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Abstract
Saccade is believed to be the fastest eye movement, which is conjunctive and functions to redirect the fovea of the
retina to the object of interest. Vergence, on the other hand, are disjunctive eye movements that two eyes move in
different directions, which in turn bring the images of the target for two eyes into their corresponding retinal positions.
Main sequence relations have been used for describing the dynamics of the saccadic and vergent eye movements.
Saccadic duration is approximately proportional to its amplitude, whereas the peak velocity and amplitude relation
could be described as an exponential function with saturation occurred at 30-40o. Main sequence relations are also used
for quantitative analysis of vergence eye movements that the peak velocity is significantly smaller than saccades.
Fourier analysis has also been used in quantitative investigation of saccades. Unlike the temporal analysis for the main
sequence relations, spectral analysis relies on the whole trajectories of saccades. An inverse method was also used by
previous investigators to reconstruct the input signal of a saccade from the fourier transform of the padded and mirrored
position profile and the impulse response of the system model. In this paper, we present the application of independent
component analysis (ica) to decompose the components of saccade and vergence eye movements. The results show that
the pulse component is activated before the step for both vergence and saccade, which is consistent with previous
findings. Also the effect of accommodative activation can be observed for vergence using ica. In conclusion, ica is
useful in decomposing the control components for the saccade and vergence from ensembles of recorded profiles,
which provides an alternative method for eye movement investigation.
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Introduction
Based on the characteristics of oculomotor plant and a
linear approximation of the relationship between motorneuron
drive and muscle force, the formula shown in Eq. (1) depicts
the relationship between the pulse intensity provided by the
motorneurons and the muscle force [1].
•

••

• ••

• •••

•

B = b + kE + r E + u E + v E + w E − c B
(1)
in which b, k, r, u, v, w, and c are all constants, B indicates the
firing rate of the motorneuron, and E is the eye position with
•
dots over it representing its time derivates. The term c B
contributes to the exponential decay of the slide component.
The above equation was further reduced to a first-order
equation, as represented in Eq. (2), known as the pulse-step
model [2].
•

B = b + kE + r E
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(2)

Saccadic Eye Movements
Saccade is believed to be the fastest eye movement,
which is conjunctive and functions to redirect the fovea of the
retina to the object of interest [3,4]. Main sequence relations
have generally been used for describing the dynamics of the
saccadic eye movements for a long time [5]. Saccadic duration
is approximately proportional to its amplitude, whereas the
peak velocity and amplitude relation could be described as an
exponential function with saturation occurred at 30-40o [6,7].
Fourier analysis has also been used in quantitative
investigation of saccades. Unlike the temporal analysis for the
main sequence relations, spectral analysis relies on the whole
trajectory of a saccade. Van opstal and coworkers [8] used an
inverse method to reconstruct the input signal (pulse and step)
of a saccade. Fourier transform of the padded and mirrored
position profile, y(ω), was taken and divided by the impulse
response of the system model, h(ω), for obtaining the fourier
transform of the input signal as shown below
(3)
X (ω ) = k (1 + jωT1 )(1 + jωT2 )Y (ω )
in which T1 and T2 indicate the time constants of the ocular
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plant, and ω represents angular frequency. The input signal,
x(t), can be obtained by inverse transform of Eq. (3), that is
x(t ) = F −1 ( X (ω )) .
Vergence Eye Movements
Vergence eye movements, unlike saccades, are disjunctive
that two eyes move in different directions, which in turn bring
the images of the target for two eyes into their corresponding
retinal positions. Vergence eye movements can be classified
into four different types, including disparity (fusional),
accommodative, proximal, and tonic vergence [9]. Disparity
vergence is induced by the presence of binocular retinal
disparity for obtaining a fused binocular perception of depth.
Accommodative vergence is driven by blur response of the
image because of the distance change of a target. This
phenomenon is manifested by observing the nasalward
movement of a covered eye with the other eye looking at an
object moving from far to near. Proximal vergence is elicited
by the change in vergence angle caused by the perceived
nearness of an object [9]. In the absence of the above three
types of vergence, tonic vergence shifting the eyes to a
convergence position can be observed, which demonstrates a
baseline midbrain stimulation on the vergence system.
Main sequence relations, like saccades, are also used for
quantitative analysis of vergence eye movements that the peak
velocity for a vergence is significantly smaller than a saccade.
Other temporal parameters, including latency, acceleration
duration, and time constant, are also applied [10]. Convergence
(both eyes move inward) was demonstrated to be faster than
divergence (both eyes move outward) [10]. The phase plot
delineating the instantaneous velocity against amplitude
relationship demonstrates approximately the same fast
component amplitude for convergence and divergence.
Regarding to other temporal parameters the convergence was
shown to be shorter than the divergence, in which time
constant and total duration were amplitude dependent while
latency and acceleration duration were not. Time constant is
the parameter that provides the first-order estimation of the
vergence dynamic response to a disparity step.
Several models had been suggested to explain the
relationship between vergence dynamic property and
oculomotor control. The first model was proposed by Rashbass
and Westheimer [11], in which the visual feedback was
thought to regulate the vergence dynamics. It was not suitable
in describing vergence response for sinusoidal stimulus and
was later modified by Krishnan and Stark [12] with a
derivative element was added. Both the step response and the
sinusoidal response were well simulated, while fast dynamics
simulation was argued to be unsatisfactory in matching
experimental data [13]. Recently the dual-mode model [10]
was proposed which stated that the initial (transient)
component drives the eyes to an approximate position while
the late (sustained) component eliminates residue disparity
using visual feedback. An open-loop initial component model,
consisted of a pulse generator, an integrator for generating step,
and a first-order vergence plant, was constructed based on the
dual-mode model for investigating the difference between
convergence and divergence dynamics [14]. The response of

