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THE INITIAL DIRECTION AND LANDING 
POSITION OF SACCADES 

Casper J. Erkelens and Ingrid M.L.C. Vogels 

Utrecht Biophysics Research Institute, Department of Medical and Physiological Physics, 
Buys Ballot Laboratory, University of Utrecht, P.O. Box 80000, 3508 TA Utrecht, The 

Netherlands 1 

Abstract 

We studied the trajectories of self-paced saccades in two experimental conditions. Saccades were 
made between two visual targets in one condition and between the same two, not visible, positions in 
the other condition. Target pairs were presented which required oblique saccades of 20 or 40 deg. At 
least 200 saccades were made between each pair of targets. Horizontal and vertical eye movements 
were measured of the right eye with a scleral coil technique. We computed the angle between starting 
and end point of each primary saccade (effective direction). We also computed the angle between 
starting point and eye position when the saccade had covered a distance of 2.5 deg (initial direction). 
We found that variability in initial directions was two to seven times larger than variability in the 
effective directions. This effect was found in both experimental directions for saccades made in all 
tested directions. We conclude that curvedness of saccades is the result of a purposeful control 
strategy. The saccadic trajectories show that, initially, the eye is accelerated roughly in the direction of 
the target and subsequently is guided to the target. This behavior cannot be described by present 
models of saccade generation. We suggest that the coupling between saccadic pulse and step signals is 
not as tight as generally is accepted in the literature. 
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Introduction 

A consp i cuous  feature  of eye  m o v e m e n t s  in genera l  and  of saccades in par t icu la r  
is that,  d i f ferent  f rom limb m o v e m e n t s ,  their  k inemat ics  can h a r d l y  be affected by  
effort. Saccadic eye  m o v e m e n t s  appea r  to be ra ther  s t e r eo typed  behaviors .  This 
observat ion has m a d e  saccades a favourite object for s tudying  h u m a n  motor  behav io r ,  
The neu ra l  control  of saccades is s tud ied  as a m o d e l  of h o w  convers ion  of sensory  
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input into motor action is organized in the human brain. The "humans are machines" 
and "humans are animals" metaphores (Arbib, 1989) have encouraged researchers to 
develop engineering models of saccades of which the components can be found in 
structures of the brains of humans and animals (for reviews see Bfittner-Ennever, 
1988; Wurtz & Goldberg, 1989; Sparks & L.E. Mays, 1990). 

Contempory models (Robinson, 1975; Zee et al., 1976; van Gisbergen et al., 1981; 
van Gisbergen et al., 1985; Tweed & Vilis, 1985; Scudder, 1988; Grossman & Robin- 
son, 1988; Becker & Jfirgens, 1990) of the neural control of saccades are based on an 
idea proposed by Robinson (1975). This idea, now widely accepted in the saccadic 
literature, is that saccades are produced by a pulse generator mechanism. The in- 
tensity of the pulse determines the saccadic velocity, the time integral of the pulse, 
called the step, determines the amplitude of the saccade. The basic idea was devel- 
oped for describing the neural control of horizontal saccades made by a single eye. 
Experimental data of vertical and oblique saccades (van Gisbergen et al., 1985; Yee 
et al., 1985; King et al, 1986; Collewijn et al., 1988a; Smit & van Gisbergen, 1990; 
Smit et al., 1990) made available due to improved recording methods for vertical 
eye movements, caused extension of one-dimensional of models of saccades to two 
dimensions (van Gisbergen et al., 1985; Tweed & Vilis, 1985; Scudder, 1988; Becker & 
Ji~rgens, 1990). Although two-dimensional saccades created specific problems for the 
modeling of their neural control, the basic idea of Robinson was never questioned 
and incorporated in all models. 

A further extension of experimental data was obtained from accurate measurements 
of conjugate (Collewijn et al., 1988a; Collewijn et al., 1988b) and disjunctive (Erkelens 
et al., 1989) saccades in the two eyes together. The data showed that saccades are not 
as stereotyped as once has been thought. Binocular saccades showed no fixed rela- 
tionship between amplitude, velocity and duration of saccades ("the main-sequence 
parameters"). 

