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Abstract Transsaccadic integration (TSI) refers to the
perceptual integration of visual information collected
across separate gaze fixations. Current theories of TSI
disagree on whether it relies solely on visual algorithms
or also uses extra-retinal signals. We designed a task in
which subjects had to rely on internal oculomotor sig-
nals to synthesize remembered stimulus features pre-
sented within separate fixations. Using a mouse-
controlled pointer, subjects estimated the intersection
point of two successively presented bars, in the dark,
under two conditions: Saccade task (bars viewed in
separate fixations) and Fixation task (bars viewed in one
fixation). Small, but systematic biases were observed in
both intersection tasks, including position-dependent
vertical undershoots and order-dependent horizontal
biases. However, the magnitude of these errors was
statistically indistinguishable in the Saccade and Fixa-
tion tasks. Moreover, part of the errors in the Saccade
task were dependent on saccade metrics, showing that
egocentric oculomotor signals were used to fuse
remembered location and orientation features across
saccades. We hypothesize that these extra-retinal signals
are normally used to reduce the computational load of
calculating visual correspondence between fixations. We
further hypothesize that TSI may be implemented within
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dynamically updated recurrent feedback loops that
interconnect a common eye-centered map in occipital
cortex with both the “dorsal” and “ventral” streams of
visual analysis.

Keywords Visual perception - Saccades

Introduction

Humans typically make about two to four saccades per
second (Rayner 1978). Since visual input is largely sup-
pressed during saccades (e.g. Matin 1974), inter-saccadic
fixations provide the brain with only discrete visual
“snapshots” of the world from spatially and temporally
separated perspectives. Despite this, we perceive the vi-
sual world as stable and unified (MacKay 1973; Rayner
and Pollatsek 1983; for review see Simons et al. 2003).
But perhaps the more important question is how do we
make use of the visual information gathered from these
various fixations? Ideally, the visual system would retain
and integrate visual features from separate fixations in
order to build up a complete internal construct of the
world—much like piecing together a jigsaw puzzle. The
mechanism for this hypothetical process is called trans-
saccadic integration (TSI) (e.g. Irwin 1996).

The capacity and mechanism of TSI is currently un-
clear. Early theories assumed that the brain retains
highly detailed visual information from one fixation and
then integrates them with similar information from an-
other fixation according to their spatial coordinates, that
is, in a point-by-point manner (Helmholtz 1963;
McConkie and Rayner 1976). However, many sub-
sequent studies have questioned the memory capacity of
TSI (Bridgeman and Mayer 1983; Irwin et al. 1983,
1988, 1990; McConkie and Zola 1979; O’Regan and
Levy-Schoen 1983; Rayner and Pollatsek 1983). The
current consensus seems to be that the brain cannot
store highly detailed representations across saccades, but
may retain certain key features, especially those that are
attended and task-related (Irwin 1991, 1992; Pollatsek



et al. 1984; Palmer and Ames 1992; Irwin and Andrews
1996; Henderson and Hollingworth 1999; Henderson
and Siefert 1999; Germeys et al. 2002).

However, it is important to distinguish between
transsaccadic memory and TSI. Transsaccadic memory
of visual features is a necessary condition for TSI, but
TSI further implies that these features are integrated to
form some more complete representation. However,
compared to transsaccadic memory, very little is known
about the capacity and mechanisms of TSI (Verfaillie
et al. 2001).

One possibility is that TSI is implemented through
purely visual (i.e. retinally derived) mechanisms,
whereby contents from separate fixations are spatially
fitted together like a jigsaw puzzle (i.e. Haywood 1986;
Zheng and Chellappa 1993). A recently popular varia-
tion of this scheme is the “‘saccade-target theory” (e.g.
Irwin et al. 1994). In this theory, intended saccade tar-
gets are encoded and stored as an ““object file,” and then
compared to post-saccadic parafoveal information in
order to align the stored and perceived visual informa-
tion (Currie et al. 2000; Henderson and Hollingworth
1999; McConkie and Currie 1996). One possible way to
implement this model might be to rely solely on visual
input to derive the abstractions needed for the pre- and
post-saccadic representations, disregarding attributes of
the saccade itself.

However, in some cases retinal information may be
insufficient to establish the overlap of successive visual
fixations. In such cases, the visual system would have to
rely on egocentric information about the eye rotation.
For example, it is well known that primates (both hu-
mans and monkeys) can accurately aim saccades to
remembered targets in complete darkness after an
intervening eye movement has changed its retinal coor-
dinates (Blohm et al. 2003; Hallett and Lightstone 1976;
Mays and Sparks 1980). Furthermore, several areas of
the primate visual system are capable of “remapping”
the spatial representations of saccade and arm move-
ment targets in an eye-centered frame during eye
movements (Duhamel et al. 1992; Medendorp et al.
2003; Nakamura and Colby 2002; Umeno and Goldberg
1997; Walker et al. 1995). But these studies deal only
with the most rudimentary form of TSI (updating point
locations) in purely visuomotor saccade and pointing
tasks.

To our knowledge, only two studies have directly
demonstrated TSI in a task that might be called per-
ceptual. Hayhoe et al. (1991) presented subjects with
three dots—separately and in succession—either within
a single fixation or by fixating each dot in turn. Subjects
were required to judge whether these dots formed either
an acute or obtuse triangle. As long as a constant ref-
erence point was present during each dot presentation,
judgments for the saccade trials were as accurate as that
of the no-saccade trials. Based on these findings one can
conclude that under certain conditions the spatial posi-
tions of simple stimuli can be integrated across saccades
to form more complex representations. However, this
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study did not measure eye movements and used a
forced-choice measure, so it did not allow for a quan-
titative evaluation of the input—output relations between
TSI and a motor behavior.

More recently, Melcher and Morrone (2003) showed
that visual motion can be spatiotopically and retino-
topically integrated across saccades. In their task, sub-
jects indicated the direction of two briefly presented
motion signals consisting of a subset of dots moving in
one coherent direction among a larger group of random
motion dots. These motion signals were either presented
within a single fixation or separated by a saccade. Sen-
sitivity to motion coherence was not affected by an
intervening saccade so long as the pre- and post-saccadic
motion signals shared the same retinal or spatial loca-
tions. But again, to our knowledge, the accuracy of TSI,
with respect to integrating extra-retinal measures of
saccade metrics with the “retinal” aspects of coding
stimulus location and orientation, has never been mea-
sured.

