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The threshold for detection of  displacements of  visual objects is higher during voluntary saccades 
than it is during steady gaze ("saccadic suppression of  displacement"; SSD). Relative contributions 
to SSD of extraretinal and retinal factors were investigated by measuring displacement thresholds 
in four experiments in which three observers judged whether a test flash, presented after a saccade 
or a period of fixation, was located to the left or right of  a reference point viewed earlier. The 
experiments,  involving saccades ranging from 4 to 12 deg in length, separated the effects of  saccade 
size from the effects of  retinal eccentricity of  the reference point, and also separated the effects of  
retinal eccentricity of  the test flash from both. The influences of  the three are nearly linearly 
independent. Approximately 20% of  the total influence on SSD derives from retinal influences of  
test flash and reference point; 80% is due to extraretinal influence associated with saccade size. A 
signal/noise model that accounted well for our previous results on SSD (Li & Matin, 1990a,b) was 
extended to account for the present results. The model also provides a unified treatment of  SSD and 
of  the saccadic suppression of  visibility (SSV). © 1997 Elsevier Science Ltd. 
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INTRODUCTION 

Two aspects of visual sensitivity are severely reduced in 
the presence of saccadic eye movements. The deficits are 
commonly referred to as the "saccadic suppression of 
visibility" (SSV) and the "saccadic suppression of 
displacement" (SSD) (Matin, 1982, 1986; Li & Matin, 
1990a,b). The significant defining aspect of SSV is the 
increased light intensity threshold for detection of visual 
stimulation. The significant aspect of SSD is the 
increased displacement threshold for change of location 
of visual stimulation. The main concern of the present 
article is with SSD. However, because of the considerable 
commonality in the influences involved in both deficits 
and because the study of SSD has its roots in the earlier 
work on SSV, SSV will be briefly characterized first. 

Saccadic suppression of  visibility (SSV) 

Although early investigators had not yet begun to treat 
SSV and SSD as involving two different but related 
perceptual discriminations, they noted two possible 
explanations for SSV, one based on central inhibition 
and the other on the spatiotemporal pattern of retinal 
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stimulation. The two were treated as mutually exclusive 
alternatives (Dodge, 1905; also see Dodge, 1900; and 
Holt, 1903, 1906). Modern systematic investigations 
made it clear that SSV consisted of two components, each 
a descendant of a different one of the early explanations: 
one component is due to the substantial increase in spatial 
uncertainty for stimulus location that occurs during a 
saccadic eye movement (L. Matin, quoted in E. Matin, 
1974, p. 910; Greenhouse & Cohn, 1991); the second 
component is due to visual masking which is a 
consequence of the spatiotemporal pattern of retinal 
stimulation resulting from the saccade (Matin et al., 
1972; Matin, 1972). 

The first component of SSV was isolated by comparing 
the intensity threshold for a brief flash in the presence of a 
saccade to the threshold during steady fixation. Threshold 
elevation begins somewhat before the beginning of the 
saccade, increases to a maximum of about 0.6 log units 
near the saccade's center, and then decreases again to 
reach baseline shortly after saccade completion (Latour, 
1962; Volkmann, 1962; Zuber & Stark, 1966; Lederberg, 
1970; Pearce & Porter, 1970; Riggs et al., 1974; 
Volkmann et al., 1968; for reviews see Matin, 1974, 
1976; Volkmann, 1986). 

However, the visibility loss accompanying a saccade is 
much larger than the 0.6 log unit threshold increase due to 
the first component of SSV. The second component of 
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SSV (as much as 6 or more log units above the detection 
threshold) can best be recognized by noting that the 
spatially smeared retinal stimulus during the saccade is 
normally completely invisible at the highest illumination 
levels although the identical retinal stimulus is easily 
visible when restricted to the saccadic period. It is 
essentially due to the strong masking produced by the 
energy pile-up in the stationary postsaccadic stimulus 
located at the retinal region adjacent to the smeared 
saccadic stimulus (Matin et al., 1972; Matin, 1972), a 
process identical to metacontrast-masking that had first 
been demonstrated with the stationary eye and stationary 
flashed stimuli (Werner, 1935; Alpern, 1953; Kolers & 
Rosner, 1960; Kolers, 1962; Weisstein, 1972). 

Each of the two components of SSV is important for 
the treatment of SSD: the identity of time course of the 
first component of SSV with that for SSD and the 
increased spatial uncertainty underlying both SSV and 
SSD provides a basis for suggesting that they are 
governed by the same mechanism. Further, the invisi- 
bility of the saccadic stimulus--due to SSV--indicates 
that the detection of displacement as measured in SSD is 
more likely to be based on a comparison of pre- and 
postsaccadic stimulation than on the displacement itself, 
although most workers have assumed the latter. 

Saccadic suppression o f  displacement (SSD) 

The initial isolation of SSD was described in a report 
by Ditchburn (1955) who noted that subjects were unable 
to detect displacements of an oscilloscope trace that were 
triggered by small involuntary saccades of their own 
during fixation, although a second observer adjacent to 
the subject easily perceived the displacement. Beeler 
(1967) subsequently measured the decrease in displace- 
ment sensitivity as a reduction in the probability of 
detecting a 15 minarc displacement in the presence of 
involuntary saccades of a continuously present target; the 
time course of the sensitivity reduction was similar to that 
of the first component of SSV measured with voluntary 
saccades, an increase in visibility threshold that reached 
about 0.5 log unit and extended from 60 msec before the 
saccade through 75 msec after the saccade. Since the 
target employed for measuring displacement sensitivity 
itself was several log units above the threshold for 
visibility, however, it should have still been readily 
visible throughout the involuntary eye movement. 
Nevertheless, the stimulus displacement was not detected 
by the subject although similar displacements were 
detected when they were not closely associated with 
involuntary saccades. Thus, Beeler properly concluded 
that the invisibility of the visual stimulus was not the 
basis for the failure to detect the displacement. He also 
suggested that SSD was the result of a different neural 
mechanism than the one underlying SSV. As we show 
below, however, such a doubling of mechanism is not 
required. 

Beeler's experiment was followed by several in which 
the subject reported the visual direction of a 1 msec test 
flash presented during a horizontal voluntary saccade 

relative to a stationary fixation target viewed and 
extinguished prior to the saccade (Matin & Pearce, 
1965; Matin et al., 1969; Matin, 1972; Matin & Matin, 
1972). The main concern was with perceptual stability 
rather than suppression, but the variability of perceived 
location--measured by the standard deviation of the 
psychometric function plotting the percent of trials on 
which the displacement was reported to have fallen to the 
right of the fixation target in a left-right discrimination-- 
was considerably larger than was normally measured 
during steady fixation. This increase in variability has 
become the signature measure of SSD and will be 
employed below. While a portion of the increased 
variability was attributable to the presence of a temporal 
interval between the two stimuli whose directions were 
being compared (Matin et al., 1966, 1981), a major 
portion was specifically saccade-related. 

In subsequent experiments other measures of displace- 
ment have been obtained from psychometric functions 
relating the probability of detecting a displacement to the 
magnitude of the displacement in the presence of a 
voluntary saccade (Mack, 1970; Bridgeman et al., 1975; 
Stark et al., 1976; Whipple & Wallach, 1978; Bridgeman 
& Stark, 1979; Li et al., 1985; Li & Matin, 1987, 1988, 
1990a,b). Instead of the two-sided experimental variation 
of displacement around a measure of central tendency as 
in the experiments in the previous paragraph, these 
experiments involved only "yes" and "no" as response 
alternatives regarding the perception of displacement and 
a single direction of displacement variation. With this 
approach a higher detection threshold is virtually certain 
to be accompanied by a shallower psychometric function 
and increased standard deviation. 

These later experiments have reported the displace- 
ment ratio (DR), the ratio of the displacement yielding a 
given probability of displacement detection divided by 
saccade length. Magnitudes of DR range from 0.10 to 
0.33 (Matin et al., 1969; Mack, 1970; Bridgeman et al., 
1975; Stark et al., 1976; Whipple & Wallach, 1978; 
Bridgeman & Stark, 1979; Li et al., 1985; Li & Matin, 
1987, 1988, 1990a,b). The largest of these values of DR 
was obtained by Bridgeman et al. (1975) when they 
measured the time course of SSD in a free eye movement 
situation and found that it was similar to the time course 
of SSV, as Beeler (1967) had reported for involuntary 
saccades. Their peak DR values were obtained with 
displacements occurring slightly before the center of the 
saccade; DR fell off monotonically on both sides of the 
peak and reached values normally obtained during steady 
fixation at about 40 msec before and after the saccade. 

