the animal is subjected to ‘peak’
trials in which the signal duration is extended (eg. to 130 seconds) and responses
are not reinforced. The test measure for these trials is response rate as a function of
time signal onset. When data from many trials are plotted, the measure typically
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rises to a peak around the time at which food is expected and then fails away with a
slight bias for longer responses (positive skew). In the Temporal Generalisation
paradigm (Church and Gibbon 1982), animals are again trained to respond to
signals that last for a specific target duration. They are then presented with a series
of signals of varying duration and receive food reinforcement only when they
respond to the target duration. The response measure is the probability of
responding as a function of signal duration. It rises to a maximum around the target
duration and then falls away with a slight positive skew. In the Temporal Bisection
paradigm, animals are trained to respond differently to long and short intervals. For
example, rats might receive food reinforcement if they press a left hand lever after a
short duration signal or if they press a right hand lever after a long duration signal.
Once this behaviour has been learnt, non-reinforced probe trials of intermediate
duration are introduced. The test measure is the probability of making, say, a right
hand (“long”) response as a function of stimulus duration. It typically rises in an
ogival fashion. The bisection point, ie. the time at which the probability of a “long”
response is 0.5, occurs at about the geometric mean of the two standard stimuli.
These animal paradigms have proved useful for investigating temporal mechanisms
because factors that influence temporal processing can have the effect of shifting
the response curves along the time scale, ie. to the left or right if time is plotted on
the abscissa. Animal studies have advantages over human studies in that they can
identify areas that are essential for timing rather than those that just correlate with
performance and the scope for pharmacological intervention is much greater.
In humans, time perception performance is usually assessed using some kind of
interval duration discrimination test, combined with various psychophysical
procedures to estimate perception thresholds. For example, subjects are presented
with two pairs of signals, each signal of a pair denoting the start and end of an
interval respectively. The first interval is denoted as ‘standard’, the second as ‘test’.
Subjects are required to make various judgements such as whether the test interval
is the same duration as the standard (Wearden 1992, Maquet et al 1996), longer or
shorter than the standard (Ivry and Hazeltine 1995, Jueptner et al 1995) or which of
the intervals is longest (Rammsayer 1994). The task can be made more complex by
presenting rhythms rather than single tones (Roland et al 1981), the subject’s task
being to judge whether the standard and test rhythms are identical. A human
analogue of the temporal bisection paradigm has been developed (Wearden 1991,
Allan and Gibbon 1991) in which subjects are first trained to distinguish between
-
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‘short’ and ‘long’ intervals and are then presented with intervals of intermediate
duration, their task being to judge whether each interval is closer in duration to the
‘short’ or the long’ standard intervals. Two well established paradigms have been
used to study motor timing in humans. In the Synchronisation paradigm (Dunlap
1910, Fraisse 1982, Peters 1989) subjects attempt to synchronise a motor response
(for example, finger tapping) with a series of isochronous external timing events (i.e.
a metronome). This paradigm is discussed in detail in Chapter 4 of this thesis,
where it is used to investigate the role of response-contingent feedback in the
synchronisation of saccadic eye movements with a metronome. The Continuation
paradigm (Stevens 1886, Gottsdanker 1954, Michon 1967, Wing and Kristofferson
1973a) consists of a “synchronisation” phase in which subjects attempt to
synchronise a response with a metronome, followed by a “continuation” phase in
which the metronome is switched off and subjects attempt to continue responding at
the frequency established in the synchronisation phase. This paradigm is employed
in the experiments described in Chapter 3 of this thesis and is discussed in detail
there.

Models of temporal performance
Many models of interval timing have been developed, reflecting a wide range of
experimental and theoretical approaches. Most of these models assume that
animals and humans possess an internal clock, capable of metering time. Such a
clock is an interval timer, it has to be initiated by a signal and will run until the timing
task is completed. This is in contrast to periodic clocks such as the circadian clock,
which run continuously and are self-sustaining.

Two Influential early models
The first quantitative model for duration discrimination (time perception) was
developed by Creelman (1962). The internal clock in this model comprised a
pacemaker and a counter. Time was metered by counting the number of pulses
accumulated during a temporal interval. Treisman’s (1963) internal clock model
used an information processing approach. In this model (Figure 1.1), the pacemaker
emits a regular series of pulses at a rate proportional to specific arousal. Arousal is
assumed to be relatively constant, such that mean inter-pulse interval will vary less
within trials than between trials. The counter records the number of pulses arriving
at a given point and transfers this measure to the store. Measures in the store can
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be retrieved by the comparator (a decision mechanism) which compares retrieved
measures with current counts made by the counter and selects an appropriate
response for the response mechanisms to make. A verbal selective mechanism
acting on the store assists in retrieval by providing a long-term memory store of
verbal labels (such as 1 second or 2 minutes) each of which is linked to a particular
location in the store.

Specific
Arousal
centre

Pathway

Pacemaker

Counter
Comparator
Store

Response
mechanisms

Verbal selective mechanism

Figure 1.1: Treisman’s (1963) intemal clock model.
The pacemaker component of this model has since been extended (Treisman et al
1990). The more recent model assumes that there are multiple pacemakers
distributed at different levels within the motor control hierarchy. Each pacemaker
consists of an oscillator and a calibration unit. The oscillator is made up of a small
network of units (conceptual neurons) that influence each other in either an
excitatory or inhibitory manner, thereby either increasing or decreasing the specific
arousal of the unit on which they act. The calibration units allow the distributed
pacemaker system to have both a stable reference frequency and flexible,
adjustable frequency control. This is achieved by assuming that all the distributed
oscillators have the same basic frequency, but that this can be varied independently
for an individual oscillator by the oscillator’s calibration unit. The specific arousal of
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the calibration unit can also be varied, such that the calibration factor increases with
increasing arousal.

Scalar Expectancy Theory
The most influential model of interval timing in the seconds to minutes range in
recent years has been the Scalar Expectancy Theory (SET). Central to SET is the
concept of the scalar property (Gibbon 1977), the observation that when judgements
are made regarding the duration of an interval, the standard deviation of the
perceived duration increases as the duration increases, such that it is a constant
fraction of interval mean. The coefficient of variation (standard deviation divided by
mean), therefore, remains constant as the interval varies (Weber’s law). As a
consequence of this, when data that describe judgements of varying durations are
plotted on a normalised scale, they superimpose. For example, in the temporal
generalisation paradigm the probability of responding increases as a function of
signal duration, rising to a maximum around the reinforced duration. When median
response probabilities from many trials are considered, the spread of responses
increases as the magnitude of the reinforced duration increases. If data elicited by
several different durations are plotted on a relative time scale, such that duration is
expressed as a proportion of the reinforced duration, then the probability curves
superimpose (Church and Gibbon 1982).
A model for temporal perception has been developed (Gibbon et al 1984) which
combines the scalar expectancy principle with an information processing framework
similar to that proposed by Treisman (1963). This modular timing system (Figure
1.2) consists of clock, memory and decision processes. The pacemaker consists of
an oscillator which displays poisson variation, it acts as a clock by emitting pulses
which are transferred to working memory via the switch. At the onset of an interval
that is to be timed, the switch closes (triggered by some suitable signal) and pulses
from the pacemaker begin to accumulate in working memory. When the interval
ends, the switch opens and the transfer process is stopped. The working memory
module, therefore, contains an estimate (in units of pulses) of the duration of the
interval, which is equal to the pacemaker rate per unit time multiplied by the duration
for which the switch was closed. The reference memory module contains a
distribution of memory representations of certain reference durations, for example a
reinforced interval. The number of pulses stored in the reference memory on a
single trial is equal to the number of pulses in the working memory at the time of
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reinforcement multiplied by a memory constant. The role of the decision module is to
compare the contents of working memory with a random sample of a single value
drawn from reference memory and to make a decision, based on a ratio comparison
of the two values, within the context of the task. Every element of this model can
potentially introduce variability to the temporal processing system, for example, in
the latency of switch opening and closure, in the transfer of information into
reference memory and in the operation of the decision processes in the comparator.

Pacemaker

Switch

Working
memory

Reference
memory

Comparator

Yes

Clock process

Memory process

Decision process

No

Figure 1.2: The SET information processing model (Gibbon et al 1984).
SET is a clear and precise theory that can account for much of the behavioural data
elicited by the kind of timing procedures described above. It was developed using
animal timing data, but has also been applied to human temporal performance
(Allan and Gibbon 1991, Malapani et al 1998a and 1998b). Although originally
formulated as a model of time perception mechanisms, SET has also been used to
analyse temporal data generated during motor production tasks (Collyer and Church
1998). Its modular nature has facilitated the analysis of specific aspects of temporal
performance, such as clock, memory and decision processes.
A recent criticism of SET (Staddon and Higa 1999) has questioned the assumption
that the pacemaker displays poisson variability. A poisson emitter does not produce
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scalar variability because its variance (rather than standard deviation) is proportional
to the mean, hence the coefficient of variation decreases at longer intervals,
contrary to the scalar principle. In terms of SET, however, the behavioural data
reflect the operation of the model as a whole and not just the output from the
pacemaker module. Gibbon et al (1984) suggested two possible ways in which a
poisson emitter could be a part of a timing system that produced scalar output. One
is to assume that the poisson emitter has a very high rate and very low variance that
is swamped by variability from other parts of the modular timing system that do
display the scalar property. The other is to assume that the pacemaker has a drifting
rate, such that within each trial the pacemaker output follows a poisson distribution,
but that variability between trials is normally distributed and conforms to the scalar
property.

The Behavioral Theory of Timing
The Behavioral Theory of timing (BeT) (Killeen and Fetterman 1988) assumes that
animals make temporal judgements by learning to associate behaviours with
rewards rather than by making sophisticated temporal judgements that involve ratio
comparisons or complex calculations. BeT refers to the activities that animals are
engaged in - such as pressing a lever, eating, drinking and walking in a wheel - as
adjunctive states. During the intervals between food reinforcement in a temporal
discrimination task it suggests that the animal switches between adjunctive states
with constant probability, controlled by pulses from an intemal clock. The theory
uses either a poisson process or a cumulative normal distribution (CND) to model
the probability at any instant that the animal is in the state correlated with a
particular behaviour. BeT utilises the ‘classic’ model of timing, with some kind of
clock/counter/accumulator system, but it interprets these elements in behavioural
terms. For example, it assumes that the counter is the animal’s ability to use various
action states (specific behaviours) as conditional stimuli on which to base a choice
response. Unlike SET, BeT proposes that the rate of the pacemaker (which it
regards as being a biological oscillator) should vary with the rate of reinforcement.

The Multiple Time Scale model
Staddon and Higa (1999) proposed a pacemaker-free model of interval timing,
based on the principles of memory dynamics and derived from the multiple time
scale model of habituation (MTS). In the MTS timing model, event memory is
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assumed to be based on a mechanism similar to habituation - the waning of a reflex
response with successive presentations of a stimulus. Temporal judgements are
based on discriminations between memories of different ages and therefore different
‘strengths’. The theory suggests that if an organism is sensitive to the changing
aspects of a memory, if there is a quantitative form for the change in the memory
variable with time and if the organism can learn to associate specific actions with
specific values of the memory variable, then this constitutes an intemal clock, the
form of which is very different to the pacemaker proposed in the SET model. The
ability of this relatively recent model to account for established behavioural timing
data has yet to be rigorously tested (Church 1999, Gibbon 1999).

Cognitive approaches
Models that emphasise the cognitive aspects of temporal processing focus largely
on the role of attention. Thomas and Weaver (1975) proposed that a temporal
processor works in parallel with other non-temporal processors (which process other
aspects of a stimulus such as content and meaning) and has to compete with them
for finite attentional resources. This model, formulated using data from human
judgements of durations less than 100ms, assumes that the timer accumulates
pulses during an interval such that the estimated duration of the interval is
proportional to the quantity of stored pulses. The difference between this and other
models that have conceptually similar timers is the assumption that the timer needs
attentional resources in order to accumulate pulses efficiently, such that more
pulses are accumulated if more attentional resources are allocated to the task. In
prospective timing tasks (where subjects know from the beginning of a trial that a
temporal judgement is to be made) attentional resources can be concentrated on
the temporal processor in order to produce accurate time judgements. Under dual
task conditions, attentional resources must be shared between the temporal and
non-temporal processors. Under these conditions, the model proposes that fewer
pulses are accumulated and the time interval is judged to be shorter than it actually
is. The more complex the secondary task, the fewer resources are allocated to the
temporal processor and the shorter the perceived duration. Zakay’s (1989) resource
allocation model (RAM) is based on similar principles, except that the temporal and
non-temporal processors are not assumed to work in parallel. Rather, this model
assumes that the temporal processor is a sort of short-term memory that never
transfers its contents to long-term memory. Under prospective conditions, attentional
resources are allocated to the temporal processor and at the end of each trial a

-

21

-

temporal judgement can be made based on the contents of the short-term temporal
memory. Under retrospective conditions, however, in which subjects do not know at
the start of a trial that a temporal judgement will be required at the end, attention is
not directed to the temporal processor and hence there is no build-up of temporal
information in short-term memory. At the end of the trial, subjects have to rely on
non-temporal information in long-term memory in order to make a retrospective
temporal judgement. Under these conditions, perceived interval duration increases
as the complexity of non-temporal information increases (ie. the opposite of what
happens under prospective conditions) because of the greater allocation of
resources to the non-temporal processor.
The attentional gate model (AGM) (Zakay and Block 1996) merges aspects of SET,
Treisman’s information processing model (1963) and Thomas and Weaver’s model.
It can account for prospective and retrospective timing results. AGM proposes that
there is a gate at the level of the clock in SET, between the pacemaker and the
switch. When the gate is open, temporal information can be transferred from the
pacemaker to a cognitive counter (an accumulator) via the switch. The degree to
which the gate is opened is controlled by the allocation of attention - the greater the
attention to time, the wider (or more frequently opened) is the gate and the greater
the number of pulses that can pass through. The number of pulses that are
transmitted also depends on the pulse rate of the pacemaker which can be
influenced by arousal levels. When time is not a relevant aspect of the task, the gate
narrows, allowing fewer pulses to pass through. The switch is also under attentional
control, in that selective attention is involved in defining the beginning of a relevant
temporal interval. The AGM model also adds an attentional bias to other aspects of
the basic SET model, such as the transfer of pulses into working memory and the
comparison between data from working and reference memory. This approach
resembles that of Meek (1984) who modified the information processing version of
SET to take into account attentional mechanisms in the model’s clock and decision
modules.

Neural Network approaches
Several internal clock models have employed a neural network approach. For
example. Church and Broadbent (1990), motivated by the difficulty of mapping a
psychologically-defined process onto a real biological system, developed a
connectionist version of SET. In this model there are multiple pacemakers
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(oscillators) with different periods. There is also a set of status indicators, one for
each oscillator, which record information about the phase of the oscillators. The
sample distributions that make up the working and reference memories in SET are
replaced by matrices of connection weights, such that any given time is stored
throughout the matrix. An advantage of such a matrix is that it can store information
about an infinite number of samples of a value.
Miall (1992) proposed a model, similar to that of Church and Broadbent, that
encodes intervals using a population of oscillating neurons. The network consists of
a group of oscillators which synapse onto a single output unit. At each iteration of
the computer, the output unit sums activity over all its input lines, weighted by their
synaptic strengths. The output unit is active if the sum of its inputs exceeds some
output threshold. The network can be tested by inputting a sequence of 1-20
impulses occurring at random times and requiring it to learn, store and recall the
time intervals between impulses. At each iteration, the synaptic weights are modified
using a perceptron learning rule until the output unit correctly generates a sequence
of pulses that accurately matches the input sequence. The biological feasibility of
this model has been questioned (Miall 1996) because it cannot tolerate fluctuations
in the period of the whole population, there is no distribution of outputs (the network
is either correct or incorrect) hence the model does not produce scalar variance and
a group of oscillators have to be synchronously reset to allow recall of the stored
interval.
In a further model (Miall 1996) a group of neurons receives inputs from an internal
clock which periodically emits pulses of activity. Each neuron only has a low
probability of being activated by each clock pulse, but once switched on it remains
on, apart from a low probability that some neurons will switch themselves off. The
trial by trial activation of these neurons will be erratic and will not be directly related
to the passage of time, but the activity of the population as a whole will increase with
time. The advantages of this model are that it produces scalar variance and it
simulates the effect, observed in both animals and humans, of overestimating the
duration of short intervals and underestimating the duration of long intervals
(Treisman 1963).
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Anatomical substrates of timing
Thus far, research has failed to identify one discrete anatomical structure that is
responsible for the control of temporal behaviour. Instead, several different brain
areas have been implicated, but the manner in which timing control is achieved by
these distributed areas is yet to be elucidated. Evidence for their involvement has
been gathered from studies of patients with specific lesions or neurological
disorders, from functional imaging in healthy humans and from studies that involve
pharmacological intervention in both humans and animals.

Evidence from studies of neurologically impaired patients

Patients with Parkinson’s disease
Both motor and perceptual temporal performance is impaired in patients with
Parkinson’s disease. Since Parkinson’s disease is associated with the loss of
dopaminergic neurons in the substantia nigra pars compacta which affects the
functioning of the basal ganglia, it has been suggested that this sub-cortical area
has a prominent role in temporal processing.
The continuation paradigm has been widely used to study motor timing performance
in patients with Parkinson’s disease. The variability of the resultant inter-response
intervals (IRI) recorded during the continuation phase have been analysed using the
Wing and Kristofferson model, which decomposes timing variability into a central
clock component and a peripheral motor implementation component (a detailed
discussion of the model is given in chapter 3 of this thesis). Although the results of
such analyses have not been entirely consistent, they have demonstrated a general
motor timing deficit in these patients. Wing and Miller (1984) reported that IRI
variability during the continuation phase of a finger tapping task was greater in the
impaired right hand of a patient with hemi-Parkinson’s disease than in their
unimpaired left hand. When analysed according to the Wing and Kristofferson
model, variability associated with the hypothetical clock process was greater in the
impaired hand, but variability associated with motor implementation did not differ
between the two hands. By contrast, Ivry and Keele (1989) did not show any
difference in timing variability, on a finger tapping task, between a group of patients
who were tested whilst ”0N” their normal levodopa medication and a group of agematched controls. Similarly, no differences were observed within a further group of
patients when they were tested whilst “ON” and “OFF” their medication. Similar
-
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results have been reported by Duchek et a! (1994). A timing impairment was,
however, reported by Pastor et a! (1992b) who examined repetitive alternating 80°
flexion and extension movements of the right wrist in Parkinson's disease patients
who were tested whilst “OFF” their medication. IRI, clock and motor variability
estimates were all increased in the patient group compared to controls. In a sub-set
of patients, the effect of dopaminergic medication was examined; it appeared to
reduce IRI, clock and motor variability, but the number of subjects was too low for
the data to be analysed statistically.
The inconsistent findings from these studies may have been due to differences in
disease severity or dopaminergic medication state, or to methodological and
analytical differences. These issues were addressed by O’Boyle et al (1996) who
carried out a carefully controlled study of temporal performance in a finger tapping
task in two groups of mild to moderately affected patients with Parkinson’s disease.
Group 1 were tested first after abstaining from dopaminergic medication for 12-15
hours, and then (later the same day) 45-75 minutes after receiving a single dose of
levodopa. For these patients IRI, clock and motor variability were all greater in the
OFF condition than in the ON condition or in controls. When patients in the ON
condition were compared with the control group, only clock variability was increased.
Group 2 had bilaterally asymmetrical neurological signs and were tested using their
better and worse hands separately. In these patients IRI, clock and motor variability
were all greater with the worse hand than with either the better hand or the control
group. Timing performance with the better hand did not differ from controls. Similar
results have been subsequently reported by Harrington et al (1998a) who found that
IRI and clock variability were both increased in patients tested whilst “ON”
dopaminergic medication compared to controls but that motor variability did not
differ between the patients and controls.
In summary, the bulk of the evidence suggests that motor timing mechanisms are
impaired in patients with Parkinson’s disease and for a hypothetical motor variability
component this impairment can be reversed by dopaminergic medication. Increased
variability of the central clock component is reduced by dopaminergic medication,
but not to the levels seen in controls.
Temporal perception has also been shown to be impaired in Parkinson’s disease.
Temporal discrimination threshold (TDT), a measure of the minimum time interval
required between two successive stimuli for them to be perceived as separate, is
-
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increased for visual, auditory and tactile stimuli in non-medicated Parkinson’s
disease patients. Administration of levodopa medication reduced TDT, but not to the
level of the control group (Artieda et al 1992). When non-medicated patients
estimate stimulus durations by counting seconds internally (after being trained to
estimate a one second duration) they tend to underestimate (Pastor et al 1992a,
Lange et al 1995). Conversely, when they reproduce previously presented intervals
they tend to overestimate. Absolute errors on both tasks are reduced by
administering dopaminergic medication. These results can be interpreted (Pastor et
al 1992a) in terms of a hypothesised internal clock that is running more slowly in
patients with Parkinson’s disease than in controls. Harrington et al (1998a) showed
that whilst “ON” dopaminergic medication, patients with Parkinson’s disease are
impaired in a duration discrimination task, although Ivry and Keele (1989) found no
perceptual deficit using a very similar paradigm.
Using a peak interval procedure that required both accurate time estimation and an
accurately timed motor response, Malapani et al (1998a) found that unmedicated
Parkinson’s disease patients responded less accurately and with less precision than
controls. Furthermore, when tested at two different intervals (8 and 21 seconds)
their temporal response distributions, unlike those of the controls, did not
superimpose when plotted against relative time, i.e. their data did not display the
scalar property. These effects were reversed after administration of dopaminergic
medication, strongly implicating the basal ganglia and dopamine in temporal
information processing.
Overall, these studies strongly implicate dopaminergic transmission within the basal
ganglia in temporal information processing in humans.
Patients with cerebellar disease/lesions
The cerebellum has for many years been implicated in temporal processing. For
example, consideration of the morphological features of the cerebellar cortex led
Braitenberg (1967) to suggest that the cerebellum might act as a biological clock by
utilising a variable length delay line mechanism set up by synapses formed between
individual parallel fibres and many purkinje cell dendritic trees.
In recent years, the strongest advocates of a role for the cerebellum in temporal
processing have been Keele, Ivry and their colleagues, who have gathered evidence
using a wide variety of experimental tasks in both neurologically impaired patients
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and healthy controls. For example, Ivry and Keele (1989) reported deficits in both
motor production and temporal perception in a group of cerebellar patients, most of
whom had either focal lesions (due to stroke or tumour) or degenerative cerebellar
disease. When the motor timing data were analysed using the Wing and
Kristofferson model, both clock and motor components were found to be impaired
compared to controls.
Using a continuation tapping paradigm, Ivry, Keele and Diener (1988) showed a
dissociation between the timing deficit of patients with lesions in the lateral area of
the cerebellum and those with lesions in the medial areas. IRI variability was
increased in all patients when tapping with either the finger or foot ipsilateral to the
lesion site compared to the contralateral effector. However, the impairment in the
lateral group was due to an increase in the hypothetical clock component variability
whereas the medial group impairment was due to increased motor variability. In the
light of evidence that the lateral cerebellum is involved in movement planning and
timing and the medial cerebellum is involved in movement implementation and
execution, this result suggests that the lateral regions of the cerebellum are
essential for the accurate functioning of an internal timing system.
Based on studies that revealed cross-effector correlation in timing ability, cross
effector correlation in force control, but no correlation between timing ability and
force control, Keele and Ivry (1987) devised a modular approach to motor control in
which specific functions are performed by specific brain areas and are taskindependent. In this scheme, the hypothesised role of the cerebellum was as a
specialised timing unit which generalises across effectors and tasks. In the light of
more recent evidence implicating other brain areas, particularly the basal ganglia,
Ivry (1996) has acknowledged that the cerebellum is unlikely to be the only neural
substrate involved in temporal processing. Nevertheless, over the last decade, Ivry,
Keele and their colleagues have presented a considerable body of evidence that
strongly suggests that the cerebellum is an important constituent of an internal
timing system which underlies both temporal perception and motor production.
For example, Lundy-Ekman et al (1991) showed that clumsy children (who have
some movement deficits but normal IQ) with cerebellar-related neurological signs
had increased IRI variability in a continuation task, mainly due to an increase in
clock variability and also showed impaired temporal perception. Children with signs
relating to the basal ganglia were not impaired on either task, but were impaired on
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a force control task. Ivry and Diener (1991) reported a velocity perception
impairment in cerebellar patients who had mainly diffuse bilateral lesions. They
interpreted this as a temporal impairment by suggesting that velocity perception
requires a neural calculation of change in retinal position over a time interval which
is generated by the cerebellum. This interpretation has, however, been disputed by
Nawrot and Rizzo (1995) who asserted that motion perception is a true sensation,
mediated by visual cortical areas, rather than being the product of the perception of
space and the perception of time. Ivry and Gopal (1992) reported that cerebellar
patients have temporal impairment in voicing consonant-vowel syllables. Papka et al
(1995) showed that in normal subjects performance of the continuation task
interfered with the concurrent acquisition of a classical eyeblink conditioned
response, whereas concurrent performance of other tasks (such as word, picture or
digit recognition), that are not thought to involve the cerebellum, did not. Classical
conditioning requires the cerebellum, in particular the anterior interpositus nucleus,
to be iqjact (Yeo and Hesslow 1998). Accurate timing is a crucial feature of the
conditioned response and has been studied extensively (Grossberg and Schmajuk
1989, Moore and Choi 1997, Mauk and Donegan 1997). In a continuation task
(Franz et al 1996), patients with unilateral cerebellar hemisphere lesions showed
greater IRI variability when tapping with the hand ipsilateral to the lesion than when
tapping with the contralateral hand. Further evidence of a role for the cerebellum in
temporal perception in humans was provided by Mangels et al (1998) who showed
that patients with focal unilateral lesions of the neocerebellum were impaired in the
temporal discrimination of intervals of both 400ms and 4 second duration. In rats,
small transient changes in performance on a temporal bisection task have been
demonstrated (Clarke et al 1996) after bilateral cerebellar dentate and interpositus
nuclei lesions. Finally, further evidence of a specific temporal perception deficit has
been demonstrated (Casini and Ivry 1999) in patients with mainly focal unilateral
cerebellar lesions whose performance on a temporal discrimination task, but not on
a pitch discrimination control task, degraded as attentional load increased.
Other than the work of Keele, Ivry and their colleagues, there have been relatively
few reports by other groups of temporal processing impairments in patients with
cerebellar disease or lesions. Support for the distinction made by Ivry, Keele and
Diener (1988) between the function of the medial and lateral parts of the cerebellum
has been provided by Malapani et al (1998b) using a peak procedure for intervals in
the seconds range. The response of patients with focal unilateral lesions of the
lateral cerebellum was more variable than either a control group or a group of
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patients with focal unilateral lesions of the medial cerebellum. In both patient groups,
accuracy was unimpaired and the data displayed the scalar property, in contrast to
findings in unmedicated Parkinson’s disease patients performing the same task
(Malapani et al 1998a). Using a bisection paradigm, Nichelli et al (1996) reported a
temporal perception impairment in patients with cerebellar degeneration at both
short (less than 1000ms) and long (8-32 seconds) intervals. The results were
complex, however, in that impaired accuracy at short intervals depended on the
interval range employed. At long intervals, both accuracy and precision were
impaired.
Patients with frontal lesions
A role for the frontal cortex in temporal processing has been implicated in animal
studies (Meek et al 1987, Olton et al 1988, Olton 1989). There have been several
accounts of temporal processing deficits in humans with frontal lesions, although it is
likely that this is due to the contribution of frontal areas to the working memory and
attentional aspects of temporal control, rather than due to a deficit in basic timing
functions per se in these patients.
Mangels et al (1998) showed that patients with unilateral lesions in the prefrontal
cortex were impaired on a duration discrimination task using long (4 second) but not
short (400ms) intervals and also had impaired working memory function on a non
temporal task. In contrast, Casini et al (1999) reported a duration discrimination
deficit for intervals of 400ms in patients with focal lesions in the dorsolateral
prefrontal region. The performance of these patients on both temporal and non
temporal discrimination tasks was more susceptible to changes in attentional load
than either controls or a group of cerebellar patients. Nichelli et al (1995) reported a
differential impairment on a temporal bisection task at short (100-900ms) and long
(8-32 seconds) intervals in patients with focal frontal lesions. In the short interval
range patients were impaired only in accuracy, but at the long intervals both
accuracy and precision were impaired. Interpreting the data in terms of SET,
impaired accuracy alone implies a dysfunction in the reference memory system,
whereas impaired accuracy together with impaired precision suggests a deficit in
sustaining attention and/or maintaining the same decisional criteria throughout the
whole task.
A deficit in the discrimination of short intervals (less than 700ms) has been shown in
patients with right-sided focal lesions of either the prefrontal or inferior parietal
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cortex (Harrington et al 1998b). Patients with lesions in similar areas of the left
hemisphere showed normal temporal discrimination performance. Temporal
performance in the patients with right-sided lesions was correlated with performance
on a non-spatial attention task, suggesting that although the results implicated a
right hemisphere prefrontal-inferior parietal network in timing, time-dependent
attention and working memory functions may also have contributed to the temporal
perception deficits observed. Differential effects of the side of precentral lesions
have also been shown (von Steinbuchel et al 1996) during a temporal reproduction
task - patients with right sided lesions overestimated and those with left sided
lesions underestimated intervals, compared with a control group. When patients
were instructed to press a response key at a “personally comfortable” tempo,
patients with right-sided precentral lesions responded more slowly than either
patients with left-sided precentral lesions or controls.
A specific motor timing deficit has been shown (Halsband et al 1993) when patients
with left sided SMA lesions reproduce rhythms from memory, but not when they
perceptually discriminate the rhythm or reproduce it with the aid of auditory pacing
cues. This suggests that the SMA is important in the temporal organisation of
sequences of internally generated movements. Normal temporal perception has also
been demonstrated (Harrington et al 1998b) in a patient with a right-sided SMA
lesion.
EEG recordings made over frontal areas in healthy subjects have also revealed
activity related to temporal processing. Casini and Macar (1996a) recorded
prefrontal activity during a temporal discrimination task in which intervals had to be
rated as “short” or “long”. Activity was greater when responses were incorrect than
when they were correct, suggesting that good performance might be the result of an
economic and efficient information processing mechanism. During a duration
reproduction task (Casini and Macar 1996b) the amplitude of the contingent
negative variation (CNV) varied depending on whether the length of the reproduced
intervals was correct, too short or too long. Short responses were associated with a
decrease in prefrontal activity whereas long responses were associated with an
increase in activity. Interpreted in terms of SET, long responses were associated
with an increase in pulse accumulation and short responses with a decrease in
pulse accumulation. Using a similar method, Macar et al (1999) have related this
process, during both temporal discrimination and temporal production tasks,
specifically to activation of the mesial frontocentral cortex, in particular the SMA.
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It has been suggested that the dorsomedia! frontal cortex (DMFC), which includes
the supplementary eye field (SEF), is involved in timing stimulus trajectory duration
during smooth pursuit eye movements (Heinen 1994). Activity recorded from
neurons in this area (in monkeys) was influenced by modifying the duration of target
motion during pursuit of repeated constant velocity targets. Moreover, a build up in
activity was observed during the fixation period prior to the onset of target motion,
implicating this area in the control of predictive smooth pursuit eye movements. In a
further study, Heinen and Liu (1997) showed that activity in this area increased as
target motion predictability increased. Again, activity could be readily adapted to
different time intervals, implicating DMFC in timing the duration of target motion.