In the present study, we introduce a new experimental
task for examining TSI. Two oriented bars were suc-
cessively presented, either within one ocular fixation
(Fixation task) or within two different fixations sepa-
rated by a saccade (Saccade task). Subjects were re-
quired to judge the spatial position where these bars
would intersect if the bars had been presented simulta-
neously. Thus, to perform this task accurately, subjects
had to integrate remembered information about both
the orientation and spatial location of the pre- and the
post-saccadic bars. Moreover, to perform this task
accurately they had to account for the amount and
direction of eye rotation during the saccade. Therefore,
eye orientation was monitored during this task to
quantify the degree to which subjects accounted for their
saccades in the integration process.

Methods
Subjects

A total of seven subjects (four males and three females;
mean age was 27.25) participated in this study. All
subjects had normal or corrected-to-normal visual acu-
ity. All procedures were approved by the York Univer-
sity Human Participates Review Sub-Committee.
Informed consent was obtained from each subject. Two
subjects were aware of the purpose of the experiments
but their data followed the same trends as the naive
subjects.

Apparatus

A customized network system of three personal com-
puters was used for on-line monitoring of eye position,
stimulus presentation, and data recording. An LCD
projector back-projected stimuli onto a 1.9 mx1.4 m
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display screen spanning 100° of visual angle horizontally
by 90° of visual angle vertically. The image was filtered
to remove background illumination. The screen back-
ground was thus unlit (appearing black) with a lumi-
nance level of 0.015 cd/m>. Moreover, due to the size of
the screen and the location at which subjects sat in front
of it, the edges of the screen were not potentially visible
for subjects to use as an aid in judging the orientation or
spatial position of the stimuli. Eye position was moni-
tored using the scleral search coil technique (Robinson
1963) with a sampling rate of 1,000 Hz. At the beginning
of each experiment subjects fixated a spatial grid of vi-
sual targets and a program was run for on-line calibra-
tion of the eye-coil signals (Niemeier et al. 2003).
Saccades were detected using a velocity criterion of 36°
per second and eye position criterion of 1.5° of visual
angle from the fixation point. The subject’s head was
stabilized using a bite-plate made from dental com-
pound.

Design

Figure 1 illustrates the experimental design for this
experiment. The staggered rectangles of each panel show
the temporal order for presentation of ocular fixation
targets and probes, and their relative spatial locations
for each condition. This experiment consisted of three
tasks: Control, Fixation, and Saccade (explained in more
detail below). The tasks were presented in a block design
with two blocks per task. Each block consisted of 60
trials for a total of 360 trials for the entire experimental
session. The blocks were ordered as A-B-C-C-B-A, C-
A-B-B-A-C, and A—-C-B-B-C-A. These orders were
counter-balanced between subjects. Each experimental
session began with the calibration sequence and a block
of 180 practice trials, consisting of trials from each task.

Stimuli

Figure 2 illustrates the fixation crosses and the 12 pos-
sible target positions where successively presented bars
might either virtually intersect (in Saccade and Fixation
tasks) or where a dot might appear (in Control task).
Ocular fixation positions were indicated by a cross,
subtending 0.4°x0.4°. The central fixation position (for
the Control and Fixation tasks), was located directly in
front of the subject’s right eye (0°, 0°). Fixation positions
for the Saccade task were located 4° left and 4° right.
The probe for the Control task was a white dot sub-
tending 0.75° in diameter. Probes for both the Saccade
and Fixation tasks were white bars that passed through
either the left or right fixation position and extended
across the entire length of the display with a width of
0.5° visual angle. These probes always tilted inward
above center so that their intersection points fell in the
region above the center fixation cross. Their orientations
were varied to virtually intersect at one of the same 12

target positions used in the Control task. These targets
were located in the grid described by 1°, 3°, 5°, and 7°
upwards on the vertical plane, to the left —1° and —3°
and to the right +1° and +3°. Many other possible
configurations of stimuli could be possible in such a task
with intersections to the left, right, or below a fixation
point at any point in the oculomotor range. This par-
ticular configuration was chosen simply for the sake of
simplicity and to give a range of intersection points that
could be repeated a sufficient number of times during
the duration of an eye-coil experiment for statistical
analysis.

All probes were presented for 40 ms. This relatively
short stimulus duration was used to minimize the pos-
sibility that eye movements or light adaptation would
contaminate the data. The luminance level for the
probes and mask were 27.2 and 32.3 cd/m?, respectively.
The mask was a blank white screen covering the entire
visual display (100°x90°) presented for 300 ms to elim-
inate visual persistence (see Kahneman 1968; Schiller
1965; Stewart and Purcell 1974). The mask was em-
ployed to eliminate iconic afterimages that might occur
in a dark lab, but presumably would not come into play
during saccades in normal day-light vision. Subjects re-
ported that they were unable to consciously see the
horizontal borders of the screen while fixating and
attending to the task-related stimuli near the middle of
our screen. Moreover, the mask was never presented at
the same time as the probe stimuli. Therefore, it is un-
likely that the edges of the mask provided a useful
allocentric cue to help with the TSI task. However, to be
certain that this did not influence our results, we re-
peated a control study on all of our subjects in which the
second mask was missing (i.e. so that there was no
common visual cue between the initial and final fixation
points, but there was still a mask between the probes).
The section “Results” reports data from the two-mask
version (Fig. 1), unless declared otherwise.

Procedure

As shown in Fig. 1a, Control trials began with fixation
of the center fixation cross. One of the 12 control targets
then flashed in random order. A mouse-cursor always
appeared straight ahead (i.e. 0°, 0°). The fixation cross
then disappeared but subjects were still required to
maintain central eye fixation while manually moving the
mouse-cursor to the remembered location of the target.
This location was indicated by pressing the computer’s
mouse button. Subjects were instructed to make their
best guess if they were unsure. The Control task was
included to provide a baseline measure for pointing
accuracy at remembered target locations using the
computer mouse.