SSD has been reported with either flash-induced 
saccades (Mack, 1970) or with the subject's free eye 
movements (Bridgeman et al., 1975; Whipple & 
Wallach, 1978), when the target displacement is 
orthogonal to the saccade or when the direction of target 
displacement is identical to the direction of the saccade 
(Mack, 1970; Stark et al., 1976; Whipple & Wallach, 
1978), with a stimulus as simple as a single target (Mack, 
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1970) and with a complex visual pattern (Bridgeman et 
al., 1975). 

Measurements  of  the influence of  saccade length on 
SSD with controlled trials and saccade-triggered dis- 
placements have shown the displacement threshold 
increase to be linear with saccade length over the range 
of  saccade lengths from 4 to 12 deg (Li et al., 1985; Li & 
Matin, 1988, 1990b). Al though increasing postsaccadic 
exposure duration of  the target up to half a second 
produces a substantial monotonic  decrease in displace- 
ment threshold, electronic removal  of  the saccadic 
stimulus during the latter 3/4 of  the saccade does not 
influence or modify  these changes. Neither increase in 
postsaccadic exposure duration beyond the half second 
nor changes o f  the duration of  the time gap between pre- 
and postsaccadic stimulation up to 66 msec exerts any 
influence. Since changes in observer criterion did not 
contribute to the threshold changes either, SSD appears to 
be essent ia l ly- - i f  not comple te ly - -de te rmined  by extra- 
retinal processes. Combining these results with the fact 
that a sufficiently long postsaccadic exposure eliminates 
perception of  the spatially extended saccadic smear 
(Matin et al., 1972; Matin, 1972) leads to the conclusion 

*Previous experinaents on SSD have measured the absolute threshold 
for displacement detection. The present experiments measure the 
difference threshold. Absolute thresholds are 50% points on 
psychometric functions plotting the probability of displacement 
detection (yes/no) against a zero-based, l-sided abscissa of 
displacement magnitude. Difference thresholds in the present 
experiments are standard deviations of the underlying normal 
distributions of psychometric functions plotting the probability of a 
report of direction of displacement (e.g., "displacement to the 
right") against displacement magnitude, with stimulus displace- 
ment varying in both directions from the reference point. The 
absolute threshold is not a direct measure of response variability. 
However, since the probability of detection in an absolute detection 
situation is anchored at near-zero probability for zero displacement 
the 50%-threshold increases monotonically with the variability of 
the psychometric function (the increase is inverse with the slope). 
For the differential threshold discrimination the relation between 
the standard deviation of the psychometric function and the 50%- 
point is different: the 1-standard deviation difference threshold is 
the difference in displacement between the 84%-point and the 
50%-point on the psychometric function, but the 50%-point is close 
to chance level, and is essentially independent of the standard 
deviation. Thus, the role of the 50%-point in the differential 
threshold situation corresponds to the role of the 0%-point in the 
absolute threshold situation. From what has been said, then, we 
might expect a simple relation between the variabilities of the 
psychometric functions in the two situations, and indeed there is: 
The standard deviation in both situations are linearly related to 
saccade length, and in both the slope of the threshold against 
saccade length approximates 0.1, suggesting that both discrimina- 
tions are reflections of either the same or closely related underlying 
processes (Li & Matin, 1990b). It is worth noting however, that a 
change in subject's preference for a "left" or "right" response (bias) 
would shift the psychometric function along the abscissa for both 
absolute and difference measurements. Whereas such a shift would 
produce a substantial influence on the 50% threshold, it would be 
essentially without influence on the standard deviation of the 
psychometric function from which the difference threshold is 
calculated. This lack of sensitivity to bias confers some advantage 
to tl~e use of the standard deviation of the psychometric function 
from measurements of a left/right discrimination. 

that the detailed characteristics of  the retinal stimulus 
during the saccade is an insignificant contributor to the 
threshold variation produced by varying the duration o f  
the postsaccadic stimulus; this conclusion extends 
Beeler ' s  (1967) result to voluntary saccades. 

Relation between cancellation and signal~noise model for 
saccadic suppression of  displacement 

Treatments of  SSD are built on the same theoretical 
basis that underlies the work on perceptual stability in the 
presence of  voluntary saccades where the main concern 
has been with the time course of  the change of  local signs. 
This theoretical approach assumes that the change is a 
consequence of  a cancellation mechanism in which the 
extraretinal eye position information (EEPI) is combined 
with retinal information (RI). The treatment of  SSD 
involves paradigms that are either identical or very 
similar to those concerned with the time course of  the 
local sign shift. However ,  experiments concerned with 
the time course of  the shift measure the central tendency 
of  a psychometr ic  dis t r ibut ion-- the point of  subjective 
equality ( P S E ) - - a n d  minimal attention has generally 
been given to the variability. Experiments on SSD are 
concerned with variability measures f rom the same 
psychometr ic  distributions and devote very little atten- 
tion to the variation of  the central tendency of  the 
distribution. The difference between these two measures 
is frequently clouded, however,  because of  matters that 
are essentially methodological .* 

In fact, the first experiments in which the perceived 
locations of  points presented at different times in relation 
to a saccade were compared were aimed at determining 
how the measure of  central tendency changed with time; 
in those experiments the increase in variability relative to 
variability with steady gaze was substantial but not yet 
given the name SSD (Matin & Pearce, 1965; Matin et at., 
1969, 1970). That study and subsequent work in our 
laboratory with paradigms that removed any visible 
targets from close temporal proximity to the saccade and 
to each other (Matin & Pearce, 1965; Matin et al., 1969, 
1970; Matin, 1972, 1986) demonstrated that the PSE 
(50% point) fol lowed a time course that began some time 
before the saccade, grew more slowly than the saccade 
itself, and could extend for some time into the 
postsaccadic pe r iod - -200  msec is a fair representation 
of  the results, although individual subjects differ. This 
approach has been developed considerably further and 
the original results essentially confirmed and extended 
(Bischof  & Kramer, 1968; Monahan,  1972; Shebilske, 
1976; Mitrani et al., 1970; O 'Regan ,  1984; Honda, 1989, 
1990, 1991, 1993; Dassonville et al., 1993). Although 
some questions remain, closely related experiments 
indicate a slowly growing extraretinal signal connected 
with motor  localization (Hallett & Lightstone, 1976a,b; 
Hallett, 1986; Honda, 1984, 1989; Dassonville et al., 
1993) as well as with perceptual discrimination. 

Previous work on SSD extended the approach based 
on the cancellation mechanism (Li & Matin, 1990a,b). 
We suggested that the threshold for visual direction 
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discrimination is based on a ratio of the neural signal 
corresponding to the difference (RI-EEPI) to the neural 
noise against which this difference signal must be 
discriminated (signal-to-noise criterion). If the threshold 
criterion for spatial displacement, 

Mean(R1-EEP~)/StDev(RI EEP1) ~ 

remained constant, any increase in neural noise (denomi- 
nator) would give rise to an increase in the value of RI-  
EEPI required for detection, and such an increase would 
be measured as an increased displacement threshold. We 
were led to this treatment of SSD from results of 
experiments in which saccade length was systematically 
varied by considerations related to the variability of 
actual saccade length to a fixed-location target and the 
variability of perceived location of a fixed-location flash 
presented during a series of saccades (Li, 1989; Li & 
Matin, 1992). These suggested that the saccade-related 
increase in displacement threshold resulted from a 
transient increase in the variability of EEPI, which 
constitutes a significant segment of the noise in the 
denominator of the signal/noise ratio controlling the 
discrimination. It is not unlikely that some portion of this 
noise is identical to the spatial uncertainty that Green- 
house & Cohn (1991) have found to underlie the 
nonmasking portion of SSV. 

This model for saccadic suppression of displacement is 
supported by the findings of linear relations between the 
50% threshold for displacement and the standard 
deviation of the normal density underlying the psycho- 
metric function that characterizes the relation between 
detection probability and displacement under several 
different parametric variations. Thus, linear relations 
were measured separately with variation of saccade 
length (Li & Matin, 1990b) and with variation of 
exposure duration of the displaced display (Li & Matin, 
1990a). The signal/noise model also handles readily the 
empirical relations between SSD and the first component 
of SSV: thus, for example, Beeler's conclusion that the 
mechanism for SSD during involuntary eye movements 
required a different mechanism than the one controlling 
SSV is not necessary. Instead the signal/noise model 
provides a single basis for both SSV and SSD: the 
correspondence of time course for both corresponds to 
the time course for the transient increase of variability in 
the neural signal related to the visual stimulus, and that 
corresponds to the time period of the saccade itself. 

