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Abstract—The saccadic response to a peripheral step stimulus is composed of a main saccade. and a correc-
tive saccade with a shorter latency. When a single peripheral pulse stimulus is presented with a duration
shorter than the latency of the response, the main saccade is not followed by a corrective one. though
it is inaccurate. However when a second pulse synchronized to the first saccade is presented within some
degrees around the new visual axis. it elicits a saccadic correction with a short latency. If the second pulse
is presented at a larger retinal eccentricity. the saccadic correction is performed with a normal latency.

The corrective saccade mechanism can be interpreted as a by-pass of decision time at the end of the
main saccade if the residual retinal error does not exceed some degrees.

INTRODUCTION

Any model of saccade initiation must consider the
existence of corrective saccades. which occur in most
cases when the target step amplitude exceeds 10° of
arc. Their amplitude represents typically 10 per cent of
the step amplitude (Becker, 1972), and their latency is
smaller (by about 50 per cent) than that of the main
saccade. This difference in latency is not predicted by
the sampled-data models. if it is thought that the cor-
rective saccade is due to a new sampling of the image
position error at the end of the main saccade. Since
sampling can only begin at the end of the main saccade
the corrective saccade should be delayed at least by
200 msec. For this reason. Becker and Fuchs (1969)
have proposed that the corrective saccade is “prepro-
grammed” together with the main saccade. thus allow-
ing a reduction of computation and decision time. In
the present study, however, we could not observe cor-
rective saccades when visual input was no longer pres-
ent at the end of the main saccade. although they were
systematically elicited even by a very brief restoration
of visual input. Furthermore we investigated the
necessary conditions for the occurrence of corrective
saccades.

METHODS

Normal subjects participated on these experiments. They
were scated at a distance of 30cm from a circular screen.
Head movements were restricted by a chin-holder and a
forehead rest. Experiments were performed with monocular
viewing of the left eye. in complete darkness. Subjects were
allowed to dark adapt for about 10 min.

The circular screen was equipped with gallium arsenide
phosphide diodes, emitting in the red spectrum (6500 A)
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with a rise time of 50 nsec. Red lights were chosen because
perceptual threshold for this wavelength is practicully con-
stant over the retinal surface. up to 40 from the fovea {see
Pirenne. 1972). A preliminary curve of saccade latency to
stimulus intensity was constructed. Latency decreased down
to a minimum with increasing intensity. In the present ex-
periments. intensity was set at a value corresponding to a
latency slightly above this minimum (about 10 per cent).
The luminous surface of the diodes subtended 2 0-5° solid
angle at the eye. One of the diodes represented the central fix-
ation point (LC). the peripheral diodes (LP) being at 5. 10
and 20° on each side in the horizontal plane. Diodes were
energised via a logic circuit which allowed randomized pre-
sentation of the peripheral targets.

Eye position in the horizontal plane was recorded with an
opto-clectronic device. The left eye was illuminated by an
infra-red source on both the nasal and temporal side. and
the image of the eye was projected through a lens on two
photo-transistor arrays mounted differentially: this set-up
allowed measurement of the position of the border between
iris and sclera to be made without drift (Masse, 1971). Accu-
racy of measurement of eye position was + 20' over the full
range. During calibration, a graph of eye position against
voltage was constructed for each subject. before and after
testing. If the two calibrations differed. head displacement
had occurred during the experiment. and the results were
rejected.

Records were taken with a d.c. ink-jet writer with a
700 Hz cut off frequency. and with a paper speed of 100 mm/
sec.

RESULTS

Experiment |

Five subjects were tested. Steps. and pulses from
20 msec to 200 msec in duration were applied to the
peripheral targets. The central fixation spot was always
turned off when the peripheral target was turned on.
and was kept off for 1sec. Main saccade latency (T;)
was measured from each pulse presentation (single
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Fig. 1. Succadic responses in a step situation (al and i
single pulse sitwation [{z = 200msec) (b} LC: central fiva-
tion point: LP: 20 nasal target. 7, is the latency of the
main saccade with respect to the onset of LP. T, is the delay
between the end of the main succade. and the heginning of
the corrective saccade. Note absence of corrective saccade
in the single pulse situation. and the persistent residual
retinal error (Ax). at the end of the main saceade.

pulse situation) with respect to the onsct of the corre-
sponding saccade. The angular error {A2) between cye
position at the end of the main saccade and target pos-
ition, was also measured [Fig. [(b)]. For presentation
of steps (step situation) the same measures were taken
(Fig. l(a}]. Each peripheral stimulus wus given three
times; all targets were presented. Stimulus pre-
sentation was randomized. ,

Puises at any target location and ol any durution {as
short as 20 msec) elicited a saccadic response in more
than 90 per cent of cases. After the main saccade, eye
position was maintained for about 400 msec. In some
subjects. however. a slow drift towards resting position
was observed.

Angular error {Ax) varied with pulse duration. For
a given target location. it increased when pulse
duration was decreased. For instance. for a 20 nasal
target. the error was about | when pulse duration was
200 msec and increased up to 3 for a 20-msec pulse
duration.

