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Using a temporal integration task, subjects in 5 experiments were expected to combine information from
temporally separated visual presentations. Evidence from these experiments indicated that perceptual
information can be integrated with previously generated and currently maintained visual images to form
a representation that contains information from each source. Properties and limitations of this integration
process were also explored, including the time required to generated the image, the speed at which
percepts were integrated with images, and the capacity of the representation. Implications for theories of
visual processing and memory are discussed.

Phenomenologically, visual images and visual percepts are alike
in many respects.1 This apparent similarity has led to a great deal
of research assessing the parallels between images and percepts by
searching for common structural properties of percept-based and
image-based representations as well as shared neurological sub-
strates between the visual perception and imagery systems. For
example, considerable research has demonstrated that both images
and percepts encode spatial dimensions and spatial relations
among objects (e.g., Farah, 1985; Finke & Pinker, 1982; Kosslyn,
1973, 1978; Kosslyn, Ball, & Reiser, 1978; Pinker, 1980; Pinker &
Kosslyn, 1978; Weber & Harnish, 1974). In addition, decision
times for comparison of two imagined objects correspond to those
for two perceived objects (e.g., Moyer & Bayer, 1976; Paivio,
1975). Like visual perception, visual images are limited in spatial
resolution in that the amount of information contained in an image
is constrained by the imagined object’s size and distance (e.g.,
Kosslyn, 1975, 1976, 1978; Weber & Malmstrom, 1979) as well as
eccentricity in the imagined visual field (e.g., Finke & Kosslyn,
1980; Finke & Kurtzman, 1981b). Furthermore, just as closer
visual inspection of an object from different points of view reveals
previously unrecognized properties of the object, there is some
evidence that manipulation of mental images can also reveal
patterns in the image not apparent when the image was originally
formed (e.g., Brandimonte, Hitch, & Bishop, 1992; Pinker &
Finke, 1980), although it appears that such insight is more difficult
with images than with percepts (e.g., Chambers & Reisberg, 1985).

The behavioral findings that suggest that image-based and
percept-based representations share a common structure are com-
plemented by research that has shown that visual imagery relies
upon some of the same neural machinery as visual perception and
generates similar patterns of neural activation.2 For example, using
a radioactive marker to observe cerebral blood flow, Roland and
Friberg (1985) determined that imagining an object is associated
with activation in the occipital, posterior superior parietal, and
posterior inferior temporal lobes, all of which are involved in
perceptual processing (see also Goldenberg et al., 1989). In addi-
tion, using positron emission tomography, Kosslyn and his col-
leagues (Kosslyn et al., 1993) showed that the locus of activation
in the primary visual cortex (occipital lobe) during image gener-
ation depends upon the size of the imagined object. The primary
visual cortex is topographically mapped in accordance with input
received from the retina—information received from the fovea
causes activation posteriorly, whereas information from the pe-
riphery causes activation in progressively more anterior areas.
Accordingly, imagining small objects (which, when seen, would
mostly occupy the center of the field of view) was associated with
posterior activation, whereas imagining large objects (which, when
seen, would occupy more peripheral regions of view) was associ-
ated with more anterior activation of the occipital lobe. Further-
more, studies of abnormal neurological cases have shown that
damage to the primary visual cortex, as well as to the higher-level
processing dorsal (posterior parietal lobe) and ventral (posterior
temporal lobe) visual systems can result in impairments in imagery
use (e.g., Farah, Soso, & Dasheiff, 1992).

1 The nature of visual images has been a debated topic in the literature.
A specific question of controversy is whether images are analog or prop-
ositional in form. The same debate, however, extends to the nature of
representations derived directly from percepts (vision proper). This dis-
tinction is not important to the research reported here, because the impetus
for our experiments rests upon the similarities between percepts and
images. Whether, in the end, percepts and images are analog or proposi-
tional in form is irrelevant to our experiments (see Pylyshyn, 1973, 1978,
1981; for reviews and commentary on this debate, see also Finke, 1980,
1985; Kosslyn, 1997).

