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ABSTRACT

Two experiments investigated the nature of information integration and accumulation across
saccadic eye movements. In experiment 1, subjects viewed an array of colored letters while
they fixated a central point; this array was erased upon initiation of a saccade to a target. Some
time after the saccade, a cue was presented above or below one of the array locations and each
subject attempted to report the color and the identity of the letter that had occupied the
probed position. Subjects remembered 3—4 color + identity + position units across the
saccade; information near the saccade target was remembered better than information appear-
ing in other array locations. Probe delay had little effect on performance. Most errors were
mislocations rather than misidentifications. Experiment 2 showed that memory for position and
identity information was improved only slightly when subjects made two as opposed to one
fixation on the letter array, suggesting that limited information accumulation occurs across
multiple eye movements. The results are discussed in terms of a new theory of transsaccadic
memory conceived within the theoretical framework for object perception proposed by
Treisman (1988).

6.1 INTRODUCTION

Because the visual world contains more information than can be perceived in
a single glance, our eyes make rapid saccadic movements from point to point
in space several times each second. Between movements, brief fixations are
made on objects of interest in the world; it is generally assumed that some-
how the contents of individual eye fixations are integrated or accumulated
across saccades to produce the unified and continuous perception of the
visual world that we ordinarily experience. There is no feeling of “starting
anew” with each fixation; rather, we remember some objects and their spatial
relationships and the overall gist of a scene, even if we close our eyes. Some
information from successive fixations must be maintained across eye move-
ments (in what we will call “transsaccadic memory”) in order for this percept
to be achieved. How this is accomplished has puzzled psychologists and
vision researchers for over a century.

Until fairly recently, it was often assumed that something like an infegrative
visual buffer (McConkie and Rayner 1976) was responsible for the perception
of a stable and continuous visual world across eye movements (e.g., Banks
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1983; Breitmeyer 1984; Jonides, Irwin, and Yantis 1982; Trehub 1977). Ac-
cording to this view, the visible contents of successive eye fixations are
aligned and superimposed in the buffer on the basis of their environmental or
spatiotopic coordinates to produce an integrated, composite representation of
the visual environment. Irwin (1992b) referred to this assumption as the
“spatiotopic fusion hypothesis.”

Although the notion of spatiotopic fusion within an integrative visual
buffer is intuitively appealing, it appears to be incorrect. Irwin, Yantis, and
Jonides (1983) showed that subjects are unable to integrate two different
visual patterns presented in the same spatial location but separated by an eye
movement, that is, they are unable to perceive some composite pattern.
Specifically, four dots from a 3 X 3 matrix of dots were presented while a
subject fixated one part of a display, and then four different dots from the
matrix were presented in the same spatial location after the subject made an
eye movement; together, eight of the nine dots in the matrix were presented,
and the subject’s task was to identify the location of the missing dot. Accu-
racy was very low, even though this task is very easy to perform if subjects
do not move their eyes and the two frames of dots are presented to the same
retinal and spatial locations. This inability to combine visual patterns across
saccades has been replicated several times (e.g., Bridgeman and Mayer 1983;
Irwin, Brown, and Sun 1988; O'Regan and Levy-Schoen 1983; Rayner and
Pollatsek 1983). Other experiments have shown that both visual masking and
visual integration across saccadic eye movements (Irwin, Brown, and Sun
1988) and pursuit eye movements (Sun and Irwin 1987) occur on the basis of
retinotopic, and not spatiotopic coordinates. Furthermore, Irwin, Zacks, and
Brown (1990) showed that spatiotopic summation does not occur across
saccades; namely, one’s ability to detect a sine wave grating presented after a
saccade is unaffected by presenting a sine wave grating with the same spatial
frequency in the same spatial location before the saccade. Taken together,
these findings indicate that the perception of a stable and continuous visual
world across eye movements is not accomplished through the spatiotopic
superposition and fusion of the visible contents of successive eye fixations.