During Fixation trials (Fig. 1b), subjects maintained
ocular fixation on the center cross during probe and
mask presentations. The first probe was presented ran-
domly at either 4° left or 4° right from the fixation cross
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C Saccade Task

Fig. 1 Experimental paradigm. a Control task: subjects were
required to maintain eye fixation on the fixation cross (plus mark)
throughout the trial. A probe (filled circle) was briefly presented
followed by a mask (filled rectangle). Subjects responded by moving
a mouse-cursor (vertical and horizontal crossed dots) to estimate the
location of the probe. Subjects’ eyes remained fixated on the
fixation cross throughout the trial. b Fixation task: subjects were
presented by two probes shown as the white bars (slanting line).
Each probe was followed by a mask. Subjects viewed both probes
while maintaining eye fixation on the fixation cross at head-center
throughout the trial. Subjects moved the mouse-cursor to the

followed by a mask. After the mask and a brief delay
(matched to the subject’s saccade latency from previous
Saccade trials), the second probe was presented in the
opposite location. Saccade trials (Fig. 1c) were similar to
Fixation trials with the exception that the first fixation
cross was presented randomly at either 4° left or 4° right
from subjects’ straight ahead.

Once fixation was detected, the first probe was
presented and immediately followed by the mask. The
second fixation-cross was presented at the opposite
spatial position as the first fixation cross. Subjects
made a saccade to fixate on the second fixation cross.
Upon re-fixation, the second probe was presented after
a short delay (200 ms) at the same location as the
second fixation cross. Each probe in the Saccade task
intersected the fixation cross so that subjects fixated at
a point on the first probe and then the second probe.
At the end of Fixation and Saccade trials, subjects were
required to judge where the two probes would have
intersected, had they appeared simultaneously. As in
the Control task, subjects responded manually by
moving a mouse-cursor to the desired location and
pressing the computer’s mouse button and they were
instructed to make their best guess if they were unsure.
The mouse-cursor was presented after the second mask
at straight ahead. Again, no fixation cross was present
as subjects made their response but subjects were still
required to maintain eye fixation. Trials with errors in

location they estimated the probes would have intersected. ¢
Saccade task: trials began with a fixation cross randomly presented
either 4° left or 4° right of head-center. Subjects were required to
maintain eye fixation with the fixation cross during the brief
presentation of the first probe and mask. After the first probe and
mask, subjects saccaded to the second fixation cross at the opposite
side of the display. When subjects were fixated on the second
fixation cross, the second probe and mask were presented. As in the
Fixation task, subjects moved the mouse-cursor to the location they
estimated to be the point the probes would have intersected

eye movements or eye position were removed from the
data.

In an additional experiment, we varied the distance
between fixation points in the Saccade task. This was
done on four subjects (three of which had previously
participated in the main experiment). In this Variable
Saccade task, we used the same Saccade task but varied
the horizontal distance between the pre- and post-sacc-
adic fixation crosses to +£2°, 4°, and 6°, that is, to pro-
vide 4°, 8°, and 12° horizontal saccades, presented in
random order. The inter-stimulus interval separating
pre- and post-saccadic probes was held constant at
400 ms. As in the main Saccade task, the probe lines
intersected the initial and final fixation crosses, so that
foveal vision was constant across tasks, but note that
this also meant that the angles between the two probes
tended to be more acute or obtuse depending on the
distance between fixation points.

Results
Basic observations

Subjects’ performance was determined by recording
their mouse-pointing errors measured in degrees of
visual angle. Here, pointing error is defined as the
absolute distance from the true target position to the
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position indicated by the subject. For all statistical
analyses we adopted a P-value of 0.05 for significance.

Figure 2 shows one typical subject’s pointing per-
formance for one target location in each task. Each
black dot is a possible target position and the ““plus-
signs” shown at the bottom of each panel represent the
locations where the fixation crosses were presented be-
fore each probe was presented. In the Control task
(Fig. 2a), the subject pointed to the target indicated by a
briefly presented probe shown as the star. Pointing
positions (shown as gray circles) clustered close to the
target but tend to underestimate the target’s vertical
location. Targets in the Fixation task (Fig. 2b) are
indicated by the intersection point of the probes shown
as gray bars. As in the Control task, pointing positions
were clustered around the target with slight downward
bias. Finally, the Saccade task is shown in Fig. 2c. If the
subject correctly remembered the orientation of the first
presented line, but stored this information in retinal
coordinates, they would judge the intersection point to
be equal to the second fixation point. As this figure
shows, however, there was no tendency for this to hap-
pen. Instead, the subject pointed with the same accuracy
as in the Fixation task.

Figure 3 shows a summary of averaging the pointing
positions for each target in each task. The left column’s
panels show the average pointing positions for one
typical subject while the right column show the results of
average pointing positions across all subjects. The open
circles are the mean pointing position for a particular
target (joined by dashed lines to the actual target).
Standard deviations for vertical and horizontal pointing
directions are indicated by the length of the lines
superimposed on the open circles. In the left column,
standard deviations are calculated from the subject’s raw
pointing positions, whereas in the right column the
standard deviations are calculated from each subject’s
mean pointing positions.

Performance in the three tasks was similar with some
small differences. Generally, pointing was most accurate
in the Control task (Fig. 3a) and about the same between
the Fixation task (Fig. 3b) and Saccade task (Fig. 3c).
For each task, the subject tended to underestimate the
height of the target position, and pointing accuracy de-
creased as a function of target height. Horizontal
pointing errors, manifested primarily as a slight overall
tendency to compress toward the center of the target
display, were similar in the Fixation and Saccade tasks,
but less evident in the Control task.

Table 1 provides a quantitative summary of the data
across all subjects. Separate one-way analyses of vari-
ance (ANOVA) were performed for mean pointing error
and mean standard deviation to compare the conditions.
The ANOVA for mean pointing error was significant:
F2,18y=9.297; P=0.002. Planned comparisons between
each task yielded no significant difference between the
Fixation task and the Saccade task: 1 =—0.648;
P=0.541. Mean pointing error of the Control task were
significantly less than both the Fixation and Saccade

Table 1 Overall pointing errors (in visual degrees) for each con-
ditions

Task Mean Mean standard deviation
(standard error) (standard error)

Control 0.99 (0.09) 0.63 (0.03)

Fixation 1.77 (0.10) 0.81 (0.04)

Saccade 1.64 (0.20) 1.03 (0.16)

tasks: #=2.504; P=0.0046 and t,=5.850; P=0.001,
respectively.