We have observed from experimental recordings of ourselves and others (see for 
example Collewijn et al., 1988a; Collewijn et al., 1988b; Becker & Jfirgens, 1990; Smit 
& van Gisbergen, 1990) that trajectories of saccades show a fair amount of variability. 
Present models predict a fixed trajectory between start and landing position of sac- 
cades. This implies that the existing models do not allow variability. The objective of 
the research described here is to investigate the characteristics of the spatial variabil- 
ity and to test in how far spatial variability can be described by noise in components 
of existing models for the generation of saccades. 

Methods 

Subjects 

Three subjects participated in the experiments. They had visual acuities of 20/20 
or better, with (1 subjects) or without (2 subjects) correction. None of them showed 
any ocular or oculomotor pathologies. One subject was experienced in oculomotor 
research. The other subjects were participating in such experiments for the first time. 
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Informed consent was obtained from all subjects before they embarked on the study. 

Apparatus 

The position of the right eye was measured with an induction coil mounted in a 
scleral annulus in an a.c. magnetic field as first described by Robinson, 1963 and 
modified and refined by Collewijn et al., 1975. The dynamic range of the recording 
system was d.c. to better than 100 Hz (3 dB down), noise level less than + 3 min arc 
and deviation from linearity less than 1% over a range of + 25 deg. The head position 
of the subjects was restricted by a chin rest and a head support. A large (200 x 250 
cm) translucent screen (Marata) was positioned in front of the subject at a distance 
of 130 cm. Stimuli, generated on a microprocessor (Atari), were back-projected on 
the screen by using a projection system (Barco Data 800). The microprocessor was 
also used for data acquisition and for controlling the experiment. Positions of the 
right eye were digitized on-line at a frequency of 512 Hz with a resolution of 3 min 
arc. Onsets of saccades were detected on-line by using a simple velocity-threshold 
criterion. The detection of saccadic onsets was used as a trigger to manipulate the 
visual stimulus during saccadic eye movements. The period between the detection 
of a saccade and the completion of the stimulus replacement was about 16 ms. This 
period was mainly determined by the refreshing rate of the Atari screen (70 Hz). 
Off-line the data were transferred to an Apollo 10000 computer system that was used 
for analysis. 

Procedure 

The experiments were carried out in a darkened room. The duration of each experi- 
mental session was limited to about half an hour. The sensitivity of the eye movement 
recorder was adjusted at the start of each experimental session. A calibration target 
containing a matrix of 3 x 3 equally spaced fixation marks was presented. The subject 
fixated in turn each mark while the polarity, gain and offset of the signal for eye po- 
sition were inspected and roughly adjusted. After these adjustments, voluntary gaze 
shifts made between the calibration marks were recorded and used for calibration of 
the eye position signals. 

The subjects were asked to make voluntary saccades between two target positions 
in their own rhythm for periods of 5 min. Both targets (discs, 0.8 deg dia) were 
located on a circle with a diameter of either 20 or 40 deg centered about the primary 
position (Fig. 1). Three target configurations were used. In one experiment the 
targets remained visible at a fixed position during the whole session. Saccades made 
between such targets are called V-saccades (Smit et al., 1987). In a second experiment 
both targets were displaced during the saccades to positions shown in Fig. 1. The 
effect of this procedure was that, after a few saccades, the saccades were not directed 
to the visible position of the target but to its remembered position. Such saccades 
are called R-saccades (Smit et al., 1987). The target positions were chosen such that 
both V-saccades and R-saccades were made between the same positions. In one 
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experimental session, both types of saccades were made with the targets at three 
different positions, so that the duration of a session was limited to about half an 
hour. 

A 

B 

Figure 1: Target positions for V-saccades (A) and R-saccades (B). Targets switched between 
the open and filled positions during R-saccades. The arrows indicate the positions from which 
the saccades were made. 