2 For complete reviews, see Farah (1984, 1988), Kosslyn (1987), and
Tippett (1992).
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On the basis of research that has demonstrated both structural
similarities in the mental representations formed from percepts and
images, as well as research showing imagery and perception share
neurological substrates, Kosslyn (e.g., 1980, 1995, 1997; Kosslyn
& Koenig, 1992) has suggested that visual imagery and visual
perception are supported by the same cognitive architecture (see
also Shepard, 1984). Kosslyn argues that within the visual system,
there is a visual buffer that maintains currently activated visual
representations. Information can enter the buffer from either direct
sensory input (perception) or from memory (imagery). Further-
more, once information is loaded into the buffer, it is processed
equivalently, regardless of its point of origin. According to Koss-
lyn, then, an image is a short-term visual representation that
represents surface and spatial layout information in an arraylike
format in the absence of immediate sensory input and is treated by
the visual system as though it arose from direct perception (see
also Farah, 1985). Because perception- and imagery-based repre-
sentations have similar properties and are processed by many of
the same neurological structures, Kosslyn argues that it should be
possible for interactions to occur between images and percepts. In
this article we adopt Kosslyn’s definition of visual imagery and
investigate whether images and percepts can be combined to form
new, composite representations.

Previous research has addressed the issue of image–percept
interaction by exploring the effect of previously formed images on
current visual perception. For example, in one of the earliest
demonstrations of image–percept interaction, Perky (1910)
showed that while intentionally imagining an object, subjects were
less able to detect a brief visual presentation of that object as
compared with cases where imagery was absent (see also Neisser,
1976; Posner, Boies, Eichelman, & Taylor, 1969). More modern
replications of the Perky effect have repeatedly shown that visual
detection (e.g., Segal, 1971; Segal & Fusella, 1970) and discrim-
ination (e.g., Craver-Lemley & Reeves, 1992; Craver-Lemley,
Arterberry, & Reeves, 1997; Reeves, 1981) are impaired by visual
imagery (see also Craver-Lemley, Arterberry, & Reeves, 1999).
However, imagining a visual scene facilitates object recognition
for items that are semantically related to the imagined scene
(Peterson & Graham, 1974), and an imagined context also aids in
making judgments about visual patterns (Freyd & Finke, 1984).

Whereas previous studies have investigated whether forming an
image facilitates or inhibits visual perception, in the present article
we attempt to determine whether visual images and visual percepts
can be integrated to allow a perceptual judgment involving the
combination of the two and to investigate the properties of such an
integration process. To do this, we used the temporal integration
paradigm originally developed by Eriksen and Collins (1967) to
explore the integration of two individual percepts (see also Di
Lollo, 1980; Di Lollo & Hogben, 1987; Di Lollo, Hogben, &
Dixon, 1994; Dixon & Di Lollo, 1994; Loftus & Irwin, 1998).
During the temporal integration procedure, a stimulus is divided
into two parts. These parts are presented serially, separated by
some time delay. The subject’s task requires being able to “see”
the whole stimulus, that is, the sum of the two parts. In Eriksen and
Collins’s original task, two seemingly random dot patterns were
individually presented on each trial. However, if superimposed, the
patterns created a nonsense, three-letter syllable. The subjects were
to identify the syllable, a task that required the combination of

information from the two distinct (not temporally or physically
overlapping) visual presentations.

Performance in a temporal integration task is generally consid-
ered to indicate the degree to which two stimuli are integrated.
Studies on temporal integration between two stimuli have shown
that performance is very high when the temporal separation be-
tween the two stimulus parts is very short (e.g., less than 50 ms).
However, increasing the stimulus onset asynchrony (SOA) be-
tween the two stimulus parts by increasing either the presentation
duration of the first stimulus or the interstimulus interval (ISI)
between the offset of the first stimulus and the onset of the second
stimulus profoundly hinders performance (Di Lollo, 1980; Loftus
& Irwin, 1998). When the SOA is greater than 50 ms, subjects’
performance decreases dramatically and reaches the floor at about
100 ms. These results suggest that the combination of two visual
stimuli is possible, but only if they fall in a very small temporal
window. This is because visible persistence from the first stimulus
must be integrated with the presentation of the second stimulus,
and visible persistence is short-lived and time-locked to stimulus
onset (Coltheart, 1980; Di Lollo, 1980).