The ANOVA for comparing the tasks’ mean stan-
dard deviation of pointing errors was significant:
Fp18=4.284; P=0.03. No significant difference was
found in a planned comparison between the Fixation
task and the Saccade task: ty=1.215; P=0.27. How-
ever, significant differences were found when comparing
the Control task with the Fixation task [t =4.914;
P=0.003] and the Saccade task [ty =2.394; P=0.009].

Effect of the mask

To account for the possibility that the second mask
following the post-saccadic bar stimulus may provide
allocentric information that may allow subjects to judge
the length of their eye movements we conducted an
additional control experiment that was identical to the
basic study except we removed the second mask. Com-
paring data from all six subjects, we again found no
significant difference between the Saccade and Fixation
tasks in this control experiment: sy=—0.362; P=0.732.
Furthermore, the results from the control experiment’s
Saccade task was not significantly different from the
Saccade task of our original study: #s5=1.41; P=0.22.
Similarly, no difference was found between the Fixation
tasks: #5y=1.19; P=0.35. These findings suggest that
subjects’ performance was not influenced by the second
mask and eliminate the possibility that our subjects re-
quired any sort of allocentric information to solve the
task. Therefore, to avoid redundancy, henceforth we
provide a more detailed analysis of the basic two-mask
version of our task.

Component analysis of errors

In order to guide a more detailed comparison of the
Saccade and Fixation tasks, we analyzed the errors in
each task. Since the saccade was always horizontal and
the mouse pointer movement was largely vertical, it is
natural to break the errors down into these two com-
ponents. But note that in an intersection task with ob-
liquely tilted bars (used here to force subjects to encode
orientation information), a systematic mistake in
encoding one line’s location along one dimension could
influence both dimensions of the perceived intersection
point. Figure 4a, b shows two (purely hypothetical)
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Fig. 2 One subject’s pointing positions for one target in each task.
The target is indicated by a probe illuminated at the same location
in the Control task (a) or where the two probes would have
intersected in the Fixation (b) and Saccade task (c¢). The probes of
the Fixation and Saccade tasks are shown as they would appear if
they were presented simultaneously. Individual pointing positions
are shown as gray open circles in each panel. Pointing performance
for this target shows a similar trend for each task

ways in which this might influence subjects behavior,
selected specifically because each predicts a pattern of
errors that resembles some—but not all—aspects of the

537

error patterns shown below. We will call this phenom-
enon the “oblique interaction effect.”

The fundamental prediction of these two models, or
any related “oblique interaction effect” models, is that
errors observed in one dimension (horizontal or vertical)
of the intersection point should correlate with errors
observed in the other dimension. However, we found no
significant correlations between horizontal and vertical
errors in any task (Fig. 4c, Table 2). This suggests that
the variable errors observed in both tasks did not arise
from the oblique effect described above, but rather from
some ‘“‘higher level” source. Henceforth we will quantify
those errors in more detail, breaking them down into
their horizontal and vertical components.

Figure 5 shows the pointing performance from one
typical subject when we separate the overall pointing
performance into its horizontal (left column) and verti-
cal (right column) components. Average pointing posi-
tions are plotted as a function of actual target position.
Again, the three tasks (Control, Fixation, and Saccade)
showed similar patterns. In general, the scatter of
pointing positions is larger in the Fixation task (Fig. 5b)
and Saccade task (Fig. 5c) than in the Control task
(Fig. 5a) in both pointing directions. In addition, sub-
jects’ pointing was most accurate in the Control task
particularly in the vertical direction (right column)
which showed systematic undershooting. Vertical
pointing errors increased as a function of the targets’
vertical position in all tasks (Tables 3, 4).

To quantify this vertical “undershooting” in point-
ing, we separated the vertical pointing component from
overall pointing performance and analyzed it indepen-
dently. We performed a two-way ANOVA for repeated
measures to find any differences among the tasks and
target positions with respect to mean vertical pointing
error. Significance was found for both main effects: task
[F212)=4.715;  P=0.031] and target position
[F3.18=10.447; P=0.000]. The interaction was not
significant, Fg 36 =1.669; P=0.157. Planned compari-
sons among all three tasks were significant: Fixation vs.
Saccade [t7y=—2.354; P=0.026]; Control vs. Saccade
[ta7y=2.377; P=0.025]; and, Control vs. Fixation
[t27y=3.82; P=0.001]. Four comparisons for target
position were significant: 1° vs. 5° [fog=—2.255;
P=0.035]; 1° vs. 7° [tagy=—3.76; P=0.001]; 3° vs. 7°
[I(ZO):_2-875; P:0009], and, 5° vs. 7° [[(20):—3.73;
P=0.001]. These findings show that (1) the higher target
positions elicited greater undershooting in pointing, and
(2) vertical pointing was most accurate in the Control
task, least accurate in the Fixation task.

Horizontal pointing was also systematically biased,
that is, in the direction of the first probe presented.
Figure 6 is similar to Figure 3, but now we show the
results when the data is separated into trials that began
with either the left-probe or the right-probe in both the
Fixation (Fig. 6a) and the Saccade tasks (Fig. 6b). In
general, pointing was slightly biased to the right of the
target’s position when the right-probe was presented first
in a trial. Likewise, pointing was biased more leftward of
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Fig. 3 Average pointing One Subject All Subjects
positions for each target. Panels a Control Task
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the target for trials that began with the left probe.
Moreover, this effect was position-dependent: the
rightward bias had the greatest effect on leftward tar-
gets, and vice versa.

The observations were quantified in a similar way as
in Fig. 5, but now separating the data into left-probe-
first trials and right-probe-first trials (Fig. 7). Horizontal
pointing is shown in the left column and vertical

T T T T 1 T T T T T T T T
+2 +4 -4 -2 0 +2 +4

Horiztonal target positions [°]

pointing is shown in the right column. The downward
bias of pointing was found to be independent of which
probe was first presented. As Fig. 7a shows, however,
horizontal pointing in the Fixation task for left-probe-
first trials was shifted in the leftward direction. Likewise,
right-probe-first trials of the Fixation task elicited a
rightward shift of pointing (Fig. 7b). The same trend is
shown in the Saccade task for left-probe-first trials
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(Fig. 7c¢) and right-probe-first trials (Fig. 7d). But once
again, we found no significant difference between the
Fixation task (mean bias=0.90°) and the Saccade task
(mean bias=0.72°): t;3y=—0.932; P=0.368.