Evidence from functional imaging studies in healthy subjects
The results of the relatively few functional imaging studies that have specifically
examined the functional anatomical correlates of temporal performance have been
equivocal. All except Rubia et al (1998) have used subtractive logic (in which an
activation task is selected that engages the cognitive component of interest and then
a baseline task is devised that activates all except the component of interest) to
associate discrete brain areas with specific behaviour. This technique relies heavily
on the validity of the assumptions underlying experimental task design and these
assumptions have not always been verified by behavioural data. It has proved
difficult to isolate brain areas that have an explicit timing function from those that are
involved in the non-temporal aspects of tasks such as allocation of attention, holding
information in memory and time estimation strategies such as counting. A diverse
range of tasks have been employed. For example, some studies have examined
time perception (Maquet et al 1996, Jueptner et al 1996, Schubotz et al 2000),
others have examined motor timing (Rao et al 1997, Penhune et al 1998), some
have used short (less than 1000ms) intervals (Jueptner 1995, Rao et al 1997), some
have used longer (greater than 1 second) intervals (Lejeune et al 1997, Kawashima
et al 2000, Tracy et al 2000) and some have used a range of short and long
intervals (Rubia et al 1998, Coull and Nobre 1998).
Despite these difficulties, some common areas of activation have emerged from a
range of studies that have utilised very different paradigms. Activation of various
areas of the cerebellum, for example, has been reported in several studies. Jueptner
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et al (1995) reported bilateral activation (measured with PET) of superior parts of the
cerebellar hemispheres and vermis during a temporal discrimination task. Activation
in the caudate nucleus and the prefrontal cortex in both timing and control conditions
was attributed to the selection, initiation and execution of the motor response. In a
further PET study, Jueptner et al (1996) showed similar cerebellar activation using a
task in which subjects had to judge the relative velocities of pairs of lines marked on
their hands by a motor-driven peg. Using fMRI, Kawashima et al (2000) reported
bilateral anterior cerebellar activity during self-timed movements. The overall pattern
of activation suggested that the anterior lobe of the cerebellum (bilaterally), the SMA
and the left prefrontal cortex were involved in accurate timing. Using a similar
temporal perception paradigm, in which subjects estimated time intervals ranging
from 12 to 24 seconds, Tracy et al (2000) reported activation (measured by fMRI) of
the right lateral cerebellum and right medial and lateral inferior temporal gyri. Using
control tasks that involved silent counting and dual-task methodology, they
concluded that this activation was due to explicit temporal processing and was not
associated with either a specific counting strategy or with a particular use of
attentional resources. Activation of the cerebellar vermis and bilateral cerebellar
cortex was demonstrated by Penhune et al (1998), who used PET to look at
activation patterns whilst subjects perceived and reproduced sequences of auditory
or visual elements. The sequences were either isochronous (I), repeated (R) or
novel (N) and it was assumed that task difficulty increased from I to R to N, although
the behavioural data did not support this assumption.
The exclusively lateral cerebellar activation reported by some (Tracy et al 2000,
Schubotz et al 2000, Kawashima et al 2000) but not others (Jueptner et 1995, 1996,
Macquet et al 1996) supports the hypothesis (Ivry, Keele and Diener 1988) that the
lateral portions of the cerebellum in particular are concerned with temporal
processing.
A specific role for the basal ganglia in temporal processing has been suggested by
Rao et a! (1997). Using fMRI, they showed that a medial pre-motor loop, comprising
SMA, left caudal putamen and left ventrolateral thalamus, was activated in the
continuation phase but not the synchronisation phase of a tapping task. They
concluded that for intervals less than 1000ms, this medial pre-motor loop is
essential for timing internally generated movements. Both tasks activated the right
dorsal dentate nucleus of the cerebellum but they concluded that the cerebellum’s
role in these tasks is one of co-ordination of external (in the synchronisation task)
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and internal (in the continuation task) stimulus events with output from the motor
system.
A joint role for the basal ganglia and cerebellum in temporal processing was
suggested by Schubotz et al (2000) in an fMRI study in which detection of changes
in either visual or auditory rhythms elicited bilateral activation of the putamen and
superior semilunar lobule of the cerebellum. A joint role for the basal ganglia and
cerebellum has also been implicated as a result of two PET studies conducted by
the same group using very different paradigms. Maquet et al (1996) investigated
time perception using a temporal generalisation paradigm using a standard interval
of 700ms whereas Lejeune et al (1997) used a synchronisation paradigm with a
metronome interval of 2.7 seconds. A conjunction analysis of the results from the
two studies (reported in Lejeune et al 1997) revealed the following common areas of
activation: left putamen, left cerebellar hemisphere, right dorso- and ventro- lateral
prefrontal cortex, right Inferior parietal lobule, anterior cingulate.
Taken together, these studies have demonstrated that the cerebellum, basal ganglia
and frontal cortex can all be activated during tasks that havè a temporal processing
requirement. Interpretations of the specific roles of the cerebellum and basal ganglia
have differed, but there is general agreement that activity in the frontal areas does
not reflect a basic time coding function per se, but rather reflects activity due to the
more cognitive aspects of these tasks.

Evidence from pharmacological manipulation
In animal studies, pharmacological manipulations have tended to focus on two
neurotransmitter systems - dopamine (DA) function in the nigro-striatal system and
acetylcholine (ACh) function in the frontal cortex. Meek, Church and their colleagues
have carried out a series of experiments using drugs which have agonist and
antagonist effects on these neurotransmitters. These experiments have tended to
use either the peak or bisection procedures and the results have been interpreted in
terms of the information processing version of SET. The rationale behind this
approach is that drugs that influence temporal processing can have the effect of
shifting the response curves along the time scale, ie. horizontally if time is plotted on
the abscissa. Based on the direction and persistence of these curve shifts, two
classes of drug effect have been identified - those that affect the speed of the
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model’s internal clock and are linked to DA function, and those that affect the speed
of the memory storage process and are linked to ACh function.
When rats are administered a DA agonist such as methamphetamine, their
response curves shift to the left such that peak times (in the peak procedure) and
the bisection point (in the bisection procedure) both decrease (Maricq et al 1981).
Conversely, drugs such as the DA antagonist haloperidol (which effectively reduce
DA activity) increase the bisection point (Maricq and Church 1983, Meek 1986), ie.
they shift the response curve to the right.
These effects can be interpreted in terms of increased DA activity speeding up the
clock process in the SET model and decreased DA activity slowing it down. If
animals are trained on a paradigm such as the peak procedure whilst not under the
influence of drugs, then the values stored in reference memory (which equate to “x”
number of pulses which have accumulated during the interval under test in short
term memory) can be regarded as veridical. If they are then administered a drug that
speeds up the clock, then during subsequent re-testing it will take less time for “x”
pulses to accumulate than before, hence the animal will judge that a certain time
interval has elapsed before it actually has, ie. it will underestimate intervals. The
effect of this is to shift the curve of the psychophysical function to the left. The
opposite is true of drugs that slow down the clock - these will shift the response
curve to the right. These shifts are proportional to the length of the interval being
timed. Once the drug becomes effective, these clock speed effects will develop
immediately but will be temporary, because under the continued influence of the
drug the clock is gradually recalibrated as the new number of accumulated pulses
that represent a specific duration are gradually transferred to long-term memory and
become dominant. A similar process (but with shifts occurring in the opposite
direction) will occur when drug administration is discontinued.
There is also evidence in humans for the slowing down of the clock with DA
antagonists. Rammsayer (1994) showed that performance on a time perception task
(using intervals less than 100ms) was impaired after administration of a single oral
dose of haloperidol. The D2 receptor sub-type seems to be important in mediating
this effect. Meek (1986) tested 5 neuroleptics and found that affinity for D2 receptors
predicted the dose required to produce a specific shift in bisection point but affinity
for D1, D3 and other receptor sub-types (eg. serotonin SI and 82) did not. In
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humans there is evidence (Rammsayer 1997) that the temporal processing of brief
durations is mediated by D2 receptor activity in the mesostriatal system.
Training rats under the influence of an anticholinesterase such as physostigmine,
which effectively increases ACh levels, leads to gradual leftward shifts in peak
interval (Meek and Church 1987a) and bisection (Meek 1983) response curves.
Training under the influence of drugs that reduce the effective level of ACh (such as
the ACh antagonists atropine) leads to gradual rightward shifts in bisection (Meek
1983) or peak (Church and Meek 1987) psychophysical functions. Meek and Church
(1987b) showed that various nutrients can also have similar effects, due to their role
as neurotransmitter precursors. For example, administration of a snack containing
lecithin (which increases plasma and brain choline levels and increases ACh
synthesis and release) gradually shifted peak time in rats over sessions to the left
and remained shifted both with additional testing and for two experimental sessions
after the snack was discontinued.
These results can be interpreted in terms of distortions in memory storage speed.
SET assumes that the values in reference memory depend not only on the number
of accumulated pulses transferred to it from the short-term store but also on the
speed of transfer. Drugs that affect this memory storage speed have no effect on
clock speed, hence when they are first administered they have no effect on
response curves because the values held in long-term memory are still veridical
(because they were accumulated during baseline training when memory storage
speed was normal) and the number of accumulated pulses has not changed
(because clock speed has not changed). As training continues under the influence
of the drug that affects memory storage speed, distorted values are transferred to
long-term memory and soon these distorted values make up the majority of the
store's content. When current times accumulated in the short-term store under
normal clock-speed conditions are compared with these distorted memory samples,
curve shifts occur. When ACh levels are effectively increased, memory storage
speed increases and a certain number of pulses is now encoded as representing a
shorter duration than the true duration and peak times get shorter, shifting the curve
to the left. This is a long-lasting effect because no compensation (analogous to that
which occurs when clock speed is altered) is possible. When the drug treatment is
discontinued, peak times will gradually return to normal as the long-term memory
store gradually fills up with values transferred at the non-distorted memory speed.
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These systematic over- and under- estimations, seen for both clock speed and
memory storage speed effects, show scalar variability (Gibbon et al 1997). For
example, administration of a DA agonist both shortens peak interval estimates and
also reduces response variability.

Summary
Evidence from patient studies, imaging studies and pharmacological manipulation
studies, therefore, implicates mainly the basal ganglia, cerebellum and frontal cortex
in temporal processing. It is widely believed that the frontal areas are involved in the
short-term memory and attentional aspects of temporal control, but there is no
consensus as to the respective roles of the cerebellum and basal ganglia.
One hypothesis (Ivry 1996) is that the cerebellum is involved in the temporal
processing of relatively short intervals (up to one or two seconds) and the basal
ganglia is involved in processing intervals longer than this. In support of this view,
Clarke et al (1996) showed that bilateral cerebellar dentate and interpositus nuclei
lesions in rats induced changes in performance on a temporal bisection task when
intervals ranged from 200 to 850 ms but not when they ranged from 20 to 45
seconds. The hypothesis is weakened, however, by evidence that patients with
cerebellar lesions are impaired on tasks that test temporal perception in the seconds
range (Nichelli et al 1996, Mangels et al 1998, Malapani et al 1998a) and by reports
that Parkinson’s disease patients are impaired on tasks that test temporal
perception (Artieda et al 1992) and motor timing (Pastor et al 1992b, O’Boyle et al
1996) in the millisecond range. Furthermore, in a recent PET study designed
specifically to test this hypothesis (Jahanshahi et al 2000), the cerebellum, basal
ganglia and frontal cortex were all activated during the estimation of both short
(500ms) and long (2000ms) intervals.

EYE MOVEMENTS
Several classes of eye movement have evolved to allow humans to cope with the
varied and complex visual input from the external world. Each class of movement
has a distinct function and is controlled by distinct neural substrates. The visual
system performs best when images are held relatively steady on the retina - images
moving across the retina at velocities as low as a few degrees per second can
degrade visual acuity (Barnes and Smith 1981). When the head is stationary.
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stationary images are held steady on the retina by the visual fixation system. During
brief head rotations vestibular eye movements perform this role. Movements of the
entire visual field across the retina, either during prolonged rotation or when the
head is stationary, are compensated for by optokinetic eye movements. Images of
smaller moving targets are held steady on the retina by smooth pursuit movements.
The fovea can be directed quickly to objects of interest by rapid, conjugate saccadic
movements. Images of a single object can be placed on both foveas simultaneously
by disconjugate vergence movements. Fast, conjugate movements also occur
during nystagmus, their function is to reset the direction of gaze towards the
oncoming visual scene during prolonged rotation.

Smooth pursuit
General features
Smooth pursuit eye movements are slow-phase tracking movements, the function of
which is to match eye velocity to target velocity in order to stabilise on the retina an
image of a target which is moving in the visual field. Targets are usually stabilised
on the foveal area of the retina, but it is possible for subjects to pursue moving
targets that are kept in the periphery of their field of vision (Rashbass 1961, Barnes
and Hill 1984). Although smooth pursuit movements are, to some extent, under
voluntary control, they cannot be made at will in the absence of a target except in a
few rare individuals (Westheimer and Conover 1954). Retinal velocity error appears
to be the primary stimulus for smooth pursuit. This was first suggested by Rashbass
(1961) who showed that if a target stepped in one direction and then moved at
constant velocity in the opposite direction (the “step-ramp” stimulus) subjects
responded by pursuing the ramp component and effectively ignored the step. Using
more accurate recording techniques, however, Wyatt and Pola (1987) showed that
in fact there is a low acceleration pursuit response in the direction of the step before
the eye reverses direction and pursues the ramp. This and other studies (for
example, Carl and Gellman 1987) have implicated a role for position error as well as
velocity error in smooth pursuit control.
Smooth pursuit is normally initiated about 100ms after the unexpected movement of
a target. For the initial 30 to 40ms of the response, eye acceleration is in the range
40 to lOOV and is largely unaffected by target velocity (Tychsen and Lisberger
1986, Carl and Gellman 1987). Once visual feedback becomes effective, the
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velocity of the smooth pursuit response depends on target velocity. If target motion
is sinusoidal, the gain of the response (eye velocity divided by target velocity) is
close to unity for frequencies below 0.4Hz (Barnes 1993). At higher target
frequencies, eye velocity cannot match target velocity so closely and the smooth
pursuit response is interspersed with catch-up saccades that realign the target on
the fovea. The maximum velocity of the smooth pursuit response is approximately
150°/s (Lisberger et al 1981). The pursuit response is maintained by minimising
retinal velocity error, suggesting a closed-loop feedback system. It is evident,
however, that prediction plays an important role in the smooth pursuit response. If a
target oscillates with a regular periodic waveform then the resulting smooth
response has higher gain and lower phase error than when a target moves more
randomly (Dallos and Jones 1963, Bahill and McDonald 1983). Furthermore, the
phase lag that is elicited when tracking a sine wave is less than would be expected
from known visual feedback delays. It has proven difficult to isolate this underlying
predictive mechanism during continuous pursuit tracking. Intermittently illuminated
ramp stimuli have, however, been used (Barnes and Asselman 1991, Barnes et al
1995) to examine the anticipatory smooth movements that occur prior to expected
target motion. These movements tend to be scaled according to target velocity,
showing that they are truly predictive and do not just represent a default level of
anticipatory activity. It is likely that predictive information, based on the past history
of target motion, is important in maintaining the pursuit response when gain is near
unity and there is very little retinal image motion (Barnes and Asselman i991).
There is evidence that smooth pursuit, albeit of low velocity, can be generated in
response to stimuli other than image motion. For example, subjects can pursue their
own outstretched hand in darkness with smooth movements (von Noorden and
Mackensen 1962, Gauthier and Hofferer 1976). Smooth pursuit can also be evoked
by auditory signals (Zambarbieri et al 1981) and by tracking an after-image
(Heywood and Churcher 1971) or illusory target motion (Heywood 1973).

Neural substrates for smooth pursuit
The neural substrates involved in the generation of smooth pursuit are many and
dispersed. Existing knowledge of the pursuit pathway is based on observations
made in both monkeys and humans.
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The visual pathway originates in the retinal ganglion cells and projects via the lateral
geniculate nucleus (LGN) to area 4C of the primary visual cortex (V1). In the
monkey, V1 projects to three extrastriate visual areas that specialise in the
processing of visual image motion - the middle temporal visual area (M l), the
medial superior temporal visual area (MSI) and the posterior parietal cortex (PPC).
V1 projects to ipsilateral M l both directly and indirectly via prestriate areas V2, V3
and V4 (Ungerieider and Desimone 1986, Maunsell and Van Essen 1983). In
monkeys, MT lies on the posterior bank of the superior temporal sulcus. The human
homologue of MT is area V5, which is located close to the intersection of the
ascending limb of the inferior temporal sulcus and the lateral occipital sulcus (Zeki et
al 1991, Watson et al 1993). Neurons in MTA/5 code for the speed and direction of
moving stimuli, ie. they are responsible for the extraction of retinal slip velocity. MT
projects to MST, which lies adjacent to it in the superior temporal sulcus. MT also
projects via the major forceps and splenium of the corpus callosum to MT and MST
areas in the contralateral hemisphere. MST neurons are also concerned with motion
perception. It is also thought that some neurons in MST receive an efference copy of
the eye movement signal (Newsome et al 1988, Komatsu and Wurtz 1988a,b). MT
and MST both project to PPC which lies ventral to the intraparietal sulcus. This area
is important for shifting visual attention (Lynch et al 1977). MT, MST and PPC all
have reciprocal connections with the frontal eye fields (FEF). In monkeys, neurons
in a small area of the ventral FEF have been shown to discharge during smooth
pursuit (Gottlieb et al 1993). Stimulation in this area results in smooth eye
movements even during attempted fixation (Gottlieb et al 1994). In humans, the
inferior lateral area of FEF is concerned with smooth pursuit (Petit et al 1997). The
supplementary eye field (SEF), located in the dorsomedial frontal cortex rostral to
SMA (Schlag and Schlag-Rey 1987, Tian and Lynch 1995), receives inputs from
MST, PPC and FEF (Huerta and Kaas 1990) and contains neurons that discharge
particularly during predictive smooth pursuit (Heinen 1994).
There are thought to be two descending pathways connecting cortical pursuit areas
with the brainstem (Tusa and Ungerieider 1988, Tusa 1988). The posterior pathway
descends ipsilaterally from MT/MST (in monkeys) or VS (in humans) to the lateral
terminal nucleus (LTN), the dorsolateral pontine nucleus (DLPN) and the lateral
pontine nucleus (LPN). The anterior pathway descends from FEF to the nucleus
reticularis teg menti pontis (NRTP) and DLPN. The pontine nuclei project to several
areas in the cerebellum - the vestibulocerebellum (paraflocculus and flocculus), the
dorsal vermis (lobules VI and VII) and the fastigial nucleus. Purkinje cells in the
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vestibulocerebellum encode eye velocity signals, those in the dorsal vermis encode
eye velocity and retinal velocity error. The cerebellum is essential for the generation
of smooth pursuit. In monkeys, both unilateral and bilateral lesions of the
vestibulocerebellum lead to a reduction in pursuit gain (Zee et al 1981). In humans,
transcranial magnetic stimulation (IMS) over the vermis increases ipsilateral smooth
pursuit acceleration and decreases contralateral smooth pursuit deceleration
(Ohtsuka and Enoki 1998). Total cerebellectomy in monkeys abolishes smooth
pursuit completely (Westheimer and Blair 1973, 1974). From the cerebellum, the
pursuit signal is relayed to the vestibular nuclei and then via the ocular motor nuclei
to the extra-ocular muscles.

Saccadic eye movements
General features
Saccades are rapid eye movements that change the direction of gaze in order to
direct the fovea quickly to objects of interest. They can be either voluntarily or
involuntarily controlled. Voluntary saccades include predictive saccades made in
anticipation of the expected appearance of a target, memory-guided saccades made
to the location of a previously presented target, anti-saccades made in the opposite
direction to a target and saccades generated to command. Involuntary saccades
include reflexive saccades to novel stimuli, saccades that occur spontaneously
when subjects are not engaged in any particular task and the quick phases of
nystagmus.
There is a monotonie relationship between the amplitude of a saccade and its peak
velocity which is referred to as the main sequence (Bahill et al 1975). For saccades
smaller than 20°, the relationship between amplitude and peak velocity is linear. At
amplitudes greater than 20° peak velocity tends to saturate, the maximum attainable
velocity being about 500°/s. There is a linear relationship between amplitude and
duration for saccades up to about 50° (Collewijn et al 1988). In a healthy subject, a
typical 20° saccade will last about 70ms and will have a peak velocity of about
400°/s. Saccade velocity is not under voluntary control, but can vary for different
types of saccade. For example, predictive saccades (Bronstein and Kennard 1984)
and saccades made to auditory targets (Zambarbieri et al 1981) are slower than
those made to visual targets. In healthy humans, saccade latency is generally in the
order of 200ms. As with saccade velocity, latency cannot be voluntarily controlled
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but is highly dependent on the nature of the stimulus. For example, latency is
greater for saccades to auditory stimuli than to visual stimuli (at least for saccades of
less than 20°) and, unlike visually-evoked saccades, latency decreases as target
amplitude increases (Zambarbieri et al 1982, Engelken and Stevens 1989). In the
laboratory, saccade latency can also be reduced if there is a delay between the
offset of a central fixation target and the onset of the peripheral target to which the
saccade is to be made. This “gap” paradigm can elicit saccades with extremely short
latencies (less than 100ms) which are known as express saccades (Fischer and
Ramsperger 1984).

Neural substrates for saccades
Immediate premotor saccadic commands are generated in the brainstem. Horizontal
movements involve excitatory burst neurons (EBN) in the paramedian pontine
reticular formation (PPRF), vertical movements involve EBN in the rostral interstitial
nucleus of medial longitudinal fasciculus (riMLF). The EBN issue a phasic
movement command that is proportional to saccade velocity. The velocity signal (the
pulse) is integrated, with respect to time, to a position signal (the step) in order to
maintain gaze at the end of the saccade. Integration occurs in the nucleus
prepositus hypoglossi (PPM) for horizontal saccades and in the interstitial nucleus of
Cajal (INC) for vertical saccades. The EBN are normally tonically inhibited by
omnipause neurons which are located in the nucleus raphe interpositus. Omnipause
neurons discharge continuously, except for just before and during saccades in any
direction, when they cease firing and release their inhibition of the EBN.
Several supra-nuclear structures are involved in triggering the brainstem circuits that
generate saccadic commands. The superior colliculus has a major role. It receives
inputs from many areas including the retina, striate cortex, parietal cortex, frontal
lobes and basal ganglia. Electrical stimulation of the ventral layers of the superior
colliculus, which project to the brainstem saccade circuits, elicits saccades
(Robinson 1972), the direction and amplitude of which are a function of the
stimulation site. Stimulation of the rostral pole of the superior colliculus (the fixation
zone), which has a direct excitatory projection to the omnipause neurons,
suppresses saccades completely (Gandhi and Keller 1997). Three populations of
saccade related neurons have been identified in the ventral layers of the superior
colliculus - fixation neurons, build-up neurons and collicular burst neurons (Munoz
and Wurtz 1995a). The site of maximum activity of burst neurons on the collicular
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map determines the desired change in eye position, this site remains constant
throughout the saccade. Build-up neurons start to discharge once a saccadic target
has been identified. As the saccade progresses, their activity spreads towards the
rostral pole, with the saccade ending when this “hill of activity” reaches the fixation
zone (Munoz and Wurtz 1995b).
The frontal lobes are thought to be particularly important in the control of voluntary
saccades. In monkeys, microstimulation of any part of FEF elicits a saccade with a
latency of about 30-45ms (Bruce et al 1985). As with the superior colliculus, there is
a motor map such that the site of stimulation determines the size and direction of the
resulting saccade. FEF project to the superior colliculus both directly and indirectly
(via the basal ganglia) and there is also a direct projection from FEF to the
brainstem saccade areas. SEF project directly to the pause cell region of the pons
and indirectly (via the superior colliculus) to the brainstem. SEF stimulation elicits
saccades with slightly longer latency than those elicited by FEF stimulation (Schlag
and Schlag-Rey 1987). SEF are thought to be particularly involved in saccades that
are programmed as part of a sequence (Gaymard et al 1990, Petit 1996). DLPC
projects to FEF, the superior colliculus and the caudate nucleus of the basal ganglia.
Its role in saccade control appears to be related to holding information in working
memory. Hence it is active in humans during memory-guided or anti-saccades
(Sweeney et al 1996) and IM S over DLPC in humans impairs the accuracy of
memory-guided saccades (Brandt et al 1998). Pharmacological inactivation of DLPC
in monkeys also impairs the accuracy of memory-guided saccades (Sawaguchi and
Goldman-Rakic 1994).
PPC (area 7a in monkeys) projects to DLPC, FEF and the superior colliculus, but
has no direct projection to the brainstem. In humans, the posterior eye field (PEF) is
located in the deep region of the intraparietal sulcus, bordering Brodmann areas 39
and 40 (Muri et al 1996). In monkeys, it is adjacent to area 7a, in the lateral
intraparietal sulcus (LIP). PEF is thought to be involved in programming saccades to
visual targets (Mazzoni et al 1996, Li et al 1999).
In the thalamus, the internal medullary lamina (IML) and the pulvinar are both
important in saccade control. These regions are connected to most of the cortical
areas involved in saccade triggering but have no direct projection to the brainstem.
In humans, the thalamus has been shown to be involved in making large amplitude,
high frequency self-paced saccades (Petit et al 1993). In monkeys, electrical
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stimulation of IML elicits contralateral saccades (Schlag-Rey and Schlag 1984,
Schlag and Schlag-Rey 1984). The pulvinar is thought to be important for directing
visual attention (LaBerge and Buchsbaum 1990).
The role of the basal ganglia seems to be to selectively gate voluntary saccades and
to prevent unwanted reflexive saccades during fixation (Hikosaka and Wurtz 1989,
Hikosaka 1989). This is mediated through their inhibitory influence over the superior
colliculus, which is only released during a saccade. The substantia nigra pars
reticulata has a high tonic discharge and inhibits the superior colliculus via a GABAergic pathway. Just prior to a saccade, the inhibitory activity of the SNPR decreases
due to increased activity in the caudate nucleus which has an inhibitory GABA-ergic
projection to SNPR. This release of inhibition of the superior colliculus facilitates the
generation of a saccade.
The major relay station for saccadic commands to the cerebellum is the NRTP. FEF
and SEF project to medial NRTP (Stanton et al 1988, Shook et al 1990) the superior
colliculus projects to caudal NRTP (Gerrits and Voogd 1986). NRTP projects to the
dorsal vermis and caudal fastigial nucleus (Yamada and Noda 1987, Noda et al
1990). The vermis and fastigial nucleus appear to be important in controlling
saccade accuracy. Pharmacological inactivation of the dorsal vermis causes
ipsilateral hypometria and contralateral hypermetria (Sato and Noda 1992). Fastigial
lesions elicit hypermetric saccades (Selhorst et al 1976). The flocculus and
paraflocculus (the vestibulocerebellum) are important in matching the saccadic
pulse and step - their ablation results in post-saccadic drift (Zee et al 1981).