This conclusion receives further support from the results of other studies
showing that changes in the visual characteristics of words and pictures (such
as letter case and object size) and changes in spatial position across eye
movements frequently are not detected and have little or no disruptive effect
on reading, word naming, or picture naming (e.g., Bridgeman, Hendry, and
Stark 1975; McConkie 1991; McConkie and Zola 1979; Pollatsek, Rayner,
and Collins 1984; Pollatsek, Rayner, and Henderson 1990). Such changes
should be quite disruptive if spatiotopic fusion occurs across saccades. In sum,
many empirical findings demonstrate that a literal representation of the entire
visual scene does not survive a saccadic eye movement, as the spatiotopic
fusion hypothesis suggests. Furthermore, recent neurophysiological evidence
indicates that stimulus locations are coded in terms of oculocentric rather
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than spatiotopic coordinates across saccades (Colby, chap. 7, this volume;
Duhamel, Colby, and Goldberg 1992). Thus it appears that there is no inter-
nal, spatiotopically integrated stimulus representation that can explain the
continuity and stability of visual perception (see also O'Regan 1992). Some
other answer must be sought.

Given the demise of the spatiotopic fusion hypothesis, recent research has
begun to examine what and how information is accumulated across eye
movements. Even though detailed, literal images of successive fixations are
not integrated across saccades, several studies have shown that at least some
visual information is remembered from one fixation to the next. For example,
Palmer and Ames (1992) found that subjects could make precise discrimina-
tions between lines of different lengths and shapes of slightly different sizes
even when the stimuli were viewed in separate fixations. Irwin, Zacks, and
Brown (1990) found that subjects could determine accurately whether two
dot-patterns viewed in successive fixations were identical or different, even
when the two patterns appeared in different spatial positions across the
saccade. This result indicates that some visual information is maintained
across eye movements in a location-independent format. However, Hayhoe,
Lachter, and Feldman (1991) found that subjects could judge precisely
whether or not three points viewed in successive fixations (one point per
fixation) formed a right triangle, indicating that, when the task requires it,
precise spatial information about several points can be held in a maplike
representation across multiple eye movements.

Several other studies have shown that higher-order structural aspects of
the stimulus information influence memory across eye movements. For exam-
ple, Carlson-Radvansky and Irwin (1995) found that structural descriptions,
rather than edge-based representations, are retained across eye movements.
A structural description is a hierarchical representation whose top level corre-
sponds to a figure as a whole, and whose lower levels represent specific parts
of the figure and connections that specify the relations of the parts to each
other (e.g., Hummel and Stankiewicz, chap. 5, this volume; Marr 1982; S. E.
Palmer 1977; Sutherland 1968). Subjects in this study performed three differ-
ent tasks. In one, they had to determine whether a part viewed in one fixation
was present in a whole viewed in a second fixation; in another, they had to
determine whether a whole viewed in one fixation was identical to a whole
viewed in a second fixation; in the third, they were required to integrate a
part viewed in one fixation with a part viewed in a second fixation and then
compare this integrated representation with a presented whole figure. In all
three tasks the structural characteristics of the parts and wholes affected
performance in a manner consistent with the use of structural descriptions.
Additional evidence for the maintenance of higher-order structural informa-
tion across eye movements was reported by Verfaillie, De Troy, and Van
Rensbergen (1994), who found that violations of biological motion in a
point-light display were detected better than other kinds of motion violations
when they occurred during a saccade.
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Priming of long-term memory representations also occurs across saccades.
For example, Rayner, McConkie, and Zola (1980) found that a word pre-
sented in the parafovea of one fixation facilitated naming latency for a word
viewed foveally in a subsequent fixation if the two words shared the same
beginning letters, regardless of letter case. Pollatsek et al. (1992) found that
shared phonemic codes also provided a preview benefit. Pollatsek, Rayner,
and Collins (1984) and Pollatsek, Rayner, and Henderson (1990) also found
evidence for visual feature and abstract conceptual priming of pictures viewed
during successive fixations. In addition, Henderson (1992) found that a para-
foveal preview of an object facilitated its identification in a subsequent fixa-
tion, while Boyce and Pollatsek (1992) found that scene context facilitated
object identification across saccades.

While these studies have provided important insights into the kinds of
information that are maintained across eye movements, other studies have
examined the capacity and time course of transsaccadic memory. Irwin (1991)
found that accuracy in the pattern discrimination task used by Irwin, Zacks,
and Brown (1990) was highly dependent on pattern complexity, such that
simple dot-patterns were recognized more accurately than complex dot-
patterns. Varying the temporal interval separating the two patterns from
0 to 5 seconds, however, had very little effect on performance. As in Irwin,
Zacks, and Brown (1990), spatially displacing one pattern relative to the other
had no effect on recognition accuracy. These results indicate that transsacca-
dic memory is, at least in part, a limited-capacity, location-independent, long-
lasting memory like visual short-term memory.