As regards relations of angular error with target

location. the error increased systematically with the-

eccentricity (see also Becker. 1972). This effect occurred
in both nasal and temporal fields and was more
marked with short pulses than with steps (see Prablanc
and Jeannerod. 1974).

For any given target location. and any pulse
duration. no correlation between amplitude of the
error and latency of the saccade was found. For in-
stance. the linear correlation coefficient was r = 033
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(n.s) for u 20 nasal target displacement (100 mse
pulse) und r = 0-I¥ (ns.) for the same target with ¢
step.

In the experiments reported here. which mnvolvec
300 stimulations with pulses of different duration {20~
200 msecyandatdifferentlocations. only three correctiy.:
succades were found. Conversely. with step stimuli
corrective saccades appeared in all cases, when the
main saccade was inaccurate, ie. for target locations
bevond 3. The latency (T,) of the main saccuade wits
217 msec (S.E. = 69}, while delay {T:) between main
and corrective saccades was 190 msec {S.E. = 824 sig
nificantly shorter than T, (P < O-f; Fig. 3). Delays
reported in the literature for corrective siuccades are
usually shorter (125-150msec according to Bartz
1967; Becker and Fuchs. 1969). This difference might
be explained by individual factors and by computa-
tional procedures: for instance. in our experiment,
occasional delays as long as 300 msec were taken into
account for the computation of T,

Experiment 2

This experiment was aimed at the prerequisites for
the occurrence of corrective siuccades. Subjects were
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Fig. 2. Comparison of saccadic responses in a single pulse

situation (al and a double pulse situation {b). Pulse

duration: 20 msec. Target location: 20" nasal. {a) To be

compared with Fig. (b). Note more important angular error

refated to a shorter puise duration. (b) The second pulse is

delayed by 100 msec from a triggering point corresponding

to about the 2.3 of the main saccade amplitude. Note occur-

rence of a corrective saccade with a latency T shorter
than T,.
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Fig. 3. Histograms of latencies T, and T, in the step situ-

ation, and latency Tj in the double pulse situation. Values

from 10° nasal and temporal, and 20° nasal targets have
been pooled.

presented with pulse stimuli at any LP location, in ran-
dom order. In this case the main saccade could trigger
offa second pulse of the same duration, at the same or
at a different LP location (double pulse situation). This
second pulse could be delayed by up to 100 msec from
the triggering point. Latency (7;) of the main first sac-
cade and latency between the second pulse and the fol-
lowing saccade were measured.

(1) Double pulse at the same target location. Five sub-
jects were tested. Stimulus duration was fixed at
20 msec. As in Experiment 1, corrective saccades were
almost never observed when a single pulse was pre-
sented [Fig. i(b) 2(a)]. However., when the second
pulse occurred within a delay of more than 50 msec
after the main saccade, a secondary saccade of small
amplitude was observed. The secondary saccade was
“corrective”, i.e. completed exactly the amplitude of
the main saccade, so the eye position became concor-
dant with the target location. This effect was less con-
stant when the second pulse was within 50 msec from
the end of the main saccade.

Latency (T3) between the second pulse and the onset
of the corrective saccade was averaged over 84 trials
for the 10 and 20° peripheral targets. It was found to
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be 176 msec (S.E. = 8-4). ie. significantly shorter than
latency T, (P < 0-01), [Figs. 2(b) and 3].

(2) Double pulse at two different locations. Ten other
subjects were tested. Pulse duration was fixed at
50 msec or at 200 msec for both pulses. and delay
between the first saccade and the onset of the second
pulse was fixed at 50 msec. Pulses were presented at 5.
10. 12, 20 and 22°, with seven combinations of double
pulses intermingled in a random order (10L-12L. 20R-
10R, 22R-20R, 10L-10R, 12L-10L. 20R-22R).

Asregards latency we could separate secondary sac-
cades into two classes over the 240 trials:

(a) Saccades corresponding to stimuli of small eccen-
tricity, (i.e. in the parafoveal retinal region). For a 22°
LP following a 20°LP, for instance [Fig. 4a)]. second-
ary saccades were corrective and had brief latencies
(T, = 152 msec. S.E. = 3-6). significantly shorter than
corresponding latencies T, (P < 0-001). (Fig. 5). When
the second pulse was nearer the central fixation point
than the first (for instance 20° following 22" or 10" fol-
lowing 12°) secondary saccades did not occur system-
atically, since the main saccadic response undershot and
thus the visual axis could match the location of the
second target. However, when secondary saccades
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Fig. 4. Comparison of saccadic responses in two double

pulse situations. Pulse duration: 50 msec. The second pulse

is delayed by 50 msec from the main saccade. Target loca-

tions: (a) LP1: 20° nasal;(b) LP1: 20° nasal; LP2: 22° nasal;

LP3: 10° nasal. Note that the latency T, of the secondary

saccade is shorter than T, for a small retinal error; while T,
is longer for a large retinal error.
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Fig. 5. Histograms of latencies T, T,. fora 20- 22 nusal tar-

get locations, and of latencies T for combinations of more

distant targets. Note that latency T, is much shorter than
T, and T;.

occurred they were corrective and had latencies T,
very similar to T, (T, = 138 msec. S.E. = 7).