The present experiments: separating saccade length and 
eccentricity 

A great deal has been learned about SSD. But 
investigations have often implicitly assumed that the 
sole basis for the decreased sensitivity is the saccade 
itself. However, systematic increase of saccade length not 
only results in an increase in the distance covered by the 
eye movement itself, but also an increase in the retinal 
eccentricities of the saccadic target and the flashed test 
target, placing them on retinal regions of lower spatial 
resolution. It is likely that some portion of the length- 

related increase in displacement threshold is a conse- 
quence of the reduced spatial resolution related to retinal 
eccentricity. Separating the contributions of factors 
related to EEPI from those related to the processing of 
the retinal information (RI) is then a necessary part of the 
description of SSD and constituted a main objective of 
the present investigation. The quantitative separation is 
accomplished by comparing displacement thresholds for 
saccades of different lengths (Expt 1) to thresholds during 
steady fixation under conditions in which the object of the 
displacement discrimination is at the same retinal 
eccentricity (Expt 2); comparisons of thresholds were 
also made among saccades of the same size with the 
discrimination standard at different retinal eccentricities 
(Expt. 3) and among saccades of different length with the 
standard for the discrimination at the same retinal 
eccentricity (Expt 4). 

GENERAL METHODS 

Experimental paradigm 

In the three main experiments involving saccades 
(Expts 1, 3 and 4) the subject viewed an initial display 
consisting of a fixation point [A in Fig. l(a, c)], a 
reference point (B) for the perceptual discrimination at 
some distance from the fixation point, and a saccadic 
target (C). A brief tone, presented 2 sec following the 
onset of the initial display, signaled the observer to 
execute a saccade to the saccadic target. Termination of 
the initial display occurred when the eye traveled one- 
quarter of the distance to the saccadic target and was 
accomplished by a signal from the eye movement 
monitor to the computer controlling the visual display. 
Simultaneously with termination of the initial display a 
70 msec dark interval was initiated and was followed by a 
10msec test flash [B' in Fig. l (a,c)]  at a variable 
distance, d, from the reference point. Each trial ended 
with the subject's report of whether the test flash 
appeared to the right or left of the reference point given 
by pressing one of two buttons. Experiment 2 was 
identical to the other three experiments with the 
important exception that a voluntary saccade was not 
executed. Instead, in Expt 2, the initial display was 
terminated 10 msec following initiation of the tone and 
the subject attempted to maintain fixation during the dark 
interval until the test flash was seen. 

In Expt 1 the saccadic target and reference point were 
identically located; in Expts 3 and 4 they were separated. 
The saccadic target and reference point served different 
functions: the reference point was the standard in the 
perceptual discrimination; the saccadic target was the 
goal of the saccade. In Expts 3 and 4, because the 
saccadic target and the reference point looked identical 
although they were at different locations, each was 
identified for the observer before each run. 

The reference point served also as the center of the 
distribution of test flashes in each condition of each of the 
experiments. In Expts 1-3 the fixation target and saccadic 
target were symmetrically positioned on opposite sides of 
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FIGURE 1. (a, c) Saccade conditions: Expts 1, 3 and 4. The initial display consists of a fixation point, A, a reference point that was the standard for 
the discrimination of spatial displacement, B, and a saccadic target that was the goal of the saccade, C. In Expt 1 the saccadic target and reference 
point were identically located (B, C) either 4, 6, 8, 10 or 12 deg from the fixation target; in Expts 3 and 4, B and C were spatially separated. A brief 
tone, 2 sec following onset of the initial display, signaled the subject to execute a rightward-going saccade to C. The initial display was terminated 
at the moment the saccade crossed the trigger point (1/4 the distance between A and C) and was accomplished by a signal from the eye movement 
monitor to the computer controlling the visual display. Following a 70 msec dark interval which began at the trigger point crossing, a i0 msec test 
flash was presented at B'. Displacement size of B' from B, d, was selected within a randomized block format from a set of 17 possible locations; the 
range of test flash locations for a given condition depended on the variability of the subject's discrimination as estimated from pilot work and was as 
small as ± 2  or as much as _+4 deg. The subject's report regarding whether the test flash appeared to the left or right of the previously viewed 
reference point was given by pressing one of two buttons that terminated the trial. (b) Steady fixation condition (no saccades); spatial and temporal 
outline of single trial in Expt 2. The reference point, B, was either at 0, 1, 2, 4, 6, 8, 10 or 12 deg from the fixation target. The brief tone was 
presented 2.0 sec following the beginning of the initial display which itself was terminated 10 msec following initiation of the tone. The subject 
attempted to maintain fixation at A during the dark interval through the presentation of the test flash which, as in the other experiments, was 
presented from one of 17 spatial locations symmetrically distributed on both sides of the reference point. (d, e) Locations of saccadic targets and 

reference points employed in Expts 3 and 4. 
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the primary viewing position (i.e., the position on the 
sagittal plane through the viewing eye of the subject) with 
the exception of the 0, 1 and 2 deg positions in Expt 2 for 
which the fixation target was at primary position; thus, 
for example, for the 10 deg saccadic condition in Expt 1, 
the fixation target was 5 deg to the left and the saccadic 
target 5 deg to the right of primary position. In Expt 4 the 
fixation target was set 4 deg to the left of primary position 
for all conditions. 

In all four experiments d was selected from a set of 17 
possible values in a randomized block design; 8 lay to the 
left of the reference point, 8 to the right, and the 17th was 
at the location of the reference point itself (d = 0). The 
separations between adjacent members of the 17 were 
equal. The entire range spanned by the 17 values differed 
in different experiments and was tailored to the 
magnitude of the uncertainty range under the particular 
condition. The same set of displacements was used for all 
observers in a given condition. 

Trials were grouped into blocks of 20, with d varying 
from trial to trial. In 4 of the 20 trials in each block no 
displacement occurred; each of the other 16 values of d 
was presented on one of the remaining 16 trials. 
Experimental sessions were divided into runs consisting 
of 3-5 blocks each. A session typically contained 6-8 
runs (i.e., 300-800 trials). Thus, enough blocks were run 
with each observer in each condition so as to obtain 26-  
30 trials with each value of d. 

Stimulus display 

All visual stimulation was derived from the face of a 
cathode ray tube (CRT) controlled by a Compaq 386 
Deskpro computer which controlled all timing, online 
recording and storing of the parameters of the stimulus 
display, measurements of eye position, psychophysical 
reports of the subject, and tabulation of the results of each 
experimental session (ASYST-based program). The CRT 
was a 23-inch (diagonal) Hewlett-Packard unit (No. 
6610) with a short-persistence phosphor, P15.* The CRT 
was interfaced to the computer (housed in an adjacent 
room) through two 12-bit D/A converters (DT2801), each 
of which controlled one parameter of the display (x-axis, 
location; z-axis, intensity)J- Each luminous point of the 
display was 4 minarc in height and 1 minarc wide with a 
luminance of 1.3 ml. Before the experiment, the vertical 
location 0'-axis) of the display was manually adjusted to 
the observer's eye level, and was not changed during the 

entire experiment. The intensity of the display was 
slightly more than 1.6 log units above the foveal 
threshold after 10 min of dark adaptation and was not 
changed throughout the experiment. The intensity setting 
was accomplished as follows: prior to the experiment, the 
dark-adapted subject viewed a target point behind a 1.6 
log neutral density filter while adjusting its intensity to 
his/her threshold. The target point was presented in the 
center of four small dim red fixation dots on the face of 
the CRT. Afterwards, the filter as well as the four fixation 
dots were removed. Thus, the stimulus display in the 
experiments was more than 40 times the dark-adapted 
foveal threshold. The CRT was covered by a black mask 
except for an area 24deg wide by 4deg  high. The 
observer viewed the display with his/her right eye from a 
distance of 93 cm, with the left eye occluded by an eye 
patch. 

Observers 

Three observers served in all four experiments. Two of 
them had 20/20 Snellen acuity in the viewing eye without 
any correction, and the third observer was corrected to 
20/20 by a contact lens in his viewing eye. One of the 
three (WL) was well-acquainted with the purposes of 
these experiments while the other two were nai've. 

Measurement of eye position 

The seated observer's head was stabilized by a 
biteboard and forehead rest. The horizontal position of 
the right eye was continuously monitored with a Gulf and 
Western Model 200 eye movement monitor, which 
recorded the difference in signals from the regions near 
the left and right limbal junctions of the eye that resulted 
from the reflected invisible infrared radiation on the front 
of the eye from a source that was stationary with respect 
to the head. The unit is insensitive to vertical ocular 
displacements (both rotations and translations) since 
these produce a simultaneous increase or decrease in the 
signals from both junctions, leaving the signal difference 

Fixation Eye Saccadic Reference Test 
Point Position Target Point Flash 

A C' C B B' 

,_ -I . t  $ " d ~  
i 

I,, E a ,,[ 

*Visible persistence of the CRT decays exponentially to 10% in less 
than 2.8 l~sec (JEDEC, 1969); with our instrumentation persistence 
could not be measured beyond 30/ t sec  following termination of the 
input to the z-axis (intensity down to less than 0.005% of peak 
value). (See Li & Matin, 1990a for further details.) 

t T h e  settling time of the D/A converters was less than 30 l~sec for the 
levels employed. Timing for the operation of each of the D/A con- 
verters was controlled by the ASYST (1989) program that worked 
from the 16 MHz computer clock. Since the basic resolution of the 
ASYST timing instruction was 840 nsec the actual timing error was 
0.084% of the 1 msec unit interval that ASYST employed; since the 
shortest time interval employed in our experiments was 10 msec, 
actual timing reliability was considerably better than that. 