To test whether integration can also occur between visual im-
ages and visual percepts, we extended the temporal delay between
the two stimulus parts long enough so that a visual image of the
first stimulus could be formed. If that image can be integrated with
the second stimulus, then performance should improve, and sys-
tematic variation of the temporal delay should allow us to measure
the characteristics of the image formation process and the integra-
tion process.

Experiment 1

To test the image–percept integration hypothesis, Experiment 1
used a variant of the temporal integration task devised by Di Lollo
(1980) in which subjects made responses based upon the combi-
nation of information from two discretely presented stimuli. Sub-
jects were shown an enclosed 4 � 4 square grid. On any given
trial, several individual squares were filled simultaneously with a
dot for a brief time. After some delay (during which the grid was
blank), several previously empty squares were each briefly filled
with a dot. In the course of this process, one square in the grid was
never filled. The subject’s task was to indicate which position was
left empty. To accomplish this goal, subjects had to have knowl-
edge of the positions of all the dots that were presented.

The delay separating the two dot-array presentations was ma-
nipulated by varying the ISI between the arrays. ISIs ranged from
0 to 5,000 ms in intervals of 500 ms, although an ISI of 100 ms
was also included. ISIs of 0 and 100 ms were used to replicate the
general findings associated with perceptual integration and to
serve as baseline conditions. Performance should be at ceiling
when no delay separates the dot arrays, because the two arrays
should be perceived as a single presentation. At the other extreme,
performance should fall to floor when 100 ms separates the array
presentations. The longer ISIs were used to test the hypothesized
image–percept integration process that may occur beyond the
temporal window for perceptual integration. The image–percept
integration hypothesis posits that when subjects are afforded
enough time to form an image of the first dot array, performance
should improve as ISIs increase above 100 ms, although the level
of performance that is ultimately reached may or may not be
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equivalent to the ceiling level established when the two arrays
were integrated perceptually.

Method

Subjects

Eight members of the University of Illinois community, including two of
the authors (J.R.B. and R.F.W.), participated after providing informed
consent. Except for the authors, all subjects were naive with respect to the
experimental hypotheses and were paid $5 for participating.

Stimuli

Stimuli consisted of two unique dot arrays presented within an enclosed
4 � 4 square grid. The first array contained seven dots and the second array
contained eight dots. Together, the arrays filled all but one square in the
grid. The grid was composed of interconnected lines, drawn over the
background such that the color within the grid spaces and the area sur-
rounding the grid was the same. Subjects viewed the stimuli at a normal
viewing distance from a computer screen (approximately 50 cm). The total
display subtended 38.1 cm (approximately 37° of visual angle) horizontally
and 27.9 cm (29°) vertically. The square grid subtended 15.9 cm (18°).
Each square within the grid subtended 3.96 cm (4.5°). Each dot presented
in the array subtended 3.3 cm (3.8°). The display background was light
gray, the grid lines were light blue, and the dots were black.

Apparatus

The stimuli were presented at a refresh rate of 60 Hz on a Gateway
VX900 monitor. A Gateway E-4200 microcomputer controlled stimulus
presentation and recorded responses. Subjects made their responses by
moving a cursor controlled by a mouse trackball and clicking on the grid
location that they thought had been unfilled.

Design and Procedure

Each trial consisted of two sequentially presented dot arrays within an
enclosed square grid separated by a variable ISI. On any given trial, one
position within the grid was never filled. Under the constraint that no
members of the two arrays occupy the same spatial position, the dot
patterns were randomly generated. Accordingly, the location of the missing
dot was equally likely to occur in all positions within the grid.

Subjects were instructed that they were to identify the position of the
missing dot. They were told that in order to do this they would have to
remember the positions of the dots in Array 1 across the delay that
separated the arrays and combine this information with that contained in
Array 2. It was suggested that a good strategy to use would be to imagine
the dots still being present after they disappeared.