the isolated initial component was obtained by applying the
disappearing step stimulus with the stimulus disappeared after
50 or 100 ms. Model parameters were adjusted to obtain close
fit between simulated and experimental data. The results
indicated that the ratio of pulse to step gain was much smaller
for the divergence, suggesting that the convergence is driven
by both pulse and step signals while the divergence by the step
signal only, which was consistent to the neuro-physiological
data [15]. The same model was later used to study the
dynamics of the disparity vergence step response, where a
second-order vergence plant was applied for simulation [16].
Decomposition of the Control Components
As mentioned above, the control components for both
vergence and saccade eye movements are composed of an
initial fast component and a sustained slow component. In this
study, ensembles of recorded vergence and saccade profiles
were decomposed into separate components using ICA
technique. The dynamic characteristics of the decomposed
signals for two types of eye movements were compared.

Materials and methods
Experimental Setups and Experimental Paradigms
Binocular eye position was recorded by means of a Skalar
infrared eye movement monitor (IRIS, Model 6500, Delft, The
Netherlands). The horizontal linear range is between –25o and
+25o with an accuracy of 3 minarc. Calibration is done on each
test, and responses were sampled at 100Hz for vergence and
1000 Hz for saccade by considering the velocity for the latter is
faster than the former. Eye movement recording hardware
consists of a Pentium IV-based IBM compatible PC
accompanied with an A/D converter for signal acquisition. The
stimulus hardware consists of a light-bar controller driven by a
digital I/O card for test patterns generation. The system
configurations are shown in Fig 1 for saccade and vergence
recordings. Customized computer programs designed using
LabView and Matlab were developed to control the stimulus
hardware and provided off-line data processing.
Saccade Eye Movements
Targets for saccadic eye movements consisted of
light-emitting diodes (LED) arrayed on a stimulus arc of 120
cm in radius, with the subject seated at the arc center to
eliminate changes in vergence. The stimulus arc is composed of
13 LEDs, spanned a range from 30o left to 30o right with 5o
intervals, and is controlled by a computer for generating
sequential commands to switch the LEDs on and off. To
discourage subjects’ prediction, saccadic targets are displayed
with pseudo random amplitudes, duration, and direction. All the
experiments are performed in a dark room, the subjects are
asked to sit in chair with headrest to avoid head movement.
Experiments will be terminated if subjects show nervousness or
fatigue. During calibration, targets ranging from 20o left to 20o
right were displayed in the first 20 seconds for each test. Each
test last for 3 minutes and the experiment repeated for at least 6
sessions. Subjects took a 3-minute break after each test. At least
40 profiles were acquired each amplitude for ICA
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(a)

(b)
Figure 1. Configuration of the experimental setup for (a) saccade
and (b) vergence eye movements.