Additional support for this conclusion was provided by Irwin (1992a),
whose subjects were presented with an array of letters in one fixation and a
partial-report cue (e.g., an arrow) in a second fixation, after an eye movement
had occurred. Subjects were required to report the letter that had occupied
the spatial location indicated by the report cue; in order to respond correctly,
they had to remember the position and the identity of the cued letter across
the eye movement. Irwin (1992a) found that memory was rather poor; sub-
jects could remember only 3—4 letters (i.e., position + identity units) across
an eye movement, regardless of the number of letters (6 or 10) presented in
the letter array. Report of the letters spatially near the saccade target was
much more accurate than report of other letters in the array, however, sug-
gesting that attention, which precedes the eyes to a saccade target (Shepherd,
Findlay, and Hockey 1986), determined which information was stored in
transsaccadic memory. Delaying the partial report cue from 40 to 750 ms
after the eye movement had only a slight effect on report accuracy, suggest-
ing little loss of information over time. Intra-array errors (erroneous report of
a noncued letter from the array) were much more frequent than extra-array
errors (erroneous report of a letter not contained in the array), suggesting
that identity information may be retained better than location information
when the eyes move. To account for these results, Irwin (1992a) proposed
that a small number (3—4) of integrated position + identity codes were held
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in short-term memory across the saccade, while priming of “unlocated” iden-
tity codes in long-term memory also occurred, producing the preponderance
of intra-array errors over extra-array errors. That is, if subjects were unsure
what the probed letter was, unprobed items in the array would be more
available in memory than unpresented items, leading to location (intra-array)
errors rather than intrusion (extra-array) errors.

Based on these results, and following up on a suggestion by Kahneman,
Treisman, and Gibbs (1992), Irwin (1992a) proposed a new theory of trans-
saccadic memory within the conceptual framework for object perception pro-
posed by Treisman (1988) and Kahneman and Treisman (1984). This frame-
work contains four levels of representation: (1) feature maps, which register
independently the presence of different sensory features in the display, such
as color and shape; (2) a master map of locations, which registers where in the
display features are located; (3) temporary object representations or object
files, (episodic descriptions of what objects are where in the display), which
are formed when attention conjoins features into unitary wholes (e.g., colored
shapes); and (4) an abstract, long-term recognition network, which stores
descriptions of objects along with their names. This theory accounts for the
results of Irwin (1992a) as follows. When a letter array is presented, the letter
identities in the array automatically activate their corresponding entries in the
recognition network, generating “unlocated” identity codes; at the same time,
the shapes of the letters are represented in a feature map. Attention is di-
rected from one array location to the next to produce an object file (i.e., an
integrated identity + position code) in short-term memory for each letter.
Because attention ordinarily precedes eye movements, object files for letters
near the saccade target are more likely to be created than object files for
letters at other positions in the array. Given the limited capacity of short-term
memory, only a small number (3—4) of object files (integrated position +
identity codes) can be retained across the saccade; priming of the unlocated
identity codes in long-term memory makes it more likely that subjects will
erroneously report an item from the array rather than an unpresented item
when the subject is unsure of the correct response. In sum, according to Irwin
(1992a), transsaccadic memory consists of the object files that are produced
before a saccade and of residual activation in long-term memory.

The conception of transsaccadic memory proposed by Irwin (1992a),
which we will call the “object file theory of transsaccadic memory,” is
undetailed in many respects; nonetheless, it provides a useful framework for
investigating how and what information is maintained across saccadic eye
movements. In particular, it makes several specific predictions that can be
tested experimentally (it should be emphasized that these predictions are
based on Irwin’s 1992a instantiation of the ideas of Kahneman and Treisman,
who might not agree with all of the predictions). First, objects (rather than
spatial locations, say) should be the fundamental organizing units for repre-
senting and maintaining information across saccades. Second, attention should
play a critically important role in determining what information is stored in
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transsaccadic memory because it controls which object files are created. Third,
only a limited number of object files should be created and maintained across
a saccade because of short-term memory limitations. Fourth, because object
files are held in (relatively) slow-decaying short-term memory, there should
be little loss of information from transsaccadic memory over short (<5 sec)
retention intervals. Fifth, surface characteristics (e.g., color, form) of at least
some of the elements in a display (specifically, the attended ones) should be
maintained in transsaccadic memory because object files are formed when
attention conjoins the features present at a display location into a unitary
whole, containing both pre- and postcategorical information (Kahneman,
Treisman, and Gibbs 1992). Note that, according to the object file theory,
relatively little information actually accumulates across saccades; rather, one’s
mental representation of a scene consists of mental schemata and identity
codes activated in long-term memory and of a small number of detailed
object files in short-term memory.