Variations in saccade size

How much did the pattern of these errors depend on the
details of the stimulus configuration and saccade size? In
a variation of our main Saccade task, we varied saccadic
amplitude to see if pointing errors were influenced by the
distance between the initial and final fixation points. In
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Fig. 4 Two possible explanations of pointing bias. a The primacy
model suggests that the second probe may be perceived as
orthogonally shifted down the axis of the first probe (indicated
by the gray dashed bar). Thus, the perceived target position would
be shifted downward and in the direction of the first probe as
shown by our data. b The retinal exaggeration model is based on
the findings of previous studies on pointing at remembered
peripheral targets. The first probe is shown as the dark bar and
the second probe is shown as the gray bar. According to this model,
subjects miss-localize a remembered target because of retinal
eccentricity and the apparent target-location is exaggerated. Thus,
in the example shown in the figure, the first probe is perceived as
being more rightward (dark dashed bar) so that the perceived target
is shifted in the same direction which is in agreement with our data.
However, inconsistent with our data, this model would predict that
subjects would perceive the target as being above its true position
especially during the Fixation task. ¢ Mean horizontal and vertical
errors of each target for a typical subject in the Saccade task.
Ordinate values indicate vertical errors: positive for upward errors
and negative for downward errors. Abscissa values indicate
horizontal errors: positive for rightward errors and negative for
leftward errors. Mean errors of each target during left-probe-first
trials are shown as the open circles. Mean errors of each target
during right-probe-first trials are shown as the closed circles.
Horizontal pointing errors were systematically shifted in the
direction of the first presented probe in a trial. Vertical pointing
errors tended to undershoot the target. No significant correlations
between downward and horizontal errors were found to validate
the “primacy”” model in (a)

this Variable Saccade task, subjects made either 4°, 8°,
or 12° saccades between line probes intersecting pre- and
post-saccadic fixation crosses.

Figure 8 shows the average pointing positions across
all subjects (n=4) for each saccade amplitude: 4° sac-
cade condition (Fig. 8a), 8° saccade condition (Fig. 8b),
and 12° saccade condition (Fig. 8¢c). Left-probe-first
trials are shown in the left column and right-probe-first
trials in the right column. In general, the patterns were
similar to those observed above but there was also an
effect of saccade size (or probe orientation, since this co-
varied with fixation). Horizontal pointing errors were
larger with larger saccades than those with smaller sac-
cades (e.g. Fig. 8a vs. Fig. 8c). Separately for horizontal
and vertical pointing, we calculated the mean correlation
(Pearson’s r) of pointing errors for every pair of saccade
amplitude (i.e. 4° vs. 8°, 8° vs. 12°, and 4° vs. 12°).
Horizontal pointing errors yielded moderate mean cor-
relations: r(4° vs. 8°)=0.46, r(8° vs. 12°)=0.48, and r(4°
vs. 12°)=0.34. Mean correlations of vertical pointing
errors were weaker: r(4° vs. 8°)=047, r(8° vs.
12°)=0.37, and r(4° vs. 12°)=0.16.

Within each subject, we performed pairwise z-tests to
compare the pointing errors for each of these pairs. For
all subjects, horizontal pointing errors in the 12° saccade
condition were significantly larger than those in the 4°
and 8° saccade conditions. The results from one typical
subject, for example, were 8° vs. 12° 3y =—3.949,
P=0.001; and 4° vs. 12° t3=—4.53, P<0.00. Con-
versely, only half of our subjects showed significant
differences in horizontal pointing errors between the 8°
and 4° saccade conditions: AK #»3)=3.296, P=0.003;
JP l(23):4.168, P<000, RR l(23): 1923, P:0067, JG
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Table 2 Correlations

(Pearson’s r) of mean SP Jp IF MN NF RR AK
horizontal error and mean
vertical error of the Saccade Right-probe-first ~ 0.24 0.07 0.09 0.24 0.29 —0.15 0.35
task for each subject P=045 P=082 P=0.78 P=046 P=037 P=0.65 P=0.26
Left-probe-first 0.19 0.005 0.03 0.39 -0.29 0.16 —0.57
P=0.54 P=098 P=092 P=021 P=035 P=062 P=0.6
Table 3 Vertical pointing errors (in visual degrees) for each con- Horizontal Vertical
dition collapsing target positions
a Control Task
Task Mean Mean standard deviation
(standard error) (standard error) . /e 7 - ,,/
Control 0.43 (0.07) 0.52 (0.03) I ’ 5 : 4
Fixation 1.21 (0.25) 1.06 (0.12) il ® ?
Saccade 0.77 (0.13) 0.81 (0.06) . - T £
1 4 3+
s . 1 ¢
7 ’ ’
Table 4 Vertical pointing errors (in visual degrees) for each target -3 ‘ 11 @
position collapsing conditions e B e S e e L S s o o e
Target Mean Mean standard deviation . .
position (standard error) (standard error) b Fixation Task
5 s
1 0.47 (0.09) 0.32 (0.03) T +34 & 74 ’
3 0.67 (0.10) 0.87 (0.08) o d ‘e - ’
5 0.82 (0.13) 1.01 (0.06) B s 5 - . ’g s
7 1.26 (0.16) 0.98 (0.10) 8 E 4 9
a = ? ’ ¢ 3 7’ s
o171, I § ,
. . = ’ ’
123y=0.427, P=0.427. Most of comparisons of vertical E -3 ? 141 ®
pointing errors did not differ significantly: for example, & T — e
AK 8° wvs. 12° {3 =—1.275, P=0.22, 4° vs. 8
103=0.048, P=0.96. These results suggest that the ¢ Saccade Task
general pattern of the results remained constant for
different saccade sizes, but a portion of the errors was +3 4 ,6’ 74 , 6

influenced either by the size of the saccade or the dis-
tance and angle between the probes. In the following
sections, we attempt to disambiguate the sources of these
errors and focus on the contribution of the saccade.