E l =  

E 2 = 

E 3 =  

d = 

S = 

E3 = ~2 + d - E 1 

A~t~al s a ~ a ~ e  d is tance 

Distance from fixation point to reference point 

Retinal distance of test flash from fovea 

Displacement of test flash from reference point 

Distance from fixation point to saccadic target 

FIGURE 2. Relations among significant distances (visual angle) arc 
shown. 
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essentially unaffected. With this system, rotational 
differences in horizontal eye position over short time 
intervals (100 msec)  can be resolved to about 0.04 deg; 
over longer time intervals (5 -10  min) reliability is about 
15 minarc. The calibration of  eye position was linear over 
the entire _+ 20 deg range around primary position. 

On each trial of  the three experiments involving 
saccades, eye position was recorded by the computer  
through a 12-bit A/D converter  (on DT2801 board) at 
1 msec intervals for the 250 msec period immediately 
fol lowing the moment  at which the eye crossed the 
trigger point. The eye position 70 msec after the eye 
crossed the trigger point was treated as the terminal 
position of  the primary saccade.* In Expt 2 monitoring o f  
eye position was only used to eliminate trials during 
which a saccade might have occurred. 

Calibration for eye position measurements 

Linearity of  the eye position recording system was 
assessed prior to all experimental work. Measurements  of  
eye position during fixation were made at each of  11 
targets horizontally separated from each other by 2 deg. 
The correlation coefficient, r, between the computer  
readout of  the eye position measurement  and the actual 
position of  the target on the CRT for each subject was 
greater than +0.997. 

During the experiments calibration o f  the monitoring 
system for eye position was carried out before and after 
each block of  trials, while the subject fixated each of  the 
two endpoints o f  the display. The observer fixated one of  
the two endpoints of  the initial stimulus display, and 
when s/he felt comfortable and well-fixated pressed a 

*The main reasons for the choices of a 10-msec test flash duration and 
a 70 msec interval between the extinction of the initial display and 
initiation of the test flash were as follows: the duration for 4 and 
12 deg saccades is about 30 and 60 msec, respectively. Since a 
latency of 100-350 msec typically follows a visual event before 
any sizable changes of eye position occur in response to the event, 
the chosen durations allowed the test flash to be presented at a time 
when eye position was stable and retinal smear would be avoided. 
The 70 msec dark interval also had the advantage of being long 
enough so that interaction between the initial display and test flash 
(e.g., metacontrast) would be absent or minimal at worst. The 
70 msec dark interval was used in Expt 2 in order to allow a more 
direct comparison of the results with the data from the saccadic 
conditions of Expts 1, 3 and 4. The 10 msec test flash provided a 
sensitive probe for measuring the time course of SSD to localized 
retinal regions without concern about any significant eye move- 
ments during the flash. A reviewer questioned this "...use of briefly 
presented targets...." The concern was whether a 10 msec test flash 
gave the subject "sufficient time to make the discrimination". In 
fact, however, visible persistence for flashes decreases system- 
atically with increased duration in the 0-1 sec period, and the total 
duration for which the flash is visible does not change much for 
flashes through several hundred milliseconds. (Bowen et al., 1974; 
Matin & Bowen, 1976); in combination with considerations related 
to integration times for flashes (Graham, 1965; Matin, 1968) this 
indicates that an increase of flash duration beyond 10 msec, 
although of some interest with regard to other aspects of SSD (see 
Li & Matin, 1990a), is not likely to provide more help in giving the 
subject more time for the discrimination (nor was time to provide a 
report regarding the discrimination following the flash limited) but 
would have degraded the temporal sensitivity of our probe. 

button to initiate reading of  the eye movement  signal by 
the computer;  the same procedure was fol lowed at the 
other endpoint. The calibration value at each endpoint 
was the average of  1000 digitized samples taken by the 
Compaq 386 computer  at 1 msec  intervals during a 1 sec 
period. The entire procedure was repeated either 4 or 5 
times to assure stability. The final values were stored by 
the computer  and served as the reference values in the 
subsequent trial block. If  change from initial calibration 
of  10% or more occurred during the block of  trials, all 
trials in that block were discarded. 

Some symbols 

Throughout  we employ Et  to represent the "actual 
saccade distance" as a visual angle distance from the 
fixation target to the position of  the eye 70 msec after it 
crossed the trigger point, E2 to represent the distance 
between the fixation target and the reference target, and 
E3 to represent the visual angle distance between the 
fovea and the retinal location stimulated by the test flash 
(see Fig. 2). E3 is calculated as E2 in combinat ion with the 
displacement o f  the test flash f rom the reference point (d) 
and the actual saccadic distance (Et); thus 

E3 = E2 + d -  Et.  

E2 is fixed for a given condition; E1 and E.3 are values that 
differ on a trial-to-trial basis. The distance between the 
fixation and saccadic targets is represented by S. The 
threshold values that we measure, referred to as T, are all 
measures of  variability, specifically, standard deviations 
of  the best-fitting underlying normal distributions to the 
psychometr ic  functions, relating the probability of  
reporting that the flash fell to the right of  the reference 
target to the actual offset. 

EXPERIMENT 1: THRESHOLD FOR DISPLACEMENT 
DURING SACCADES OF DIFFERENT SIZES 

Procedure 

The saccadic target [Fig. l(a)] which was identical to 
the reference point in this experiment, was either 4, 6, 8, 
10 or 1 2 d e g  to the right of  the fixation point and 
remained constant within a single run o f  60, 80 or 100 
trials. These saccadic target locations were randomly 
ordered among runs across the entire experiment. Making 
use of  pilot work the 17 test flash locations were 
distributed over distances f rom the reference point that 
approximated the uncertainty range for each condition, 
being as large as 8 deg for the longest saccades and as 
little as 4 deg for the shortest ones. 

Results 

Figure 3 displays the psychometr ic  functions in Expt 1 
for each of  the three observers separately for each 
saccade length. The figure plots the percent o f  trials on 
which the subject perceived a displacement to the right 
for each target displacement. Each data point except 
those at 0 deg displacement involved between 25 and 30 
trials; between 106 and 120 trials were obtained at 
0 deg displacement. The curves are the best-fitting 
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FIGURE 3. Results of Experiment 1 : psychometric functions displaying the percent of trials on which the observer reported that 
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particular saccade size. Data from each of the three observers arc plotted separately. Negative sign ( - )  on the abscissa refers to 

displacement of the test flash to the left of the reference point. 

cumulative normal distributions (least-squares fit; values 
of r exceeded 0.970 [P < 0.0001] in all cases). The 
threshold for displacement, defined as the value of one 
standard deviation of the underlying normal density, is 
plotted in Fig. 4(a) as a function of the attempted saccade 
distance. Figure 4(a) shows that the threshold for 
displacement increased linearly with the attempted 
saccade size (i.e., the distance from fixation point to the 
saccade target) from about 0.4 to 1 deg over the range of 
saccade lengths from 4 to 12 deg. The data and fitted 
parameters for the three observers are similar. The 
straight line best fitting the average thresholds for the 
three subjects [Fig. 4(a)] is: 

T -- 0.106S + 0.100 (1) 

where Tis the threshold predicted from the linear fit in the 
presence of voluntary saccades and S is the distance from 
fixation point to the saccade target. The linear fit accounts 
for more than 99% of the experimental variance. It is 
worth noting that the 50% points of the psychometric 
functions in Fig. 3 do not differ significantly with saccade 
length, indicating that the linear increase in threshold in 
Fig. 4(a), which measures the precision of the discrimi- 
n a t i o n - t h e  hallmark of SSD, can occur in the absence of 

any significant shift in accuracy (i.e., in the 50% point in 
Fig. 3). 

Discuss ion  

Although a somewhat different experimental situation 
was employed in the present experiment, the main results 
have replicated the previously reported linear increase of 
displacement threshold with saccade length (Li et al., 
1985; Li & Matin, 1990b). In the earlier report the best 
fitting slopes were 0.115 and 0.100 for the two subjects 
and -0 .25  and -0 .10  for the y-intercepts. In the present 
case the slope of the regression line for the displacement 
is 0.100 for saccade sizes between 4 and 12 deg and they- 
intercept was 0.106. Thus, in order for an observer to 
detect a displacement 84% of the time during a saccade, it 
was necessary for the displacement to be larger than 10% 
of the size of the saccade. 