Prior to the onset of each trial, an empty 4 � 4 square grid was presented
in the center of the display. When ready to begin the trial, subjects pressed
the spacebar. Immediately, the first array of seven dots was presented
within the grid for 33 ms. The ISI between the offset of the first dot array
and the onset of the second array was either 0, 100, 500, 1,000, 1,500,
2,000, 2,500, 3,000, 3,500, 4,000, 4,500, or 5,000 ms, during which the
empty grid remained on the screen. Following the delay, the second array
containing eight dots was presented for 33 ms. After both arrays were
presented, a cursor appeared on the screen. Using a mouse, subjects moved
the cursor to the position in the grid that they thought was left empty during
the trial and clicked one of the buttons. Subjects were told to respond as
accurately as possible and that they were under no speed stress.

Each ISI (12) occurred equally often. Using a repetition factor of 32,
each subject completed a total of 384 trials, divided into blocks of 8 trials.
Within each block, the ISI was constant. Subjects were informed of the ISI

duration prior to the start of each block. For each subject, the blocks of
trials were presented in a different random order. The subjects’ responses
were recorded.

Prior to beginning the experimental trials, subjects completed 25 practice
trials. Practice trials consisted of five trials each, at ISIs of 0, 100, 1,000,
2,000, and 3,000 ms. During practice, subjects were given feedback con-
cerning the accuracy of their responses. However, during the experimental
trials no feedback was given.

Results and Discussion

The results are reported in four sections. First, as a preliminary
measure of performance, accuracy was assessed as a function of
ISI. Second, because accuracy is affected by the amount of infor-
mation retained from either array, the source of errors was assessed
with an emphasis on the strength of the relationship between
different types of error and accuracy. Third, the number of dots
remembered from each array was calculated to quantify the
amount of available information that was integrated. Finally,
trends in performance were assessed in order to address the tem-
poral characteristics of the underlying processes.3 Trends in per-
formance, as measured by accuracy, error, and capacity, are illus-
trated in Figure 1. For all analyses, an alpha level of less than .05
was adopted as the criterion for statistical reliability.

Accuracy

According to the image–percept integration hypothesis, visual
images and visual percepts are integrated in the visual buffer.
Thus, as more information from the first array enters the visual
buffer and becomes integrated with the second array, accuracy
should increase. Accuracy was measured in terms of the percent-
age of trials on which subjects correctly identified the location of
the missing dot. Analysis of accuracy focused on the effect of
increasing the ISI between dot array presentations.

A one-way repeated measures analysis of variance (ANOVA)
with ISI as the independent factor demonstrated that accuracy did
vary as a function of ISI, F(11, 77) � 22.1, MSE � .930. Single-
degree-of-freedom polynomial tests showed a reliable cubic trend
between ISI and accuracy, F(1, 7) � 49.3, MSE � .803, indicating
nonmonotonicity in the accuracy data. Visual inspection of mean
accuracy as a function of ISI suggested that two distinct monotonic
functions represented the data. First, accuracy decreased as the ISI
increased from 0 to 100 ms. Second, there was a curvilinear
increase in accuracy between ISIs of 100 and 5,000 ms. Each of
these trends is discussed in turn.

Accuracy when the ISI was less than or equal to 100 ms
(perceptual integration). When the ISI between array presenta-
tions was 0 ms, accuracy for identifying the missing dot was very
good, averaging 79%. However, when the ISI increased to 100 ms,
accuracy dropped to a mean of 21%. This difference in perfor-
mance was reliable, t(7) � 12.0. On the basis of previous percep-
tual integration research and subjective reports obtained from
subjects in this study during debriefing, the two dot arrays seemed

3 Each measure of performance is not completely orthogonal and some
redundancy does exist. However, each measure characterizes performance
in a different light, and therefore each contributes to an overall depiction of
the phenomenon being studied.
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to be perceptually integrated into a single presentation when no
delay separated them, although the arrays were never physically
present concurrently. However, when the delay between array
presentations was 100 ms, the integration effect was greatly re-
duced and performance decreased sharply. Consistent with previ-
ous research, these data showed that integration between two
percepts can occur, but only within a very small temporal window
(� 100 ms).