Purpose of this thesis
Very few studies have explicitly examined ocular motor timing mechanisms,
although precise timing can easily be demonstrated in the timing of the release of
anticipatory smooth pursuit (Barnes and Grealy 1992) or saccadic (Bronstein and
Kennard 1987, Waterston et al 1996) movements.
The aim of this thesis is to examine temporal control in the human ocular motor
system both by quantifying temporal aspects of the ocular motor response and by
adapting established timing paradigms in order to address some fundamental
aspects of temporal control. In Chapter 3, the timing variability of saccadic eye
movements is investigated by adapting the continuation paradigm to make it suitable
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for assessing saccadic temporal performance and then analysing the data using the
Wing and Kristofferson model. In Chapter 4, the role of afferent information in a
synchronisation task is assessed using a paradigm in which saccades are
synchronised with either an auditory or a tactile metronome. In Chapter 5, the effect
of reducing temporal uncertainty (by presenting regular warning cues) on the
development of an anticipatory smooth pursuit response is investigated. The aim is
to determine whether cue modality differences found in Chapter 4 are also observed
during a task that involves a smooth pursuit rather than a saccadic response. In
Chapter 6, temporal control in the ocular motor system is examined using more
complex paradigms in which targets are tracked under head-free conditions. The
aim is to investigate the timing control of head and gaze movements whilst they are
simultaneously carrying out different tasks.
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CHAPTER 2 - GENERAL METHODS
Subjects
The subjects who participated in the experiments described in this thesis were all
healthy normal subjects. They participated in the studies after giving their informed
consent. All the experiments had local ethics committee approval.

Eye movement recording
Eye movements were recorded from the left eye during binocular viewing using a
technique which monitored the reflection of infra-red light from the limbus - the high
contrast border between the iris and sclera. Two different limbus tracking devices
were used in the experiments described in this thesis - the Iris 6500 system (Skalar
Medical, The Netherlands) and the Microguide system (Microguide Inc, USA). Both
systems had a resolution of 5-10 min arc and a linear range of approximately ±20°.
Before each experimental run, the eye position signal was calibrated with the target
position signal by requiring the subject to pursue a target moving sinusoidally with a
frequency of 0.4Hz and an amplitude of ±16° (Figure 2.1a). The calibration target
consisted of a circle, the radius of which subtended 50 min arc at the eye, with
superimposed cross-hairs. The eye position signal was plotted against target
position in order to check for linearity (Figure 2.1b). If necessary, the position of the
infra-red sensors was adjusted and the calibration repeated until linearity was
obtained.
In all experiments the motion of the target was controlled by a computer generated
signal. Target waveform output and eye movement data collection were controlled
by a 12-bit digital-analogue and analogue-digital converter (Cambridge Electronic
Design 1401). The eye movement data were analysed off-line using software
developed in-house (Barnes, 1982). Eye velocity and acceleration were obtained by
digital differentiation using two-point difference algorithms. The saccadic and
smooth pursuit signals were separated by applying a predetermined threshold
(ranging from 750 to 1500 °/s^ depending on the noise level of the signal) to the
acceleration trace. Data points lying outside the threshold were identified as fastphase eye movements and were removed and analysed separately using saccade
analysis routines. Data points lying inside the threshold were identified as slow
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phase eye movements. Gaps in the slow phase signal, produced as a result of
removing the fast phase data, were filled in using a linear interpolation technique.
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Figure 2.1: (a) Pursuit of the calibration target moving sinusoidally at 0.4Hz. (b) Plot
of eye displacement versus target displacement.

Tactile metronome
The tactile metronome was constructed from a general purpose miniature solenoid.
The solenoid was encased in a Perspex box and its plunger protruded through a
small aperture in the top of the box when the solenoid coil was energised. The
subject’s hand was placed on top of the box (with the palm facing downwards) such
that the middle finger covered the aperture and hence came into contact with the
plunger when the coil was energised.

Auditory metronome
The timing and duration of the auditory metronome events were controlled by
computer. The signals were relayed to the subject either via a stationary
loudspeaker or via headphones (Amplivox TDH/39/M), depending on the
requirements of the experiment.
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General approach to statistical analysis
All statistical analyses were performed using the SPSS software package. Most
involved the use of the SPSS General Linear Model Repeated-Measures Analysis of
Variance. Prior to carrying out the analyses, the data were checked for outliers. All
variables were then tested for departures from normality using the Shapiro-Wilk
statistic. In addition, each factor was tested for sphericity using the Mauchly test. If
the assumption of sphericity was violated, a Greenhouse-Geisser correction was
applied to the main effect and all interactions involving that particular factor. Most of
the statistical comparisons made throughout this thesis are planned comparisons,
devised a priori and tested using contrasts. The number of comparisons that can be
made using this method is restricted to the degrees of freedom associated with the
treatment source of variance. Although arbitrary, this restriction is widely used as a
limit to the number of planned comparisons that can be made without having to
correct for the possibility of type I errors being made when the null hypothesis is true
(Keppel 1982). This approach is used throughout this thesis, hence for planned
comparisons an alpha level of 0.05 is used. Where multiple post-hoc comparisons
are made, a Bonferroni correction is applied to the level of alpha to reduce the
probability of making type I errors.
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CHAPTER 3 - The application of the Wing and
Kristofferson modei to the analysis of repetitive
saccadic eye movements

General Introduction
The Wing and Kristofferson model for timing motor responses provides a method for
systematically analysing the timing variability that results when subjects make
repetitive movements at a particular target frequency. It decomposes total timing
variance into two independent components - a central timing component and a
peripheral motor implementation component.
The model was originally formulated (Wing and Kristofferson 1973a, 1973b) using
data collected during repetitive finger tapping experiments. The original paradigm
consisted of two contiguous phases. During the synchronisation phase a particular
frequency of tapping was established by having subjects tap a response key in
synchrony with a pacing tone. After a certain number of responses had been
produced, the pacing tone ceased and the subjects were instructed to continue
tapping at the established frequency. This unpaced period of tapping constituted the
continuation phase. The intervals between responses (the inter-tap intervals) in the
continuation phase were recorded and used to derive the model.
The model proposes that timing of a repetitive motor response is controlled by a
central clock process which emits a pulse whenever a target time interval has
elapsed. Each pulse initiates a motor response which results in, for example, a
finger tap. The delay between the emission of the pulse and the production of the
motor response is termed the motor delay. This two-process model is shown
schematically in Figure 3.1.
Each inter-response interval (IRI) comprises the clock interval plus the motor delay
associated with the current response, minus the motor delay associated with the
previous response - i.e. in Figure 3.1, lj=Cj+Mj-Mj.i. This scheme produces two
sources of variance - first there is variance in the duration of successive clock
intervals (CV) and second there is variance in the durations of successive motor
delays (MV).
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Ij = Cj + Mj Figure 3.1: Wing and Kristofferson’s model for the timing of repetitive, discrete motor
responses. C = clock interval, M = motor delay, I = inter-response interval
The model’s validity depends on two important assumptions. First, it assumes that
the clock and motor components are independent processes. Second, it assumes
that successive clock intervals are independent and that successive motor delays
are independent. It therefore assumes that the production of repetitive responses is
an open-loop process that does not depend on feedback of clock interval error
information between successive responses. Given that Cj and Mj are assumed to be
random, independent variables, it can be shown that IRI variance = CV + 2MV.
Wing and Kristofferson (1973b) showed that successive unpaced responses were
negatively correlated, so a relatively short IRI tended to be followed by a relatively
long one and vice versa. They argued that this negative correlation resulted from
variability in the motor implementation process - for example, a longer than average
motor delay would have the effect of increasing the current IRI and decreasing the
next IRI, assuming that the clock interval remained constant. According to the
model, variations in the duration of successive clock intervals would not result in
negative correlation between successive IRIs. For example, a longer than average
clock interval would have the effect of increasing the current IRI but would have no
effect on the next IRI, assuming that the motor delay remained constant.
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The variance associated with the motor delay (MV) is calculated directly from the IRI
data - it is the negative of the autocovariance function at lag 1. Total variance (TV) is
also calculated directly - it is the variance of the IRI data. CV is calculated indirectly since TV=CV+2MV, then CV=TV-2MV.
The autocorrelation function at lag 1 is the normalised measure of the statistical
dependence between successive intervals in a sequence of data. It is calculated by
normalising the lag 1 autocovariance function by the lag 0 autocovariance function.
Since the lag 1 autocovariance function = -MV and the lag 0 autocovariance function
= TV, it can be shown that:
lag 1 autocorrelation function =

-

1

MV>
This equation can be used to predict the statistical dependence between successive
intervals in two special cases. First, if the clock process has no variability then the
lag 1 autocorrelation function is equal to -0.5. Second, if CV is very much larger than
MV then the lag 1 autocorrelation function is equal to 0. If CV is intermediate to
these two extremes, the lag 1 autocorrelation function will be between 0 and -0.5.
This is the main prediction of the Wing and Kristofferson model. The model also
assumes that intervals that do not share a response as a common boundary are
uncorrelated, hence it predicts that the autocovariance function at lags greater than
1 is 0.
The aim of the experiments described in this Chapter was to adapt the continuation
paradigm to make it suitable for examining saccadic eye movements and then to
use this technique to investigate timing variability in the saccadic system and to
analyse the data using the Wing and Kristofferson model. The development of the
adapted paradigm is described in two pilot studies (Experiments 3a and 3b).
Experiment 3c describes the use of the modified paradigm to determine the
applicability of the Wing and Kristofferson model to the analysis of repetitive
saccadic eye movements. In Experiment 3d the effect of repetition of a standard
interval on performance of the continuation task is assessed.
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General Method
Saccade paradigm
The saccade paradigm consisted of two continuous phases - the synchronisation
phase and the continuation phase. During the synchronisation phase subjects made
repetitive horizontal saccadic eye movements from right to left to right etc. at a
frequency determined by an external timing stimulus. After 20 continuous saccades
had been made (i.e. 19 inter-saccade intervals [ISIs]) the timing stimulus was
switched off and subjects attempted to continue making repetitive saccades at the
same frequency as in the synchronisation phase. The continuation phase ended
when a further 30 ISIs had been produced.
Subjects were instructed to concentrate specifically on the timing of their responses
and were told that that the amplitude of their saccades was not important, except
that they should keep them within the linear range of the eye movement recorders
(approximately +/-20 degrees). In some experimental conditions this was aided by
using red LEDs positioned at the top and bottom of the screen, i.e. in the subject's
peripheral field of view, to mark +20 degree and -20 degree positions from the
centre of the screen, and green LEDs at the top and bottom of the screen to mark
the centre (i.e. at 0 degrees). Subjects were instructed to regard these LEDs as
boundaries rather than targets, which was not difficult since they were in their
periphery. Subjects were asked to ensure that each saccade crossed the centre
(green) boundary but did not extend beyond the red boundary on each side. In this
way, eye movements were kept within the linear range of the recorders without
introducing a spatial accuracy demand to the task. Subjects were also instructed to
move only their eyes and not to keep time by counting or by tapping their fingers or
feet.

Equipment
Subjects were seated, with head fixed, in a darkened room at the centre of a semi
circular screen with a radius of 1.5m. Eye movements were recorded from the left
eye using the Skalar Iris system with a sampling rate of 250Hz. The estimated error
in measurement of saccade onset was +/- 2ms. The calibration target was projected
onto the screen via a servomotor-controlled mirror.
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Data analysis
Inter-saccadic interval was defined as the interval between the first saccade
produced in one direction and the first saccade produced subsequently in the
opposite direction, it therefore consisted of the duration of a saccade in one direction
plus a further waiting period until the subsequent, oppositely directed, saccade
occurred. The definition of a response interval highlights an important difference
between this paradigm and those employed in previous experiments. In this
paradigm, every saccadic response contributed to an ISI. This is not the case in, for
example, finger tapping experiments, where a response interval is usually defined
as the time between successive taps, i.e. the time between successive finger
flexions, rather than the time between each flexion and the next extension. One
implication of this difference is that in the current experiments successive intervals
consisted, in part, of saccadic durations arising from movements made in opposite
directions. It is known that saccade peak velocity and duration can differ in
abducting and adducting saccades (Collewijn et al 1988). It is therefore possible that
differences in duration between successive ISIs could arise partly from the
directional difference between successive saccades. To remove any such effects
from the data, the synchronisation and continuation phase ISIs were treated in the
following way. For each run, mean leftward and rightward intervals were calculated,
as was the difference between them. This difference was then divided by two and
the result was subtracted from each ISI in the direction which had the longest mean
interval and added to each ISI in the direction which had the shortest mean interval.
This meant that the mean directional difference was taken into account, whilst
preserving the overall mean ISI for each phase. For each run, mean ISI for the
synchronisation and continuation phases respectively, was therefore calculated by
averaging all the corrected ISIs within each phase.
The corrected ISIs for each run were then analysed as follows. Autocovariance
estimates were obtained at lags 0 to 5 using the following equation:

r.0)=
n=j+l

Where j = lag, N = number of ISIs, l„ refers to the n*^ ISI and Ï is the mean ISI given
by:

n=l
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ISI variability in each phase was expressed as standard deviation by taking the
square root of lag 0 covariance.
For the continuation phase data, the autocorrelation function at lag 1 was obtained
by normalising lag 1 autocovariance by lag 0 autocovariance:

P j(l)w a s calculated for each run.

Experiment 3a: Determining the optimum experimental
conditions
Aim
The aim of this pilot experiment was to determine the optimum timekeeping stimulus
and general response conditions for a paradigm to generate data to be analysed by
the Wing and Kristofferson model. The original paradigm (Wing and Kristofferson
1973a, 1973b) used an auditory time-keeping stimulus with subjects responding by
tapping on a Morse code key. The task had no spatial accuracy component, the aim
being to investigate purely the temporal aspects of the response. In this experiment
the aim was to devise an eye movement paradigm that is as close as practicably
possible to the original paradigm.

Method
Subjects
Six healthy subjects (3 male, 3 female) took part in this study. Their mean age was
31.0 years (range 26-33 years, SD 2.4 years).

Design
A within subjects repeated measures design was used, with all subjects performing
all conditions. The within subjects factors were: amplitude (10°, 15°), LED (present,
absent) and stimulus modality (visual, visual and auditory, auditory).

-53-

Procedure

Three different external timing stimuli were used - visual, auditory or both visual and
auditory. The interval between stimulus events was 496ms. The visual stimulus
consisted of a circle, the radius of which subtended 50 min arc at the eye, with
superimposed cross-hairs. The auditory stimulus consisted of discrete beeps
(500Hz, 10ms duration) delivered via a stationary loudspeaker situated 1.5m in front
of the subject. The different experimental conditions are shown in Table 3.1.
Condition

Synchronisation Phase

VA

Visual target moving in a square wave

Continuation Phase
No auditory or visual target

accompanied by auditory signal
V

Visual target moving in a square wave

No auditory or visual target

A

Auditory signal only

No auditory or visual target

As option 1 but with LED markers

LED markers but no auditory or

VAL

visual target
VL

As option 2 but with LED markers

LED markers but no auditory or
visual target

AL

As option 3 but with LED markers

LED markers but no auditory or
visual target

Table 3.1: The expenmental conditions.
Conditions with a visual component were presented once with a target amplitude of
+/-10° and once with a target amplitude of +/-15°. For the conditions which lacked a
visual component this distinction was meaningless, but these conditions were still
presented twice to each subject. This gave a total of 12 runs, which were presented
to each subject in a randomised order in one session.

Statistical analysis
For the conditions which included a visual stimulus, the effects of target amplitude
were assessed by a 3-way repeated measures ANOVA [Amplitude (10°, 15°) x LED
(Present, Absent) x Stimulus modality (Visual, Visual and Auditory)]. This was
carried out separately for the synchronisation and continuation phases, for both
mean ISI and SD ISI. The main effect of amplitude was not significant in any of
these tests (Table 3.2) and there were no significant interactions, therefore the data
were averaged across amplitude (including the auditory conditions, in which the
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amplitude distinction was meaningless). A 3-way repeated measures ANOVA was
then carried out on this averaged data [LED (Present, Absent) x Stimulus modality
(Visual, Visual and Auditory, Auditory) x Phase (Synchronisation, Continuation)].
This was performed separately for mean ISI and SD ISI data.

Dependent variable

df

F-value

p-value

Synchronisation phase mean ISI

1.5

3.013

0.143

Synchronisation phase SD ISI

1.5

0.004

0.950

Continuation phase mean ISI

1.5

0.526

0.501

Continuation phase SD ISI

1.5

0.894

0.388

Table 3.2: Results for the main effect of amplitude from the 3-way ANOVA
[Amplitude (1(f, 15^) x LED (Present, Absent) x Stimulus modality (Visual, Visual
and Auditory)].

Results
Violations of the prediction of the Wing and Kristofferson model at Iag1
The prediction of the model that the Iag1 autocorrelation function will be between 0
and -0.5 was violated in 30.6% of runs. Conditions in which the LED markers were
present tended to produce less violations (25%) than those in which they were
absent (36.1%). Similarly, conditions which involved both visual and auditory stimuli
tended to elicit more violations (45.8%) than either the visual only conditions (25%)
or the auditory only conditions (20.8%).

Response Accuracy
Mean ISI data are shown in Figure 3.2. Mean ISI in the synchronisation phase
ranged from 485.2ms for condition VL to 493.0ms for condition VA (inter-target
interval was 496ms). Continuation phase mean ISI values were greater than
synchronisation phase values [F(1,5)=130.641, p=0.0001]. They ranged from
539.3ms for condition AL to 559.6ms for condition V. There were no systematic
differences between conditions - the main effects

of stimulus

modality

[F(2,10)=1.393, p=0.293] and LED [F(1,5)=1.335, p=0.300] were not significant and
there were no significant interactions.
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Figure 3.2: Mean ISI for each condition. Mean of 6 subjects +/-1 S.E.M.

Response Precision
ISI variability is shown in Figure 3.3. It ranged from 66.0ms for condition VA to
80.2ms for condition V in the synchronisation phase and from 58.6ms for condition
VAL to 84.5ms for condition VA in the continuation phase. The main effect of phase
was not significant [F(1,5)=0.024, p=0.884], indicating that timing variability did not
increase when the external timing stimulus was removed. Conditions in which the
LED markers were present tended to elicit lower ISI variability, but the effect was not
significant [F(1,5)=5.533, p=0.065]. The main effect of stimulus modality was also
not significant and there were no significant interactions. There were, therefore no
systematic differences between conditions.

Discussion
This experiment has shown that in terms of response accuracy and precision in both
synchronisation and continuation phases, no one timekeeping stimulus was any
better than the others. In terms of the Wing and Kristofferson model, the results
suggest that the use of LED markers and single modality timing stimuli produced
fewer violations of the model. The auditory stimulus provides the closest parallel to
the conditions used in Wing and Kristofferson’s original experiments, in that it does
not contain spatial information (because the loudspeaker is positioned at the mid
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line) and therefore it elicits an open loop response with no feedback of “target”
position. The LEDs could be regarded as spatial targets, but the subjects were
specifically instructed to regard them as boundaries and this was easy to achieve
since they were positioned at the top and bottom of the screen, rather than in the
centre where the subject’s attention was directed. When a visual target was used,
subjects produced visually guided predictive saccades during the synchronisation
phase and voluntary saccades during the continuation phase. With a purely auditory
stimulus, subjects were required to produce voluntary saccades in both phases, the
only difference between phases being the addition of a timekeeper in the
synchronisation phase. Since saccade parameters can vary for different types of
saccadic response, it is important to ensure a consistent response type throughout
both phases of the run. The conclusion of this experiment is, therefore, that the
optimum timekeeping stimulus is the auditory condition with LED markers.
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Figure 3.3: SD ISI for each condition. Mean of 6 subjects +/-1 S.E.M
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AL

Experiment 3b: The effect of practice
Aim
The model was originally formulated (Wing and Kristofferson 1973a, 1973b) using
data collected during skilled performance by highly practised subjects, each subject
participating in approximately 500 runs at each target interval. Since it was not
practicable to reproduce this number of runs, the aim of this pilot experiment was to
investigate how stable subjects’ performance in the continuation phase would be
over a relatively low number of repetitions of the saccade paradigm.

Method
Subjects
Eight healthy subjects (6 male, 2 female) took part in this study. Their mean age
was 33.8 years (range 23-48 years, SD 7.0 years).

Design
A within subjects repeated measures design was used, with all subjects performing
all conditions. The within subjects factors were: session (1, 2, 3, 4, 5) and run (1, 2,
3. 4, 5, 6,).

Procedure
The timing stimulus for the synchronisation phase was an auditory signal comprising
discrete beeps (500Hz, 10ms duration) delivered via a stationary loudspeaker
situated 1.5m in front of the subject. The interval between stimulus events was
496ms. LED markers were used to indicate to the subject the approximate linear
range of the eye movement recorders. Each subject completed five sessions,
separated by at least 24 hours. Each session consisted of 6 repeats (runs) of the
saccade paradigm. Each subject, therefore, completed 30 repeats of exactly the
same paradigm.
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Statistical analysis
For mean ISI and SD ISI in the continuation phase, a 2-way repeated measures
ANOVA was carried out [Session(1, 2, 3, 4, 5) x Run(1, 2, 3, 4, 5, 6)].

Results
Response accuracy
There did not appear to be any systematic deviations in mean ISI either across
sessions or across runs within each session (Figure 3.4). In session 1, mean ISI did
tend to decrease across the first five runs, but the ANOVA results indicated that the
main effects of Session [F(4,28)=0.808, p=0.531] and Run [F(5,35)=1.668, p=0.168]
and the Session x Run interaction were all non-significant.
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■ Run 6

550

540

S

530

S

520

Session 1

Session 2

Session 3

Session 4

Session 5

Figure 3.4: Continuation phase mean ISI for each run in each session. Mean of 8
subjects +/-1 S.E.M

Response precision
Response precision was also stable - differences within and between sessions
appeared to be arbitrary (Figure 3.5). The ANOVA showed that the main effects of
Session [F(4,28)=0.286, p=0.885] and Run [F(2.012,14.085)=0.933, p=0.417] and
the Session x Run interaction were all non-significant.
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Figure 3.5: Continuation phase SD 13! for each run in each session. Mean of 6
subjects +/- 1 S.E.M

Discussion
This experiment failed to demonstrate any effects of practice, both in terms of
response accuracy and response precision. It can, therefore, be concluded that the
response is stable and it is valid to use a relatively small number of repetitions of the
saccade paradigm.
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Experiment 3c: The applicability of the Wing and
Kristofferson model to the analysis of eye movement data
Background
Several studies have provided evidence in support of the Wing and Kristofferson
model. For example, it has been shown that successive response intervals are
usually negatively correlated (Wing and Kristofferson 1973a, Pastor et al 1992).
Also, a differential effect on the two components of the model has been
demonstrated with varying frequency of movement - as response interval increases,
CV also increases but MV remains constant (Wing 1980, Ivry and Hazeltine 1995).
Using dual-task methodology in normal subjects. Sergent et al (1993) have
demonstrated that CV can be selectively impaired when subjects perform
concurrently a finger tapping task and a verbal processing task, whereas MV is
unaffected by the secondary task. It has also been reported (Keele and Ivry 1987)
that a patient with peripheral neuropathy had increased variability during a finger
tapping task which, when decomposed into the two components of the model, was
shown to be due exclusively to an increase in variability of the motor implementation
system. This result was in accord with the peripheral nature of the deficit. Evidence
for the open-loop control of timing has been provided (Ivry and Keele 1989) in
patients with total sensory loss but intact motor function in the distal extremities.
During a finger tapping task estimates of TV, CV and MV were no different for these
patients compared with controls. There is also some evidence that clock and motor
components can be functionally dissociated in patients with various neurological
deficits. For example, based on the differential effect of lateral and medial cerebellar
lesions on estimates of CV and MV, Ivry et al (1988) concluded that the lateral
regions of the cerebellum are involved in accurate timing, whereas the medial
regions are involved in the implementation and execution of motor responses. Ivry
and Keele (1989) have also shown differences in clock and motor component
estimates between groups of Parkinson, cortical and cerebellar patients.
Support for the model has not, however, been unanimous. Most authors (for
example, Ivry and Keele 1989, Pastor et al 1992) have found that a proportion of
experimental runs violate the predictions of the model, mainly at lag 1 but
sometimes also at lags greater than 1 (O'Boyle et al 1996). It has been shown (Wing
1977a) that timing variability differs in different effectors for movements of the same
frequency. Given the proposed independence of the central timing and peripheral
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motor implementation processes, the model would predict an increase in MV for
different movement types but not in CV, since the demands on the central timing
process do not change with effector. Wing’s (1977a) findings were contrary to this
view and he was only able to demonstrate the expected effect by relaxing the
assumption of independence between successive motor implementation delays. He
has also shown (Wing 1977b) that subjects can, in some circumstances, use
feedback information to time their responses, although he concludes that timing
control is still predominantly open-loop. These results have recently been
reproduced (McIntosh and O’Boyle 1995).
Despite questions regarding the validity of the Wing and Kristofferson model, it has
previously been used successfully to investigate timing behaviour in both normals
(Sergent et al 1993) and patients (Wing and Miller 1984, Keele and Ivry 1987, Ivry
et al 1988, Ivry and Keele 1989, Pastor et al 1992, O’Boyle et al 1996, Duchek et al
1994, Harrington et al 1998a). Although the model has been applied to the analysis
of the timing of movements of various effectors, for example the wrists and forearm
(Wing 1977a), it has not previously been used to analyse saccadic eye movement
timing variability. Eye movement data may be particularly suited to such an analysis,
because if there is no auditory feedback associated with each response and if there
is no visual target, then the only source of feedback will be from extraretinal signals,
which are known to be weak. Although the model assumes that feedback is not
used, there is some evidence that auditory feedback may be important (Wing 1977b,
McIntosh and O’Boyle 1995), as already noted. Although extraretinal signals - both
inflow (proprioception) and outflow (efference copy) - are involved in spatial
localisation, they are not thought to provide accurate registration of changes in eye
position (Bridgeman and Stark 1991). Proprioceptive feedback is thought to be
particularly weak and can be essentially viewed as a backup to the more dominant
efference copy signal (Steinbach 1987, Bridgeman and Stark 1991). The main
contribution of proprioception to ocular motor control appears to be in the
development of the system (Steinbach 1987) and in long-term adaptation (Lewis et
al 1994). Given that there is evidence that subjects can use feedback information to
time responses, and given that these feedback mechanisms are less effective in
ocular motor control, it is possible that a model which assumes that such feedback
is not used may be more applicable to eye movements than to other movements. It
is therefore possible that the Wing and Kristofferson model will be violated less
frequently when applied to eye movement data than when applied to data from other
effectors.
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Aims

1. To assess the applicability of the Wing and Kristofferson model to the analysis
of eye movements.
2. To test the hypothesis that the model might be violated less frequently when
applied to eye movements.
3. To assess the effects of varying target interval on the parameters of the model.

Method
Subjects
Eight healthy subjects (four male, four female) participated in this study. Their mean
age was 29.8 years (range 20 to 37 years, SD 5.6 years).

Design
A within subjects repeated measures design was used, with all subjects performing
all conditions. The within subjects factors were:

phase (synchronisation,

continuation) and target interval (496ms, 752ms, 1000ms).