The displacement ratio, DR, equal to 0.1 in the present 
case, is similar to that obtained by Whipple & Wallach 
(1978) but is lower than the value of one-third reported 
by Bridgeman et al. (1975). There were at least three 
important differences between Bridgeman and collea- 
gues' experiment and the present one that may account 
for this difference: (1) our stimulus display consisted of 
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only two bright dots in darkness whereas Bridgeman and 
colleagues' consisted of a large field including a row of 
dots surrounded by concentric circles and radiating lines. 
Increasing stimulus complexity produces higher detec- 
tion thresholds in the presence of saccades (Brooks & 
Fuchs, 1975), and it seems likely that the displacement 
threshold, which is based on a comparison between the 
pre- and postsaccadic directions of a target, would be 
elevated as well. (2) The subject in Bridgeman and 
colleagues' experiment was instructed to move a switch 
only if s/he "saw the stimulus jump". Thus, an observer 
who detected the location change of the target after a 
saccade but did not notice motion itself during the 
saccade would press a "yes" button in the present 
experiment but would do nothing in their experiment. It 
has long been accepted that motion detection and 
displacement detection may be mediated by different 
mechanisms (Exner, 1885; Brown, 1955; Leibowitz, 
1955; Graham, 1965; Henderson, 1971), although the 
underlying difference in mechanism has yet to be 
completely understood. (3) The stimulus movement that 
the subjects in Bridgeman and colleagues' experiment 
were to detect was not contingent on the occurrence of 
eye movements. In their experiment the subjects did not 
know whether a trial had really occurred after any given 
eye movement. Such temporal uncertainty, absent in the 
present experiment, would be expected to reduce the 
likelihood of a report of displacement by the subject and 
lead to an increase in the DR. 

EXPERIMENT 2: THRESHOLD FOR DISPLACEMENT 
DURING STEADY FIXATION 

In the second experiment saccades were not made. This 
allowed us to begin to evaluate the influence of the retinal 
eccentricity of the peripheral target (reference point/ 
saccadic target) separately from its influence as a target 
for a saccade. 

Procedure 

With the subject maintaining steady fixation on A [Fig. 
l(b)] the threshold for displacement was measured with 
the eccentricity of the reference point, E2, set to either 0, 
1, 2, 4, 6, 8, 10 or 12 deg. The range for d was _+ 2 deg for 
E 2 = 8 ,  10 and 12deg, _+l .2deg for E 2 = 6 d e g ,  
+ 0 . 8 d e g  for E 2 = 4 d e g ,  _+0.4deg for E 2 = 2 d e g ,  
+ 0.2 deg for E2 = 1 and 0 deg. All but one of the values 
of E2 were run with the reference point to the right of the 
fixation target. For the E 2 = 12 deg condition, however, 
the blind spot would have provided a problem and so the 
reference point and test flash, B and B', were placed to the 
left of the fixation point.* The few trials in which 
saccadic eye movements occurred were eliminated from 

*The blind spot of the retina is generally centered 15 deg nasally and 
extends over 5 deg (Le grand, 1967). For the right viewing eye the 
blind spot is to the left of the fovea, (corresponding to the right 
visual field) and so, presentation of the reference point to the left of 
the fixation target avoided any possible complication involving the 
blind spot. 
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FIGURE 4. (a) Results for Expt 1. Threshold for displacement plotted 
against saccade size for each of the three subjects. (b) Results for Expt 
2. Threshold for displacement during steady fixation plotted against 
eccentricity of the reference point. (c) Ratio of  thresholds in Expts 1 
and 2 plotted as a function of the eccentricity of the reference point for 
each of the three subjects. The threshold in each condition of the two 
experiments is one standard deviation of the best-fitting cumulative 
normal distribution fitted to the psychometric function and is based on 
more than 500 trials. Solid diagonal lines in (a) and (b) are the best- 
fitting (least-squares) straight lines to the means of  the three observers; 
the equations displayed contain the best-fitting parameters for the 

straight lines. 

the threshold determination and supplementary trials 
were rerun. 

Results 

Cumulative normal distributions were fitted to the data 
(least squares criterion) separately for each of the three 
observers for each eccentricity of the reference point; 
values of r exceeded 0.966 in all cases (P < 0.0001). 
Displacement thresholds--the standard deviation of the 
best-fitting cumulative normal distributions--increased 
linearly with the eccentricity of the reference point from 
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about 0.05 deg at E2 = 0 deg to 0.70 deg at E2 = 12 deg 
[Fig. 4(b)]. The threshold values and best-fitting para- 
meters were very similar for the three observers. The 
best-fitting straight line to the average values is 

T = 0.056E2 + 0.014 (2) 

where T represents the displacement threshold predicted 
from the linear fit; the presence of a strong linear 
component in the results is indicated by the fact that the 
straight line fitted to the individual results accounts for 
approximately 99% of the variance. 

Discuss ion  

The values of the displacement threshold at each 
eccentricity and the rate of threshold increase with 
eccentricity are both considerably less during steady 
fixation in Expt 2 than in Expt 1. This reduced rate is 
indicated by the 2:1 ratio of slopes (0.106/0.056) in the 
two experiments [Fig. 4(c)] and the 1.82 regression line 
slope between the two sets of thresholds. These 
differences between the two experiments are undoubtedly 
connected with the presence or absence of a voluntary 
saccade. However, the threshold rise with eccentricity 
during steady fixation indicates that some portion of the 
increase in Expt 1 is connected with the increased 
eccentricity of the reference point for the discrimination 
itself, as well as the fact that in Expt 1 the test flash fell on 
retinal regions close to the fovea and thus far from the 
retinal region stimulated by the reference point, whereas 
the two retinal regions stimulated by the test flash and 
reference point were close to each other in Expt 2. This 
will be examined more directly in Expts 3 and 4. 

In the present context the displacement threshold is 
most readily considered as consisting of three compo- 
nents. The first is an "intrinsic componen t" - -a  compo- 
nent that would be involved under optimum conditions 
involving a foveal reference point and zero delay 
between offset of  the reference point and onset of the 
test flash. Appropriate measurements with the sequential 
two-dot condition that would provide a direct estimate of 
this intrinsic component that could be used for compar- 
ison here are not available. However, there has been 
enough work done on spatial discriminations that are 
more or less related to the present experiments 
(Wertheim, 1894; Mandelbaum & Sloan, 1947; Wey- 
mouth, 1958; Kerr, 1971; Findlay, 1974; Foley, 1976; 
Matin et al., 1981; Levi et al., 1988; Fable, 1991; White 
et al., 1992) to be able to state with some confidence that 
the lowest values in Expt 2 with the reference point at 
0 d e g - 3 m i n a r c - - a r e  considerably above those that 

*Although our previous experiments (Li & Matin, 1990a) have shown 
that the time interval between reference point and test flash does not 
influence the displacement threshold in the interval range employed 
here when saccades occur, this delay is influential for the steady 
fixation condition (Kinchla & Allan, 1969; Matin, 1972; Findlay, 
1974; Kinchla, 1976; Foley, 1976; Matin et al., 1981); the influence 
is, however, too small to be expressed in the present experiments 
but would be expected to become more significant with longer 
delays. 

would result from the intrinsic component alone. The 
higher values in the present experiments are undoubtedly 
a consequence of the 70 msec delay between reference 
point and test flash. A large portion of this influence of 
the delay is due to the variability in the shift of the retinal 
location stimulated by the test flash, resulting from the 
involuntary eye movements during the delay and another 
portion to the loss of memory for the location of the 
reference point (Matin & Kibler, 1966; Matin et al., 1966, 
1981). However, we have no reason to expect that either 
of these delay-related factors would change with 
reference point eccentricity, and we are led to conclude 
that the threshold increase with eccentricity in the steady 
fixation condition is entirely a consequence of the well- 
known reduction in spatial resolution capability of the 
peripheral visual system.* 

EXPERIMENT 3: THRESHOLDS FOR 
DISPLACEMENT OF TARGET AT DIFFERENT 

RETINAL ECCENTRICITIES DURING SACCADES OF 
THE SAME SIZE 

Experiment 3 was designed to investigate the effect of 
retinal eccentricities of the reference point and test flash 
on the increased threshold in the presence of saccades. 
For this purpose the saccadic target and the reference 
point were separated spatially. The location of the 
saccadic target was held fixed and the reference point 
location was systematically varied [Fig. l(d)]. 

P r o c e d u r e  

The saccadic target (C) was 8 deg from the fixation 
target in all conditions, but the reference point was either 
4, 6, 8, 10 or 12 deg to the right of the fixation target 
(referred to as presaccade-4 deg, presaccade-6 deg,. ...... 
and presaccade-12 deg, respectively). These locations 
were varied among sessions in a quasirandom manner; 
however, since the 8 deg condition would have dupli- 
cated the 8 deg condition in Expt 1, it was not repeated 
and the results from Expt 1 were used instead. Each data 
point except those at 0 d e g  displacement involved 
between 27 and 30 trials. Each data point at 0deg  
displacement involved between 114 and 120 trials. 