Accuracy when the ISI was greater than or equal to 100 ms.
When the ISI was 100 ms or greater, accuracy also varied as a
function of ISI, F(10, 70) � 22.2, MSE � .890. Single-degree-of-
freedom polynomial tests demonstrated a reliable positive-slope
linear trend, F(1, 7) � 68.9, MSE � 1.67, and quadratic trend, F(1,
7) � 75.5, MSE � .860, in the accuracy data. The reliable
positive-slope linear trend indicates that accuracy increased as ISI
increased. The reliable quadratic trend indicates that the rate of
increase in accuracy was not constant across all ISIs. That is, the
relationship between accuracy and ISI was curvilinear. Post hoc
contrasts showed that accuracy improved as the ISI increased
through 1,500 ms but did not differ when the ISI was greater than
or equal to 1,500 ms. After 1,500 ms, accuracy asymptoted at
approximately 68%. It is important to note that no decrease in
accuracy was detected at later ISIs.

Errors

Accuracy is affected by the amount of information retained from
both the first and second array. Thus, from the accuracy data alone,
the source of improvement is not clear. When an error is made, it
could be of two forms. First, the incorrectly selected position of the
missing dot could have been previously occupied by a dot from the

first array; this kind of error results from a failure to properly retain
or use information from the first array. Second, the incorrectly
selected position could have been previously occupied by a dot
from the second array; this kind of error is associated with a failure
to perceive or encode information contained in the second array,
possibly due to the interference of the first array. Each type of error
was measured in terms of the percentage of trials on which they
occurred.

As a percentage of total trials, Array 1 errors occurred, on
average, on 32% of the trials and accounted for 81% of all errors.
The Pearson correlation between Array 1 errors and correct re-
sponses across ISIs was �.95, revealing an almost perfect depen-
dence between accuracy and Array 1 error. On the other hand, as
a percentage of total trials, Array 2 errors occurred, on average, on
6% of the trials and accounted for 19% of all errors. Array 2 errors
were rare (� 1%) when the ISI was 0 ms; when the ISI exceeded
0 ms, Array 2 errors occurred on 7% of trials and did not vary with
ISI. The Pearson correlation between Array 2 error and accuracy
across ISIs was �.17, revealing relative independence between
accuracy and Array 2 error (even stronger independence was
observed when the ISI exceeded 0 ms, in which case the correla-
tion was �.09). Overall, it appears performance depended primar-
ily upon the quality of the representation formed or maintained of
the first array.

Capacity

Although accuracy provides an initial test of the image–percept
integration hypothesis, it can be misleading as an estimate of how
much information was used in the judgment task because it is not
necessarily a direct reflection of the amount of information re-

Figure 1. Results of Experiment 1. Left: Mean correct responses, Array 1 errors, and Array 2 errors (with
standard error bars) as the percentage of trials on which they occur as a function of interstimulus interval (ISI).
Right: Percentage of dots from each array (with standard error bars) that was remembered as a function of ISI.
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membered. Accuracy increases as more and more dots are remem-
bered—from either array. However, such increase is not linear. For
instance, forgetting only one dot will cause accuracy to drop from
100% to 50%, assuming that subjects make a random choice
between the correct cell and the forgotten one. Forgetting one more
dot does not do as much harm, though, as performance will drop
to 33% (i.e., choosing 1 of 3). Additionally, error rates can indicate
the source of improvement in accuracy but cannot quantify
changes in the amount of information that is retained from each
array. Thus, a more direct assessment of the amount of information
used for the judgment (i.e., the number of dots remembered) is
useful in assessing properties of image–percept integration, such as
the capacity of the representations formed.