The experiments reported below used the transsaccadic partial report tech-
nique of Irwin (1992a) to investigate further the nature of information re-
tained across eye movements and to test some of the predictions of the
object file theory of transsaccadic memory. The first experiment examined
whether surface characteristics of the elements in the presaccadic fixation
(e.g., color) are maintained across a saccade; whether these characteristics
remain bound together over time; and the role of attention in memory for
such information. The second experiment examined transsaccadic memory
for multiple fixations, to determine whether information accumulates across
saccades.

6.2 EXPERIMENT 1

This experiment investigated whether color information is retained with item
identity information across a saccade. On each trial the subject fixated a
central point on an empty screen, then a saccade target appeared in the left or
right periphery. Simultaneous with saccade target onset, two rows of three
letters each were presented, as in Irwin (1992a). Each letter appeared in a
different color. The letters were presented until a saccade was initiated to the
saccade target (approximately 340 ms). After a delay of either 50, 150, or 750
ms, during which the saccade was completed and fixation was established and
maintained on the saccade target, a bar marker was presented above or below
one of the positions previously occupied by a letter. The subjects’ task was to
report the identity and the color of the letter indicated by the marker. Accu-
racy of letter report and of color report was measured as a function of probe
delay, and the accuracy of color report conditionalized on correct letter report
was calculated for each delay in order to determine whether, and for how
long, color information is retained with identity information in transsaccadic
memory. To allow a comparison of memory within and between fixations,
data from a no-saccade control condition were also collected.
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The object file theory of transsaccadic memory predicts that subjects
should remember 3—4 identity 4+ position 4 color units across the saccade;
that is, letter report and color report should be nonindependent because all of
the information at a given spatial location in the array should be conjoined
via attention into a unitary object file. Accuracy for items near the saccade
target should be higher than for items at other array locations because of
attention preceding the eyes to the saccade target. There should be little
effect of interstimulus interval on performance because the object files are
held in short-term memory. The contingency between letter report and color
report should also remain relatively constant over interstimulus interval be-
cause information in the object files should remain bound together over time.
When an incorrect response is made, intra-array errors (report of a noncued
item present in the array) should be more common than extra-array errors
(report of an unpresented item) because of identity code a-lgti(/'ation in long-
term memory; however, there should be no contingency between letter iden-
tity and letter color on intra-array error responses because these responses
reflect priming of long-term memory representations rather than specific,
episodic properties of the stimulus display.

Method

Subjects Ten subjects, including the authors, participated in this experi-
ment. Except for Irwin, the subjects were undergraduate and graduate stu-
dents at the University of Illinois. Most of them had participated in previous
eye movement experiments. Except for the authors, the subjects were naive
about the experimental hypotheses. The subjects were paid $5 per hour for
their participation and received a 1-cent bonus for each correct response.

Stimuli The stimuli consisted of letter arrays containing six colored letters
arranged in two rows and three columns. The letters were drawn randomly
without replacement on each trial from the set: D, F, J, L, N, S, T, Z. The
colors were drawn randomly without replacement on each trial from the set:
light cyan, red, blue, magenta, brown, green, yellow, and white. An asterisk
(*) appearing above (top row) or below (bottom row) one of the array loca-
tions was used as the partial-report cue.

Apparatus  Stimuli were presented on a NEC MultiSync 3FGx color moni-
tor equipped with a monitor lens that reduced screen reflectance. A Gate-
way2000 486 50 MHz microcomputer controlled stimulus presentation with
a SVGA graphics adaptor and collected subjects” keyboard responses. The
computer also recorded the output from an Applied Science Laboratories
Model 210 scleral reflectance eye tracker by means of an analog-to-digital
converter. The eye tracker was mounted on eyeglass frames that were held in
place on the subject’s head by a headband. The eye tracker was configured to
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record horizontal movements of the left eye only. Eye position was sampled
once each ms. A bite bar with dental impression compound was used to keep
the subject’s head steady during the experiment. Subjects completed a calibra-
tion sequence (described later) before every experimental trial. The accuracy
of the eye tracker under these conditions was +/—0.3 degree.