Source of the errors

To summarize our main result so far, we have found
minor task-dependent variations in subjects’ errors, but
no significant differences between the amount of errors in
the Fixation and Saccade tasks when the stimuli are
otherwise held constant. Given this, a natural question
to ask is whether the errors observed in these two tasks
originated from the same source, or were due to two
different (but approximately equal) sources of variabil-
ity. In particular, was the main source of the error
simply the intersection judgment, independent of the eye
movement?

If a single mechanism were the cause the Fixation and
Saccade task errors, we should expect to find significant
correlations between these errors for similar targets.
Table 5 shows each subject’s correlation using Pearson’s
r and r° (how much variance of Saccade task errors can
be accounted for by Fixation task errors). Correlations

-1 4 f 3 - %
J ’ i ’
.’ ’
341 © 141 8
T T T e—r—rTrTTrT
. - +1 +3 1 3 5 7

Target position [°]

Fig. 5 One typical subject’s horizontal and vertical pointing
performance for each task. The panels on the left show horizontal
pointing and the panels on the right show vertical pointing. The
graphs plot the subject’s pointing positions with respect to the
targets true position. Actual pointing positions are represented as
gray dots and the mean pointing position for each target are shown
as the black open circles. The dashed diagonal line indicates perfect
pointing performance. Overall, horizontal pointing (left panels) was
more accurate than vertical pointing (right panels). Mean vertical
pointing errors increased as a function of the target’s vertical
position. As shown in (a), pointing performance was most accurate
in the Control task. The Fixation task (b) and the Saccade task (c)
showed the same trends of pointing performance

were calculated from each target’s right-probe-first and
left-probe-first mean pointing errors of the Saccade task
with those of the Fixation task. For horizontal pointing,



Fig. 6 Pointing bias in the

direction of the first probe. The Fixation Task
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the lowest correlation (i.e. r and r°) was a moderate
relationship (e.g. r=0.36) and highest was a strong
relationship (e.g. r=0.76). Generally, correlations of
vertical pointing were higher with the lowest correlation
at r=0.52 and the highest at »=0.89. These data suggest
that some of the source of error may have been shared
between the two tasks, but some proportion of the errors
in the Saccade task could not be accounted for by sim-
ilar errors in the Fixation task.

Accounting for eye rotation

Finally, the latter section raises the possibility that
subjects may have made some errors specific to judging
the metrics of the eye rotation in the Saccade task. To
test this directly, we plotted the subjects’ pointing errors
as a function of predicted pointing errors if subjects
remembered the probes’ orientation but completely
failed to account for the saccade, that is, if they had
simply used retinal inputs to calculate the intersection
point. Figure 9a—g shows the actual horizontal errors vs.
predicted horizontal errors for each subject in the Sac-
cade task after we subtract out Fixation task errors from
Saccade task errors. Predicted errors were calculated
using the retinal position of the resulting intersection

Horizontal Position [°]

points of the lines relative to the final eye position
(which varied slightly). Each circle corresponds to the
mean horizontal pointing error from the Saccade task
minus the mean horizontal pointing error from the
Fixation task for the same target (thus, this figure only
shows the errors that are specific to the Saccade task).
Standard error bars are shown for both the actual and
predicted pointing errors. Positive values represent
rightward pointing errors whereas negative values sig-
nify leftward errors. Pointing errors averaged across all
subjects are shown in Fig. 9 h.

The thick dashed lines in Fig. 9a, h show how the
data should be plotted if subjects failed to account for
eye movements according to the “retinal”” model. As this
figure illustrates, subjects’ pointing errors did not follow
this prediction. However, as one can see, after sub-
tracting out the baseline errors for this task there was
virtually no systematic error related to the saccade, but
rather, the data follow the predictions of a spatially
correct model of TSI

The ““retinal” model also predicts systematic vertical
errors, due to the oblique interaction effect described
above. Figure 9i shows the actual errors vs. predicted of
vertical pointing for one typical subject in the Saccade
task. Each circle corresponds to the Saccade task errors
minus the Fixation task errors from a single target.
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Fig. 7 Horizontal and vertical pointing for left-probe-first trials
and right-probe-first trials. Like Fig. 5, the panels on the left show
horizontal pointing and the panels on the right show vertical
pointing. As shown earlier, mean vertical pointing errors increased
as a function of the target’s vertical position and does not show to
be influenced by the order of probe presentation. For left-probe-
first trials of the Fixation task (a), pointing tended to be shifted to
the left of the targets. These shifts were most evident with the
middle two targets at positions —1° and + 1°. The same trends were
found in the Saccade task when we separate left-probe-first trials (c)
and right-probe-first trials (d)

Right-probe-first trials (open circles) and left-probe-first
trials (closed circles) were separated to minimize the
variance in the data. Positive values represent upward

pointing errors whereas negative values correspond to
downward errors. Again, the thick dashed line shows the
predicted data if subjects failed to account for eye
movements. As shown in Fig. 91, pointing errors did not
follow this prediction in the subject shown. This is also
evident in the average errors of vertical pointing across
all subjects (Fig. 9j). Thus, it appears that our subjects
used egocentric information to completely compensate
for the eye movement in the Saccade task.

Discussion

The results of our study suggest that humans are able to
spatially and temporally integrate visual orientation and
location information across saccades at least as well as
they do within a single fixation. Compared to our Control
task, subjects made more errors in both the Fixation and
Saccade line intersection tasks, presumably because they
required subjects to retain and integrate more informa-
tion—that is, both orientation and spatial location.
However, our results show that mouse-pointing in the
Saccade task was just as accurate as in the Fixation task.

These results are in accord with previous studies that
show retention for orientation in transsaccadic memory
(Henderson and Hollingworth 1999; Henderson and
Siefert 1999; Landman et al. 2003; Verfaillie et al. 1994,
Verfaillie and De Graef 2000). However, our results go
beyond these studies to show how this information can
be spatially integrated over time—true TSI. Our results
are also generally consistent with those of Hayhoe et al.
(1991), who were the first to demonstrate integration of
simple dot stimuli across saccades to produce a higher
level internal construct. But our results expand on these,
not only because the stimuli and task were different, but
also because our direct measures of eye orientation al-
lowed for a quantitative measure of the incorporation of
oculomotor signals into TSI.