Results" 

Cumulative normal distributions were fitted to the data 
(least squares criterion; r exceeded 0.945 in all cases 
[ P <  0.0001]) separately for each eccentricity of the 
reference point for each of the three observers. Figure 5 
displays the displacement threshold calculated from the 
psychometric functions. The abscissa is displayed in two 
ways: the upper scale shows the eccentricity of the 
reference point before the saccade; the lower scale 
displays the eccentricity of the center of the test flash 
distribution. (Since saccade size was 8 deg in each 
condition of this experiment, the eccentricity of the 
center of the test flash distribution was simply obtained 
by subtracting 8 deg from the eccentricity of the 
reference point in the presaccadic view.) The displace- 
ment threshold is a U-shaped function of the reference 
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FIGURE 5. Results for Expt 3. The saccade size was 8 deg for all 
conditions [Fig. l(d)]. In the upper abscissa the displacement threshold 
is plotted against the eccentricity of the reference point prior to the 
saccade; the lower abscissa plots the eccentricity of the center of the 
test flash distribution, or the location corresponding to the reference 
point at the termination of the saccade on the assumption that the fovea 
was at the location corresponding to the saccadic target [neither the 
reference point nor the saccadic target were present following the 
saccade; see Fig. l(c)]. Each threshold is equal to one standard 
deviation of the best-fitting psychometric function based on more than 
500 trials. Values at zero eccentricity after the saccade are from Expt 2. 

point eccentricity following 8 deg saccades, with the 
lowest value at 0 deg (lower abscissa). Further, the 
threshold was lower when the reference point fell 
between the fixation and saccadic targets than when the 
reference point fell beyond the saccadic target. However, 
the threshold variation with eccentricity is not large, 
indicating that both the presaccadic eccentricity of the 
reference point and the postsaccadic retinal eccentricity 
corresponding to the physical location of the reference 
point play a minor role in SSD. 

Discussion 

The threshold in the presaccade-4 deg condition is 
lower than the threshold in the presaccade-12deg  
condition, and the threshold in the presaccade-6 deg 
condition is lower than the threshold in the presaccade-  
10 deg condition. In both comparisons the lower thresh- 
old corresponds to a presaccadic reference point striking 
a less peripheral retinal region. Since the mean distance 
between the presaccadic reference point and the post- 
saccadic test flash was fixed at 8 deg for all conditions of 
Expt 3, the possibility that the U-shaped function resulted 
from variations in this distance is ruled out. The fact that 
the minimum of the U results for the case in which the 
center of the distribution of test flash locations was at the 
fovea raises the possibility that the fovea is less 
susceptible to saccadic suppression than are more 
peripheral regions of  the retina. Some support for this 
exists in the fact that the slope of the threshold-vs- 

eccentricity functions in Expt 4 is greater than the 
comparable slope in Expt 2 (where saccades are not 
involved) over the same set of retinal regions (fovea to 
4 deg: slope = 0.070 vs 0.043; see values in Table 2). 

Employing a different experimental paradigm, Bridge- 
man and Fisher (1990) recently drew the opposite 
conclusion from their results, stating that saccadic 
suppression of displacement is greater at the fovea than 
in the periphery. However, in their interpretation they 
only consider the transiently stimulated retinal location at 
which a continuously present target is displaced. In fact, 
however, in their experiment the displaced target was 
continuously present prior to and following its displace- 
ment in the middle of  the saccade, and as shown earlier 
(Matin et al., 1972) and described above in the 
Introduction, the largest-by-far reason that a smeared 
retinal stimulus present during a saccade is not normally 
seen is a consequence of the metacontrast-type masking 
by the postsaccadic stimulus that inhibits its visibility. 
Reanalysis of Bridgeman and Fisher 's experiment 
indicates that their displacement thresholds are lower 
when the fovea is stimulated by the segment of the 
continuously present stimulus corresponding to either our 
presaccadic reference point or to our postsaccadic test 
flash than when these segments of the stimulation fall on 
peripheral retina, a result concordant with the U-shape in 
Fig. 5. Further work is required, however, to ascertain 
whether the discrimination made by the subject in 
Bridgeman and Fisher 's experiment was in fact a 
comparison of presaccadic and postsaccadic stimulation 
or a detection of an abnormal disturbance of the saccadic 
smear that had emerged from the metacontrast mask. 

EXPERIMENT 4: THRESHOLDS FOR 
DISPLACEMENT OF A TARGET AT THE SAME 

RETINAL ECCENTRICITY DURING SACCADES OF 
DIFFERENT SIZES 

Experiment 1 showed that threshold was linearly 
related to saccade size. However, eccentricity and 
saccade size were confounded so it was not possible to 
determine whether the linear threshold increase was a 
consequence of target eccentricity, saccade size, or both. 
Experiment 2 showed that eccentricity was influential 
when saccades were not made. Experiment 3, which was 
designed to dissociate effects of eccentricity and saccade 
size by varying eccentricity while keeping saccade size 
constant, showed that eccentricity had only modest 
effects. Experiment 4 further dissociates effects of 
saccade size and eccentricity by varying saccade size 
while keeping both reference point and test flash 
eccentricity constant. 

Procedure  

The saccadic target was set 2 deg to the left or to the 
right of the reference point for each of the reference point 
eccentricities of 6, 8 and 10 deg [Fig. l(e)]. Thus, for the 
6 deg reference point the saccadic target was 4 deg to 
the right of the fixation target in one condition and 8 deg 
to the right in a second condition (Expt 4a); for the 8 deg 
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reference point the saccadic target was 6 or 10 deg to the 
right of the fixation point (Expt 4b); and for the 10 deg 
reference point the saccadic target was 8 or 12 deg to the 
right (Expt 4c). The distribution of test flashes was 
centered around the reference point in each case and thus 
centered on the retina approximately 2 deg from the 
fovea, on one side of the fovea for one condition and on 
the other side for the other condition with a given 
reference point [Fig. l(e)]. 

Results and discussion 

Cumulative normal distributions were fitted to the data 
(least squares criterion; r exceeded 0.966 in all cases 
[P < 0.0001]) separately for each condition for each of 
the three observers. The displacement thresholds calcu- 
lated from the psychometric functions are displayed in 
Fig. 6. In each panel of Fig. 6, both the retinal eccentricity 
of the reference point and the retinal eccentricity of the 
test flash were the same for the two saccade sizes, and in 
each the displacement threshold was larger for the larger 
saccade size. Thus, the average 0.35 deg increase in 
displacement threshold with saccade size in each panel 
cannot be attributed to the magnitude of retinal 
eccentricities of the reference point and test flash, but 
must be a consequence of the changes in saccade size. On 
the other hand, for the same 8deg  saccades, the 
thresholds for different eccentricity of reference point 
(6 and 10 deg) differ by less than 0.1 deg. Thus, we are 
able to conclude that extraretinal factors related to 
saccade size per se play a significant role in the increased 
threshold in the presence of voluntary saccades, and that 
this influence is separate from any influence related to 
retinal eccentricity. 

Figure 7 plots the average of the results in Fig. 6 
directly as a function of saccade size (open circles) and 
along with it the average threshold-vs-saccade size 
function from Expt 1. The results of the two experiments 

are each well-fitted by straight lines whose slopes differ 
only in the third decimal place (least squares best-fits; not 
shown). However, the thresholds in Expt 4 are consis- 
tently larger than are those in Expt 1 for the same saccade 
size, with an increase that averages 0.11 deg. This 
consistent difference can thus be attributed to the fact 
that the retinal eccentricity of the test targets centered on 
the uncertainty range in Expt 1 were centered at the 
fovea, whereas those in Expt 4 had to be centered 2 deg in 
the periphery (in correspondence with the spatial 
separation between the reference point and saccadic 
targets). The essential constancy of this test flash-related 
foveal-peripheral difference in threshold indicates that 
the test flash eccentricity is independent of saccade size 
(also see Discussion regarding the insignificant interac- 
tion as further pointing to independence). 

GENERAL DISCUSSION 

The present experiments show that although the 
displacement threshold increases rapidly as saccade size 
is increased, it also increases less rapidly when saccade 
size is constant but the retinal eccentricity at which the 
displacement occurs increases. In the previous experi- 
ments with the 50% displacement-detection threshold the 
influences of retinal eccentricity of test and reference 
targets were not separated from the influence of saccade 
size and the entire influence was attributed to saccade 
size alone. Experiment 4 has also demonstrated that 
increasing saccade size with constant retinal eccentricity 
of the reference point produces a substantial change in the 
threshold for displacement. Thus, by means of a 
qualitative analysis we have reached the conclusion that 
retinal factors play a definite but secondary role to the 
role played by extraretinal factors in the displacement 
threshold. A quantitative analysis follows. 