Procedure
The auditory timing stimulus consisted of discrete beeps (500Hz, 10ms duration)
delivered via a stationary loudspeaker situated 1.5m in front of the subject. LED
markers were used in all conditions. Subjects completed three experimental
sessions, each separated by at least 24 hours. Each session consisted of twelve
repetitions of the saccade paradigm. Each subject was tested at three different
frequencies, corresponding to auditory timer stimulus intervals (target intervals) of
496ms, 752ms or 1000ms. During each session frequency was constant for all
twelve runs. The different frequency conditions were randomised across subjects.
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Data analysis
The validity of the Wing and Kristofferson model depends on the continuation phase
ISI data being statistically stationary (over time) in terms of both mean and
variability. Non-stationarity in the data can result in distorted autocovariance
estimates. Linear trends in the continuation phase ISI data were assessed by
performing a linear regression analysis. The correlation coefficient (r) and slope
were calculated for each run. At each target interval, mean slope was calculated by
averaging across subjects and repetitions. The mean percentage of runs that
produced a significant regression was also calculated. Autocovariance functions
were then re-calculated using the residuals from the regression analysis. In order to
assess trends in variability in the detrended data, the slope of the residual plots was
calculated for each run. For some runs the model's prediction that P i(l) should lie
between 0 and -0.5 was violated. These runs were discarded from further analysis.
The model’s prediction of zero autocovariance estimates at lags greater than 1 was
tested by plotting, at each target interval, autocovariance at lags 2-5 averaged
across subjects. This procedure was performed twice - once using data from all runs
and once using data from runs that did not violate the model’s prediction at lag 1.
The model was considered to have been violated at lags greater than 1 if, at that
lag, zero covariance did not fall within the 99% confidence interval of the observed
mean covariance.
For each run, total ISI variance (i.e. lag 0 autocovariance) was partitioned into clock
and motor variance as follows:
Motor variance (MV) = -lag 1 autocovariance
Clock variance (CV) = total variance (TV) - (2 x motor variance)
These variances were then expressed as standard deviations by taking the square
root. Mean values of ISI, TV, CV and MV were calculated for each subject at each
target interval by taking the mean across all runs that did not violate the model’s
prediction at lag 1. Mean values for each target interval were then obtained by
calculating the mean across subjects.
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Statistical analysis
A

2-way

repeated

measures

Analysis

of

Variance

(ANOVA)

[Phase

(synchronisation, continuation) x Target Interval (496ms, 752ms, 1000ms)] was
carried out on the mean ISI data. Differences between phases and between target
intervals were assessed using a priori contrasts. The effect of target interval on TV,
CV and MV was assessed by performing three separate repeated measures
ANOVAs; a priori contrasts were used to assess the effect of changes in target
interval on each of these parameters.

Results
Stationarity of the data during the continuation phase
The results of the linear regression analysis of ISI values are shown in Table 3.3.

Runs with + slope:

Runs with - slope:

All Runs:

% Runs
% Runs p<.05
Slope
r (min and max)
% Runs
% Runs p<,05
Slope
r (min and max)
% Runs p<.05
Slope
r (min and max)

496
69.8
14.9
1.347
0.00 - 0.65
30.2
6.9
-0.434
0.00 - 0.38
12.5
1.229
0.00 - 0.65

Target Interval (ms)
752
60.4
6.9
1.454
0.01 - 0.52
39.6
7.9
-0.943
0.00 - 0.42
7.3
1.513
0.00 - 0.52

1000
68.8
10.6
2.419
0.01 - 0.61
31.2
10.0
-1.497
0.01 - 0.37
10.4
2.357
0.01 - 0.61

Table 3.3: Results of linear regression analysis of ISI values at each target interval.
Slope values represent mean of all subjects and all runs.
There was a significant linear trend in 12.5% of runs at a target interval of 496ms,
7.3% of runs at 752ms and 10.4% of runs at 1000ms. Many of the runs had slope
values greater than 1. At all target intervals there were more runs with a positive
slope than with a negative slope. This indicates that if there was a drift in ISI
throughout the continuation phase, it tended to increase rather than decrease, so
subjects tended to slow down rather than speed up. These linear trends were taken
into account by using the residuals derived from the regression analysis to re
calculate the autocovariance functions at lags 1-5. The detrended data were used in
all subsequent analyses. Analysis of the residual plot slope values for each run
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showed that there were no consistent trends in the variability of the data for each
run (slope averaged across all subjects and all runs = 3.6x10'^®).

Violations of the predictions of the Wing and Kristofferson Model at Lag 1
The prediction of the Wing and Kristofferson Model that the lag 1 autocorrelation
function will be between 0 and -0.5 was not observed in all runs. Table 3.4 shows
the percentage of runs that violated the model at lag 1 for each subject at each
target interval.

Subject
1
2
3
4
5
6
7
8
Mean

Target Interval (ms)
496
752
1000
0.0
16.7
16.7
8.3
8.3
16.7
25.0
8.3
0.0
8.3
16.7
0.0
0.0
33.3
41.7
16.7
8.3
16.7
16.7
33.3
33.3
16.7
25.0
25.0
13.5
20.8
14.6

Mean
11.1
11.1
11.1
8.3
25.0
13.9
27.8
22.2
16.3

Table 3.4: For each subject in each condition, % violation of the prediction of the
Wing and Kristofferson model that Lag1 Correlation lies between 0 and -0.5
The grand mean percentage violation (averaged across subjects, repetitions and
conditions) was 16.3. For individual subjects the mean varied from 8.3% to 27.8%.
The lowest incidence of violation was observed at a target interval of 1000ms, but in
general there was no clear pattern of violations with varying target interval.

Violations of the predictions of the Wing and Kristofferson Model at Lags 2-5
Figure 3.6 shows mean autocovariance functions at lags 1-5, separately for data
from all runs and for data from those runs that did not violate the model's prediction
at lag 1. The results for all runs obviously indicate the true level of violation at lags 25, but from the point of view of the model parameters (TV, CV and MV) the data that
fit the model at lag 1 are more relevant because these were the data that were used
to calculate the model’s parameters.
Mean lagi autocovariance was negative, as predicted by the model, at all target
intervals. Autocovariance at lags 2-5 tended to be closer to zero than at lagi.
However, the results for all runs showed that there were several violations of the
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prediction that autocovariance at lags greater than 1 is zero. Applying 99%
confidence intervals, the model was violated at lags 2 and 4 at both the 496ms and
752ms target intervals and at lag 2 at 1000ms. The results for data that fit the model
at lag 1 showed fewer violations of the model at lags 2-5. Applying 99% confidence
intervals, the model was violated at lag 2 for all target intervals.
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Figure 3.6: Autocovanance functions at lags 1-5. Mean and 99% confidence
intervals are shown at each target interval for data averaged across subjects and
repetitions. The Wing and Kristofferson model is violated at lags 2-5 if 99%
confidence intervals about the mean (as indicated by the error bars) do not cross
zero. Data are presented from all runs (top panel) and from those runs that do not
violate the model at lag 1 (bottom panel).

Mean ISI

Mean ISI data are shown in Figure 3.7. During the synchronisation phase, subjects
were able to produce ISIs that closely matched the target interval. Averaged across
all eight subjects, mean ISI was within 4ms of each target interval. Mean ISI
increased significantly during the continuation phase [F(1,7)=15.804, p=0.005].
Collapsed across phase, polynomial contrasts showed a significant linear increase
in mean ISI with increasing target interval [F(1,7)=683.932, p=3.07x10®]. The
interaction between phase and target interval was not significant [F(1,7)=4.952,
p=0.056]. Although ISI tended to be overestimated in the continuation phase,
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subjects were able reliably to produce responses at different frequencies in the
absence of an external pacing stimulus.
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Figure 3.7; Mean inter-saccade inten/al (ISI) in the synchronisation and continuation
phases at each target interval. Mean of 8 subjects, +/- 1 S.EM.

The effect of target interval on the model parameters (TV, CV and MV) In the
continuation phase
The effect of varying target interval on the model parameters is shown in Figure 3.8.
Mean TV (with group SD in brackets) increased from 58.1ms (18.6ms) at a target
interval of

496ms, to 81.8ms (16.3) at 752ms, to 107.8ms (15.7) at 1000ms.

Polynomial contrasts showed that TV increased linearly with increasing target
interval [F(1,7)=95.254, p=2.51x10'®].

A similar pattern was observed for CV. Mean levels (with group SD in brackets)
increased from 40.4ms (12.3) at a target interval of 496ms, to 54.4ms (11.3) at
752ms, to 71.7ms (14.1) at 1000ms. Polynomial contrasts showed that CV
increased linearly with increasing target interval [F(1,7)=50.892, p= 1.88x10 °^].

For MV the pattern was the same. Mean levels (with group SD in brackets)
increased from 29.4ms (10.4) at a target interval of 496ms, to 42.8ms (10.2) at
752ms, to 55.6ms (14.1) at 1000ms. Polynomial contrasts showed that MV
increased linearly with increasing target interval [F(1,7)=36.875, p=0.001].
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Figure 3.8: Total (TV), Clock (CV) and Motor (MV) vanability at each target interval.
Mean of 8 subjects, +/-1 S.E.M.

Discussion
Violations of the predictions of the Wing and Kristofferson model
The prediction of the model that the lag 1 autocorrelation function will be between 0
and -0.5 was violated in approximately 16% of runs. This is slightly lower than the
incidence of violation found in normal subjects during finger tapping experiments.
For example, O’Boyle et al (1996) reported a 27% incidence of violation (mean of
two sessions) for their controls. For repetitive wrist movements (Pastor et al 1992)
violations of the model in normals occurred more frequently, the incidence ranged
from 40% to 70% depending on the frequency of movement. The results presented
here, therefore, support the hypothesis that eye movement data would violate the
model less frequently (at lagi) than data from movements of other effectors.

The prediction of zero covariance at lags greater than 1 was sometimes violated in
the current study. Similar results have been previously reported for finger tapping
data (O’Boyle et al 1996) and for repetitive movements of the fingers, wrists and
forearm (Wing 1977a). Wing suggested that violations at lags greater than one
indicate that one or both the model’s assumptions of independence (between the
clock and motor processes and between successive components of each process)
might not be correct.

-69-

Taken together, the incidence of violations at lag 1 and at lags greater than 1
indicate a departure in the data from the statistical structure proposed by the model.
However, Figure 3.6 shows that the general tenor of the model has been obeyed, in
that covariance was negligible at all lags except Iag1, and that at Iag1, covariance
was negative. Given that most authors report similar findings with respect to the
incidence of violation, the model does not appear to be any less applicable to eye
movement data than to data obtained from movement of other effectors.
These results do, however, raise the question of why the model is violated so
frequently. Several possibilities have been discussed previously. Some authors (Ivry
and Keele 1989, O’Boyle et al

1996) have suggested that calculating

autocovariance functions from small sample sizes (typically 20 to 30 inter-response
intervals) may cause the model’s prediction at lag 1 to be violated. It is known that
the autocovariance functions are biased (Vorberg and Wing 1996) and that the
severity of the bias depends on the sample size. This bias can result in
autocovariance functions that differ from predicted values even if the underlying
model is correct. It is possible to correct for the bias by calculating unbiased
covariance estimates at lags 0 and 1. These unbiased estimates can then be used
to construct biased theoretical covariance estimates, which will differ from zero, at
lags greater than 1. This method has been used previously by some authors
(O’Boyle et al 1996). It has not been applied to the current data because the
calculation of unbiased estimates depends on the validity of the prediction that
covariance at lags greater than one is zero (Vorberg and Wing 1996). If this
prediction is incorrect, which was the case for these data, then the calculation of
unbiased estimates becomes a meaningless exercise.
Another possible source of violation of the model’s predictions is lack of stationarity
in the data. Any trend in the mean or variance of response intervals can lead to
distortion of autocovariance function estimates. A linear trend can be removed by
linear regression (Vorberg and Wing 1996), without further distorting the
autocovariance functions, and the model’s parameters can then be calculated from
the residuals. However, this method was applied in the current study and violations
of the model were still observed.
As discussed in the introduction. Wing (1977a, 1977b) has questioned the validity of
the model’s assumption that the timing of repetitive movements is controlled in an
open-loop manner and also its assumptions of independence, both between the
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clock and motor processes and between successive components of each process. It
seems likely, therefore, that the model does not provide a complete account of
motor timing control during repetitive movements and hence it is not surprising that
experimental data routinely violate the model's predictions.

The effect of varying target interval on TV, CV and MV
A good test of the validity of the model is to assess the effect of different target
intervals on TV, CV and MV. It has been previously demonstrated that the variability
associated with either estimating (Creelman 1962) or producing (Peters 1989) an
interval increases as the length of the interval increases. In terms of the Wing and
Kristofferson model, an increase in inter-response interval is achieved by increasing
the duration between successive clock pulses. Therefore, CV would be expected to
increase with increasing interval. The current results support this view since both TV
and CV increased significantly as target interval was increased from 496ms to
752ms to 1000ms.
Conversely, MV would not be expected to be influenced by changes in target
interval because it reflects variability in delays in the motor implementation process
from response to response and at each interval the motor act that was executed
was the same. These results did not support this view - there was a significant
increase in MV as target interval was increased from 496ms to 752ms to 1000ms.
Since MV is the negative of the autocovariance function at lagi, the increase in MV
reflects the fact that the extent of negative covariation between successive ISIs
increased as target interval increased. This suggests that even in runs where lag 1
autocorrelation was within the expected range, changes in the lag 1 autocovariance
function estimates with increasing target interval were not an accurate
representation of changes in variability within the underlying motor implementation
process.
Previous studies have shown general, although not invariable, agreement with the
differential effect on CV and MV of changes in target interval. For example, Pastor et
al (1992) showed that CV tended to increase with increasing interval length for their
normal subjects. They did not present a statistical analysis of the effect, but the
differences in CV were small, particularly at the lowest target intervals, and the
standard deviations were quite large, so it is possible that this effect was not
significant. Their estimates of MV showed a general, but probably non-significant.
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increase with increasing target interval. Wing and Kristofferson (1973a) showed how
CV and MV varied with increasing mean inter-response interval in eight individual
subjects. The effect was not consistent - in some subjects MV was unaffected by
increasing interval, but in others MV increased linearly with increasing interval. As
predicted, CV increased linearly with increasing interval in all subjects. However, in
a later paper (Wing 1980) data representing the average of four subjects were
presented which clearly showed that as the interval increased CV also increased but
MV remained constant. Ivry and Hazeltine (1995) have also demonstrated this
differential effect on CV and MV in data recorded from eight college-aged normal
subjects. Harrington et al (1998a), however, report findings similar to the current
results, in that their estimates of both CV and MV increase with increasing target
interval.
Deriving slope and intercept values from the graph of TV versus target interval
provides an alternative method for partitioning variance on a timing task into
functionally separate components. The basic premise of this Slope Analysis (Ivry
and Corcos 1993, Ivry and Hazeltine 1995) is that there are two sources of variance
associated with performance on a timing task - duration dependent and duration
independent. Duration dependent variance increases with increasing response
interval duration and is represented by the slope of the graph; duration independent
variance is independent of the length of the response interval and is represented by
the y-axis intercept value. An estimate of duration dependent variance at each target
interval can be made by subtracting the intercept value from the value of TV at that
interval. To equate these measures with estimates of “clock” and “motor” variability,
the assumption must be made that timing variability is the only duration dependent
process. Applying the method described by Ivry and Corcos (1993) to the current
data yields a duration independent variability estimate of 5.16ms at all target
intervals and a duration dependent estimate of 50.9ms, 77.8ms and 102.8ms at
target intervals of 496ms, 752ms and 1000ms respectively. The values for time
dependent variability are greater than values of CV at each interval. This reflects the
fact that the assumption that timing variability is the only duration dependent
process is not valid for these data. Slope analysis provides an interesting alternative
to the Wing and Kristofferson analysis and has the advantage of providing a means
of comparing a directly derived measure of duration dependent variability (the slope
of the graph) across different tasks.
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Magnitude of TV, CV and MV during repetitive saccades
In the current study, the values of model parameters (TV, CV and MV) were very
high compared to previous studies. It seems that repetitive saccadic eye movements
are associated with a relatively high level of timing variability compared with
repetitive movements of other effectors. For example, at a target interval of 496ms
TV was 56.0ms, CV was 40.4ms and MV was 29.4ms. During finger tapping at a
target interval of 550ms, O’Boyle et al (1996) report figures for control subjects of
TV=20ms, CV=15ms and MV=8ms. For repetitive wrist movements. Pastor et al
(1992) reported figures for elderly normal subjects at a target interval of 500ms to be
(after converting their variance data to standard deviation): TV=12.4ms, CV=9ms
and MV=6.1ms.
In theory, MV might be expected to be lower for repetitive eye movements than for
movements of other effectors. MV results partly from variability in neural
transmission times and in the ocular motor system the pathways involved are
relatively short. In the case of voluntary horizontal saccadic eye movements,
although many frontal cortical areas are involved in triggering the brainstem circuits
that produce the burst signal that drives the saccade, the actual pathway from the
burst cells in the paramedian pontine reticular formation (PPRF), to the abducens
and oculomotor nuclei that drive the extraocular muscles, is relatively short
compared to the pathways involved in manual control. In terms of the model, it is
necessary to define which neural substrates constitute the central timing system and
which constitute the motor implementation system. Keele and Ivry (1987) have
attempted such a definition for limb movements, based on their experimental
evidence of timing deficits in various patient groups. Their scheme proposes that
variability in the central timing system arises from variability in the loops that go from
the cerebral cortex and return to it via the basal ganglia, thalamus and cerebellum.
They propose that motor implementation variability arises from fluctuations in neural
transmission times from the cerebral cortex to the spinal cord - both directly and via
the thalamus or cerebellum - and from the spinal cord to the relevant effectors. If this
scheme is applied, albeit in a highly speculative manner, to voluntary saccades,
then loops going from the cortical areas involved in saccade control to the basal
ganglia, thalamus and cerebellum and back to the cortex, could constitute the
central timing system. Pathways from the frontal eye fields (FEF) to the superior
colliculus and, via the brainstem, to the extraocular muscles, could constitute the
motor implementation system. This motor pathway is relatively short when
compared to transmission from the motor cortex to the finger muscles, so in theory
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MV might have been expected to be relatively low. Perhaps these results indicate
that variability in neural transmission times does not make a large contribution to the
overall variability of the motor implementation system.
There are several possible reasons why values of TV, CV and MV were so high.
First, most previous studies, with one notable exception (Pastor et al 1992) carried
out some preliminary 'cleaning' of their data during experimental sessions. For
example, several authors (Ivry et al 1988, Ivry and Keele 1989, O’Boyle et al 1996)
excluded, during the experiment, any runs which contained inter-response intervals
that were very high (usually greater than target interval plus 50% of target interval)
or very low (usually target interval minus 50% of target interval). During finger
tapping experiments, the usual rationale behind this was to eliminate long responses
caused by a ‘sticky’ response key or short responses caused by a ‘bouncy’
response key. Since there is no real analogue of this in an eye movement
paradigm, no runs were eliminated on the basis of very long or very short response
intervals. Since such responses did at times occur, this inevitably inflated TV. Unlike
in other studies (O’Boyle et al 1996), subjects were not given any feedback
regarding their performance after each run. This too may have contributed to the
higher level of TV.
Second, repetitively moving the eyes in darkness with no visual target is not a very
natural movement; unlike finger tapping it is not a movement that is routinely made
in everyday life. Subjects commented that the absence of a visual target and the
lack of auditory feedback meant that it was difficult at times to define the start and
end points of each response. These comments reflect the weakness of the feedback
provided by extraretinal signals, as discussed in the introduction. According to the
model, such feedback is not used to time responses accurately. However, evidence
has been presented to the contrary (Wing 1977b, McIntosh and O’Boyle 1995). It is
possible that this lack of feedback introduced a degree of uncertainty which resulted
in high levels of variability.
Third, it may be that these results represent an extension of a previous finding (Wing
1977a) that despite constant mean inter-response intervals, TV varied across
different effectors, becoming larger as the effector became smaller and more finely
controlled. In theory, this might be expected only to influence TV and MV, since the
demands on the central timing process, in terms of the length of interval to be timed,
does not change with effector. In practice. Wing found that contrary to expectation,
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CV also increased as the effector became more finely controlled. The current finding
of large values for TV, CV and MV during eye movements therefore accords with
Wing’s finding of high variability in smaller and more finely controlled effectors.

Conclusions

1. The Wing and Kristofferson model appears to be violated less frequently when
applied to eye movement data than when applied to data from other effectors.
2. As predicted by the model, the durations of successive ISIs were negatively
correlated and both TV and CV increased with increasing ISI. Contrary to
expectation, MV also increased with increasing interval.
3. These results do not conclusively demonstrate the validity of applying the Wing
and Kristofferson model to the analysis of timing variability during repetitive
saccadic eye movements. However, comparison with previous work has shown
that, at least in normal subjects, it is equally valid to apply the model to the
analysis of eye movements, as it is to apply it to the analysis of data from other
effectors.
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Experiment 3d: The effect of repetition of a standard interval
on continuation phase performance
Aim
The aim of this study was to investigate the effect of repetition of a standard interval
(in the form of a Synchronisation paradigm) on performance on a Continuation task,
specifically on the parameters of the model - TV, CV and MV. It is possible that
such repetition might increase the accuracy and/or precision of the response, or
conversely there might be a fatigue effect which could reduce accuracy and/or
precision.

Method
Subjects
Seven healthy subjects (4 male, 3 female) took part in this study. Their mean age
was 30.4 years (range 20-39, SD 5.7 years).

Design
A within subjects repeated measures design was used, with all subjects performing
all conditions. The within subjects factors were: order of run (pre-, post-) and target
interval (496ms, 752ms, 1000ms).

Procedure
The timing stimulus for the synchronisation phase was an auditory signal comprising
discrete beeps (500Hz, 50ms duration) delivered to the subject via headphones
(Amplivox TDH/39/M). LED markers were used to indicate to the subject the
approximate linear range of the eye movement recorders. Eye movements were
recorded using the Microguide system, with a sampling rate of 250Hz. Each subject
was tested at three different frequencies, corresponding to auditory timer stimulus
intervals (target intervals) of 496ms, 752ms and 1000ms. Each subject completed
three sessions, separated by at least 24 hours. Target interval was constant within
each session. Each subject completed two continuation runs per session, one
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before and one after completing 12 runs of a synchronisation paradigm in which the
auditory timer was on throughout the entire run (see Chapter 4 for details).

Data analysis
The model’s parameters were calculated using the method described in Experiment
3c. Runs that violated the model’s prediction that lagi correlation would be between
0 and -0.5 were discarded from further analysis.

Statistical analysis
For mean ISI, TV, CV and MV, paired t-tests were carried out to compare results
pre- and post- the synchronisation task at each frequency. This method was used in
preference to a repeated measures ANOVA because the sample sizes were not
equal due to different rates of violation of the model at different frequencies. To
correct for multiple comparisons, alpha (0.05) was divided by the number of paired
comparisons (12) to give a corrected alpha level of 0.004.

Results
Mean ISI
Figure 3.9 shows mean ISI in the continuation phase, before and after completing
12 runs of the synchronisation paradigm. Paired t-test of the pre- and post- values
showed that there was no difference between the two runs at any of the target
frequencies (Table 3.5).

The model’s parameters - TV, CV and MV
Both TV and CV increased with increasing target interval (Figure 3.10). MV also
tended to increase, at least when target interval increased from 496ms to 752ms.
However, the linear relationship between MV and target interval was not as strong
as it was in experiment 3c.
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Figure 3.9: Mean ISI. N=6 at 492ms, N=3 at 753ms, N=7 at 1000ms, +/- 1 S.E.M.
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Figure 3.10: TV, CV and MV. N=6 at 492ms, N=3 at 753ms, N=7 at 1000ms, +/- 1
S.E.M.
TV and CV tended to be lower in the post- than the pre- synchronisation run, at least
at target intervals of 752ms and 1000ms. Paired t-test showed, however, that these
effects were not significant (Table 3.5). Conversely, MV tended to be slightly higher
in the post-synchronisation run, but again, this effect was not significant (Table 3.5).
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Dependent
variable
Mean ISI

TV

CV

MV

df

t

p-value

Pre-496 vs Post-496

5

-0.888

0.415

Pre-752 vs Post-752

2

-1.258

0.335

Pre-1000 vs Post-1000

6

1.375

0.218

Pre-496 vs Post-496

5

-1.799

0.132

Pre-752 vs Post-752

2

-0.093

0.934

Pre-1000 vs Post-1000

6

0.787

0.461

Pre-496 vs Post-496

5

-0.453

0.669

Pre-752 vs Post-752

2

1.085

0.391

Pre-1000 vs Post-1000

6

0.958

0.375

Pre-496 vs Post-496

5

-1.233

0.273

Pre-752 vs Post-752

2

-4.027

0.056

Pre-1000 vs Post-1000

6

-0.353

0.736

Paired comparison

Table 3.5: Results of paired t-test comparisons for mean ISI, TV, CV and MV.