Importantly, our Saccade task was designed so that it
could only be correctly performed if subjects integrated
extra-retinal signals about the direction and size of the
eye movement into the process of TSI. Notably, this was
also true in our single-mask control, in which subjects
were never allowed to witness the same allocentric cue
across the initial and final fixation points. The presence
or absence of a second mask had no effect on our results.
Therefore, since the visual probes were presented at
successive fixations in an otherwise dark room with no
retinal information about their relative alignment, cor-
rect judgment of their intersection point required an
internal knowledge of the intervening eye movement.
Although subjects showed some errors in this task, these
errors failed to follow the predictions of a model that
relies solely on input derived from retinal signals.

Indeed, once the baseline errors from the Fixation
task were subtracted from the corresponding errors in
the Saccade task, there was hardly any systematic error
left to attribute to the saccade itself. The errors observed
in the two tasks were not perfectly correlated—sug-



Fig. 8 Mean pointing
performance across subjects for

a 4° horizontal saccades, b 8° a 4° Saccade
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gesting that an intervening saccade did (not surprisingly)
have some effect on storage, retrieval, or integration of
visual information. However, these errors were not
systematic. Thus, it appears that the human visual sys-
tem can use extra-retinal signals to account, nearly
perfectly, for shifts in gaze between successive fixations
and incorporate this into an overall transsaccadic per-
cept.

Horizontal position [°]

Errors in the intersection task

Although the main point of our study was to compare
the Fixation and Saccade tasks, some unexpected errors
arose in both these versions of our line intersection
task. These include two systematic biases that merit
consideration. First, subjects tended to underestimate
the target’s true vertical position. This undershooting

Table S Relationships between
Fixation and Saccade tasks of SP JP

IF MN NF RR AK

mean horizontal error and

mean vertical error for each
- s 2

subject: Pearson’s r ()

Horizontal
Vertical

0.76 (0.57) 0.49 (0.24) 0.64 (0.13) 0.76 (0.58) 0.56 (0.32) 0.36 (0.13) 0.58 (0.34)
0.64 (0.41) 0.82 (0.67) 0.79 (0.63) 0.89 (0.80) 0.88 (0.78) 0.52 (0.27) 0.74 (0.55)
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Fig. 9 Actual errors vs. errors predicted if subjects failed to
account for saccadic eye movements after subtracting away average
horizontal pointing errors from the Fixation task. a—g Individual
subjects’ results of average horizontal pointing errors of every
target’s horizontal position (i.e. —3°, —1°, +1°, +3°). Standard
error bars are given for each target position. Rightward pointing
errors correspond to positive values and leftward pointing errors
given by negative values. h Average horizontal pointing errors for

each horizontal target position across all subjects. i—j Average
vertical pointing errors of every target’s vertical position (i.e. + 1°,
+3°, +5° +7° for one typical subject and average pointing
across all subjects, respectively. Open circles represent right-probe-
first trials as closed circles represent left-probe-first trials. Negative
values correspond to downward pointing errors. The thick dashed
lines in panels a, h, i, and j represent how the pointing errors would
appear if subjects do not account for saccadic eye movements



increased as a function of the targets’ vertical positions.
Second, pointing was biased in the direction of the first
bar probe. Subjects tended to point to the left of the
target in the left-probe-first trials and right of the target
in right-probe-first trials. In the Variable Saccade task,
these errors tended to increase with the distance be-
tween the initial and final fixation points, either be-
cause of the increase in saccade size, or perhaps more
likely (given the rest of our analysis), simply because
this changed the orientation and location of the stim-
ulus probes. When we were able to make a direct
comparison, the errors in the two tasks (Fixation and
Saccade) were moderately correlated, and not signifi-
cantly different, suggesting that much of the error in
the Saccade task was due to the same perceptual ele-
ments of the Fixation task. Again, the detailed reasons
for these errors are orthogonal to our main goal, but
since this was such an obvious by-product of the task,
we shall attempt to address them.

The vertical pointing biases are consistent with pre-
vious studies of finger-pointing to remembered periph-
eral targets after making an eye movement (Henriques
et al. 1998; Henriques and Crawford 2000). Similar
horizontal effects have also been observed in previous
pointing studies (Bock 1986; Henriques and Crawford
2000). Such errors might be attributed to a bias toward
initial hand position (Vindras et al. 1998). Other expla-
nations for similar results include the idea of “‘cognitive
gravity” (Hubbard 1995; Kerzel 2002) and (since our
targets were located above the fovea) a localization bias
toward the fovea (Mateeff and Gourevich 1983; Kerzel
2002; Musseler et al. 1999; Sheth and Shimojo 2001; van
der Heijden et al. 1999). However, other studies have
reported a “‘retinal exaggeration” bias toward pointing
away from the fovea, in both the vertical or horizontal
directions (Bock 1986; Henriques et al. 1998; Henriques
and Crawford 2000).

It is less clear why the order of stimulus presentation
had such a strong effect on the judged horizontal loca-
tion of the line intersection point. The ‘‘retinal exag-
geration effect” (Bock 1986; Henriques et al. 1998;
Henriques and Crawford 2000) predicts some aspects of
this in the Saccade task (Fig. 4b), but fails to account for
it in the Fixation task (because the distance of both
probes would be exaggerated centrifugally). If subjects
showed a greater downward bias in encoding the first
probe, an ‘“‘oblique interaction effect” predicts this
observation fairly well (Fig. 4a), but we failed to find
evidence for such an effect when we correlated vertical
and horizontal pointing errors. Some of these questions
might be resolved by varying the fixation points, hand
position, and intersection points in our task, but this is
more relevant to understanding the basic aspects of
memory and synthesis of linear features, as opposed to
TSI, which was our goal.

Finally, it is likely that some or all of these pointing
biases were a product of an impoverished visual envi-
ronment and lack of allocentric cues in our experiment
(Lemay et al. 2004). This was necessary to probe the
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existence of egocentric extra-retinal signals, but clearly
the exocentric cues present in a normal visual environ-
ment influence and improve performance (Barry et al.
1997; Lemay et al. 2004; Schoumans et al. 2000). This
would likely be true for the basic aspects of our line
intersection task in the Fixation condition and for TSI in
the Saccade condition. For example, Hayhoe et al.
(1991) found an improvement subjects’ performance in
their TSI task simply by adding a single visual reference
point. In the following section, we consider the relevance
of our study for understanding TSI in more natural vi-
sual conditions.