The earlier discussion above comparing the results of 
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FIGURE 7. Average threshold values for the three subjects in Expts 1 
and 4. The solid circles are from Expt 1 with 0 deg distance between 
the saccadic target and reference point; the open circles are from Expt 
4 with 2 deg distance between the saccadic target and reference point. 
Thus, at the termination of the saccade the retinal eccentricity of the 
location corresponding to the presaccadic reference point and to the 
center of the test flash distribution would be 2 deg greater in Expt 4 
than in Expt 1. Average saccade accuracies for both experiments are 
listed in Table 1, and are sufficiently good so that the difference 
between the results in the two experiments is attributable to the 
difference between them in retinal eccentricity at which the 

discrimination is made. 

Expts 1 and 2 contained two simplifying assumptions 
whose correction and further analysis throws further light 
on the interpretation of the present experiments: 

1. The earlier discussion did not distinguish between 
the influences of the retinal eccentricities of the test 
flash (postsaccadic) and the reference point (pre- 
saccadic, initial display). That the two did not exert 
equal influences on the displacement threshold can 
be seen most clearly in the results of Expt 3, where 
the sum of the reference point eccentricity and the 
eccentricity of the center of the distribution of test 
flashes is constant and equal to 8 deg for the three 
conditions in which the reference point was at an 
eccentricity of 4, 6 or 8 deg, respectively. If the 
retinal eccentricities for the test flash and reference 
point had exerted equal influences on the displace- 
ment threshold the thresholds would be expected to 
be equal for those three conditions. However, they 
are not: in Fig. 5 the threshold curve is not flat on the 
left and the direction of the threshold increase 
implies that the influence of retinal eccentricity on 
the test flash is of greater consequence for the 
displacement threshold than is the influence of 
eccentricity on the reference point. 

2. That earlier discussion also simplified matters by 

*The noises contributed by the fixed parameters themselves are 
assumed to be included in the separate variabilities associated with 
El, E2 and E3. These include the 70 msec time interval between the 
two displays, and the intensities, sizes and durations of the 
reference point and test flash. 

assuming that in Expt 1 the retinal eccentricity of the 
test flash was zero-- that  it struck the fovea. 
However, not only was the physical distance and 
direction of the test flash varied experimentally 
around the location of the standard target, but 
saccades generally undershot their goal (Table 1; 
t = 3.69, P < 0.001), and as a result the terminal 
position of the primary saccade was generally not 
coincident with the test flash. 

Signal~noise model for the displacement threshold 

Our previous articles (Li & Matin, 1990a,b) treated the 
displacement threshold as a discrimination of a neural 
signal against a background of neural noise for which a 
constant signal/noise criterion was assumed. The treat- 
ment was supported by the linear increase of the 50% 
displacement-detection threshold with increase of the 
standard deviation of the psychometric function relating 
displacement detection to ocular displacement when 
saccade length or postsaccadic duration of the displaced 
display was varied systematically (Li & Matin, 1990a,b). 
The threshold increases were attributed to saccade- 
related transient increases in the standard deviation of 
neural noise related to signals providing EEPI that was 
involved in stabilizing visual perception of direction 
against the change in eye position. The present experi- 
ments have shown that some portion of the basis for the 
displacement threshold previously assigned to noise in 
the extraretinal signal is a consequence of variation in 
retinal eccentricity of reference and test stimuli, and so at 
least some of this is likely instead to derive from 
variability in the afferent signal in the visual projection 
system (the "retinal signal", RI). The treatment below 
modifies and expands the previous treatment to include 
the new information from the present experiments. 

The model treats the displacement threshold as 
determined by the combination of influences from four 
components. Each of these is a neural signal whose value 
is equal to the corresponding aspect of stimulus: (1) 
extraretinal eye position information regarding saccade 
size Et; (2) the retinal eccentricity of the reference point 
as a distance from the fovea (presaccadic view), E2; (3)  

the retinal eccentricity of the test flash as a distance from 
the fovea (postsaccadic view), E3; and (4) a residual noise 
term.* It yields a solution that accounts for 99.79% of the 
variation of the displacement threshold in Table 2; the 
residual term accounts for only 0.47% of the threshold 
variation (residual squared error equal to 0.035). In 
addition to assumptions regarding a constant signal/noise 
criterion and saccade-related transient increase in neural 
noise, the model involves two further assumptions: 

1. It is assumed that the value of each of the E i (i = 1, 
2, 3) on a given trial arises from a normal probability 
distribution of neural responses with a standard 
deviation proportional to the mean magnitude of Ei 
for that condition. The standard deviation of the 
response distribution for E1 corresponds to the 
variability of the extraretinal eye position signal 
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associated with the saccade, the standard deviations 
of the response distributions for E 2 and E3 
correspond to variabilities of the retinal signals 
pertaining to the reference point and test flash, 
respectively. 

2. Since the displacement threshold, T, is itself 
the standard deviation of the normal density under- 
lying the psychometric function relating the location 
of the test flash to the probability of reporting that 
the test flash fell to the right of the reference point, 
its square T 2 can be treated as a linear sum of 
variance contributions of the three components 
corresponding to the three main sources plus a 
term, k4 z, that lumps contributions of residual noise 
with interactions between the three main source 
variables. 

Thus we have 

T 2 2 2 2 2 2 2 ~k~E~ 
= k t E ,  + k2E2 + + = + 

where k~E~ is the variance of the noise contributed by the 
ith source variable, Ei,  and k i is the constant of 
proportionality between E~ and the standard deviation 
of the noise distribution for the ith source. We are able to 
reduce Eq. (3) to 

T = k~E1 + kzE2 + k3E3 + k4 (4 )  

by making use of the following two conclusions based on 
the experimental results: 

1. The four components act independently. This 
conclusion follows from two aspects of the results: 
(a) the best-fitting slopes of the two sets of results in 

Fig. 7 are nearly identical--0.106 and 0.102; this 
identity indicates that there was no interaction 
between saccade size and test flash eccentricity, 
and so between E1 and E3; (b) the additional analysis 
below indicates only a small contribution to thresh- 
old from all of the interactions among the four 
components. This independence of components 
implies that when each side in Eq. (3) is squared 
the crossproduct terms may be neglected, leaving 
Eq. (4) with k4 now representing residual noise only. 

2. As assumed above, the relation between Ei and the 
standard deviation of the corresponding noise 
distribution is linear: this conclusion follows from 
Expt 1 where a linear relation was measured 
between displacement threshold and saccade size 
under conditions in which the eccentricity of the 
reference point was changed 1:1 along with saccade 
size and in which E3 remained roughly constant (this 
agrees with our previous report; Li & Matin, 1990b). 
It would be extremely surprising if such a linear 
relation were to have been the result of compensat- 
ing nonlinear relations of the displacement threshold 
to saccade size and to reference point eccentricity; a 
partition into two linear relations is very much more 
likely. 

Several summary measures from the four experiments 
are displayed in Table 1 in a form that is most suitable for 
dealing with the model: the standard deviations for 
saccade length for each of the three subjects in each 
saccadic condition are presented along with average 
values of the retinal eccentricity of the test flash and the 
displacement threshold. Average saccade lengths across 

TABLE 2. Means of actual saccade length, retinal eccentricity of  reference point, and retinal eccentricity of  test flash 

Saccade Reference point E1 E2 E3 T 
Expt No. size eccentricity (deg) (deg) (deg) (deg) 

4 4 3.95 4 1.00 0.571 
6 6 5.86 6 1.22 0.691 

1 8 8 7.90 8 1.60 0.915 
10 10 9.81 10 1.99 1.173 
12 12 11.96 12 2.02 1.389 

no 0 0 0 0.075 0.051 
no 1 0 1 1.0 0.060 
no 2 0 2 2.0 0.096 

2 no 4 0 4 4.0 0.223 
no 6 0 6 6.0 0.361 
no 8 0 8 8.0 0.490 
no 10 0 10 10.0 0.562 
no 12 0 12 12.0 0.694 

8 4 7.79 4 3.86 1.020 
3 8 6 7.84 6 2.47 0.984 

8 10 7.85 10 2.67 1.082 
8 12 7.90 12 4.15 1.194 

4 6 4.01 6 2.03 0.644 
4 6 8 5.93 8 2.59 0.891 

10 8 9.78 8 2.43 1.213 
12 10 11.85 10 2.59 1.505 

El,  actual saccade length; E2, retinal eccentricity of  the reference point in the initial display; E3, retinal eccentricity of  the test flash from fovea; T, 
threshold for displacement. 
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subjects, reference point retinal eccentricity, test flash 
retinal eccentricities, and displacement thresholds are 
displayed in Table 2. 