(b) Saccades corresponding to large eccentricities.
ie. to stimuli falling on a peripheral area of the retina
at the end of the first saccade [Fig. 4(b)]. These sac-
cades had latencies (Tx = 275 msec, S.E. = 10} which
were slightly longer than T,. Comparison of latencies
T, (Fig. S)with latencies T, or T, obtained with stimuli
of small eccentricity shows a significant difference
(P < 0-001).

DISCUSSION

In a previous study with saccades of large amplitude.
Becker (1972) observed frequent corrective saccades in
single pulse situations. Only when the same target was
presented repeatedly without being intermingled with
other targets were we occasionally.able to observe cor-
rective saccades in the single pulse situation. However
this fact cannot explain the discrepancy between Beck-
er's study and ours. since target presentation was ran-
domized in both experiments. One explanation could
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be that in Becker's experiment. after o pulse was pre-
sented. the same peripheral lamp wus wrned on: the
subject thus could know that his saccade was system-
atically “hypometric™. This condition could have intro-
duced a cognitive factor. leading to o corrective
mechanism. In our experiment. corrective saccades
could be systemutically elicited by a second pulse ut
the same location. and syvnchronized with the end of
the main succade. Absence of corrective saccades in the
single pulse situation. and occurrence of corrective sac-
cades when a second pulse is given after the main suc-
cade. suggests that the visual mput resulting from a
saccade (reafferent input) is a necessary condition to
bring the fovea at the target location. provided the sub-
jects do not know the target position. Each corrective
saccade is thus programmed individually. as a discrete
correction of retinal error. Becker and Fuchs (1969)
found “corrcctive saccades”™ with short delays when
asking a subject to reproduce in the dark saccades
learnt with luminous targets. In this situation. the pre-
viously stored position of the target could act as an in-
ternal signal. thus explaining the shorter latencies.
Latency T of the corrective saccade with respect to
the second pulse was shorter than latency T, of the
main saccade und wus in the sume range {or shorter)
than delay T.. obscrved for corrective saccades in the
step situation. This difference between T,. on one
hand. and T-. T,. on the other. might be explained by
the shortening. or the absence of “decision time™ in the
sequence of events which lead to a corrective saccade.
Becker uand Fuchs (1969} suggested that the main and
corrective saccade could be programmed together, the
role of the reafferent signal at the end of the main sac-
cade being to allow, or to cancel the execution of the
preprogrammed corrective saccade if the error is too
lurge or in a direction opposite to that expecied. In
their step-step experiment (40-43 ) very similar to our
pulse-pulse experiment, these authors found a latency
of 228 msec for saccades to the second (43 ) target. This
value is that of main saccades. and not of corrective
saccades. Considering that the main saccade brings the
eye at a position which corresponds to about 90°, of
the step amplitude (in this casc. approx 36 ). the second
step at the 45 turget actually represented a retinal
error of about 9 . In our double pulse situation. for a
20-22" double pulse. the main saccade had an ampli-
tude of about 18 . so that the retinal error of the
second pulse was only 4, and the saccade which fol-
lowed had a latency of a corrective saccade. This differ-
ence in magnitude of the error signal at the end of the
main saccade may explain the difference in latency
between the two situations. In addition a short latency
was also found when the second pulse was presented
in an opposite direction to the initial saccade. and with
a small retinal eccentricity (approximately 27). Small
retinal error. however. is not sufficient per se to explain
shorter latencies. Saccades in response to small initial
target step (0-3-2") may have latencies as long as
250 msec or more (Komoda. Festinger. Phillips. Duck-
man and Young. 1973; Wyman and Steinman. 1973).
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In our experiment. latency of saccades to a 5° initial
stimulus was 202 msec.

These results indicate that the modification of the re-
sponse characteristics of the saccadic system occurs
only when two conditions are fulfilled: that a previous
saccade has been made and that the residual retinal
error is of small amplitude, ie. within approximately
4. without respect to its direction. If the error is too
large a new decision has to be made. resulting in an in-
crease in latency of the secondary saccade, in the same
range as the latency of an initial saccade. Faster deci-
sion would be more readily explained by the interven-
tion of efferent signals. resulting from the command of
the main saccade. These signals could operate as an
“internal feedback™ at the level of the centres where the
saccadic decision is taken. This operation could allow
a by-pass of the normal pure decision delay, and thus
an immediate computation of the residual retinal
error, if it does not exceed a certain value. A similar
hypothesis has been advanced by Robinson (1973) in
a theoretical model. Another possible explanation, by
analogy with computers, could be that in all cases. at
the end of a saccade, a standard subroutine is started.
If the error is too large it cannot be treated by this
subroutine and the general routine of saccadic initia-
tion has to be called in. In this case a time consuming
process could not be located in specific decision “cen-
tres”. It is hardly conceivable presently to choose
between these two “models™ by psychophysiological
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studies only. and further neurophysiological investiga-
tions are required.
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