Data analysis 

In the off-line analysis, saccade onset as well as saccade offset were detected by a 
velocity threshold of 15 deg/s  in combination with a required minimum saccade du- 
ration of 15 ms. From the recordings we computed amplitude, velocity as a function 
of time, maximum velocity, initial direction, effective direction, and direction as a 
function of time for each saccade. The initial direction of a saccade was defined as 
the angle between its starting point and eye position when the saccade had covered 
a distance of 2.5 deg. The effective direction was defined as the angle between the 
positions of the eye at saccade onset and offset. Directional deviation of a saccade 
was defined as the difference between initial and effective direction. The directions 
were calculated for primary saccades, secondary saccades were excluded from the 
analysis. Due to noise of the recording system (noise level less than + 3 min arc) 
the initial direction at a distance of 2.5 deg could be computed with an accuracy 
of 1.1 deg. Inaccuracy in the computation of the effective direction was negligible. 
We computed mean and standard deviations of amplitude, maximum velocity, initial 
direction, effective direction, and directions as a function of time for each set of about 
100 repeated saccades. The relationship between amplitude and maximum velocity 
data was analyzed by computing linear correlation coefficients. 
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R e s u l t s  

Trajectories of saccades 

All the results presented here are of 40 deg saccades made by one subject who has 
been measured most extensively. The results are representative for the other subjects 
and also for saccades with amplitudes of 20 deg. During the periods of 5 minutes, 
in which the subjects made saccades to and fro between two targets, generally about 
200 saccades were made meaning about 100 saccades in each direction. 
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Figure 2: Trajectories of V-saccades and R-saccades. Arrows indicate the direction in which 

the saccades are made. 

Fig. 2 shows trajectories of saccades made in various directions in the two ex- 
perimental conditions. A saccades can have either a clockwise or counterclockwise 
curvedness. The collection of saccades made to a specific target generally contains 
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both types a saccades. Bundles of trajectories of saccades made to a single target 
form cigarlike patterns which are generally wider for R-saccades than for V-saccades. 
Especially for R-saccades, the variability of the trajectories depends heavily on the 
direction in which the saccades are made. However, the variability does not show 
a systematic pattern. Directions in which saccades show a large variability in one 
subject may show little variability in other subjects. A clear relationship between the 
variability of V-saccades and R-saccades in a specific direction is also not present. 

A 3 

B 3 

Figure 3: Variability in initial and effective directions of V-saccades (A) and R-saccades 
(B). Dots indicate the starting positions of saccades, squares the target positions. Cones, 
indicating variability in initial directions, have widths of + 1 SD and are centered about the 
mean initial directions. Bars, indicating variability in effective directions, have lengths of + 
1 SD centered about the mean effective directions. Numbers indicate the different positions 
from which saccades were made. 

Variability in initial and effective directions of saccades 

The cigarlike shaped patterns, shown in Fig. 2, suggest that variability is larger in 
the beginning of saccades than near the end. Fig. 3 shows the variability in initial 
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and effective directions of saccades for all the tested directions. Indeed, this figure 
clearly shows that variabilities in initial directions are considerably larger than those 
in effective directions. This difference in variability appeared to be a very general 
feature: it was observed for V-saccades and R-saccades, in all tested directions, and in 
all the three subjects. Not only the variability was smaller near the end of saccades, 
the landing position of saccades was also more precise than predicted by the mean 
initial directions. Landing positions were closer located to the target position than 
positions suggested by straight extrapolations of the initial directions. Variabilities in 
initial directions (SDi) varied considerably among directions between about 2 and 6 
deg in V-saccades and between 4 and 10 deg in R-saccades (Table 1). 