With a few simple assumptions, the amount of information that
was retained from each array can be calculated. The amount of
information retained from the two arrays can be determined by
combining both accuracy and error information. The percentage of
Array 1 errors to correct responses is equivalent to the number of
dots forgotten from the first array. Similarly, the percentage of
Array 2 errors to correct responses is equivalent to the number of
dots forgotten from the second array (see Appendix A for a
detailed discussion of the logic behind these calculations). There-
fore, the number of image and percept dots remembered are
calculated by simply subtracting the number of image and percept
dots forgotten from the number of dots actually presented in the
array.4

The first array. On average, 6.2 (88%) of the dots presented in
the first array were remembered across the ISI. As would be
expected on the basis of trends in accuracy and Array 1 error, the
capacity of the first array varied as a function of ISI, F(11, 77) �
45.4, MSE � .352. Not surprisingly, capacity was greatest when
the ISI was 0 ms (M � 6.7 dots, or 96%), and lowest when the ISI
was 100 ms (M � 3.0 dots, or 43%). After 100 ms, a curvilinear
increase in capacity was observed. Capacity no longer increased
once the ISI reached 1,500 ms, after which capacity attained a
mean level of 6.6 dots (94%). Planned comparisons showed that
this level of capacity did not reliably differ from that when the ISI
was 0 ms, F(1, 7) � 2.1.

The second array. The amount of information retained from
the second array was very high, averaging 7.8 dots (98%). No
effect of ISI was observed, F(11, 77) � 1.3, which is consistent
with the absence of an effect of ISI on Array 2 error when the ISI
was greater than 0 ms. In addition, no reliable interpretable trends
were observed, and the Pearson correlation between ISI and ca-
pacity in the second array (�.08) also failed to reach statistical
reliability. The near-perfect capacity for the second array and its
invariance across ISIs suggests that little forward masking or
interference from the first array occurred in this task.

Temporal Characteristics of Performance

A critical analysis of Experiment 1 concerns the temporal char-
acteristics of improvement, which were measured in terms of the
amount of time it takes for performance to reach asymptote. The
analyses using ANOVA models (reported above) suggested that
accuracy, Array 1 errors, and capacity no longer varied after 1,500
ms. However, a disadvantage to using an ANOVA model to
estimate the point at which each measure becomes independent of
ISI is that such an estimate is restricted to ISI values that were

chosen a priori. The true estimate is likely to fall between the
selected ISI values.

This limitation was addressed using linear spline regression
analyses. Using this procedure, two contiguous line segments were
fit to the performance data by varying the slope of the first segment
and the joint between the lines. Because the various ANOVA
analyses showed that performance (whether it be measured by
accuracy, Array 1 error, or capacity) ultimately reached an asymp-
tote, the second line had a fixed slope of 0 (for a detailed descrip-
tion of this approach, see Appendix B). Because capacity is the
best measure of the underlying process by which performance
improves, further analysis on the temporal characteristics of per-
formance used capacity as the dependent measure. More specifi-
cally, because performance depended primarily upon the amount
of information derived from the first array, and because the amount
of information retained from the second array remained stable
across all ISIs, the capacity of the first array was analyzed.5

The best fitting lines to the capacity data showed an increase in
capacity for the first array through 1,300 ms, after which capacity
reached asymptote. Thus, this analysis suggests that a slow pro-
cess, such as forming an image of the first array, is responsible for
the increase in performance, and it requires approximately 1,300
ms to complete. This estimate is consistent with other two-
dimensional image generation studies, which have generally esti-
mated that images require between 1,000 and 2,000 ms to generate
(e.g., Kosslyn, Cave, Provost, & von Gierke, 1988; Kosslyn,
Reiser, Farah, & Fliegel, 1985; Weber & Harnish, 1974).