Discussion
This experiment has shown that repetition of a standard interval, in the form of 12
runs of a synchronisation paradigm, had no effect on performance on a Continuation
paradigm. There was a tendency for CV to be lower in the post-synchronisation run,
suggesting that the intervening 12 runs using the synchronisation paradigm might
have improved subjects’ precision in setting an internal ‘clock’ interval. Similarly,
there was a tendency for MV to be greater in the post-synchronisation run,
suggesting a possible fatigue effect. These effects, however, were not statistically
significant.
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CHAPTER 4 - THE ROLE OF RESPONSECONTINGENT FEEDBACK WHEN SYNCHRONISING
SACCADIC EYE MOVEMENTS WITH A METRONOME
Introduction
One of the simplest, and oldest (Stevens, 1886; Dunlap, 1910) paradigms used in
the study of timing behaviour is the so-called Synchronisation paradigm, in which
subjects attempt to synchronise a motor response (for example, finger tapping) with
a series of isochronous external timing events (i.e. a metronome). This seemingly
simple task requires that subjects (i) evaluate, represent and reproduce the
reference interval provided by the metronome, (ii) predict the times of occurrence of
both metronome beat and associated response, (iii) perceive any temporal
asynchrony between metronome beat and response and (iv) regulate subsequent
performance on the basis of that perception (O'Boyle, 1997). Several models of
normal synchronisation behaviour have been formulated (Michon, 1967a; Michon
and van der Valk, 1967b; Hary and Moore, 1985; Hary and Moore, 1987; Schulze,
1992; Vos and Helsper, 1992; Mates, 1994a; Mates, 1994b; Vorberg and Wing,
1996).
Within an interval range of about 300 to 2000 ms, normal subjects are capable of
synchronising with a metronome with a high degree of precision (repeatability)
(Fraisse, 1982; Peters, 1989; Mates et al., 1994c). Their response accuracy,
however, is influenced by a consistent tendency to anticipate the next metronome
event, resulting in a synchronisation error (SE - defined as time of response onset
minus time of metronome event) that is consistently negative, in the order of tens of
milliseconds. This negative SE has been observed in numerous studies (Kolers and
Brewster, 1985; Hary and Moore, 1985; Hary and Moore, 1987; Peters, 1989; Mates
et al., 1992; Vos et al., 1995; Aschersieben and Prinz, 1995; Aschersieben and
Prinz, 1997). There are, however, exceptions (Najenson et al., 1989; Schulze,
1992), probably caused by differences in stimulus and response conditions,
manipulation of which is known to influence the magnitude of SE.
For example, the modality in which the metronome is presented influences the
magnitude of SE. Kolers and Brewster (1985) showed that SE was most negative
with an auditory metronome and least negative with a visual one, with a tactile
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metronome eliciting SEs somewhere in between. Al-Attar et a! (1997) have also
shown more negative SEs with an auditory metronome than with a visual one. SE is
also affected by the nature of sensory feedback associated with the subject’s
response. If, in addition to the usual tactile/kinaesthetic feedback, subjects are given
auditory feedback associated with each motor response, then SE becomes less
negative (Mates et al., 1992; Aschersieben and Prinz, 1995). In a later study,
Aschersieben & Prinz (1997) introduced a delay between each finger tap response
and its associated auditory feedback and found that SE increased in proportion to
the length of the delay. SE also varies depending on the motor effector used to
produce the response. Aschersieben and Prinz (1995) looked at the SEs resulting
from tapping either fingers or toes in time with an auditory metronome. They found
that the SE associated with toe-tapping was greater (more negative) than for fingertapping. Similar results were reported by Billon et al (1996a) who found that SE was
more negative for repetitive heel movements than for repetitive finger movements,
both when carried out separately and when carried out simultaneously. Similarly,
Fraisse (1982) also reported greater SE for foot tapping than for index finger
tapping. The site of delivery of the metronome also affects the magnitude of SE. AlAttar et al (1998) used electrical stimulation to produce a cutaneous metronome
either in the upper arm or lower leg and instructed subjects to tap the index finger of
their dominant hand in synchrony with it. SE was negative for both metronome
conditions, but the upper arm metronome elicited greater (more negative) SE than
the lower leg metronome.
Increasing the interval between metronome events generally leads to an increase in
negative SE (Woodrow, 1932; Bartlett and Bartlett, 1959; Peters, 1989; Mates et al.,
1994c). Some studies have shown that the variability of SE also increases as the
metronome interval increases (Peters, 1989; Mates et al., 1994c), but Fraisse
(1982) argues that variability follows a U-shaped function, being lowest in the 400 to
800 ms region and increasing for metronome intervals on either side of this range. A
similar U-shaped function was observed by Woodrow (1932), but only when SE
variability was expressed as a percentage of metronome interval.
Several theories have been postulated to explain why negative SE is observed
during a synchronisation task. The theory which has attracted the most attention is
based on an idea that was first proposed by Paillard (1949) and later elaborated by
Fraisse (1980). Central to the Paillard-Fraisse hypothesis is the idea that
simultaneity of events is judged centrally and that sensory inputs have a ‘perceptual
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latency’ associated with them which is dependent on the length of their afferent
pathway and the speed of signal conduction along it. For example, according to this
hypothesis, an auditory click and a discrete finger movement which occur at the
same time will not be perceived centrally as occurring simultaneously because the
perceptual latency of the auditory input is less than that associated with the
tactile/kinaesthetic input which results from the finger movement. Objective temporal
synchronisation of these two events results in the subjective impression that the
finger movement has occurred too late (Muller et al 1999). It follows, therefore, that
in order for the two events to be subjectively judged as occurring simultaneously, the
finger movement would actually have to precede the auditory click, hence producing
a negative SE with a magnitude approximately equal to the difference between the
two perceptual latencies.
Assuming that perceptual latencies are ordered auditory<tactile/kinaesthetic<visual,
then the Paillard-Fraisse hypothesis can account for all of the effects on SE,
described above, that result from various manipulations of the basic Synchronisation
paradigm. According to the hypothesis, SE is more negative with an auditory
metronome than with a tactile one because perceptual latency is less for the
auditory stimulus than for the tactile stimulus, so in order for events to be judged as
being simultaneous, the subject’s response must occur more in advance of an
auditory metronome than a tactile one. Similarly, a tactile metronome elicits more
negative SEs than a visual one because perceptual latency is less for the tactile
stimulus than for the visual one. When, in addition to the usual tactile/kinaesthetic
feedback associated with a motor response, response-contingent auditory feedback
is provided, SE becomes less negative because the perceptual latency associated
with the subject’s response has effectively been reduced and hence the response
must occur later in time in order to be judged as occurring simultaneously with the
metronome. The observation that the magnitude of SE is influenced by which motor
effector is used to produce the response can be explained in terms of differences in
the perceptual latencies involved in the conduction of tactile/kinaesthetic information
from the effector to the brain. For example, the feedback pathway is longer for a foot
movement than for a finger movement, so the perceptual latency is greater for the
foot than for the finger, assuming that conduction velocity is the same in the two
pathways. Therefore, in order for a foot movement to be subjectively judged as
occurring simultaneously with the metronome, it is necessary for it to be executed
further in advance of the metronome than a finger movement would have to be,
hence SE is greater for foot movements than for finger movements. Finally, the
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finding that during a finger tapping task a cutaneous metronome elicits more
negative SEs when applied to the upper arm than when applied to the lower leg, can
be explained in terms of the differing path lengths from the two metronome sites to
the brain. In this case the perceptual latency involved in carrying tactile/kinaesthetic
feedback from the effector to the brain remains constant for the two metronome
conditions. It is longer than the perceptual latency associated with the conduction of
sensory signals from the upper arm metronome site, therefore, the finger movement
must occur in advance of the metronome event in order for simultaneity to be judged
subjectively. The perceptual latency associated with the lower leg metronome is
longer than that associated with the upper arm metronome and therefore SE is less
negative in the lower leg metronome condition.
The idea of perceptual latency can also be used to explain observations made
originally by Paillard (1949) that when simultaneous heel and index finger lifting
movements are executed under self-paced conditions (i.e. without an external timing
cue) heel movement precedes finger movement, but when the movements are
made in response to discrete auditory warning signals (i.e. in a reactive manner),
then finger movements are executed first. These results have been reproduced and
extended by Billon et al (1996a) who showed that when simultaneous heel and
finger movements are synchronised with an isochronous external metronome, the
heel movement again occurs first. According to the Paillard-Fraisse hypothesis, the
perceptual latency associated with the afferent pathway from heel to brain is greater
than that associated with the shorter finger-brain pathway. In the self-paced and
synchronisation conditions, in order for heel and finger movements to be judged as
being simultaneous, their two afferent sensory codes must arrive at the brain
simultaneously and, therefore, the heel movement must be executed in advance of
the finger movement. In the reactive condition, the motor command is issued
centrally and since the efferent pathway to the finger is shorter than to the heel, the
finger movement occurs first. Bard et al (1992) also reproduced Paillard’s original
result and provided further support for the idea that afferent information is used to
control the timing of the two effectors by reporting that in a deafferented patient,
finger movements preceded heel movements in both the reactive and self-paced
conditions.
Despite the evidence presented thus far in favour of the Paillard-Fraisse hypothesis,
some experimental data can not be accounted for, suggesting that it may offer an
incomplete account of the source of negative SE. For example, when the
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metronome source and the feedback from the effector are in the same modality, the
hypothesis predicts that SE should be zero. However, Kolers and Brewster (1985)
found that this was not the case for either the tactile or visual modalities. Further, the
hypothesis predicts that in Al-Attar et al’s (1998) experiment SE will be positive in
the lower leg metronome condition because the perceptual latency associated with
the metronome is longer than that associated with the response, so the response
should be executed after the metronome event in order for the two events to be
judged as being simultaneous. This was found not to be the case - SE was in fact
negative for the lower leg metronome condition. Similarly, in Al-Attar et al's (1997)
experiment the visual metronome condition should have yielded positive SE values
because the perceptual latency of the feedback associated with the subject’s
response was less than that of the visual metronome. Again, this was not found to
be the case - SE was consistently negative in the visual metronome condition.
Several other hypotheses have been proposed to account for the phenomenon of
negative SE. The ‘evaluation’ or cost-function’ hypothesis (Vos and Helsper 1992),
postulates that the source of negative SE could be non-neurological and based
simply on a subjective desire to produce responses that are too early rather than too
late. This would result in the error correction component of the underlying timing
control mechanism overcorrecting positive errors, i.e. those resulting from a late
response (Muller et al 1999). Koch (1992) has shown that the magnitude of SE
produced by an asymmetric evaluation- (or cost-) function would be related to the
variance of the underlying timing mechanism. Several authors (Aschersieben and
Prinz 1995, 1997, Vos et al 1995) have used this principle as the basis for an
empirical test of the evaluation hypothesis, but have concluded that their data do not
support the hypothesis.
The undershooting hypothesis (Vorberg and Wing, 1996) is based on the
observation that the variance and mean of timed response intervals are positively
correlated (Bartlett and Bartlett, 1959; Michon, 1967a; Wing and Kristofferson, 1973;
Peters, 1989; Collins et al., 1998). According to this hypothesis, negative SE results
from a strategy of consistently undershooting the target interval in order to keep
variance to a minimum, i.e optimising precision at the expense of accuracy. A similar
theory has been proposed (Harris and Wolpert, 1998) as the basis on which
trajectories are chosen both for saccadic eye movements and goal-directed arm
movements.
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Vos et ai (1995) have proposed a theory which does not account for the source of
negative SE, but does

attempt to explain how manipulating the

stimulus

characteristics can affect its magnitude. It is based on the idea that subjects
synchronise their response not with the physical onset of each metronome event,
but with their perceptual centres (P-centre), i.e. the moment at which the occurrence
of each event as a whole is perceived. This term was originally introduced (Morton
et al., 1976) to characterise the psychological moment of occurrence of spoken
words. Vos et al argue that the P-centre of a stimulus may occur at its physical
centre, or may be shifted in time to the left due to the perceptual dominance of
stimulus onset. According to the P-centre hypothesis, if two stimulus events (for
example, auditory tones) have the same onset time, but one is longer than the other,
then the P-centre of the longer tone will be shifted in time to the right compared with
that of the shorter tone. If a subject tries to synchronise their response with a
metronome consisting of longer tones, then the theory predicts that SE will be less
negative than it would be with a series of shorter tones because the response is
THÊ

being synchronised withy\P-centre of each tone, which occurs later in time for a
longer duration tone than for a shorter one. This is borne out in the data of Vos et al
(1995) which show that SE becomes less negative if the duration of the auditory
metronome tones is increased or if the rise time of each tone is increased (which
again shifts the P-centre to the right in time). This theory is not mutually exclusive
with the other theories described above, but rather could complement any of them.
The Paillard-Fraisse hypothesis obviously assumes that sensory (afferent)
information is essential in controlling the synchronisation of a motor response with a
metronome. Billon (1996b), however, have shown that during a synchronisation task
the performance of a deafferented patient did not differ markedly from controls.
Similarly, Ivry and Keele (1989) have shown that timing variability in patients with
sensory loss was not greater than controls during a tapping task. These two findings
are at odds with the idea that response-contingent feedback is central to the control
of timing. In the oculomotor system, proprioceptive feedback is weak and is not
thought to provide accurate on-line registration of changes in eye position
(Bridgeman and Stark, 1991). It can be viewed as a backup to the more dominant
efference copy signal (Steinbach, 1987). The main sensory input to the oculomotor
system is provided by visual feedback. Eye movements made in complete darkness,
therefore, are essentially devoid of afferent input and it is likely that the efference
copy signal is important in their control (Bridgeman, 1995). The oculomotor system.
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therefore, provides an opportunity to assess the contribution of afferent information
to the control of response timing in normal controls.
The aims of this study were:
1.

To investigate whether the presence or absence of visual feedback affects
timing variability during a synchronisation task. If afferent information is
essential for timing control then variability should be greater in the absence
of visual feedback.

2.

To

compare

synchronisation

performance

using

different

modality

metronomes (auditory and tactile). According to the Paillard-Fraisse
hypothesis, in the presence of visual feedback the auditory metronome
should elicit a more anticipatory response (SE should be more negative) than
the tactile metronome. In the absence of visual feedback, the hypothesis
cannot make any predictions about SE.

Method
Subjects
Twelve healthy subjects (seven male and five female) participated in this study.
Their mean age was 31.9 years (range 20-52 years, SD 8.3 years).

Design
A within subjects repeated measures design was used, with all subjects performing
all conditions. The within subjects factors were: metronome interval (496ms, 752ms,
1000ms), feedback (present, absent) and modality (tactile, auditory).

Equipment
Subjects were seated in a darkened room at the centre of a semi-circular screen
with a radius of 1.5m. The calibration target was projected onto the screen via a
servomotor-controlled mirror. A chin rest was used to keep the subject’s head still.
Eye movements were recorded using the Microguide system, with a sampling rate of
250Hz. The estimated error in measurement of saccade onset was +/- 2ms.
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The auditory metronome consisted of discrete beeps (500Hz, 50ms duration)
delivered to the subjects via headphones (Amplivox TDH/39/M). The duration of
contact between the tactile metronome's plunger and the subject’s finger was 50ms.
The interval between successive metronome events depended on the experimental
condition.
A white noise generator (Ivie IE-20B) was used to provide white noise, delivered to
the subject via the headphones, in all experimental conditions. The purpose of the
white noise was to mask any audible sounds made when the tactile metronome was
being used. When the auditory metronome was in use, the beeps could easily be
heard above the white noise.

Saccade paradigm
A series of metronome events (either auditory beeps or tactile stimuli) was
presented to the subject. They attended to the stimulus to familiarise themselves
with the metronome interval and began responding within the first five metronome
events. Their first five saccadic responses were discarded, they then made 50
further responses, these 50 responses were analysed.
Four different conditions were tested - each of the two metronome conditions
(auditory and tactile), with and without visual feedback. Visual feedback was
provided by constantly illuminated red LEDs positioned at +/-15 degrees
horizontally. Conditions were as follows;
AT (auditory metronome with LED targets)
A (auditory metronome without targets)
7T (tactile metronome with targets)
T (tactile metronome without targets)
Three different metronome intervals (Ml) were used: 496, 752 and 1000ms.
Subjects were instructed to synchronise the timing of their saccades with the
metronome events. For the conditions with visual feedback, the instruction was to
make saccades from left to right between the two LEDs, but to concentrate on the
timing of the response and to use the LEDs as a guide, rather than as targets that
had to be accurately fixated. For the conditions without visual feedback, the subjects
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were instructed to make saccades from left to right (across the centre line) and to
concentrate on the timing of the response. They were given no explicit instructions
regarding the desired amplitude of their saccades, but the approximate linear range
of the eye movement recorders (+/-20 degrees) was pointed out to them on the
screen.

Procedure
Subjects participated in three experimental sessions, with at least 24 hours between
sessions. Ml was kept constant within each session. The order in which the different
Mis were presented was randomised across subjects. Each condition was
presented three times in each session, so each session consisted of twelve runs
(four metronome conditions x three repeats). The order in which the runs were
presented was determined by Latin Square Design. Eye movements were calibrated
before every run.

Data Analysis
For each individual run, an interactive graphics technique was used to identify the
first saccade produced in each direction. The time of this saccade, time of stimulus
onset, saccade duration and saccade amplitude were recorded and used to
calculate the following parameters:
SE (Synchronisation error): metronome onset - saccade onset. SE is therefore
negative when the saccade precedes the metronome event.
SD SE: Standard deviation of SE within each run.
End SE (SE calculated using the time of the end of the saccade): metronome
onset - (saccade onset + saccade duration).
SD End SE: Standard deviation of end SE within each run.
ISI (Inter-saccadic interval): the time interval between the first saccade
produced in one direction and the first saccade produced subsequently in the
opposite direction.
SD ISI : Standard deviation of ISI within each run.
End ISI (ISI calculated using the time of the end of the saccade): the time
interval between the first saccade (plus its duration) produced in one direction
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and the first saccade (plus its duration) produced subsequently in the opposite
direction.
SD End ISI: Standard deviation of End ISI within each run.
SD Saco Amp: Standard deviation of Saccade amplitude within each run.
SD Saco Dur: Standard deviation of Saccade duration within each run.
For each subject, these parameters were then mooned across the three repeats of
each condition that had been presented in each session.

Statistical Analysis
For SE, SD SE, End SE, ISI, SD ISI, SD Sacc Amp and SD Sacc Dur, a 3-way
repeated measures ANOVA (Metronome interval (496, 752, 1000) x Feedback
(Present, Absent) x Modality (Tactile, Auditory)) was carried out. For SD SE and SD
ISI, four further (one for each metronome condition) 2-way ANOVAs were performed
(Metronome interval (496, 752, 1000) x Timing parameter (start saccade, end
saccade)).

Results
Synchronisation error
SE was negative at each Ml for all conditions, i.e. for both modality metronomes,
both in the presence and absence of visual feedback (Figure 4.1a). The 3-way
ANOVA for SE showed that the main effect of Ml was significant [F(2,22)=7.806,
p=0.003], reflecting the fact that SE was lower (less negative) at 496ms than at
either 752ms or 1000ms. Repeated contrasts showed that there was no difference
between SE at 752ms and 1000ms [F(1,11)=1.421, p=0.258]. The main effect of
feedback was also significant [F(1,11)=7.797, p=0.018] - SE was lower when visual
feedback was present than when it was absent. The main effect of modality was
also significant [F(1,11)=7.636, p=0.018], showing that the auditory metronome
elicited greater SE than the tactile metronome. There were no significant
interactions.
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Figure 4.1: The effect of increasing Mi on (a) SE and (b) SD SE. Mean of 12
subjects, +/- 1 S.E.M.

Variability in SE within each run (SD SE, Figure 4.1b), increased steadily with
increasing Ml - the 3-way ANOVA showed that the main effect of Ml was significant
[F(2,22)=33.514, p=2.0x10‘^]. The main effect of feedback was not significant
[F(1,11)=0.483, p=0.501], showing that the timing variability of the saccadic
response was not influenced by the presence or absence of visual feedback. The
main effect of modality was significant [F(1,11)=6.077, p=0.031] - the tactile
metronome elicited more variable SE than the auditory metronome. There was a
significant interaction, however, between modality and Ml [F(2,22)=3.515, p=0.047],
reflecting the lack of a modality difference at 496ms. All other interactions were non
significant.

Inter-saccadic Interval
Mean ISI data are shown in Figure 4.2a. Subjects were able to produce ISIs that
closely matched Ml. Averaged across all 12 subjects, mean ISI was within 2ms of
each Ml. There were no consistent differences, across Mis, between the different
metronome conditions - the main effects of modality [F(1,11)=4.003, p=0.071] and
feedback [F(1,11)=0.094, p=0.765] were both non-significant.
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Figure 4.2: The effect of increasing Ml on (a) ISI and (b) SD ISI. Mean of 12
subjects, +/- 1 S.E.M.

Variability in ISI within each run (SD ISI, Figure 4.2b) increased steadily as Ml
increased from 496 to 752 to 1000ms - the main effect of interval was significant
[F(2, 22)=64.037, p=6.7x10‘^°]. The main effect of feedback was not significant
[F(1,11)=4.269, p=0.063], confirming that the timing variability of the saccadic
response was not influenced by the presence or absence of visual feedback. The
main effect of modality was significant [F(1,11)=12.539, p=0.005] - the tactile
metronome tended to elicit a more variable response than the auditory metronome.
There was a significant interaction, however, between feedback, modality and Ml
[F(2,22)=4.967, p=0.016], reflecting the fact that the modality differences were not
consistent across all Mis or across the two feedback conditions. All other
interactions were non-significant.

Timing of the end of the saccade
For all conditions, at each Ml, End SE (SE calculated using the time of the end of
the saccade) was still negative (Figure 4.3) indicating that the end of saccade
occurred before the metronome event. Differences between conditions were the
same as for SE calculated using the start of the saccade. The main effects of
feedback [F(1,11)=21.414, p=0.001], modality [F(1,11)=7.702, p=0.018] and interval
[F(2,22)=8.544, p=0.002] were all significant and there were no significant
interactions.
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Figure 4.3: The effect of increasing Ml on End SB. Mean of 12 subjects, +/- 1 S.E.M.

Variability in timing the start and the end of each saccade
Timing variability would be expected to be greater for the end of a motor response
than for its initiation because motor execution adds variability (Wing, 1980). This
was the case in the current study - for all metronome conditions for both SD SE
(Figures 4.4a and 4.4b and Table 4.1) and for SD ISI (Figures 4.4c and 4.4d and
Table 4.2).
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Figure 4.4: Timing variability of the start and end of the saccadic response. SE and
ISI variability for the auditory (a and c) and tactile (b and d) metronomes. Mean of 12
subjects +/- 1 S.E.M.
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Metronome
AT
A

TT
T

Factor
Ml
Timing parameter
Ml X Timing parameter interaction
Ml
Timing parameter
Ml X Timing parameter interaction
Ml
Timing parameter
Ml X Timing parameter interaction
Ml
Timing parameter
Ml X Timing parameter interaction

df
2,22
1.11
2,22
2,22
1,11
2,22
2,22
1,11
2,22
2,22
1.11
2,22

F-value
9.627
16.637
0.309
16.443
35.549
0.256
22.778
30.063
0.591
29.857
38.051
2.290

p-value
0.001
0.002
0.738
4.29x10='
9.42x10='
0.777
4.37x10='
1.91x10"*
0.563
5.39x10'
7.02x10='
0.125

Table 4.1: Results of 2-way ANOVA (Ml(496, 752, 1000) x Timing parameter (Start,
End)) carried out separately for each metronome condition for SD SB.
Metronome
AT
A
TT
T

Factor
Ml
Timing parameter
Ml X Timing parameter interaction
Ml
Timing parameter
Ml X Timing parameter interaction
Ml
Timing parameter
Ml X Timing parameter interaction
Ml
Timing parameter
Ml X Timing parameter interaction

df
2,22
1.11
2,22
2,22
1,11
2,22
2,22
1.11
2,22
2,22
1.11
2,22

F-value
19.876
19.453
1.450
52.971
30.228
0.848
21.997
32.942
0.682
57.766
35.386
4.244

p-value
1.19x10='
0.001
0.256
3.89x10'^
1.87x10"*
0.442
5.65x10'='
1.30x10"*
0.516
1.76x10^
9.61x10^
0.028

Table 4.2: Results of 2-way ANOVA (Ml(496, 752, 1000) x Timing parameter (Start,
End)) carried out separately for each metronome condition for SD ISI.
It is apparent from Figure 4.4 that the difference between start and end saccade
variability (both in terms of SD SE and SD ISI) was greater in the conditions without
visual feedback {A and 7) than in the conditions with visual feedback {AT and TT).
This reflects systematic differences in the variability of saccade amplitude between
conditions. In the conditions in which there was no visual feedback, subjects made
saccadic movements in the dark, with no visual targets, whereas for the conditions
with visual feedback saccades were made between two visible LEDs. It is, therefore,
not surprising that the conditions which lacked visual feedback elicited saccades of
more variable amplitude (Figure 4.5a and Table 4.3). Given the monotonie
relationship between saccade amplitude and duration, it is also not surprising that
saccade duration was more variable in the conditions which lacked visual feedback
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(Figure 4.5b and Table 4.3). Given that the end time of a saccade was calculated by
adding saccade duration to the start time of the saccade, these results at least partly
explain why the difference between start and end saccade variability was greater in
conditions which lacked visual feedback. Despite the greater increase in end
saccade variability for A and T conditions, the effect was still observed in >47 and TT
conditions, reflecting a genuine increase in the variability of timing the end of the
response compared to the start.
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Figure 4.5: Variability in saccade amplitude (a) and saccade duration (b). Mean of
12 subjects +/- 1 S.E.M.

Dependent variable
SD Sacc Amp

SD Sacc Dur

Factor
Feedback
Modality
Ml
Feedback X Modality
Feedback x Ml
Modality x Ml
Feedback x Modality x Ml
Feedback
Modality
Ml
Feedback x Modality
Feedback X Ml
Modality x Ml
Feedback x Modality x Ml

df
1,11
1,11
2,22
1,11
2,22
2,22
2,22
1,11
1,11
2,22
1,11
2,22
2,22
2,22

F-value
21.069
0.065
0.134
0.166
0.473
0.653
1.097
15.688
0.231
2.130
0.081
0.800
0.213
1.245

p-value
0.0008
0.803
0.875
0.691
0.629
0.531
0.352
0.002
0.640
0.143
0.781
0.462
0.809
0.307

Table 4.3: Results of 3-way ANOVA (Feedback (present, absent) x Modality (Tactile,
Auditory) x Ml(496, 752, 1000) for SD Sacc Amp and SD Sacc Dur.
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Discussion
The influence of visual feedback
This study has shown that in the absence of visual feedback, subjects are able to
synchronise their saccades with both an auditory and a tactile metronome with no
greater variability than in conditions where visual feedback is present. Given that
visual information is the main source of sensory feedback in the oculo-motor
system, this result shows that response-contingent afferent information is not
essential in order to synchronise precisely the timing of a motor response with an
external metronome. This is in agreement with a previous finding (Billon et al.,
1996b) that the timing performance of a deafferented patient (lacking in large
myelinated fibres below the neck) during a similar synchronisation task, was not
appreciably different from that of controls. This raises the question of how
synchronisation is controlled under these circumstances. Billon et al (1996b) have
suggested that it may be achieved by the phase entrainment of two oscillators - the
external metronome and an internal, self-sustained oscillator that controls the timing
of the subject’s response. An alternative explanation is that the timing of the
response is controlled using the efference copy signal (Zambarbieri et al., 1987).
SE was lower (less negative) when visual feedback was present compared to when
it was absent. Billon et al (1996a) showed that SE tended to be more anticipatory in
tasks that involved repetitively raising an effector rather than tapping with it. They
speculated that movements that have a less tangible outcome (due to a lack of
feedback) may tend to be more anticipatory than those which have a more certain
outcome. Similarly, Billon et al’s (1996b) deafferented patient produced a more
anticipatory response in the absence of any visual or auditory feedback. In the
current experiment it is possible, therefore, that this effect influenced the degree of
anticipation in the conditions which lacked visual feedback.

The influence of metronome modality
In the current study, when visual feedback was present, differences in SE were
observed between the two metronome modalities - the auditory metronome
(condition AT) elicited greater (more negative) SEs than the tactile metronome
(condition 77). The similarity of this result to previous studies suggests that visual
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information was being used to time the saccadic response in a manner which is
analogous to the use of proprioceptive feedback during limb movements. If this is
the case, then when making a saccade between the two fixation points the strategy
would be to time saccade onset such that the end of the saccade (plus a small delay
for visual information about the new fixation target to reach central areas) is
synchronised with the metronome event. Assuming the sensory visual delay to be
about 40ms (Robinson et al 1986), this still means that SE is negative (in the region
of -50 to -130ms), at least at Mis of 752 and 1000ms. In order for this strategy to
work accurately, the brain must take account of the duration of the forthcoming
saccade. This is possible in the conditions in which visual feedback is present
because saccade amplitude is relatively constant and there is a fixed relationship
between the degree of activation of the eye muscles, given their unchanging load,
and the resultant movement of the eye.
If visual feedback is used in a manner analogous to proprioceptive feedback in limb
control, then it raises the question of why timing variability is greater for the end of
the saccade than the beginning. In general, this would be expected to be the case
because motor execution adds variability (Wing, 1980). However, it has been shown
(Billon et al., 1996b) that for a finger tapping task the intervals between the end of
each response (i.e. between taps) are less variable than the intervals between
movement onset, suggesting that it is the end of the tap that is specifically timed and
that variations in onset time can be compensated for by variations in movement
execution time. The current study has shown, however, that timing variability was
greater for the end of the saccade than for its initiation. This is perhaps not
surprising - saccade duration cannot be volitionally controlled, so it is not possible to
employ a strategy in which variability in saccade onset time is compensated for by
varying movement time.
In fact, subjects were not given explicit instructions about whether they should
synchronise the start or the end of their saccadic response with the metronome.
Pilot experiments had shown that giving explicit instructions seemed to make
subjects think too much about their responses and lose their natural timing
behaviour. Specifically, if subjects were instructed to synchronise the onset of each
saccade with the metronome their responses became very variable, with some very
high positive SB values. Conversely, if subjects were instructed to synchronise the
end of each saccadic response with the metronome there was a tendency to make
very early responses, i.e. to finish their saccade and then wait for the metronome
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event to occur. The most consistent results were obtained by issuing a non-specific
instruction to synchronise the timing of the saccadic response with the metronome
events.
The results obtained in the conditions in which visual feedback was present can be
interpreted in terms of the Paillard-Fraisse hypothesis. According to the hypothesis,
SE was negative because the perceptual latency of the visual feedback (provided by
the stationary LEDs) was greater than the perceptual latency of either the auditory
or tactile metronomes. In order for the central registration of feedback from the
metronome and the eye movement to be subjectively judged as occurring
simultaneously, the saccade would have to precede the metronome event, hence
producing a negative SE. Further, the hypothesis would predict that SE would be
more negative in response to an auditory metronome than in response to a tactile
one because the perceptual latency associated with the auditory metronome is less
than that of the tactile metronome, so saccades would have to be initiated more in
advance of an auditory metronome than a tactile one. In the current study, in
common with previous studies (as discussed in the introduction), this was found to
be the case, SE (both when calculated using the start and end of the saccade) was
negative and was greater (more negative) in the AT condition that the TT condition.
According to the logic of the Paillard-Fraisse hypothesis, the difference in SE
between the auditory and tactile metronome conditions should approximate to the
difference in perceptual latency between the two modalities. Averaged across the
three metronome intervals, the difference in SE for AT and TT conditions was 37ms.
The difference in manual reaction times to auditory and visual stimuli is about 40ms
(Zambarbieri et al., 1987; Engelken and Stevens, 1989), the difference between
auditory and tactile modalities would be expected to be slightly less, assuming that
perceptual latencies are ordered (shortest to longest) auditory<tactile<visual. A
value of 37ms appears, therefore, to be of the correct order of magnitude.
In the absence of visual feedback, modality differences were still observed - the
tactile metronome elicited less negative SE than the auditory metronome - although
the effects were not as marked as when visual feedback was present. This result
cannot be interpreted in terms of the Paillard-Fraisse hypothesis, since the concept
of a perceptual latency is meaningless in these conditions. Further, this result
suggests that differences in perceptual latency cannot completely account for the
modality differences that have been previously observed in studies that involve
movements of the limbs.
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The tactile metronome tended to elicit a more variable response than the auditory
metronome. Similar findings have been reported by Kolers and Brewster (1985).