During the experiment, subjects were seated 57 cm from the display moni-
tor. At this viewing distance, the total display area subtended 26 degrees of
visual angle horizontally and 19.7 degrees vertically. The letter arrays were
presented in the center of the display area. The letter arrays subtended 4.3
degrees horizontally and 2.2 degrees vertically. Each letter was 0.3 degrees
wide and 0.7 degrees high; the spaces between letters were 1.7 degrees
horizontally and 0.8 degrees vertically. The asterisk used as the bar probe
was 0.3 degree wide and 0.4 degree high; it was presented 0.2 degree above
or below the target letter position. Calibration, saccade target, and fixation
points used during the experiment subtended 0.2 degree horizontally and 0.4
degree vertically.

Characters were presented in graphics mode (640 X 200), using the default
font which presents characters in an 8 x 8 grid. Colors were chosen from the
standard PC color palette to be maximally discriminable from each other. The
display background was light gray, while the calibration, saccade target, and
fixation points were dark gray.

Procedure Each subject completed several preliminary procedures before
participating in the eye movement experiment proper. The purpose of these
was to familiarize the subjects with the stimuli and with the partial report
task. First the subjects were shown the letter and color sets that would be
used in the experiment. They were instructed to use the following color
names to refer to the colors; “sky” for light cyan, “red” for red, “blue” for
blue, “purple” for magenta, “orange” for brown, “green” for green, “yellow”
for yellow, and “white” for white. These names were chosen so that each
color could be referred to by a unique beginning initial, S, R, B, P, O, G, Y,
and W, respectively, when subjects typed their color responses into the
computer keyboard. Subjects were given several minutes to study these mate-
rials, and then they completed 50 trials in which a single colored letter was
flashed for 100 ms on the display monitor. After each presentation, subjects
entered the letter they had seen and the beginning initial of the letter’s color
name into the computer keyboard. Half of the subjects responded letter first,
color second, while the other half responded color first, letter second. Order
of response was constant for an individual subject throughout all practice and
experimental sessions. A chart listing the letter set and the color set (includ-
ing names and initials) was present throughout all sessions. Accuracy on
letter and color naming was greater than 90 percent for all subjects in this
familiarization task, indicating that they were able to use the response coding
scheme accurately and that they had no serious color vision deficiencies.
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Next each subject completed 50 partial report trials while maintaining
fixation on a central point. During these trials a 2 x 3 array of colored letters
was presented for 250 ms; then the bar probe was presented for 33 ms
immediately after stimulus offset. Probe position varied randomly from trial
to trial. Each subject completed 180 more partial report trials while maintain-
ing fixation, but on these trials the probe delay was either 50, 150, or 750 ms.
Probe position and probe delay varied randomly from trial to trial. By the end
of these practice blocks, subjects had become very familiar with the basic
partial report task, the experimental stimuli, and the response scheme. Follow-
ing this exposure they were introduced to the eye movement (transsaccadic)
version of the partial report task; the procedure for these trials is described
next.

The sequence of events for a typical trial in the transsaccadic partial report
task is depicted in figure 6.1; note that the letters appeared in color. Each trial
began with a calibration routine during which a calibration point (+) stepped
across the display at three locations separated by 2.0 degrees. Each point was
presented for 1.5 sec, and the subject was instructed to fixate each carefully.
Eye position at each location was sampled (at a rate of 1,000 Hz) for 100 ms

Calibration: Each point
. presented for 1.5 sec,
N subject fixates each in
turn

8+

Central fixation point
presented for 1.5 sec;
subject fixates it

8)

Saccade target presented;
letters presented until
T subject initiates saccade

£9 T
+

Display erased when
saccade initiated; delay
50 - 750 msec before
presenting response cue

Response cue presented
for 33 msec; subject
reports identity and

* color of cued letter

8

Figure 6.1 Schematic illustration of procedure for trials in saccade condition of experiment 1.

Integration and Accumulation across Saccades



134



135






137



Function

138



139



140



141

6.3



142



143



144



145



146




Position



148



149



150



151



152



153



154



	chap6.pdf
	chap6-tmp.pdf
	page 2
	page 3
	page 4
	page 5
	page 6
	page 7
	page 8
	page 9
	page 10
	page 11
	page 12
	page 13
	page 14
	page 15
	page 16
	page 17
	page 18
	page 19
	page 20
	page 21
	page 22
	page 23
	page 24
	page 25
	page 26
	page 27
	page 28
	page 29
	page 30

	notice.pdf