V-saccades 
Direction SDi (deg) SDe (deg) Mdd (deg) Rh Rv 

1 6.2 1.1 9.5 -0.02 -0.11 
2 5.9 1.4 -6.5 0.50 0.15 
3 2.9 1.6 -4.1 0.01 -0.53 
4 6.5 1.3 8.5 0.32 0.16 
5 5.6 1.4 -3.6 -0.25 -0.04 
6 3.5 1.4 -0.9 0.31 0.33 

R-saccades 1 8.1 3.5 11.0 -0.30 -0.40 
2 9.9 5.1 -11.6 0.13 -0.24 
3 4.8 3.4 -4.0 0.13 -0.52 
4 4.3 2.2 11.3 0.32 0.14 
5 9.2 2.1 2.2 -0.44 -0.10 
6 4.8 2.7 -2.3 -0.28 0.44 

Table 1: SD's of initial (SDi) and effective (SDe) directions, mean directional deviations 
(Mdd), and coefficients of correlation between maximum velocity and amplitude of the hori- 
zontal (Rh) and vertical (Rv) components of saccades. The saccadic directions are indicated 
by numbers which correspond to those shown in figure 3. 

SDe varied between about 1 and 2 deg in V-saccades and between 2 and 5 deg in 
R-saccades. The ratio between SDi and SDe varied between 2 and 7 in the various 
directions and conditions. Sizes of paired SDi's and SDe's were not related to each 
other. In other words, a particular SDi did not predict the magnitude of SDe. Ta- 
ble 1 further shows that mean directional deviations (Mdd) of saccades, i.e. mean 
curvatures, were observed in both clockwise or counterclockwise directions. Mean 
curvature had the same sign for V-saccades and R-saccades in a specific direction in 
most cases, however, the signs were opposite in a few cases (see for example Mdd 
in direction 5 in Table 1). 

In order to be able to relate the present findings to existing models of saccade 
generation is was important to have details about the relationship between amplitude 
and maximum velocity of saccades made at one target distance. Table 1 shows 
that maximum velocity and amplitude were hardly correlated for the horizontal and 
vertical components of saccades. 
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D i s c u s s i o n  

Curvedness of saccades 

The present study shows that human saccades generally have a curved trajectory. 
We found this for V-saccades as well as for R-saccades. This finding corroborates re- 
sults of Smit & van Gisbergen (1990a) who reported curvedness of oblique as well as 
cardinal saccades. Curvedness is most likely a feature of the control mechanism be- 
cause differences in curvature were found between V-saccades and R-saccades made 
in the same direction. Another characteristic of human saccades, which was gener- 
ally present in our subjects, is that variability in initial direction is far larger than 
variability in effective direction. We showed that effective directions of saccades are 
more precise and more accurate than can be expected from their initial directions. 
This implies that curvedness of saccades is most likely the result of a purposefull 
control mechanism. 

If we accept this conclusion, then there are two obvious explanations for the curved- 
ness of saccades. The first explanation is that the effect of the pulse, which accelerates 
the eye, is evaluated and corrected during the saccade. The second explanation is that 
the initial acceleration is based on one source of information and the end position on 
another, more accurate source. Present models of saccadic generation predict a fixed 
relationship between initial direction and landing position. We questioned whether 
the addition of noise to components of existing models for saccade generation can 
explain the present results. In a quantitative analysis we investigated the effect of 
noise in two different models. Due to the feedback character of these model noisy 
components will affect the kinematics but not the amplitudes of saccades. The lack 
of correlation between maximum velocity and amplitude of the saccadic components 
(Table 1) suggests that noise, in principle, may be a possible cause for the observed 
variability effects. 

The effect of noise 

Presently, there are two acceptable, two-dimensional models for the generation of 
saccades. Both models are based on the same internal feedback principle but are dif- 
ferent in the arrangement of their components. In the cross-coupled pulse generator 
(CPG) model (Grossman & Robinson, 1988; Becker & J~rgens, 1990), the vectorial 
error signal firstly is decomposed into two orthogonal error signals which are input 
for the horizontal and vertical burst generators. In the common source (CS) model 
(van Gisbergen et al., 1985), the vectorial error signal firstly is fed to a vectorial pulse 
generator of which the output is decomposed into the horizontal and vertical pulse 
signals. The CS-model predicts "component stretching" (Evinger & Fuchs, 1978) but 
cannot produce curved saccadic trajectories. The CPG-model predicts "component 
stretching" as well as curvedness of saccades, although both features require very 
different cross-coupling factors between the pulse generators (Smit et al., 1990). 