Mechanisms for TSI: egocentric vs. exocentric cues

Based on our findings we conclude that subjects are able
to retain and integrate orientation and location infor-
mation across saccades. This is potentially important for
normal perception and short-term memory, because the
perception of large objects or complex scenes may re-
quire the integration of information across several gaze
fixations. In as much as the synthesis of information
about lines (edges, contours, etc.) is thought to be crucial
for object perception (Hess and Field 1999; Kourtzi
et al. 2003), TSI of such features—as demonstrated in
the current study—would be critical in such situations.

The question again arises, how is this TSI imple-
mented? The design of our experiment does not differ-
entiate between ‘‘early visual,” ‘‘cognitive,” and
“visuomotor” mechanisms; all of these come into play in
our task. In particular, this task involves spatial vision,
short-term memory, spatial updating across saccades,
and the visuomotor transformations for pointing. Fur-
ther, our task might be solved using a number of internal
algorithms that could not be distinguished during the
present experiment. However, distinguishing between all
of the possible algorithms for TSI was not our goal. We
instead focus on distinguishing between the possible
sources of information for solving such tasks: retinal
signals (which we will refer to as a visual mechanism)
and extra-retinal signals based on egocentric measures of
self-motion.

The first possibility is that TSI could be done using a
purely visual matching algorithm. For example, some
recent studies suggest that visual stability occurs by the
visual system comparing the pre-saccadic representation
of a saccade-target with its post-saccadic foveated image
to realign the other contents of the visual scene (Currie
et al. 2000; Henderson and Hollingworth 1999; Irwin
et al. 1994; McConkie and Currie 1996). However, these
theories do not account for our data, first, because our
task required integration of information retained from
beyond the foveal target zone. Second, because we ob-
served TSI in a situation where subjects had no common
visual cues to align the remembered stimuli. This result
shows that TSI can rely on internal oculomotor signals
to align the stimuli—presumably within some egocentric
frame of reference.
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Conversely, our data cannot prove that the egocentric
mechanism used here is always used in natural situations
where more visual information is available. It is possible
that our subjects developed some short-term memory
mechanism that is never used in real life. But it does
seem unlikely that the brain would develop such a
mechanism just in case of such an experiment. In gen-
eral, it makes sense for an optimal visual system to re-
tain some information across saccades, saving the time
and energy required to reprocess this information
(Henderson 1992; Salthouse et al. 1981). Even so, our
data would not contradict the co-existence of other TSI
mechanisms such as that proposed in the saccade-target
theory.

So then, what role would egocentric signals play in
normal vision when both egocentric and exocentric cues
are available? An optimal visual system would use all
available signals to do its job, including both retinal and
extra-retinal signals (Schreiber et al. 2001; Niemeier
et al. 2003). One possibility is that in normal behavior
the TSI system uses an egocentric mechanism—Ilike that
demonstrated in our experiment—to reduce the degrees
of freedom and workload of the visual search for cor-
responding pre- and post-saccadic visual stimuli (Deubel
et al. 1996, 1998). This egocentric component of the TSI
mechanism would continue to function in the sparse
conditions of our experiment, but in normal life it
could provide the rough guess that is then refined by
visual matching mechanisms—such as the saccade-target
theory.

Possible neural mechanisms

The question remains, what is the physiological sub-
strate for these egocentric/exocentric mechanisms? Since
so little is known about TSI, we may look to other
systems for clues. Psychophysical studies suggest that
visuomotor systems do this for simple goals by spatially
updating target position in an eye-centered map
(Henriques et al. 1998; Crawford et al. 2004). Physio-
logical studies have shown evidence of such “‘remap-
ping” in area V3 (Nakamura and Colby 2000), lateral
intra-parietal cortex (Duhamel et al. 1992; Medendorp
et al. 2003), frontal eye fields (Umeno and Goldberg
1997), and the superior colliculus’s intermediate layer
(Walker et al. 1995). There is also evidence that a similar
remapping mechanism could contribute to some aspects
of perception (Colby et al. 1996; Pisella and Mattingley
2004).

It is not known if “dorsal stream” remapping signals
contribute directly to TSI or if “ventral stream” per-
ceptual structures develop a parallel updating mecha-
nism, or if they use an entirely different mechanism.
Since TSI requires the synthesis of both spatial “dorsal
stream” and object recognition “‘ventral stream” pro-
cesses, it poses a fundamental visual binding problem
that is not present in spatial updating for saccades. In
other words, based on our current understanding of the

visual system (e.g. Milner and Goodale 1995; Mishkin
et al. 1983), it does not seem likely that either the dorsal
spatio-motor system or the ventral recognition system
could solve this individually, or in isolation from each
other. This again begs the question—where is the ego-
centric map that allows TSI to solve problems like that
posed in our experiment in conjunction with more nor-
mal and complete perceptual demands?

One possibility is that recurrent oculomotor signals
leading from the dorsal stream back to early visual areas
(Moore and Armstrong 2003), and eye-centered updat-
ing (Nakamura and Colby 2000) provide the basis for a
common, coordinated eye-centered map that contributes
to both ““dorsal stream” and ““ventral stream’ processes,
like transsaccadic perceptual integration. In such a
scheme, early visual areas like V2/V3 are not only the
source of information for the “dorsal” and “‘ventral”
streams—through feed-forward connections, but also
the target, through recurrent connections. This would
make those earlier visual areas the common visuospatial
“sketch pad” wherein both “dorsal” and “ventral” type
information could be compared in a common, eye-cen-
tered, updateable frame, and then shared back to both
streams.

Such a scheme would not limit the system to eye-
centered calculations. Other, more complex allocentric
and “object-centered’’ elements of the task (e.g. Hayhoe
et al. 2003) could be elaborated in the higher level visual
association areas (Chen and Nakamura 1998; Dimattia
and Kesner 1988). Moreover, it does not preclude the
possibility that further calculations are implemented in
“higher level” centers like frontal cortex, particularly in
a task like that used here. However, a common, early
eye-centered map working through recurrent feedback
connections to both streams of vision does seem to
provide a parsimonious neural substrate for the partic-
ular types of egocentric binding problems that com-
monly occur in TSI.
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