Comparison with other studies
Previous studies have shown that the magnitude of SE varies between about -20
and -100ms (Aschersieben and Prinz 1995, Aschersieben and Prinz 1997, Al-Attar
et al 1997, Al-Attar et al 1998), depending on the task and response conditions. In
the current study SE was greater than this (up to -260ms calculated using the start
of the saccade or -180ms using the end of the saccade). Using a similar paradigm
to the AT condition, Crawford et al (1989) also reported a highly anticipatory
saccadic response in controls, with saccades preceding an auditory stimulus by
approximately 500ms, for a metronome interval of 2000ms.
The variability of the saccadic response is quite high compared to other studies that
have looked at movements of different effectors (Kolers and Brewster, 1985; Peters,
1989). Similarly high timing variability for repetitive saccades during a continuation
paradigm is reported in Chapter 3 of this thesis, where it was speculated that it may
be caused by the fact that repetitively moving the eyes is not a very natural
movement; unlike finger tapping it is not a movement that is routinely made in
everyday life. Also, the high degree of variability may be an extension of a previous
finding (Wing, 1977) that timing variability was greater in smaller and more finely
controlled effectors.
Most previous studies have shown a steady increase in SE with increasing Ml
(Woodrow, 1932; Bartlett and Bartlett, 1959; Peters, 1989; Mates etal., 1994c). The
current study has shown that SE was greater at Mis of 752 and 1000ms than at
496ms. SD SE increased with increasing Ml, in agreement with some previous
studies (Peters 1989, Mates et al 1994) but not with those that argue that SD SE
follows a U-shaped function (Woodrow 1932, Fraisse 1982). SD ISI also increased
with increasing Ml, in agreement with Peters (1989).

The Evaluation hypothesis
The Evaluation hypothesis predicts that the magnitude of SE is proportional to the
variance of the underlying timing mechanism (Koch, 1992). According to this
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hypothesis, the AT condition should have elicited greater variance than the 7T
condition because SE was greater for AT than for 7T, but this was not the case. As
timing variability increased with increasing Ml, this hypothesis would predict a
corresponding increase in SE. This was the case when Ml increased from 496ms to
752ms, but not when it increased from 752ms to 1000ms. Overall, therefore, it can
be concluded that the evaluation hypothesis does not completely account for the
current data.

Conclusions
1. Response-contingent afferent information is not essential in order to synchronise
precisely the timing of a motor response with an external metronome.
2. If visual feedback is present during a saccadic synchronisation task then it
appears to be used in a manner analogous to the use of proprioceptive feedback
in limb movement control. Under these circumstances, an auditory metronome
elicits a more anticipatory response than a tactile one.
3. In the absence of visual feedback, metronome modality differences are still
observed, suggesting that differences in perceptual latency cannot completely
account for the modality differences that have been previously observed in
studies that involve movements of the limbs.
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CHAPTER 5 - THE USE OF TIMING CUES IN THE
PRODUCTION OF ANTICIPATORY SMOOTH PURSUIT
RESPONSES

Introduction
The experiments described thus far have all been concerned with the timing of
saccadic eye movements. Precise and accurate timing is also important, however,
when tracking smoothly moving targets. Under these circumstances, the ocular
motor system is capable of producing a very accurately timed response, as
evidenced by the low phase lags that the system is capable of producing. When
tracking predictable target motion, phase lags are lower than would be expected,
based on the inherent visual feedback delays, because stabilisation of the target
image on the retina is aided by the production of predictive smooth movements. It is
difficult to isolate this component during continuous pursuit, but repeated
presentation of an intermittently illuminated target moving predictably as a constant
velocity ramp elicits a predictive response in which smooth eye velocity is initiated in
advance of the appearance of the target (Barnes and Asselman 1991). This is an
unusual situation, given that smooth pursuit eye movements, unlike limb
movements, cannot normally be made at will in the absence of a moving target
(Kowler and Steinman 1979, Heywood and Churcher 1971). With the intermittent
ramp paradigm, the response to the first target presentation is reactive, but
subsequent responses become progressively more phase advanced with respect to
the onset of target appearance. Smooth eye velocity thus builds up until, after three
or four presentations of the target, a steady-state response is established in which
the response has become predictive. This paradigm elicits similarly predictive
responses in head and gaze signals during head-free pursuit (Barnes and Grealy
1992 and see Chapter 6 of this Thesis). It has been suggested that this behaviour
results from the charging of an internal velocity store (during the build-up period)
and the subsequent appropriately-timed release of predictive velocity estimates. The
timing of the predictive response, ie. the release of the velocity store, is critical.
Wells and Barnes (1998) have shown that as the interval between successive target
intervals increases, the magnitude of the predictive response diminishes. If the
uncertainty regarding the time of target onset is reduced by using auditory warning
cues, then the diminution of the predictive response is reduced. Similarly, Barnes
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and Donelan (1999) have shown that the predictive response at any particular inter
target interval can be enhanced by providing warning cues. They also showed that
warning cues can be used to facilitate the build-up of an anticipatory response when
the interval between target presentations is unpredictable. This led to the suggestion
that the response timing and velocity storage functions could be effectively
separated. They also reported similar results when the warning cue was presented
in the visual or tactile modalities.
In the current study, the technique employed by Barnes and Donelan (1999) was
used to investigate further the timing of the release of anticipatory smooth pursuit.
The aim was to look in detail at the build-up of anticipatory responses elicited when
warning cues are presented prior to both predictable and random target motion. The
effect of varying the characteristics of the warning cue was investigated by
presenting cues in three different modalities (auditory, visual and tactile) and by
varying the number of warning cues presented prior to target motion (either 1 single
cue or 4 equally spaced cues). It is possible that the modality differences observed
in the experiment described in Chapter 4 of this thesis would also be seen here
when the stimulus elicited smooth pursuit rather than saccadic movements. Modality
effects might be expected particularly in response to predictable target motion, since
this paradigm is similar to a paradigm in which discrete movements are
synchronised with a metronome, in that the sequence of events is always
predictable - warning cue then constant velocity target movement, another warning
cue then another target movement etc. If this is the case then the response to the
auditory stimulus would be expected to be initiated earlier than the response to a
tactile stimulus and hence to achieve a higher anticipatory velocity. It is also
possible that the number of warning cues might affect the characteristics of the
anticipatory response. Using a continuation paradigm, Kolers and Brewster (1985)
showed that increasing the number of pacing cues in the synchronisation phase
increased the accuracy, but not the variability, of mean inter-response intervals in
the continuation phase. If this effect was observed during the repeated intermittent
ramp paradigm, then subjects would be able more accurately to time the onset of
the anticipatory response in the 4 cue condition than in the single cue condition and
this might be expected to increase the magnitude of the resulting anticipatory
response.
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The aims of this study were:
1. To look in detail at the build-up of anticipatory responses elicited when
warning cues are presented prior to both predictable and random target
motion.
2. To assess whether different modality cues will affect the anticipatory
smooth pursuit response in a manner analogous to that observed for
saccadic movements in Chapter 4.
3. To assess whether the use of four warning cues will enhance the
anticipatory response compared to using a single cue.

Method
Subjects
Eleven healthy subjects (5 male, 6 female) participated in this study. Their mean
age was 34.5 years (range 23 to 52 years, SD 9.5 years).

Equipment
The subject was seated 1.5m in front of a flat screen 2.35m wide by 1.72m tall. The
visual target consisted of 12 ultra-bright LEDs that were optically reduced and
reflected onto the screen to form a ring of dots subtending 1.2°. Motion of the target
was controlled by a servo-controlled mirror. Eye movements were recorded using
the Skalar system, with a sampling rate of 200Hz. The auditory warning cue
consisted of discrete beeps (500Hz, 50ms duration) delivered via a stationary
loudspeaker positioned 1m in front of the subject. The visual warning cue was
generated by illuminating four of the 12 LEDs in the visual display (bottom, top, left
and right to form a cross) for 50ms. For the tactile warning cue, the duration of
contact between the plunger and the subject's finger was 50ms. A white noise
generator (Ivie IE-20B) was used in all runs to deliver white noise to the subject via
the loudspeaker. The purpose of the white noise was to mask any extraneous noise,
including any audible sounds made when the tactile warning cue was being used.
When the auditory cues were in use, the beeps could easily be heard above the
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white noise. Two fixation targets, consisting of small crosses subtending 1°, were
projected onto the screen at the centre, 5° above and 5° below the visual target.
Their purpose was to indicate to the subject the starting position of each target
presentation.

Design
A within subjects repeated measures design was used, with all subjects performing
all conditions. The within subjects factors were: target motion (predictable, random),
cue modality (auditory, visual, tactile), cue number (1, 4), target velocity (20, 40) and
presentation number (1®*, 2"'*, S''*, 4***, steady-state).

Paradigm
The target moved in a constant velocity ramp for 400ms, starting at the centre of the
screen and moving to the right. Each run consisted of 26 such presentations of the
target, divided into two sectors, each comprising 13 presentations at a particular
velocity (either 20°/s or 40°/s). Target motion was either predictable (PRO), with an
interval of 3600ms between successive ramp onsets, or unpredictable (RND), with
random intervals between successive ramp onsets, ranging from 2700ms to
4500ms, with a mean of 3600ms. Two warning cue conditions were used; either one
cue was given 480ms prior to target onset, or four cues, starting 1920ms prior to
target onset and separated by 480ms, were given.

Procedure
Each subject participated in two sessions, one for PRD and one for RND target
motion. The sessions were separated by at least 24 hours. The order in which PRD
and RND sessions were presented was randomised across subjects. Each session
consisted of seven runs, comprising each combination of warning cue number and
warning cue modality (i.e. A1, A4, V I, V4, T1 and T4) plus a run in which no warning
cues were given (NoCue). The order of conditions within each session and the order
of velocity (held constant for each sector) within each run were both randomised.
Subjects were instructed to follow the motion of the target and to return to the centre
(marked by the peripheral fixation targets) at the end of each target presentation.
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Data analysis
For each subject in each condition, smooth eye velocity profiles were generated.
The build up of anticipatory activity was assessed by examining velocity profiles for
the first four presentations of the target at each target velocity and comparing them
with the steady-state velocity profile at that target velocity. The steady-state
response was calculated by averaging the velocity profiles obtained in response to
target presentations 5 to 13. Anticipatory activity was quantified by looking at the
velocity of the response 100ms after target onset (Vioo). Vioo provides a robust
measure of anticipatory activity (Ohashi & Barnes, 1996) because it represents an
internally generated response produced prior to the onset of visual feedback (Carl &
Gellman, 1987). The time of onset of the steady-state smooth pursuit response was
calculated by identifying the point at which eye velocity reached a threshold equal to
10% of peak eye velocity and then carrying out a linear regression on the next
100ms of velocity data and extrapolating back to obtain the point at which the
regression line crossed through zero. This value was then expressed as a latency
(To), by subtracting from it the time of target onset. A negative To value, therefore,
denoted a predictive response in which eye movement was initiated prior to target
onset.

Statistical analysis
•

Steady-state Vioo values for the cued conditions were compared by using a 3way ANOVA (Cue Modality(A, V, T) x Cue Number(1, 4) x Target Velocity(20,
40)) with simple contrasts to compare the different cue modalities.

•

Steady-state Vioo values for the cued conditions were compared with the NoCue
condition using a 2-way ANOVA (Cue Condition(A, V, T, NoCue) x Velocity (20,
40)) with simple contrasts to compare each cue modality with the NoCue
condition.

•

Steady-state Vioo values for the PRD and RND NoCue conditions were
compared using a 2-way ANOVA (Condition(PRD, RND) x Velocity(20, 40)).

•

Steady-state Vioo values in the PRD and RND cued conditions were compared
using a 3-way ANOVA (Condition(PRD, RND) x Cue Modality(A, V, T) x
Velocity(20, 40)).

•

The build-up of the response in the cued conditions was analysed using a 4-way
ANOVA (Cue modality(A, V, T) x Number of cues(1, 4) x Velocity(20, 40) x
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Presentation number(1^, 2"*^, S"'*, 4**’, SS)) with simple contrasts to compare the
different presentations.
•

Similarly, the build-up of the response in the NoCue condition was analysed
using a 2-way ANOVA (Velocity(20, 40) x Presentation number(1®*, 2"*^, 3'*^, 4**',
88)) with simple contrasts to compare the different presentations.

Results
When warning cues were present, the steady-state response was predictive, i.e. the
eye began to move smoothly before the appearance of the target, producing an
anticipatory velocity. This was observed both when the underlying target motion was
predictable (Figure 5.1) and when it was unpredictable (Figure 5.2).
In the PRD condition, there were differences in the magnitude of the anticipatory
response elicited by the different modality warning cues, especially at the higher
target velocity (40°/s). The auditory warning cue appeared to elicit the greatest
anticipatory response (Figure 5.1). This was quantified by comparing Vioo values for
the different conditions (Figure 5.3). The 3-way ANOVA showed that the effect of
cue modality was significant [F(2,20)=10.936, p=0.001], simple contrasts showed
that the auditory cue elicited greater Vioo values than the tactile cue
[F(1,10)=24.767, p=0.001] but there was no difference between the auditory and
visual cues [F(1,10)=3.284, p=0.1]. The main effect of velocity was also significant
[F(1,10)=22.203, p=0.001], showing that the response was truly predictive of target
velocity. There was, however, a cue modality x velocity interaction [F(2,20)=5.540,
p=0.012], indicating that the cue modality differences were not as marked at the
lower target velocity (20°/s). The effect of number of cues was not significant
[F(1,10)=0.238, p=0.637]. In the PRD NoCue condition, a small anticipatory
response developed (Figure 5.1), despite the lack of warning cues. This occurred
because the underlying target motion was predictable - successive ramps were
always presented 3600ms apart and the target always moved in the same direction.
The magnitude of this anticipatory response was lower than that elicited in the cued
conditions (Figure 5.3). This was confirmed by the 2-way ANOVA in which each cue
modality was compared with the NoCue condition. 8ince there was no effect of cue
number in the previous ANOVA, Vioo was averaged across the one and four cue
conditions to enable a comparison between each type of warning cue and the
NoCue

condition

to

be

made.

The

main

effects

of

cue

condition

[F(1.283,12.831)=16.640, p=0.001] and velocity [F(1,10)=23.690, p=0.001] were
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significant. There was a significant interaction between cue condition and velocity
[F(1.589,15.889=7.706, p=0.007], reflecting the fact that Vioo for the NoCue
condition showed a smaller increase with increasing target velocity than the cued
conditions. Simple contrasts showed that Vioo for the NoCue condition was less than
for the auditory [F(1,10)=20.266, p=0.001], visual [F(1,10)=24.373, p=0.001] and
tactile [F(1,10)=9.669, p=0.011] warning cue conditions.
In the RND NoCue condition, there was no evidence of predictive behaviour in the
steady-state response (Figure 5.2). This reflects the fact that the underlying target
motion was not predictable. The use of warning cues, however, enabled a predictive
response to develop. The different modality warning cues had no effect on the
magnitude of the predictive response (Figures 5.2 and 5.3). This was shown by the
3-way ANOVA comparing Vioo values - the main effect of cue modality was not
significant [F(2,20)=2.313, p=0.125]. The effect of cue number was also not
significant [F(1,10)=0.018, p=0.896]. The effect of velocity was significant
[F(1,10)=19.371, p=0.001], showing that as for the PRD condition, the steady-state
response to the cued conditions in the RND condition was truly predictive of target
velocity. As before, each cue modality was compared with the NoCue condition in a
2-way ANOVA in which Vioo values were averaged across the one and four cue
conditions (since there was no effect of cue number in the previous ANOVA). The
main effects of cue condition [F(1.665,16.653)=22.566, p=0.0003] and velocity
[F(1,10)=17.572, p=0.002] were both significant. There was a significant interaction
between cue condition and velocity [F(1.590,15.877)=10.837, p=0.002], reflecting
the fact that Vioo for the NoCue condition did not increase with increasing target
velocity, whereas for the cued conditions it did. Simple contrasts showed that Vioo
for the NoCue condition was less than for the auditory [F(1,10)=28.593, p=0.0003],
visual [F(1,10)=42.652, p=0.0001] and tactile [F(1,10)=18.893, p=0.001] warning
cue conditions.
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Figure 5.1: Steady-state eye velocity profiles for each condition, generated in
response to predictable target presentations (PRD) at velocities of (a) 20°/s and (b)
40P/s. Mean of 11 subjects. The broken black line represents both the warning cue
in the single cue conditions and the last warning cue in the four cue conditions.
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Figure 5.2: Steady-state eye velocity profiles for each condition, generated in
response to unpredictable target presentations (RND) at velocities of (a) 20^/s and
(b) 40P/s. Mean of 11 subjects. The broken black line represents both the warning
cue in the single cue conditions and the last warning cue in the four cue conditions.
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Figure 5.3: Steady-state Vwo values in (a) PRD and (b) RND conditions. Mean of 11
subjects, +/- 1 S.E.M.
The effect of predictable target motion in the absence of warning cues was
assessed by comparing the steady-state Vioo values from the PRD NoCue condition
with those from the RND NoCue condition. The main effect of condition was
significant [F(1,10)=20.140, p=0.001], showing that steady-state Vioo values were
greater for the PRD than the RND condition. A similar comparison was carried out
for the steady-state Vioo values generated in the cued conditions. In this case the
main effect of condition was not significant [F(1,10)=2.224, p=0.167], showing that
there was no difference in the magnitude of the response generated in the cued
PRD conditions and the cued RND conditions.

The build-up of the anticipatory response over the first few presentations of the
target in the PRD condition is shown in Figure 5.4 for A1 and NoCue conditions.
Corresponding Vioo values are shown in Figures 5.6a and 5.6b. All the cued
conditions showed the same trend as the A1 condition. When cues were present,
steady-state eye velocity levels were reached after only one presentation of the
target. The 4-way ANOVA showed that the main effect of presentation number was
significant [F(4,40)=21897, p=0.0004]. Simple contrasts confirmed that only Vioo for
the first presentation differed from the steady-state Vioo level [F(1,10)=43.749,
p=0.0001]. It is apparent from Figure 5.4a that the response to the first target
presentation in the A1 condition showed a small amount of anticipatory activity, ie. it
was not reactive. This was the case for all the cued conditions. There were,
however, large inter-subject differences, with some subjects producing substantial
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anticipatory velocities and others producing an entirely reactive response to the first
presentation of the target. In the PRD NoCue condition, it took longer for the steadystate response to develop (Figure 5.4b). The 2-way ANOVA showed that Vioo for
both the first [F(1,10)=27.958, p=0.0004] and second [F(1,10)=13.228, p=0.005]
presentations were less than the steady-state Vioo level. Despite the lack of warning
cues, a steady-state predictive response eventually built up because the underlying
target motion was predictable. In the RND condition, when cues were present, the
response built up in a similar manner to the PRD condition, but took longer to
develop (Figure 5.5a). The 4-way ANOVA showed that Vioo for both the first
[F(1,10)=19.193, p=0.001] and second [F(1,10)= 8.836, p=0.014] presentations
were less than the steady-state Vioo level (Figure 5.6c). As for the PRD condition,
the response to the first presentation of the target in the cued conditions showed a
small amount of anticipatory activity. In the RND NoCue condition, the response was
always reactive (Figure 5.5b) because the target motion was not predictable. This
was confirmed by the 2-way ANOVA, in which the main effect of presentation
number was not significant [F(4,40)=1.992, p=0.114], showing that Vioo for
presentations 1-4 did not differ from the steady-state value (Figure 5.6d).
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Figure 5.4: Velocity profiles showing the build-up of the anticipatory response to
predictable target presentations (PRD) for (a) A 1 and (b) NoCue conditions. The
response to the

2"^, 3^ and 4^^ presentations is shown, along with the steady-

state (SS) response. Target velocity was 40^/s, mean of 11 subjects. The broken
black line indicates the timing of the waming cue in the A 1 condition.
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Figure 5.5: Velocity profiles showing the build-up of the anticipatory response to
unpredictable target presentations (RND) for (a) A 1 and (b) NoCue conditions. The
response to the

2"^, 3^ and 4^ presentations is shown, along with the steady-

state (SS) response. Target velocity was 40^/s, mean of 11 subjects. The broken
black line indicates the timing of the waming cue in the A 1 condition.
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NoCue conditions. Responses to the
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along with the steady-state (SS) response. Target velocity was 40°/s, mean of 11
subjects +/- 1 S.E.M.
The onset latency data are presented in Figure 5.7, averaged over 1 and 4 cue
conditions. There were problems with the calculation of the time of onset of the
anticipatory response which affected the reliability of the latency values. A
regression technique was used because the relatively low signal to noise ratio
makes it difficult to identify accurately the onset of the response. However, in this
experiment some of the data traces were quite noisy and even using this regression
technique it was it was difficult, in some cases, to accurately calculate the time of
onset. As a result, in the PRD condition only three subjects had a complete set of To
values (ie. one for each condition) and in the RND condition only one subject did. It
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was, therefore, not possible to carry out statistics on these data and any
interpretation will be essentially anecdotal. Bearing these considerations in mind.
Figure 5.7 suggests that in the PRD condition the auditory waming cue elicited a
more anticipatory response than the other two modality metronomes, particularly the
visual one. In the RND condition, however, the modality of the waming cue seems to
have less effect on the time of onset of the anticipatory smooth response.

Auditory

I
%

□ 20 deg/s

8 20 deg/s

a 40 deg/s

B 4 0 deg/s

Figure 5.1: Mean onset latency for each modality warning cue, averaged across the
1 and 4 cue conditions, in (a) PRD and (b) RND conditions, +/- 1 S.E.M.

Discussion
This Study confirms the results of Wells and Bames (1998) and Barnes and Donelan
(1999) that anticipatory smooth pursuit responses can be enhanced by presenting
warning cues prior to the onset of target motion. It is well known that the variability
associated with either estimating (Creelman 1962) or producing (Peters 1989) time
intervals increases with interval mean. When warning cues were used in the PRD
condition, the effective time interval was reduced from 3600ms (the time between
successive ramp onsets) to 480ms (the time between the waming cue (or the last
warning cue of four) and ramp onset). Subjects could, therefore, more precisely time
the onset of their response, leading to an increase in timing certainty. It is known
that timing certainty, or expectancy, has an effect on the magnitude of anticipatory
smooth movements (Barnes et al 1997). I t s e e m s that increased timing certainty
in the current experiment allowed a bigger anticipatory response to develop.
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The use of waming cues in the PRD condition also allowed subjects to attain the
steady-state level of predictive eye velocity after only one presentation of the target.
In the PRD NoCue condition two presentations were required before the steadystate response could be attained. This implies that the velocit y store can be
charged after only one presentation of the target and, providing response timing is
accurate, it can be released at the optimum level. In both the PRD and RND
conditions, waming cues appeared to enhance the response to the very first
presentation of the target within each sector, at least in some subjects. It is known
that some individuals can produce smooth pursuit movements in complete darkness
in the absent of any visual input (Westheimer and Conover 1954, Heywood 1972),
although such subjects are rare. It seems that in the current study the presence of a
waming cue was sufficient in some subjects to elicit a smooth response. Since the
subject did not have accurate information about the forthcoming target motion, it is
likely that this represented a general anticipatory response, rather than a truly
predictive velocity estimate.
In the RND condition, regular waming cues allowed a predictive response to
develop to random target presentation. The waming cues were as effective as in the
PRD condition, in that the magnitude of the steady-state predictive response did not
differ between PRD and RND conditions. This is not surprising, since in both
conditions the effective time interval that subjects were required to estimate was
480ms. The build up of the response was, however, slower than in the PRD
condition, showing that the additional timing certainty in the PRD condition, provided
by the regularity of the underlying target motion, facilitated the development of the
steady-state

response

without

influencing

its

eventual

magnitude.

This

demonstrates the critical importance of accurate temporal control in the process of
building up a predictive response. Given this importance, it is perhaps surprising that
neither the development of the response nor its overall magnitude, were affected by
the number of waming cues presented. It might be expected, particularly in the RND
condition, that the additional temporal information provided in the four cue conditions
would enhance at least the build-up of the predictive response. This was, however,
not the case, suggesting that only the last cue of the four was effectively being used
as a timing cue. If the accuracy of the intemal representation of target interval was
increased by increasing the number of waming cues, as suggested by Kolers and
Brewster (1985) in the context of a continuation paradigm, then it did not have any
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effect in the current experiment on the magnitude of the anticipatory smooth pursuit
response.
Cue modality appeared to affect the magnitude of the anticipatory response in the
PRD condition but not in the RND condition. In the PRD condition, the auditory cue
elicited greater Vioo values than the tactile cue. This effect could have been
mediated through the earlier initiation of the response, in line with the finding in
Chapter 4 that in a synchronisation paradigm an auditory cue elicited a greater
synchronisation error (ie. a more anticipatory response) than a tactile cue. This idea
is supported by the onset latency data from the current experiment, which suggest
that in the PRD condition the auditory metronome did elicit an earlier initiation of the
anticipatory smooth response than either the tactile or visual metronomes. By
contrast, in the RND condition the latency onset data suggest that the modality of
the warning cue had no effect on the timing of the onset of the response. Overall,
this suggests that in the PRD condition subjects used the waming cues in a manner
analogous to the use of metronome information during a synchronisation paradigm
(see Chapter 4). In the RND condition, the waming cues were not used in this way,
presumably because the intervals between successive target presentations were not
equally spaced. The differences in Vioo values observed in the current experiment
were relatively small. This is perhaps not surprising, given that anticipatory smooth
pursuit responses are known to have high variability, both within and between
subjects (Wells and Bames 1998). The data from the PRD condition support those
of Bames and Donelan (1999) in that the response to a visual waming cue appears
to be delayed compared to an auditory waming cue. However, their finding was for
an underlying random target motion (with a waming cue interval of 600ms) whereas
in the current RND condition the To data suggested that there was no difference
between modalities. The current RND Vioo values do, however, agree with Bames
and Donelan (1999) in that in neither case were any modality differences found.