Simulations of both models showed that independent variation of horizontal and 
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vertical components of model parameters, in most cases, produced realistic distri- 
butions of initial directions of saccades. In general, variations of about 20% in the 
parameters were necessary to produce distributions with SD's of 5 deg. However, 
time courses of saccades were also affected by variation of the parameter values. 
Time courses only remained realistic when the presence of high noise levels was lim- 
ited to the burst generators and the cross-coupling factor. Therefore, noise in these 
parameters seems to be the likely candidate for creating large variability in initial 
directions. 

7 . 5  

�9 

- 7 . 5  - 5  " ~ ~ 3 " - -  I ~ 5 7 . 5  

- 2 .  
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Figure 4: Polar plot of measured SDi values (dots). The four lobes are model predictions 
assuming similar variability in the two orthogonal components. 

However, fluctuations in the amplitude of the burst generators and in the strength 
of the cross-coupling factor have specific consequences for the variability of saccades 
as a function of the saccadic direction. Fig. 4 shows predictions of both models for the 
variability in the initial directions when we assume similar amounts of noise in the 
two orthogonal components. Variabilities in the initial directions of saccades should 
be symmetrically distributed about the cardinal axes. Variability should zero for 
cardinal saccades and maximum for oblique saccades in directions of 45, 135, 225 and 
315 deg due to the fact that the orthogonal components contribute to saccades made in 
any direction. Furthermore, variability should be equally large in all four quadrants. 
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Fig. 4 shows that this relationship between variability and saccadic direction is not 
present in measured saccades. Variability data computed from V-saccades of the 
present experiments together with variability data of pure horizontal and vertical 
saccades, all obtained from one subject, have a more or less elliptical distribution. 
The long axis of the distributions is directed vertically in this example, however, other 
subjects showed different directions. The clearly different distributions in experiment 
and model indicate that noise in orthogonal components cannot describe the spatial 
variability of saccades. 

Quantitative analysis of the models shows that introduction of a major noise source 
in the generation of saccades must occur before the error signal is decomposed into 
two orthogonal components. Addition of noise at the position where, in the CS- 
model, the vectorial error signal is transformed into a vectorial pulse signal, allows 
saccades with realistic variability in initial and effective directions. Such saccades still 
have realistic time courses. The amplitude of noise has to be dependent on direction 
in order to allow for different variabilities in different directions. An additional 
consequence of noise at this position in the CS-model, which weakens the relationship 
between pulse and step signals, is that the model is now able to generate curved 
saccades. 

Concluding remarks 

Saccades show variability in the temporal (maximum speed, duration) as well as in 
the spatial (initial direction, curvedness) domain. Initially, models for the generation 
of saccades have been developed to describe the temporal characteristics of saccades. 
Later, these models were adapted to describe spatial characteristics as well. Still, 
Smit & van Gisbergen (1990) concluded that essentially all existing models are un- 
satisfactory in providing an explanation for the curvature patterns of saccades. The 
present study shows that these models are also unsatisfactory in describing the initial 
and effective directions of saccades. Weakening the coupling between pulse and step 
signals, which effectively destroys the feedback character of the models, appears to 
be essential for description of the spatial variability. Recently, Enright (Enright, 1992) 
suggested that pulse and step components of saccadic motoneuron activity may be 
generated by largely independent processes. From examining disjunctive saccades 
he proposed that the step component for each eye depends only on that eye's visual 
input, whereas the pulse components generated for each eye depend on weighted 
averaging of visual stimili that impinge on both eyes. The results described here 
support the view that pulse and step signals are not as tightly coupled to each other 
as generally is suggested in the literature. 
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