There is, however, an alternative possibility. The improvement
in performance as ISI increases may potentially reflect the dissi-
pation of backward masking, rather than the development of a
visual image. Studies of perceptual integration have shown that
backward masking occurs between two successively presented
visual arrays, whereby the second array limits the amount of
information that can be extracted from the leading array (e.g., Di
Lollo & Hogben, 1987; Groner, Groner, Bischof, & Di Lollo,
1990). Thus, more information about the first array might be
remembered with longer ISIs because there is less masking be-
tween the two presentations when the temporal separation in-
creases. The rather long time course of improvement (1,300 ms)
indicates that backward masking alone cannot explain the im-
provement in performance in the task, however. The effects of
backward masking should have dissipated after 300 ms (Averbach
& Coriell, 1961; Breitmeyer, 1980, 1984; Breitmeyer & Ganz,
1976; Kahneman, 1968; Lefton, 1973; Matin, 1975; Turvey,
1973). However, capacity continued to improve for at least 1,000
ms beyond this time. These results contradict a pure backward
masking interpretation (although masking might have hindered
performance in the 100-ms ISI condition) and provide further
support for the hypothesis that, when given sufficient time, an

4 By number of dots remembered, we do not mean that each dot was
remembered as a separate entity; rather, some chunking may have taken
place. Therefore, this analysis may have inflated the underlying capacity
for individual entities. It nonetheless provides a measure of the amount of
information from the array that was remembered.

5 The same analysis was also performed on trends in accuracy and error
and produced results consistent with those using capacity as the dependent
measure.
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image of the first array was generated and combined with ongoing
perception.

Although conventional mechanisms of backward masking can-
not account for the present data, it is possible that presentation of
Array 2 interfered with the continuing development of Array 1
when the ISI was less than 1,500 ms. That is, once the second array
was presented, it appears that subjects were unable to maintain and
develop the image of Array 1 further so that it could be integrated
with the slowly developing image of Array 2. There may be
several reasons for the cessation of image generation once the
second array was presented. One possibility is that an attentional
switch away from image generation of Array 1 may have been
triggered by the onset of the second array.6 This is possible within
Kosslyn’s (1980, 1995, 1997) conception of the visual buffer,
because it contains an attention window that selects input on the
buffer for further processing. If the second array draws this win-
dow away from the forming image, further generation may not be
possible. Another possibility is that once the second array is
presented and integrated with the information from the first array
that was already loaded into the visual buffer, continued generation
of the first array would require generating and maintaining a
representation of the positions of all 15 presented dots—a process
that might conceivably exceed limitations on short-term memory
or image capacity. Issues of integration speed and capacity limi-
tations are considered in Experiments 2–5.

Summary

The results of Experiment 1 are consistent with the image–
percept integration hypothesis. When no temporal delay separated
the presentation of the two dot arrays, accuracy was very high
(79%). However, when 100 ms separated the array presentations,
accuracy declined to 21%. When the ISI exceeded 100 ms, accu-
racy improved to approximately 68%. Error analysis showed that
this increase in accuracy was almost exclusively associated with a
decrease in Array 1 errors, and capacity analyses showed that the
amount of information retained from the first array rose from 43%
(i.e., about 3.0 dots) when the ISI was 100 ms to a ceiling level of
approximately 94% (i.e., about 6.6 dots). These results demon-
strate that as the ISI increased beyond 100 ms, subjects were better
able to represent information from the leading display.

Capacity for the first array increased at a relatively slow and
constant rate and did not reach asymptote until 1,300 ms. This
temporal characteristic of capacity is inconsistent with the hypoth-
esis that accuracy improves simply because backward masking is
removed at longer ISIs. Under such a hypothesis, capacity should
have recovered more quickly (certainly by 500 ms), according to
previous research on masking. Rather, a slow and effortful process
that enabled subjects to represent more and more information from
the first array long after its disappearance seems to underlie
performance. Thus, it appears that subjects may generate an image
of the first array during the ISI that can subsequently be integrated
with incoming visual information from the environment. Finally,
capacity for the first array for ISIs greater than or equal to 1,500
ms did not differ from capacity when the ISI was 0 ms (i.e., during
perceptual integration). Therefore, the process guiding integration
at long ISIs, in this experiment, produces a representation almost
as rich in information as that following perceptual integration.

Experiment 2

Experiment 1 demonstrated that performance in a temporal
integration task recovered slowly after the dissipation of percep-
tual integration and reached asymptote after 1,300 ms. These
results support the hypothesis that a visual image of the first array
was generated during the delay, which was subsequently integrated
with a percept. Experiment 2 further tested whether the integration
process was between an image and a percept or between two
images by measuring how much time such an integration process
takes in comparison with the perceptual integration process.