Conclusions
1. When the timing of target presentation was predictable, waming cues facilitated
the build-up of an anticipatory smooth pursuit response, allowing an optimum
level of activity to be attained more quickly than when there were no waming
cues.
2. Waming cues also facilitated the build-up of an anticipatory smooth pursuit
response when the timing of target presentation was random, although it took
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longer for the optimum level of activity to develop in this condition than in the
predictable target condition.
3. When target motion was predictable, the modality of the waming cue affected
the magnitude and timing of onset of the anticipatory response. This was not the
case when target motion was random.
4. The magnitude of the anticipatory response was not affected by the number of
waming cues presented prior to each target presentation.
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CHAPTER 6 - TIMING CONTROL DURING
SIMULTANEOUS HEAD AND GAZE MOVEMENTS

General introduction
The experiments described in the previous Chapters have examined the temporal
performance of the ocular motor system under highly controlled and relatively simple
conditions - ie. whilst producing either a saccadic or smooth pursuit response with
the head fixed. In this final experimental Chapter, ocular motor timing is examined
under more complex conditions. Firstly, target motion is pursued with both the head
and eyes, ie. with the head free. This is a much more complex situation than when
pursuing targets under head-fixed conditions, because the overall gaze trajectory
(eye position in space) comprises both head and gaze-related components and the
response is influenced by the contribution of the vestibular system. Secondly, the
ocular motor system is deliberately taxed (from a temporal control perspective), by
using paradigms that require the head and gaze components to simultaneously
execute quite different movements, in order to assess the ability of the ocular motor
system to time two motor responses simultaneously.
Under most circumstances, movements of the head and eyes appear highly co
ordinated, particularly during gaze shifting. The study of behavioural responses in
humans (Bames 1979, Zangemeister and Stark 1982a,b, Guitton and Voile 1987,
Ron and Berthoz 1991) and more basic neurophysiology in other species (Bizzi et
al., 1971; Grantyn & Berthoz, 1988; Guitton & Munoz, 1991), has led to the
suggestion that common drive mechanisms may be responsible for this co
ordination, with the implication of common timing of the motor processes. There is
evidence (Ron & Berthoz, 1991) to suggest, however, that the head and eyes may
be dissociated in less predictable conditions. It has previously been shown that
prediction plays a large part in the control of head and gaze movements during
head-free pursuit (Bames & Grealy, 1992). In the experiments described here, the
role of this predictive process is investigated in circumstances in which head and
gaze movements are deliberately dissociated.
A major problem in attempting to study co-ordinated head and gaze movements is
that they are inevitably coupled, because rotation of the head provides an angular
acceleration stimulus to the semi-circular canals of the inner ear. In darkness, this
-119-

stimulus evokes a vestibulo-ocular reflex (VOR) response that drives the eyes with a
velocity close to that of the head, but in the opposite direction, so that the eyes are
stabilised in space. During head-free pursuit of a continuously moving target, this
VOR response is counter-productive, as it drives the eye in the opposite direction to
the target. Under these circumstances, it is necessary to suppress the VOR so that
the eye can move with the head. If head movement does not completely match
target movement, an additional pursuit response must be generated so that gaze
velocity (eye velocity in space) can match target velocity. Although this process
appears complex, it is likely that both VOR suppression (VORS) and pursuit
components are controlled simultaneously by the same mechanism during headfree pursuit. There is strong evidence (Bames, 1988; Bames et al., 1978; Bames &
Lawson, 1988; Lau et ai, 1978; Bames et ai, 1985b; Koenig et ai, 1986; Koenig et
ai, 1978) that the neurological mechanisms, derived from visual feedback, that are
responsible for the head-fixed pursuit response are also responsible for visual
suppression of the VOR. On this basis, head-free pursuit could be thought of as a
process in which the VOR continuously nulls gaze velocity, leaving the pursuit
mechanisms to control gaze velocity. This has the conceptual advantage that gaze
control would be unaffected by differing levels of head movement and thus gaze and
head movements could be quite independent. This situation would only be true if
VOR gain were unity (i.e. if it exactly compensated for head movement) and all VOR
suppression were carried out by visual feedback mechanisms. During active head
rotations VOR gain is generally close to unity (Bames 1993), but the evidence
regarding VOR suppression is more difficult to interpret. There is considerable
evidence to support the existence of non-visual VOR suppression mechanisms both
in humans (Gauthier & Robinson, 1975; Barr et ai, 1976; Bames & Eason, 1988;
McKinley & Peterson, 1985; Furst et ai, 1987; Baloh et ai, 1984; Melvill Jones et
ai, 1984) and in monkeys (Lisberger, 1990; Cullen et ai, 1991), but the relevance to
head-free pursuit is not clear. It has been argued (Robinson, 1982) that a non-visual
VOR suppression mechanism may be an advantage during head-free pursuit. Under
natural conditions, a combined movement of the head and eyes is usually induced
when target displacement is large and hence target velocity is likely to be high (>60
V^). It has been shown that the head-fixed pursuit response begins to deteriorate at
such velocities due to non-linear saturation effects in the visual feedback system
(Schalén, 1980; Lisberger ef a/., 1981; Barnes, 1993; Bames & Crombie, 1985a;
Lisberger et ai, 1981; Bames, 1993; Asselman & Bames, 1989; Lisberger et ai,
1981; Bames & Crombie, 1985a). So, if the VOR were suppressed by non-visual
mechanisms and pursuit only had to make up the difference in velocity between the
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head and target, these saturation effects would become less significant. However,
when head-free and head-fixed pursuit tasks have been directly compared (Bames
and Lawson 1989) no evidence has been found to support this concept.
One feature that is clear is that prediction can play a large part in VOR suppression.
This was demonstrated by Bames and Grealy (1992) when subjects fixated a headfixed target during passive whole-body rotation on a tumtable. The tumtable moved
sinusoidally, but the head-fixed target was visible to the subject only very briefly as
the tumtable passed through the centre of its trajectory (i.e. at peak head velocity).
A similar paradigm had been used previously (Bames & Asselman, 1991) to
examine the predictive mechanisms involved in head-fixed pursuit of an
intermittently illuminated target. It elicits a highly reproducible response, as shown in
Chapter 5 of this thesis, in which smooth eye velocity builds up over the first few
presentations of the target until a steady-state predictive response is established.
When viewing a briefly illuminated head-fixed target during passive whole-body
rotation on a tumtable (Bames and Grealy 1992), a similar build-up of predictive
activity was seen in the VOR suppression signal. Moreover, the authors showed that
this stereotyped predictive activity is also seen in both head and gaze signals during
head-free pursuit of such a stimulus.
As a result of these experiments it was suggested that pursuit and VOR suppression
share a common predictive mechanism. It was postulated that eye movement
control involves two feedback pathways - one which provides straightforward
feedback of retinal velocity error and another which samples and stores the pre
motor drive signal (derived from this afferent velocity error signal) and subsequently
uses it to boost the drive to the extra-ocular muscles. According to this hypothesis, it
is this second pathway that is responsible for the build-up and maintenance of
anticipatory activity with repeated presentation of the stimulus. During head-fixed
pursuit this pre-motor drive signal generates eye velocity directly, whereas during
head-free pursuit it is used both to suppress the vestibular drive from the semi
circular canals and to provide any additional pursuit required. Given this hypothesis,
it would be interesting to determine what evidence of predictive behaviour might
emerge if head and gaze were dissociated. It would also be interesting to determine
whether accurate temporal control can be maintained under these complex
circumstances. That is the subject of the three experiments described in this
Chapter. Methods and Results are given for each experiment individually, but all
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three experiments are discussed collectively in a Discussion at the end of the
Chapter.

General Method
Subjects
Nine healthy subjects (five male, four female) participated in this study. Their mean
age was 34.0 years (range 25 to 51 years, SD 7.6 years).

Equipment
Subjects were seated in a darkened room at the centre of a semi-circular screen
with a radius of 1.5 m. Eye movements were recorded using the Skalar system. The
eye movement recorders were mounted on a lightweight helmet; a bite bar, coupled
to the helmet, was used to ensure that the helmet and recorders were immobilised
with respect to the head. Head rotation was transduced by a continuous turn
potentiometer which was coupled to the top of the helmet by a flexible bellows
coupling that was non-compliant in torsion. Visual targets were projected onto the
screen via a servomotor-controlled mirror. Target visibility was controlled by an
electromagnetic shutter - targets could only be seen when the shutter was open.
This ensured precise control of the timing of target presentation. Target 1 consisted
of a white circle, the radius of which subtended 50 min arc at the eye, with
superimposed cross-hairs. Target 2 consisted of a green circle with the same
dimensions as target 1.

Data analysis
Eye and head displacement signals were summated to obtain gaze displacement,
from which gaze velocity was obtained by digital differentiation. The fast phase
components were then removed using an interactive graphics procedure (Bames,
1982). In the following description of results, the term gaze velocity is used to
describe the velocity of the remaining slow phase components of the response.
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Experiment 6a: Head and gaze movement coupling during
head-free pursuit
Aim
The aim of this experiment was to assess the extent to which head and gaze are
uncoupled from moment to moment during normal co-ordinated head-free pursuit.
Although this has been observed previously (Gresty and Leech 1977, Lanman et al
1978), the effect has not been quantified.

Method
Paradigm
Subjects performed head-free pursuit of target 1, which was constantly visible and
moved sinusoidally. The run was divided into five sectors, each consisting of a
number of cycles of target movement (between five and eleven, depending on target
frequency). In each sector, the target moved at one of the following frequencies:
0.16, 0.32, 0.66, 0.96, or 1.25Hz. Peak amplitude of the target was held constant at
+/- 30° for all sectors, peak velocity varied from +/- 30.2°s'^ to +/- 235.6°s'\
depending on frequency. Peak amplitude was kept constant in order to facilitate the
natural generation of head movements across the frequency range. Head and eye
displacement signals were sampled at a frequency of 100Hz.

Design
A within subjects repeated measures design was used, with all subjects performing
all conditions. The within subjects factors were: frequency (0.16, 0.32, 0.66, 0.96,
1.25Hz).

Data analysis
The relationship between head and gaze signals and the target signal was assessed
by performing multiple regression analyses. Specifically, head displacement and
gaze displacement gain and phase were derived using head displacement or gaze
displacement as the dependent variables and target velocity and target
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displacement as the independent variables (Bames, 1982). Gaze velocity gain and
phase were similarly calculated, using gaze velocity (i.e. with saccades removed) as
the dependent variable. A comparable measure for head velocity gain and phase
was not derived because of the inability to clearly identify saccade-like components
in the head velocity trace. For each subject, these gain and phase measures were
calculated using data from the entire response and also for each individual cycle of
the response. This latter analysis allowed the standard deviation (across cycles) to
be calculated. The standard deviation of gaze and head gains gave an indication of
the cycle-by-cycle variability in the magnitude of the tracking response. The
standard deviation of the phase values gave an indication of the cycle-by-cycle
variability in the timing of the head and gaze tracking responses.

Statistical analysis
Multiple regression coefficients for head and gaze were compared using the nonparametric Wilcoxon signed rank test. At each target frequency, head displacement
phase and gaze displacement phase (calculated from each subject's entire
response) were compared by performing paired t-tests (five in total - 1 for each
frequency). Standard deviation (across cycles for each subject) of gaze and head
displacement gain and gaze and head displacement phase were compared at each
frequency using paired t-tests (five in total for each dependent variable). For these
multiple comparisons, a corrected alpha level of 0.01 was used.

Results
Head, eye and gaze trajectories in response to different target frequencies
A typical response (from one subject) to the sinusoidal movement of target 1 is
shown in Figures 6.1 and 6.2. At the lowest frequency (0.16Hz - Figure 6.1) this
subject produced hypometric head movements. This meant that the visuomotor
mechanisms had not only to suppress the VOR (which would have driven the eyes
with a velocity close to that of the head but in the opposite direction), but also had to
generate a pursuit movement of the eyes in order to maintain gaze on target. This
pursuit activity is shown by the eye displacement signal in Figure 6.1a, which is of
similar amplitude to the head movement, but lags behind it. The relatively precise
matching of gaze velocity to target velocity (Figure 6.1b) demonstrates how effective
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the oculomotor system was at maintaining gaze on target at this frequency, despite
the mismatch, in both amplitude and phase, between head and eye displacement.
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Figure 6.1: Single subject’s response to a target moving sinusoidally at 0.16Hz.
At the higher target frequency (1.25Hz - Figure 6.2) this subject’s head movements
were no longer hypometric and matched target displacement more precisely
(although this was not the case for all subjects - see Figure 6.3a). Suppression of
the VOR was not totally effective at this relatively high frequency: hence the eye
displacement trace exhibits the characteristics of vestibular nystagmus, with slowphase eye velocity acting in the opposite direction to head displacement. The peak
velocity of the eye was, however, considerably less than that of the head, indicating
that substantial, although not total, suppression of the VOR had been achieved. This
is also reflected in the velocity traces (Figure 6.2b), which show that although head
velocity closely matched target velocity, the gaze velocity signal was slightly
hypometric.
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Figure 6.2: Single subject’s response to a target moving sinusoidally at 1.25Hz.
Overall, the averaged head and gaze trajectories were closely associated and
varied similarly with frequency. This is illustrated in Figure 6.3a, which shows the
effect of target frequency on the gain of head displacement, gaze displacement
(which includes both fast and slow phase components of the response) and gaze
velocity (which refers just to the slow phase component). Trends in head
displacement and gaze displacement gain were similar, in that they did not decline a
great deal with frequency. However, the ratio of head to gaze gain increased from
0.7 at a target frequency of 0.16Hz to 0.8 at a target frequency of 1.25Hz. Gaze
velocity gain decreased more sharply with increasing target frequency. This reflects
the fact that, unlike the head and gaze displacement traces, saccadic components
had been removed from the gaze velocity trace. The overall pattern of phase errors
(Figure 6.3b) also showed a similar trend for head and gaze signals, with phase lag
generally increasing with increasing target frequency. However, head displacement
phase was significantly higher than gaze displacement phase at 0.66Hz and almost
reached significance at 0.32Hz (Table 6.1), illustrating the temporal dissociation
between head and gaze movements at these frequencies. Head displacement
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showed a net phase advance at the lowest frequencies (0.16, 0.32 and 0.66 Hz),
suggesting some prediction in this component.
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Figure 6.3: Gain (a) and phase (b), of head displacement, gaze displacement and
gaze velocity at each target frequency, mean of 9 subjects, +/-1 S.E.M.
Target
Frequency (Hz)

Paired comparison

df

t

p-value

0.16

HDP-GDP

8

0.739

0.481

0.32

HDP-GDP

8

2.893

0.02

0.66

HDP-GDP

8

4.555

0.001

0.96

HDP-GDP

8

2.292

0.051

1.25

HDP-GDP

8

-1.705

0.127

Table 6.1: Results of paired t-test compensons of head displacement phase (HOP)
and gaze displacement phase (GDP) at each target frequency.
Despite the overall similarities between gaze and head trajectories, from moment to
moment the signals could be very different. This is illustrated in Figure 6.4, which
shows the variability, across cycles, in head and gaze displacement gain (6.4a) and
head and gaze displacement phase (6.4b).
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Figure 6.4. Standard deviation across cycles for gain (a) and phase (b), for head
and gaze displacement at each target frequency, mean of 9 subjects, +/-1 S.E.M.
Variability in gain, reflecting cycle-by-cycle variability in the magnitude of the
tracking response, was greater for the head response than for the gaze response at
target frequencies of 0.32Hz and 0.66Hz (Table 6.2). Variability in phase, reflecting
cycle-by-cycle variability in the timing of the tracking response, was greater for the
head response than for the gaze response at all five target frequencies (Table 6.3).

Target
Frequency (Hz)

Paired comparison

df

t

0.16

SD HDG-SD GDG

8

3.178

0.013

0.32

SD HDG-SD GDG

8

4.272

0.003

0.66

SD HDG-SD GDG

8

4.064

0.004

0.96

SD HDG-SD GDG

8

0.758

0.470

1.25

SD HDG-SD GDG

8

-0.777

0.460

p-value

Table 6.2: Results of paired t-test comparisons of variability in head displacement
gain (SD HOG) and gaze displacement gain (SD GDO) at each target frequency.
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Target
Frequency (Hz)

Paired comparison

df

t

p-value

0.16

SD HDP-SD GDP

8

5.419

0.001

0.32

SD HDP-SD GDP

8

4.315

0.003

0.66

SD HDP-SD GDP

8

6.086

0.0003

0.96

SD HDP-SD GDP

8

4.789

0.001

1.25

SD HDP-SD GDP

8

3.673

0.006

Table 6.3: Results of paired t-test comparisons of variability In head displacement
phase (SD HOP) and gaze displacement phase (SD GDP) at each target frequency.
In addition to this greater variability, there was also evidence that the head response
was less linear than the gaze response. This is illustrated in Figure 6.5, which shows
an example of one subject’s response to the target moving at 0.16Hz. Head and
gaze trajectories (plotted against target velocity) are similar, but the gaze velocity
signal appears to be slightly more linear than the head velocity signal, which
appears to show a saturation effect. This was typical of all subjects, as revealed by
a multiple regression analysis of either head or gaze velocity against both target
velocity and target displacement (in order to take into account phase errors, which
are evident in Figure 6.5). For the data shown in Figure 6.5, this analysis yielded
multiple correlation coefficients of 0.992 for the gaze signal and 0.933 for the head
signal. Comparison of the data from all subjects showed that the correlation
coefficients for gaze were significantly greater (Z=-2.666, p=.008) than those for the
head.
Taking all these measures into account, it is evident that although there are global
similarities in head and gaze control, there are also marked differences in the
magnitude (gain), timing (phase) and moment-to-moment trajectories of head and
gaze movement.
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Figure 6.5: Head and gaze velocity plotted against target velocity for a single
subject’s response to a target moving at 0.16Hz.

Experiment 6b: Build-up of predictive head and gaze activity
during head-free pursuit
Aim
In this experiment, the technique employed by Barnes and Grealy (1992), discussed
in the Introduction, was used to examine the build-up of anticipatory head and gaze
responses during head-free pursuit. The aim was to investigate whether it is
possible to build up independent, and oppositely directed, anticipatory activity for
head and gaze by instructing the subject to make head and gaze movements in
opposite directions. In such a task, the VOR would drive the eye in the opposite
direction to the head, but at best this would only achieve stabilisation of the eye in
space (i.e. zero gaze velocity). To drive gaze in the opposite direction to the head
would require an extra predictive pursuit component in the opposite direction to
head movement.
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Method
Paradigm

The motion of target 1 was a constant velocity ramp, alternating in direction every
2.16 s. The target was illuminated intermittently (controlled by the shutter), such that
it was only visible for 240ms as it passed through the centre of its trajectory. The run
was divided into five sectors, each consisting of a number of cycles of target
movement (either five or six, in a randomised pattern). In each sector the target
moved at one of the following velocities (randomised): 8, 16, 24, 32 or 40 °s'\
Successive sectors were separated by 1 blank cycle, in which the target was not
visible. Head and eye displacement signals were sampled at a frequency of 100Hz.
Two conditions were carried out using this target configuration. In the first condition
(TOG), subjects pursued the target under head-free conditions with eyes and head
both following the motion of the target. In the second condition (GPP), subjects were
instructed to move their head at the same frequency as the target but in the opposite
direction to its motion, whilst pursuing the target motion with their gaze. Subjects
were given one practice run with each paradigm.

Design

A within subjects repeated measures design was used, with all subjects performing
all conditions. The within subjects factors were: condition (TOG, OPP), target
velocity (8, 16, 24, 32, 40 V^) and presentation number (1®*, 2"^, 3"^*, 4*^, steadystate).

Data analysis

The build up of anticipatory activity in both TOG and OPP conditions was assessed
by examining head and gaze velocity profiles for the first four presentations of the
target at each target velocity and comparing them with the steady-state velocity
profile at that target velocity. The steady-state response was calculated by
averaging the velocity profiles obtained in response to the remaining presentations,
i.e. the 5**' presentation onwards. This represented an average of either four or six
responses, depending on the number of cycles presented at each target velocity.
Anticipatory activity was quantified by looking at the velocity of the response 100ms
after target onset (Vioo). Vioo provides a robust measure of anticipatory activity
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(Ohashi & Bames, 1996) because it represents an internally generated response
produced prior to the onset of visual feedback (Carl & Gellman, 1987).

Statistical analysis
A 2-way repeated-measures Analysis of Variance (ANOVA) [target velocity (8, 16,
24, 32, 40V^) X presentation (1®*, 2"*^,

4**’, steady-state)] was carried out for head

and gaze velocity measured 100ms after target onset (Vioo), in both TOG and OPP
conditions (four separate ANOVAs in total). Differences between target velocities
and between presentations were assessed using a priori contrasts. To examine the
effect of target velocity on Vioo specifically for the steady-state response, four further
1-way repeated-measures ANOVAs [target velocity (8, 16, 24, 32, 40°s'^)] were
carried out and differences between target velocities were assessed using a priori
contrasts.

Results
Head, eye and gaze trajectories
In response to intermittent target presentation, subjects were able to maintain their
gaze on the target regardless of whether the head was moved with the eyes (TOG
condition) or in the opposite direction to the eyes (OPP condition). The results for
the TOG condition are very similar to those obtained previously by Bames and
Grealy (1992) using a similar paradigm. A typical response, for a single subject, to
the target moving at 32 °s'^ is shown in Figure 6.6. In the TOG condition, overall,
gaze and head displacement were smaller than target displacement (Figure 6.6a),
but this was not unexpected since the target was only visible for 240ms as it passed
through the centre of its trajectory. The eye displacement trace was confined within
a few degrees of centre and consisted of both smooth and saccadic components.
Overall, VOR suppression was very effective, but in places (especially when the
head moved to the right - i.e. in the positive direction in Figure 6.6a) there was
evidence of residual VOR, with smooth eye movements occurring in the opposite
direction to head movements. This accounted for only a small fraction of the trace,
however, indicating the overall effectiveness of VOR suppression. This is also
reflected by the close correspondence between gaze and head velocity trajectories
(Figure 6.6b).
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Figure 6.6: Response of a single subject to a constant velocity, intermittently
illuminated target moving at 32°s'\ Eye, head and gaze displacement (a) and head
and gaze velocity (b) in the TOG condition. Eye, head and gaze displacement (c)
and head and gaze velocity (d) in the OPP condition. In both conditions the target
was visible only whilst the shutter signal was ON - i.e. for 240ms as it passed
through centre. PVE = predictive velocity estimate that occurs when the target fails
to appear when expected.
The response of the same subject to the OPP condition is shown in Figures 6.6c
and 6.6d. This subject was clearly able to produce head and gaze movements in
opposite directions whilst maintaining gaze on target during its brief period of
illumination. This task requires the VOR not to be suppressed, but to be
supplemented by an additional smooth eye movement component. This additional
component can be clearly seen in Figure 6.6c. The effective separation of the gaze
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and head responses is also demonstrated by their opposing velocity traces (Figure
6.6d).
The graphs in Figure 6.6 also show that when the target failed to appear at the end
of the sequence, the subject, unaware that the target would not be appearing,
continued to make a predictive, but inappropriate, head movement. Without
modification of the VOR, gaze velocity would be close to zero at this time, but in
both TOG and OPP conditions this was not the case. In the TOG condition the
similarity of head and gaze trajectories (labelled PVE in Figure 6.6b) indicates that
the VOR was being predictively suppressed. By contrast, in the OPP condition, head
and gaze were driven in opposing directions (labelled PVE in Figure 6.6d), indicating
that a predictive smooth eye movement drive was effectively supplementing the
action of the VOR.

Changes in response with repeated stimulation
In both the TOG and OPP conditions the timing of the subjects’ responses at each
target velocity changed with repeated exposure to the target's motion. Typically,
head and gaze responses to the first target presentation were not initiated until after
the target became visible (ie. after the shutter had opened). Latencies for these first
responses were in the order of 100-200ms, comparable with those obtained
previously (Bames & Grealy, 1992). With repeated presentation of the target, head
and smooth gaze movements occurred before target onset (ie. they were
anticipatory). This anticipatory activity built up over the first few presentations,
before reaching a steady-state level. This build-up in anticipatory velocity is
illustrated in Figure 6.7.
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Figure 6.7: Build-up in anticipatory head and gaze activity with repeated
presentation of an intermittently illuminated target moving at 32^s'^ in TOG (a and b)
and OPP (c and d) conditions. A non-zero target velocity signal denotes the time for
which the target was visible. Mean of 9 subjects.
In the TOG condition at a target velocity of 32°s'\ for both gaze (Figure 6.7a) and
head (Figure 6.7b) trajectories, the response to the first presentation was not
initiated until well after the shutter had opened. For the second presentation, some
anticipatory velocity had built up, allowing the response to be initiated earlier, but
this anticipatory activity was still lower than that of the steady-state response. By the
third presentation, anticipatory head and gaze activity had reached the steady-state
level and both responses were initiated well in advance of the opening of the
shutter. For the OPP condition, the velocity build-up was similar (Figures 6.7c and
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6.7d), except that gaze velocity did not reach its steady-state level until the fourth
presentation of the target.
This build-up in anticipatory activity was quantified by looking at the velocity of the
response 100ms after target onset ( V io o )-
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Figure 6.8: Head and gaze velocity 100ms after target onset (Vwo) in TOG (a and b)
and OPP (c and d) conditions. Mean of 9 subjects +1 S.E.M.
For all target velocities, Vioo for head and gaze velocity for the first presentation of
the target was negligible in both TOG and OPP conditions (Figure 6.8) and was
significantly lower than the steady-state value (Head velocity TOG: F(1,8)=32.162,
p=0.0005; Gaze velocity TOG; F(1,8)=31.701, p=0.0005; Head velocity OPP:
F(1,8)=16.475, p=0.004; Gaze velocity OPP. F(1,8)=26.774, p=0.001). For head
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velocity in the TOG condition [F(1,8)=7.450, p=0.026] (Figure 6.8b), and both head
[F(1,8)=14.282, p=0.005] (Figure 6.8d) and gaze velocity [F(1,8)=11.360, p=0.01]
(Figure 6.8c) in the OPP condition, Vioo in response to the 2"'^ presentation of the
target was also less than Vioo in the steady-state condition. For all conditions, there
was no difference between Vioo in response to either the 3'"' or 4*^ presentation
compared with the steady-state response. Steady-state Vioo values were, therefore,
attained in all conditions within three presentations of the target.
It is apparent from the graphs in Figure 6.8 that the general trend was for Vioo to
increase with increasing target velocity. For the steady-state response this increase
in Vioo was significant for head [F(1,8)=19.295, p=0.002] and gaze [F(1,8)=14.147,
p=0.006] velocity in the TOG condition and for gaze [F(1,8)=13.508, p=0.006]
velocity in the OPP condition. This scaling of anticipatory activity to target velocity is
also shown in Figure 6.9, which shows the steady-state head and gaze velocity
profiles in both TOG and OPP conditions at all target velocities.
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Figure 6.9: Steady-state gaze and head velocity at each target velocity in TOG (a)
and OPP (b) conditions. For the sake of clarity, head velocities are displayed as
negative values for both conditions, whereas in the TOG condition they were
actually positive. The time for which the target was visible is denoted by a non-zero
shutter signal. Mean of 9 subjects.
Both head and gaze velocity profiles for the TOG condition (Figure 6.9a) and the
gaze velocity profile for the OPP condition (upper five traces in Figure 6.9b) clearly
show this velocity scaling in the period between the onset of the target (the opening
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of the shutter) and the time at which visual feedback becomes effective. For head
velocity in the OPP condition (lower five traces in Figure 6.9b) this scaling is not
present for Vioo, although it was present for peak head velocity, despite the fact that
the target was moving in the opposite direction to the head.

Experiment 6c: Control of simultaneous head and gaze
movements at two independent frequencies
Aim
The aim of this experiment was to investigate whether independent gaze and head
control could be achieved under circumstances in which the head and gaze
trajectories were very different. To achieve this, a paradigm was devised in which
subjects produced simultaneous head and gaze movements at two independent
frequencies. The objective was to show that anticipatory head and gaze movements
might be used to facilitate time-sharing of motor control processes during tasks
which require the simultaneous execution of both types of movement.

Method
Paradigm

The visual targets were constantly illuminated and moved sinusoidally with a peak
velocity of 40°s'\ Target 2 was displayed 3° above target 1. An auditory timing
signal was provided by a modulated audio signal which was delivered to the subject
via a stationary loud speaker. Two conditions were examined:
(a) 2VIS - In this condition, targets 1 and 2 were illuminated simultaneously. They
moved at different, harmonically unrelated, frequencies (0.4 and 0.65Hz). Subjects
were instructed to pursue target 2 initially with both their head and gaze, but after
two cycles to transfer their gaze to target 1 whilst maintaining head movements
appropriate to target 2. The frequency of target 2 was reinforced using the
modulated audio timing signal. Each subject performed the 2VIS paradigm twice,
once with target 1 moving at 0.4Hz and target 2 at 0.65Hz (target configuration 1),
and once with the frequencies reversed (target 1 = 0.65Hz and target 2 = 0.4Hz target configuration 2).
-138-

(b) 1VIS - This condition was similar to the 2VIS condition, except that only one
visual target (target 1) was presented. Head movement frequency was controlled by
the audio timing signal, which was simultaneously presented with target 1 and was
modulated at a harmonically unrelated frequency. Subjects were instructed to
concentrate initially on matching the frequency of their head movements with the
frequency at which the audio signal was being modulated and after two cycles to
direct their gaze at target 1 whilst maintaining head movements appropriate to the
audio signal. Note that the audio signal did not provide any cues about desired head
displacement, it just provided frequency information. As for the 2VIS condition, the
1VIS paradigm was carried out twice, once with target configuration 1 and once with
target configuration 2.
In both 1VIS and 2VIS conditions, subjects were not given specific instructions
regarding the amplitude of head displacement. However, they all tended to match
the amplitude of head movement to the amplitude of target movement. Subjects
were given 1 practice run for each condition. Head and eye displacement signals
were sampled at a frequency of 125Hz.

Design
A within subjects repeated measures design was used, with all subjects performing
all conditions. The within subjects factors were: condition {1VIS, 2VIS), target
configuration (1,2) and frequency (0.4Hz, 0.65Hz).

Data analysis
The relationship between head and gaze signals and the target signal was assessed
by performing multiple regression analyses, as described for Experiment 6a. A Fast
Fourier Transform (FFT) analysis was performed on the last 16 seconds of the head
and gaze velocity traces recorded in 1VIS and 2VIS conditions for both target
frequency configurations. In order to assess whether any head or gaze response
made at the inappropriate target frequency was significant, multiple regression
analyses were performed using head velocity or gaze velocity as the dependent
variables and target velocity and target displacement as the independent variables.
This was carried out using individual subjects' data for the 1VIS and 2VIS conditions
at target configurations 1 and 2. In order to determine whether head and gaze
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responses at their respective target frequencies were predictive, the time delay
associated with the overall phase angle was calculated by dividing the mean
displacement phase (across cycles) by 360 and multiplying by the period of the
appropriate stimulus.