Figure 2. Detection of the saccadic onset and offset for a saccade
with 5o amplitude.

decomposition. Calibration was performed at the beginning of
each test by asking the subject to look at the targets scanning
from –20o to 20o and the linearity was calculated. The
experiment proceeded only if the linearity was greater than
0.95.
Vergence Eye Movements
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As shown in Fig. 1(b), two experimental modes, LED
mode and haploscopic modes, were used for vergence
experiments. The stimulus always begins at the same initial
position using an illuminated LED. For the LED mode, the
subject was asked to fixate on an initial target LED and then
made a convergent eye movement that the final target was
closer to the subject. The computer initiated the extinguishing
of the initial LED and the lighting of the next target LED
where subjects were asked to track the new target positioned
along the midline of the subject. Because the targets change in
3-dimensional space, the focal length of the target to the
subject changes. This change in focal length stimulates
disparity vergence with a change in accommodation.
For the haploscopic mode, on the other hand, the targets
consisted of two non-overlapping vertical lines displayed on
two monitors providing the step stimulus, where two mirrors
positioned 45o to the subject’s line of sight were used for
partially reflecting the images and being observed by two eyes.
After the subject pushed the trigger, the two lines would move
in a step manner triggering either a four degree or six degree
convergence response. The subject would follow the stimulus
and would once again fuse the lines. Notice that the
accommodative component is isolated and only the disparity
component can be observed for the haploscopic mode, while
both are observable for the LED mode.
Data Analysis
Vergence and saccade onsets were detected by scanning
the velocity profiles until the first point where the velocity
reaches a threshold was found. As indicated in Fig. 2, the
saccade onset was defined as the point 3ms before the detected
position (10o/sec threshold), whereas the offset was at the
position 3ms after the last point where the velocity was still
greater than the threshold.
To apply ICA to ensemble saccade and vergence response
data, each response is treated as an observed signal. According
to the previous investigation [17] an ensemble of 25 responses
for one target amplitude was used for the decomposition of
vergence eye movement. Therefore, at least 40 responses for
one target amplitude were tested. Ensembles for testing 3
target amplitudes (10o, 15o, and 20o) for saccade were obtained
for each subject, while only 2 target amplitudes (4o and 6o) for
the vergence. The number of active independent components
was estimated using Scree test of the principle component
analysis (PCA) that the principal components were calculated
using the MATLAB “princmp” routine. The FastICA
algorithm implemented with Window-based MATLAB was
downloaded from the website (http://www.cis.hut.fi/projects
/ica/fastica/fp.html) and modified for this study.
In Fig. 3, position profiles recorded from a single subject
and the ensemble average are displayed. The standard
deviations for two principle components and one principle
component are demonstrated in Fig 3(c), their differences to the
ensemble standard deviation are also displayed in Fig 3(d). The
Scree plot shown in Fig 3(e) indicates that there are only two
principle components embedded in the recorded profiles.
Figure 3(f) displayed two principal components which were
successfully decomposed.
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(a) Position profiles (N=40)

(b) Ensemble average

(c)Standard deviation

(e)Scree plot

(f) Decomposed components

(d) Standard deviation

Figure 3. (a) Ensemble of 38 saccadic position profiles recorded from a subject for 10o amplitude and (b) the ensemble average. Standard
deviation for the ensemble profiles, principle component 1, and priciple components 1+2. Differences in standard deviation between
the ensemble average and (c) the principal component and between the ensemble average and (d) sume of the first two principal
components. (e) The Scree plot indicating two principle components are enough for representing a saccade. (f) The decomposed
pulse and step components.

Results
The results for the decomposition of vergence and
saccade eye movements are shown respectively in Fig. 4 and
Fig. 5. As displayed in these figures, the pulse components are
activated before the steps, which is consistent with the previous
findings [3]. In Fig. 4, the accommodative component, which
was activated in the LED mode and absent in the haploscopic
mode, can also be discriminated.
(a) 6o Led

(c) 4o Led

(b) 6o Hap

(d) 4o Hap

Figure 4. Decomposition of vergence components for 4o and 6o
with profiles recorded with Led ((a) and (c)) and
Haploscopic ((b) and (d)) paradigms. Notice that the
effect of accommodative activation can be easily
seen on the Led (arrow) paradigm.

Discussion and conclusion
Direct Fourier transform of saccades revealed that a local
minimum (M1) in either the power spectrum or the frequency
derivative of phase plot is visible for all saccades [18].
Computer simulation indicated that if the pulse component is
rectangular, M1 must occur at a frequency that is the reciprocal
of the pulse duration. It was shown nonetheless that the
reciprocal of the frequency of M1 is actually shorter than both
saccadic duration and the burst duration of the motorneuron,
which supported that the pulse component might not be
rectangular [18]. As shown in Figs. 3-5 the pulse components
obtained from ICA demonstrate to be non-rectangular, which is
consistent to previous investigations [18,19].
Recently the concept of spectral main sequence had been
proposed to measure the characteristics of saccadic trajectories
[19]. They showed that near-linear relationships among the
frequencies of the first three minima (M1, M2, and M3) and the
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