The fit of the results of the present experiments to 
Eq. (3) was carried out making use of all of the values of 
the three parameters and the displacement thresholds in 
Table 2. Our first fit of these values is a multilinear fit to 
Eq. (5), employing ASYSTANT+ (1986): 

T = 0.099Et + 0.013Ez + 0.043E~ + 0.025 (5) 

The numerical values by which Et,  E 2  and E 3 a r e  

multiplied in Eq. (5) are the estimates of the values of the 
constants k~ relating Ei and the standard deviation of the 
ith source distribution. These values of ki indicate that the 
displacement threshold rises 7.6× more rapidly with 
increase in the size of the saccade itself than with retinal 
eccentricity of the reference point for the discrimination 
and 2.3x more rapidly than with the retinal eccentricity of 
the test flash. 

That the contribution of the residual noise and 
interactions among the three main sources is negligible 
is indicated by a comparison of results of an analysis in 
which both are left out [Eq. (7)] to the results of the 
analysis summarized in Eq. (5). Equation (6) expresses 

*The negligible interactions among E~, E 2 and E 3 may appear to somc 
readers to conflict with the fact that E3 can be written with E~ and 
E2 as components  (i.e., E_~ = E2 + d -  El; see Fig. 2) and would 
thus seem to raise some questions, as it did for one of the reviewers, 
about how E 3 could act independently of  E l and E2: the answer is 
that linkage in the choice of values of  two experimental variables to 
be examined (including those with a functional relation between 
them) does not imply linkage in their actions on the dependent 
variable (i.e., on the perceptual response) unless the two 
experimental variables are in fact identical: regardless of  such 
linkage their contributions may interact or not. However, for the 
rcader who may still be dissatisfied, we append the following two 
points: 

1. Expressing E3 in terms of three components  in the paragraph 
above was done to fit the description to the present experimcntal 
context. E 3 is composed of only two experimentally independent 
components:  these may be represented as the physical distance of 
the test flash from the fixation target (i.e., E2 + d) and the actual 
saccadc distance, El. Note that in the present context actual 
saccadc distance E l is an experimentally independent variable 
relative to the dependent variable: the perception of displace- 
ment. Thus  point (1) has reduced the nccd for explanation to that 
of  explaining how E3 and El can be found to act independently 
when E l is part of E~; this is dealt with next. 

2. Although the variations of values of  E 3 and E~ are identical for a 
given combination of locations of the saccadic target, reference 
point and test flash, the variation in E l (Table 1) for a fixed 
combination of saccadic target and reference point was small 
relative to the range of test flash eccentricities (and thus of E3) 
over the entire range of different combinations of saccadic target 
and refcrcncc point (about 0.1). Since many different test flash 
locations were employed and presented in randomized blocks for 
each combination of saccadic target and reference point 
eccentricity, since many different saccadic target ccccntricitics 
and reference point eccentricities were employed, and since test 
flash eccentricity was varied over a large range, the part-whole 
correlation between E3 and E~ was overridden and we are able to 
assert the approximate independence of test flash retinal 
eccentricity as an experimental variable under study separate 
from actual saccade length, 

the variance of the displacement threshold as a 
consequence of only the variances of the three main 
components: 

T2 2 2 2 2 2 2 
k tE  t + k2E 2 + k3E 3 (6 )  

The best fit of the results from Table 2 to Eq. (6) yields 

r 2 = 0.013El 2 + 0.002646~:~ + 0 .00093/~  (7) 

and accounts for 98.43% of the variance of the 
displacement threshold. Thus, by leaving out the 
combined influences of the fixed parameters in the 
present experiments and the interactions among the three 
main components, the goodness of fit is only reduced by a 
loss of 1.36% of total variance accounted for. If a 
constant term is added to Eq. (6), a procedure that 
approximates adding in the influence of fixed parameters 
without interactions, the result is a very slightly different 
fit that only accounts for an additional 0.10% of the total 
variance of the displacement threshold (residual variance 
equal to 0.053). To the extent that our assumptions are 
valid, the variance contributions by the increase in 
saccade size are 3, 12 and 27× greater than the 0.053 
variance contributed by the residual component at the 4, 8 
and 12 deg saccade, respectively (0.01 × 16, 0.01 ×64 
and 0.01 x 144, respectively). 

Thus, the closeness of the fit of Eq. (4) to the results 
summarized in Table 2 demonstrates that the variance of 
the displacement threshold is well expressed as a linear 
sum of variance contributions from three components 
with at most a small additional contribution from the 
interactions among them.* 

Since the presaccadic reference point is viewed and 
extinguished earlier than the postsaccadic test flash and is 
thus temporally more removed from the moment at which 
the perceptual discrimination is made one might perhaps 
have expected that memory loss for the reference point 
would dominate the influence contributed by retinal 
eccentricity and provide a greater contribution to thresh- 
old noise than that made by the test flash. However, an 
interesting outcome of the analysis in the previous 
section is that the influence of test flash retinal 
eccentricity E.~ on threshold is approximately 3.3 times 
as great as the influence of the eccentricity of the 
reference point E2 (0.043 vs 0.013). We attribute this 
largely to the brevity of the test flash (10 msec) relative to 
that of the reference point (>2 see), a result concordant 
with our previous report that decreased displacement 
thresholds are obtained with increases in exposure 
duration (Li & Matin, 1990a,b), and also with earlier 
work which showed that with steady fixation, reducing 
exposure time reduces resolution acuity for exposures up 
to 100-200 msec as well (Graham & Cook, 1937). 

Relation between retinal and extraretinal contributions 
to saccadic suppression 

The values of k i represent growth rates of the standard 
deviation of the ith noise source with the growth of the 
source. We may thus compare the rate of growth of the 
contribution from the retinal factors with eccentricity to 
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TABLE 3. Relative contributions of retinal factors and extraretinal factors to the thresholds for 
displacement in the presence of voluntary saccades 

Saccade size Reference point 
Expt No. (deg) eccentricity (deg) T (deg) Tr (%) Te (%) 

Avg. 

4 4 0.571 17.3 82.7 
6 6 0.691 19.7 80.3 
8 8 0.915 19.8 80.2 

10 10 1.173 19.2 80.8 
12 12 1.389 18.3 81.7 

8 4 1.020 21.8 78.2 
8 6 0.984 19.3 80.7 
8 10 1.082 23.5 76.5 
8 12 1.194 29.0 71.0 

4 6 0.644 26.6 73.4 
6 8 0.891 25.1 74.9 

10 8 1.213 17.8 82.2 
12 10 1.505 16.7 83.3 

21.1 78.9 

T (deg), threshold for displacement; Tr (%), relative contributions of retinal factors to the 
threshold for displacement; T~ (%), relative contributions of extraretinal factors to the 
threshold for displacement. 

the rate  o f  g r o w t h  o f  the con t r i bu t ion  f r o m  ex t ra re t ina l  

fac tors .  Thus ,  

0 .013E2 + 0 .043E3 
Tr(%)  : -  T x 100 (8) 

and 

Te(%)  = 100 - Tr (%)  (9) 

is the th re sho ld  for  d i s p l a c e m e n t  dur ing  w h e r e  T 

saccades ;  Tr (%)  is the r e l a t ive  con t r i bu t ion  o f  re t inal  

fac tors  to t h r e sho ld  for  d i s p l a c e m e n t ;  and Te (%)  is the 

r e l a t ive  con t r i bu t ion  o f  ex t ra re t ina l  fac tors .  

T h e  d i s t r ibu t ion  b e t w e e n  re t inal  and ex t ra re t ina l  

con t r i bu t i ons  to the va r i a t i on  in t h r e sho ld  for  all  

c o n d i t i o n s  o f  E x p e r i m e n t s  1, 3 and 4 are  ob t a ined  f r o m  

Eq.  (9) and l i s ted  in T a b l e  3. T h e  con t r i bu t ion  o f  re t inal  

f ac to rs  to the d i s p l a c e m e n t  t h r e sho ld  in these  exper i -  

m e n t s  r anged  f r o m  16.7 to 2 9 %  wi th  a m e a n  o f  21 .1%.  

Thus ,  the  c o l l e c t i v e  resul t s  o f  Exp t s  1 - 4  l ead  to the  con-  

c lu s ion  that re t ina l  f ac to rs  a s soc i a t ed  w i t h  re t ina l  e c c e n -  

t r ic i ty  p lay  a m i n o r  ro le  (about  1/5) and ex t ra re t ina l  

fac tors  a s soc i a t ed  wi th  the s accade  s ize  p lay  a m a j o r  role  

(about  4/5)  in the saccad ic  suppress ion  for d i sp lacement .*  
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