Statistical analysis
The response to the 1VIS and 2VIS conditions was compared by a 3-way repeatedmeasures ANOVA [condition {1VIS, 2VIS) x target configuration (1, 2) x frequency
(0.4, 0.65)] carried out on the head displacement gain, gaze displacement gain and
gaze velocity gain signals respectively. Gaze displacement gain and gaze velocity
gain (averaged across 1VIS and 2VIS conditions) were then compared by carrying
out paired t-tests (2 in total - one for each target configuration, corrected alpha =
0.025). Displacement phase, for the head and gaze signals respectively, was
compared for the 0.65Hz frequency component of experiment 6c (averaged across
1VIS and 2VIS conditions) and the 0.66Hz stimulus of experiment 6a by performing
a paired t-test. Similarly, a paired t-test was performed on the standard deviation
(across cycles) of phase, for head and gaze respectively, for the two experiments.
For these tests a corrected alpha level of 0.0125 was used.

Results
Head and gaze trajectories
All nine subjects were able to produce simultaneous head and gaze movements at
two independent frequencies. They were able to follow both frequency combinations
- ie. either gaze at 0.4Hz and head at 0.65Hz or gaze at 0.65Hz and head at 0.4Hz.
The example response in Figure 6.10 shows gaze and head displacement and
velocity for a single subject carrying out the 2VIS condition with her gaze tracking
target 1 at 0.65Hz and her head tracking target 2 at 0.4Hz.
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Figure 6.10: Response of a single subject carrying out the 2 VIS condition with her
gaze tracking target 1 moving at 0.65Hz and her head moving at the frequency of
target 2 (0.4Hz).
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The displacement traces (Figures 6.10a and 6.10c) show that head and gaze
movements were maintained at an amplitude and frequency that was appropriate to
the target that they were following. This is confirmed in the velocity traces (Figures
6.10b and 6.10d) by the close correspondence of gaze velocity to the velocity of
target 1, and head velocity to the velocity of target 2. However, as shown later by
the results from the FFT and gain analyses, although all subjects were able to match
the frequency of head movement to the frequency of target 2, this subject was
unusual in her ability to match head displacement to that of target 2. Note that for
the first two cycles of the response gaze movements were out of phase with target
1. This represents the period during which the subject was just concentrating on
target 2, before shifting her gaze to target 1.

Accuracy of gaze and head movement frequency
The accuracy with which head and gaze movements followed their respective target
frequencies was revealed by the FFT analysis of the velocity signals, the results of
which are shown for the 1VIS condition in Figures 6.11a and 6.11b and for the 2VIS
condition in Figures 6.11c and 6.lid . The results for the two conditions were almost
identical. When gaze followed target 1 moving at 0.4Hz (Figures 6.11a and 6.11c),
the velocity response was well matched to the target velocity signal in both
frequency and amplitude, although there also appeared to be a very small response
around the frequency of target 2 (0.65Hz). The velocity profile for the head response
was also well matched to target frequency, but was hypermetric. When gaze
followed target 1 moving at 0.65Hz (Figures 6.11b and 6.1 Id), the response was
well matched in amplitude and frequency, but again there was a small amount of
activity at the frequency of target 2 (0.4Hz). The head simultaneously following
target 2 was hypometric. This pattern of results is confirmed by comparison of the
gain of head and gaze signals at each target frequency, derived from the regression
analysis. The 3-way ANOVA showed that the main effect of condition {1VIS versus
2VIS) was not significant for head displacement gain [F(1,8)=2.911, p=0.126], gaze
displacement gain [F(1,8)=1.981, p=0.197] or gaze velocity gain [F(1,8)=0.001,
p=0.973]. This confirmed the impression from the FFT analysis that there was no
difference between 1VIS and 2VIS target conditions.
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Figure 6.11: Root mean square head and smooth component gaze velocity derived
by FFT analysis. Mean of 9 subjects +/- 1 S.E.M.
The gain of head and gaze signals for each target frequency configuration is shown,
in Figure 6.12, averaged across target conditions {1VIS and 2VIS). These graphs
demonstrate, again, the degree to which the frequency of gaze and head
movements were separated. Both graphs in Figure 6.12 show relatively high head or
gaze gain (between 0.7 and 1.3) at the appropriate frequency (ie. at the frequency
that was being followed by head or gaze) and relatively low gain (less than 0.15) at
the frequency that was not being intentionally followed. For example, with gaze
following the 0.4Hz signal and head following the 0.65Hz signal (Figure 6.12a), gaze
displacement gain (mean of 9 subjects and mean of 1VIS and 2VIS conditions) was
0.95 at 0.4Hz and 0.13 at 0.65Hz, whereas head displacement gain was 0.09 at
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0.4Hz and 1.24 at 0.65Hz. This confirms the observation from the FFT analysis that
although the majority of the head or gaze activity was occurring at its respective
target frequency, there was a small amount of activity occurring at the inappropriate
target frequency. The multiple regression analyses performed on the head and gaze
velocity signals (for each subject for the 1VIS and 2VIS conditions at target
configurations 1 and 2) showed that although the regression coefficients at the
inappropriate frequency were very small (between 0.014 and 0.226) the majority
(78%) of the analyses were significant (p<0.05). Figure 6.12 also shows the
hypermetria of head displacement when following the target moving at 0.65Hz
(Figure 6.12a), and its hypometria when following the target moving at 0.4Hz (Figure
6.12b).
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Figure 6.12: Gain of gaze and head responses averaged across 1VIS and 2VIS
conditions, mean of 9 subjects +/-1 S.E.M.

The pattern of hyper- and hypo- metric head movements, both in terms of velocity
(as revealed by the FFT analysis) and displacement (as revealed by the gain
analysis) suggests that subjects were tending to match their head movement
amplitude, although not frequency, to target 1 (the gaze target) rather than to target
2 (the head target). This was made more apparent by the results of an FFT analysis
performed using gaze, head and target displacement (rather than velocity) signals
(Figure 6.13). Targets 1 and 2 had the same velocity, but they differed in their
frequency and hence in their displacement, with the 0.4Hz target having a peak
displacement 1.625 times greater than the 0.65Hz target. When the head was
moving at a frequency of 0.65Hz, it had an amplitude approaching that of the 0.4Hz
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stimulus and was therefore hypermetric (both in terms of displacement and velocity)
with respect to the 0.66Hz target. The reverse situation, with the head moving at
0.4Hz, produced hypometric movements (Figures 6.11 and 6.12).
Gaze displacement gain - which is the sum of eye and head displacement signals
before removing the fast phase components - is also shown in Figure 6.12. When
gaze was following the lower frequency target (Figure 6.12a) there was no
difference (df=8, t=1.843, p=0.103) between gaze displacement gain and gaze
velocity gain at this target frequency, indicating that the majority of the response was
made up of the smooth velocity component. When gaze followed the higher
frequency (Figure 6.12b), however, gaze displacement gain was significantly (df=8,
t=12.422, p=1.646x1 O'®) greater than gaze velocity gain at that target frequency,
demonstrating that at this higher frequency more corrective saccadic responses
were required to keep gaze on target.

Predictive head and gaze activity
In order to determine whether head and gaze responses at their respective target
frequencies were predictive, the time delay associated with the overall phase angle
was calculated. This yielded values (mean of 9 subjects, meaned across 1VIS and
2VIS conditions) of -1.4ms for gaze following the 0.4Hz target, -2.0ms for gaze
following the 0.65Hz target, 17.7ms for the head following the 0.4Hz target and
7.2ms for the head following the 0.65Hz target. Although the values for gaze
displacement represent a phase lag, the responses can still be regarded as
predictive since the delay is considerably less than 100ms, the approximate time
required for visual feedback to become effective (Carl and Gellman 1987).
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Figure 6.13: Head and gaze displacement derived by FFT analysis. Mean of 9
subjects +/- 1 S.E.M.

Response timing in experiment 6c compared with experiment 6a
In order to assess whether the simultaneous production of head and gaze
movements at different frequencies impaired temporal performance, two measures
(mean displacement phase and standard deviation (across cycles) of displacement
phase) were compared for the response to the 0.65Hz component in experiment 6c
and the response to the single 0.66Hz stimulus in experiment 6a (Figure 6.14).
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Figure 6.14: Comparison between experiments 6a and 6c of (a) Mean displacement
phase and (b) SD displacement phase for head and gaze signals. Mean of 9
subjects +/- 1 S.E.M.
Although the values for both the mean phase and SD phase appear to be greater for
experiment 6c than 6a, paired t-test comparisons showed that these differences
were not significant (Table 6.4).

Dependent variable

df

t

p-value

Mean head displacement phase

8

-1.162

0.279

Mean gaze displacement phase

8

-1.581

0.152

SD head displacement phase

8

-2.452

0.04

SD gaze displacement phase

8

-1.453

0.184

Table 6.4: Results of paired t-tests comparing displacement phase and SD
displacement phase in experiments 6a and 6c.

D iscussion
Dissociation of eye and head movements
These experiments confirm that although under natural conditions head and gaze
movements are usually closely associated, they can be controlled independently
and can, under certain circumstances, become dissociated and even completely
uncoupled. This result contrasts with the commonly-held view that there is always a
tight coupling between head and gaze. Such a coupling may often be observed in
co-ordinated gaze shifts (Bizzi et al., 1971; Guitton & Munoz, 1991), but even under
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these circumstances there is often a temporal disparity in head and eye control
depending on the stimulus conditions (Ron & Berthoz, 1991; Bames, 1979). During
a single transient gaze shift, dissociation might not be expected because responses
tend to be reactive rather than pre-programmed, so there is little opportunity to plan
independent head and eye movements in advance as there is in the experiments
described here. Even during continuous head-free pursuit, however, previous
evidence has pointed towards head and gaze being controlled by similar
mechanisms. For example, Bames and Lawson (1989) showed that both head and
gaze exhibit similar non-linear changes in gain and phase when pursuing pseudo
random target motion stimuli composed of mixed sinusoids. These changes were
dependent on the frequency composition of the stimulus. Similarity of frequency
response, however, need not imply that control is achieved by a high level of
moment-to-moment correlation between head and gaze. This is confirmed by the
results of experiment 6a. Overall, head and gaze responses were highly correlated,
as shown by the similar pattem of gain and phase for gaze and head. This
correlation was not, however, achieved through the slavish coupling of the two
responses on a moment to moment basis. This is shown by the cycle-by-cycle
analysis of the head and gaze gains and phases, which showed greater variability in
the head response than in the gaze response. The multiple regression analysis also
revealed small, but significant, differences between the head and gaze regression
coefficients, which reflected the greater moment-to-moment variability in the head
movement trace. This supports the qualitative observation by Lanman et al (1978)
that during head-free pursuit the head trajectory contains many irregularities which
are compensated for by the eye movement response in order to keep gaze on
target.
The results from experiments 6b and 6c demonstrate how independent control can
be accomplished under certain circumstances through the use of temporarily stored
information. In experiment 6b this was shown by the fact that subjects could initiate
movements of the head and gaze in opposing directions prior to the appearance of
the moving target. These movements were not controlled by any visual feedback
component, at least for the first 100ms after target onset Note that the eye had to
be driven in the opposite direction to the head at a velocity, relative to the head, that
was much higher than head velocity itself to achieve this effect. These anticipatory
movements were generally scaled according to target velocity, showing that they are
truly predictive as well as anticipatory. They must, therefore, have been derived from
previously stored information that was played out in anticipation of the target motion
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stimulus. The exception to this was that anticipatory head movement was not scaled
in the OPP condition, although peak head velocity was scaled. This latter finding is
interesting because in the OPP condition subjects were merely instructed to make
head movements in the opposite direction to target movement, and were given no
explicit instructions regarding head movement amplitude. Despite this, they appear
to have naturally produced head movements of a greater amplitude (and hence
velocity) for higher velocity target movements. This implies that common velocity
drive information is being used to control head and gaze but that the direction in
which the drive is applied can be independently controlled.
The use of stored information is also evident in experiment 6c. Here the strategy
was for the subject to follow the first two cycles of one stimulus with head and eyes
and then to maintain the head movement component of that response whilst
transferring gaze to the other target. The results demonstrate the ability of the
subjects to match the timing of the drive to the neck muscles with target frequency.
The degree to which subjects were able to, or needed to, monitor the timing of the
head target whilst simultaneously attending to the gaze target is unclear. It is clear,
however, that subjects were able to produce predictive head and gaze responses
under these circumstances.
Although most subjects found it relatively easy to respond at two different
frequencies, the resultant subjective perception was that the gaze target was
moving in a pseudo-random manner rather than a sinusoidal one. The resultant
gaze signal was, however, sinusoidal and largely confined to a single frequency
(Figure 6.10), confirming a previous observation (Worfolk & Barnes, 1992) that the
subjective perception of eye movement can be very different to the actual eye
movement trajectory. The ability to respond at two different frequencies was fairly
robust and was achievable in both 1VIS and 2VIS conditions. This shows that
subjects did not rely on having a visual target with which to match the frequency of
their head movements. The remarkable similarity in the response to the 1VIS and
2VIS conditions probably reflects the fact that subjects tended to use target 1 (the
gaze target) to set the amplitude of their head movements, although they clearly
matched head movement frequency with the frequency of target 2.
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The role of stored information in time-shared activities
The idea that subjects are able quickly to learn and reproduce head movements of a
prescribed frequency and amplitude is almost taken for granted and has been used
in many experiments as a means of reproducing a pattern of head or hand
movement (Barnes et al., 1985b; O'Leary & Davis, 1992; Vercher et a!., 1996).
Recently, Miall et al (1995) showed that the fidelity of this store of information for
hand movements tends to deteriorate over a period of a few seconds. There is
strong evidence that anticipatory smooth eye movements are also generated from
internally stored information. Barnes and Asselman (1991) showed that there is a
gradual build-up of anticipatory smooth eye movement with repeated stimulation. A
similar build-up of both head and gaze movements was observed by Barnes and
Grealy (1992) and these results are now confirmed by the results from experiment
6b (Figure 6.7). This is suggestive of the build-up of an internal store of information.
The burst of predictive gaze velocity (PVE in Figure 6.6) that occurs, in both TOG
and GPP conditions, when the target unexpectedly disappears in experiment 6b is a
manifestation of the release of this stored information. Similarly, subjects can
continue to replicate amplitude and frequency of eye movement when retinal error is
eliminated by stabilising the image of the target on the fovea (Barnes et a/., 1995). It
has recently been shown that this store of information appears to be charged by
afferent visual motion information, not an efference copy of the eye movement itself
(Barnes et a/., 1997). This last finding implies that the stored information is not
necessarily exclusive to eye movement but could be made available to other motor
effectors.
Taken together, these results suggest that visual feedback information is
continuously sampled and stored in a way that allows it to be accessed by the head
or eye or, indeed, the hand (Xia & Barnes, 1997a; Xia & Barnes, 1997b). Once
captured in this way it can be played out independently to head or eye and thus
achieve the temporal dissociation observed. Such a system would allow movements
to be controlled

in a time-shared manner, independent of immediate visual

feedback, with only the requirement that visual feedback be monitored to check the
validity of the internal estimates. However, because the stored information was
originally dependent on a common source of visual feedback, performance will be
dependent ultimately on the non-linear predictive characteristics of that feedback,
giving rise to similar non-linear frequency characteristics (Barnes et a/., 1987;
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Bames & Ruddock, 1988; Barnes & Lawson, 1989; Xia & Barnes, 1997a; Xia &
Barnes, 1997b).

Implications for theories of VOR suppression
The mechanism of VOR suppression has long been contentious. Although most
evidence points to the dominant role of visual feedback (pursuit) in this process,
there is also strong evidence of central suppression (Cullen et al., 1991; Bames,
1993). The results presented here, however, cannot easily be explained by the
theory that during head-free pursuit an efference copy of the head movement signal
is used to cancel the VOR (Robinson, 1982). In experiment 6c, simultaneous head
and gaze movements were produced at two independent (harmonically unrelated)
frequencies. If a copy of the head signal were used to suppress the VOR, even if not
completely, this would result in gaze being driven at the wrong frequency for pursuit.
So the pursuit system, far from being helped, would have to deal with the
suppression of an inappropriate internally-created signal as well as carrying out the
pursuit task. The best situation would be for VOR gain to be unity, thus nulling gaze
velocity at this frequency. It might be argued that non-visual suppression would not
be used in the complex conditions of experiment 6c, but this would imply the
presence of a specialised switching mechanism for which there appears little
evidence.
The results from experiment 6b provide further evidence of the highly reproducible
stereotyped predictive behaviour that has been observed previously (Bames and
Asselman 1991, Kao and Morrow 1994, Ohashi and Bames 1996). The paradigm
used in experiment 6b was originally devised to isolate the predictive component of
the smooth eye movement response during head-fixed pursuit. The results for the
TOG condition confirm the finding of Bames and Grealy (1992) that during head-free
pursuit the head and gaze velocity trajectories were very similar to the smooth eye
velocity trajectory seen during head-fixed pursuit. In particular, the gradual build-up
of predictive behaviour in the head and gaze signals over the first few presentations
of the target resembled very closely the build-up in predictive smooth eye velocity
previously reported during head-fixed pursuit (Bames and Asselman 1991).
Further evidence of the reproducibility of this predictive response is provided by the
results from the GPP condition. In this condition, head and gaze responses were
produced at the same frequency, but in opposite directions. As in the TOG
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condition, both head and gaze signals showed a similar build-up in predictive
velocity. This indicates just how ubiquitous the predictive response is and provides
further evidence for a common mechanism for the build-up and subsequent release
of a predictive velocity signal during head-fixed and head-free pursuit of a moving
target. The results for the OPP condition also provide a convincing demonstration
that head and gaze responses can easily be independently controlled, even though
under natural circumstances they are almost always closely coupled. The
observation of opposing head and gaze predictive activity when the target is
extinguished is particularly strong evidence of this mechanism. In the TOG condition
this mechanism generated predictive VOR suppression whereas in the OPP
condition it resulted in predictive supplementation of the normal VOR. In either case,
an unmodified VOR would have produced negligible gaze velocity at this time.

Timing control
The temporal aspects of carrying out two motor tasks simultaneously have
previously been studied by Klapp and his colleagues in a series of studies. These
studies compared the simultaneous performance of two timing tasks with the
performance on each of the tasks performed separately. For example, Klapp (1979)
used a paradigm which required subjects to press and release a response key in
synchrony with a tone (a metronome). The task was carried out either with each
hand separately or with both hands simultaneously (each in synchrony with a
different metronome). When responding with both hands simultaneously, there was
no interference in temporal performance when the hands were responding in phase
or completely out of phase, i.e. when the period was the same for both hands.
However, if the period was different for the two hands then temporal performance
was impaired compared to the performance with one hand alone. Similar results
have been reported (Morasso et al 1977) during the simultaneous performance of
saccades and head movements. The results for experiment 6c show a very high
degree of synchrony of head and gaze signals with their respective target
frequencies, which suggests that there was little temporal interference caused by
carrying out the two tasks simultaneously. Comparison of data from experiments 6a
and 6c suggests that the simultaneous production of head and gaze movements at
different frequencies did not impair temporal performance, although in experiment
6c there was a small, but significant, component of head and gaze movement
produced at the inappropriate target frequency in a large proportion (78%) of
responses. There are, however, differences in the tasks employed in Klapp’s
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experiments - in which subjects attempted to make discrete motor responses
separated by an interval that matched the metronome interval - and in the
experiment 6c, where the task was essentially a tracking one and information about
the target movement was continuously available to subjects.

Conclusions

1. Although there are global similarities in head and gaze control during head-free
pursuit, there are also marked differences in the magnitude, timing and momentto-moment trajectories of head and gaze signals.
2. Head and gaze movements can be intentionally dissociated. For example, they
can be produced in opposing directions. In these circumstances the build-up of
predictive activity in the two signals is very similar to the build-up observed when
head and gaze movements are produced in the same direction.
3. Complete dissociation of head and gaze movements can be achieved, such that
they can simultaneously track targets that are moving at harmonically unrelated
frequencies. Under these circumstances, both head and gaze movements can
still be produced in a predictive manner.
4. These results suggest that a store of velocity information, derived from sampling
visual feedback, is accessible to both eyes and head. This stored information
can be played out independently and predictively, overcoming time delays in
visuomotor processing and facilitating time-sharing of motor activities, which
would not be possible with simple reflexive sensory feedback mechanisms.
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CHAPTER 7 - GENERAL DISCUSSION
The experiments described in this thesis have highlighted and quantified the
fundamental role of accurate and precise temporal control in a diverse range of
ocular motor tasks. They have shown that the temporal aspects of visuo-motor
control are amenable to analysis by conventional techniques which have been
developed over many years in the field of temporal processing research. In this
respect, the ocular motor system can be regarded as just another effector. In fact, its
relative simplicity (for example its unchanging load) and other features (such as the
weakness of proprioceptive feedback) make it a physiologically interesting system to
study.

The Wing and Kristofferson model
The experiments described in Chapter 3 have shown that the Wing and
Kristofferson model is as applicable to repetitive saccadic eye movements as it is to
movements of other effectors. As predicted, the results suggest that the model's
assumption, that the lag 1 autocorrelation function will be between 0 and -0.5, is
violated less frequently for repetitive eye movements than it is for repetitive
movements of other effectors such as fingers (O'Boyle et al 1996) and wrists (Pastor
et al 1992). Moreover, these experiments have presented data that show that the
secondary assumption of the model (that covariance estimates at lags greater than
one will be zero) is sometimes violated. Few previous studies (with the exception of
Wing 1977b and O’Boyle et al 1996) have reported details of how data fit the model
in this regard. The data from experiments 3c and 3d showed the expected effect of
increasing target interval on the model’s parameters TV and CV but did not show
the expected effect on MV. This finding is in agreement with some previous studies
(for example Harrington et al 1998) but not others (Wing 1980). These experiments
have also shown that timing variability is relatively high for repetitive saccades. This
finding fits the hypothesis (Wing 1977b) that timing variability is greater in smaller
and more finely controlled effectors. However, in theory MV might be expected to be
lower for repetitive eye movements than for movements of other effectors given that
this component results partly from variability in neural transmission times and that
the pathway from the burst cells in the

paramedian pontine reticular formation

(PPRF), to the abducens and oculomotor nuclei that drive the extraocular muscles is
relatively short compared to the pathways involved in manual control. These results
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may indicate that variability in neural transmission times does not make a large
contribution to the overall variability of the motor implementation system.

The use of feedback in a synchronisation task
The experiment described in Chapter 4 has shown that response-contingent afferent
information is not necessary in order to synchronise precisely a motor response with
an external metronome. This was suggested by the findings of two previous studies
(Ivry and Keele 1989 and Billon et al 1996b) that the performance of deafferented
patients did not differ markedly from controls in such a task. This finding is perhaps
more reliable in the current experiment, given that it refers to the performance of
control subjects and not patients, who may well have adapted to their deafferented
state and hence employ various compensatory strategies. The finding that SE was
less negative when visual feedback was present supports the idea (Billon et al
1996a) that movements that have a less tangible outcome (due to lack of feedback)
tend to be more anticipatory than those that have a more certain outcome. Indeed,
when visual feedback was present, it appeared to be used in a manner analogous to
the use of proprioceptive feedback in limb movement control. The metronome
modality differences that were observed in the absence of visual feedback suggest
that the perceptual latency (Paillard-Fraisse) hypothesis provides an incomplete
account of the source of negative SE, despite the large body of evidence that
supports it. The finding that the tactile metronome elicited a more temporally
variable response than the auditory metronome is in agreement with a previous
finding (Kolers and Brewster 1985). The results of Chapter 4 confirm those of
Chapter 3 in showing that the saccadic system is associated with high timing
variability in these kinds of tasks compared with movements of other effectors.

The timing of anticipatory smooth pursuit
The results of the experiment reported in Chapter 5 show that the anticipatory
smooth pursuit response can be enhanced by external timing cues. In the predictive
condition, this effect was mediated through the effect of reducing timing variability
when estimating and reproducing shorter intervals - in this case the effective
interval was reduced from 3600ms (the time between successive stimulus onsets)
and 480ms (the time between the warning cue and stimulus onset). In the nonpredictive condition, this effect is mediated through being able to predict the interval
between the warning cue and the target motion onset, effectively converting the
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stimulus from a non-predictive to a predictive one. The time of onset of anticipatory
smooth pursuit appeared to be influenced by the modality of the warning cue (as
was the onset of the saccadic response in the experiments described in Chapter 4)
at least when the underlying target motion was predictable.

Simultaneous control of head and gaze movements
The experiments described in Chapter 6 have demonstrated a high degree of
temporal precision in the visual and vestibular systems during the head-free pursuit
of moving targets. These experiments have shown how the anticipatory
mechanisms which elicited predictive smooth eye movements in Chapter 4 in
response to intermittently presented stimuli can also be utilised during the tracking
of continuously moving targets. Furthermore, this predictive behaviour has been
used not just to overcome time delays in visuo-motor processing, but to facilitate
time-sharing when carrying out two tasks simultaneously. Experiment 6b
demonstrated the ubiquity and stereotypical nature of predictive behaviour by
showing that anticipatory activity can be built-up simultaneously in the head and
gaze systems, even when they are moving in opposite directions. Experiment 6c
has confirmed that visual feedback information can be continuously sampled and
stored in a way that allows it to be accessed independently by the head and eye.
This challenges the commonly-held view that there is always a tight coupling
between head and gaze movements during head-free pursuit. Quantitative evidence
against this view was also provided in experiment 6a, which showed that during
head-free pursuit the gaze and head systems are not slavishly coupled on a
moment-to-moment basis. Although this had been previously suspected (Gresty and
Leech 1977, Lanman et al 1978) it had not yet been quantified. Experiment 6c has
shown how precise the timing of the response can be when subjects volitionally
uncouple head and gaze movements. There was relatively little temporal
interference between the two frequencies under these conditions compared to the
single frequency conditions of experiment 6a.

The role of predictive activity in ocular motor control
Evidence of predictive activity is the common thread that links the experiments
described in this thesis. Prediction was apparent in both saccadic (Chapter 4) and
smooth pursuit (Chapters 5 and 6) responses. The typical pattern of responding in
advance of the metronome during a synchronisation task is usually regarded as an
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inaccuracy, a synchronisation error. Alternatively, it could be regarded as a
deliberate anticipation, rather than an error, and as such motor systems might
actually be optimised by responding in this way. In Chapter 4, the onset of this
anticipatory response appeared to level off at around 180-250ms for metronome
intervals of 752 and 1000ms, rather than continuing to increase monotonically with
increasing metronome interval. Despite this levelling off in the mean, SE variability
increased consistently with increasing metronome interval. This maximum
anticipatory response latency is of a similar magnitude to the onset latency of the
anticipatory smooth pursuit response seen in Chapter 5. It is, therefore, possible that
the goal for both the smooth pursuit and saccadic systems is to anticipate
predictable events by about 200ms. This could represent the optimum time for the
visual system to be able to prepare to take in new information. In the saccadic
system this pre-emptive response may be initiated in order to allow a “settling time”
before new visual information is inputted. This anticipatory latency is slightly greater
than the latency required (100-130ms) for a corrective saccade to be made, if
necessary (Becker and Fuchs 1969). This idea of “settling time” may also be of
advantage because of the phenomenon of saccadic omission (Campbell and Wurtz
1978). If the image of a stable target is present for a minimum of about 40ms after
the end of a saccade it allows the smeared image associated with the saccadic
movement itself to be perceptually ignored. If the target appears only very briefly in
its new location then it would be advantageous to allow the eye to settle in the
predicted target location before the target disappears from its new position. This pre
emptive behaviour would also overcome inherent delays in the visual system and
may explain why the degree of anticipation in a synchronisation task appears to be
greater for saccades (both in the experiment described in Chapter 4 and in the study
by Crawford et al (1989)) than for limb movements.
In the experiment reported in Chapter 4, anticipatory activity was initiated with a
shorter latency at the lowest metronome interval (496ms) than at the other two
intervals (752 and 1000ms). A similar result was reported by Barnes and Donelan
(1999) who found that anticipatory smooth pursuit latency levelled off when the time
between the warning cue and the onset of target motion was in the range 500 to
1000ms, but was shorter when the cue time was less than 500ms. It is likely that in
both these situations a certain delay between the cue and the target event is
required in order to allow the ocular motor system to anticipate the event by the
optimum amount of time. In Chapter 4, in the conditions which lacked visual
feedback, saccadic responses were even more anticipatory than when visual
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feedback was present. Perhaps the increased uncertainty induced by a lack of
afferent information makes the system overcompensate to give it more of a chance
to be prepared for new visual input.
In summary, timing responses in a pre-emptive manner serves several important
functions. Firstly, it allows the ocular motor system to be prepared to take advantage
of new visual input, ie. it provides a ‘settling’ time before new information is
integrated. Secondly, it allows both coarse and fine control to be achieved in the
ocular motor system. For example, during smooth pursuit it enables eye velocity to
approximately match target velocity as quickly as possible before the fine visual
feedback control has time to take effect. Thirdly, it overcomes time delays in visual
processing and facilitates time-sharing of different motor activities.
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