It is important to note that this question is very different from
questions concerning the temporal characteristics of performance
explored in Experiment 1. Experiment 1 addressed how much time
is needed to create an adequate representation of the first array in
the visual buffer; Experiment 2 addresses how much time is
needed to process the second array and subsequently integrate the
arrays to arrive at a judgment (i.e., after the first array is already in
the visual buffer). According to the image–percept integration
hypothesis, the time it takes to process the second array and
integrate the two representations should be similar during image–
percept integration and perceptual integration, although the deci-
sion time might be slightly different, depending on the number of
alternatives from which the subject must choose. If, contrary to our
hypothesis, subjects formed separate images of both arrays, which
were then combined into a unified representation, then the process
that governs performance at late ISIs is not the direct integration of
images and percepts, but rather the interaction of two memory
traces. Such a process should require much more time to complete
than a process that directly integrates two percepts or a per-
cept with the image in the visual buffer because time must be
spent generating an additional image (somewhere on the order of
1,300 ms).

To address the time required to complete the integration and
judgment process, we carried out a variant of Experiment 1 where
subjects’ reaction time (RT) was recorded. Aside from recording
RTs, two important changes were introduced. First, only two ISIs
were used. Specifically, the ISI between arrays was either 0 ms or
2,000 ms. When the ISI is 0 ms, the two dot arrays are perceptually
integrated. When the ISI is 2,000 ms, perceptual integration is no
longer possible and the image–percept integration process would
govern performance. Note that 2,000 ms exceeds the 1,300 ms
estimate in Experiment 1 for how much time is required for
performance to reach ceiling once perceptual integration is no
longer possible. Second, the time between the offset of the second
array and the onset of a cursor, which subjects moved in order to
register their responses, was systematically varied. Because sub-
jects could not overtly respond until the cursor appeared, this
manipulation had the effect of delaying subjects’ ability to register
their judgment after the second array was presented for some time.
Thus, we refer to the time between the offset of the second array
and the onset of the cursor as the response delay. The response
delay manipulation is critical in estimating the time required to
integrate the two arrays and form a judgment in the two types of
integration processes.

6 We thank Vincent Di Lollo for suggesting this possibility; see Di Lollo
and Moscovitch (1983).
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At short response delays, the integration and judgment processes
do not have time to be completed prior to the presentation of the
cursor (when RT starts to be timed). Therefore, RT will reflect
array integration time, judgment time, and motor response time.
However, as the response delay increases, a greater portion of the
integration–judgment process is completed prior to the presenta-
tion of the cursor and would therefore not be included in the RT
measure. This results in a decrease in RT as response delay
increases. At some point, the cursor delay will exceed the time
required to integrate the arrays and form a judgment. When this
point is reached, RT will include only the time to complete the
motor response, and the RT curve will asymptote at some floor
level. The point at which this occurs provides a measure of how
much time is required to integrate the two arrays and complete the
cognitive process of selecting the location of the missing dot.

Method

Subjects

Eight members of the University of Illinois community participated after
providing informed consent. None of the subjects in Experiment 2 partic-
ipated in Experiment 1. All subjects were naive with respect to the
experimental hypotheses and were paid $10 for participating.

Stimuli

The same stimuli were used as in Experiment 1.

Apparatus

The same apparatus was used as in Experiment 1.

Design and Procedure

As in Experiment 1, each trial consisted of two sequentially presented
dot arrays within an enclosed square grid separated by some delay (ISI). On
any given trial, one position within the grid was never filled; the subject’s
task was to identify the position of the missing dot. Prior to the onset of
each trial, an empty 4 � 4 square grid was presented in the center of the
display. When they were ready to begin the trial, subjects pressed the
spacebar. Immediately, the first array of seven dots was presented within
the grid for 33 ms. In separate blocks, the ISI between the offset of the first
dot array and the onset of the second array was either 0 ms or 2,000 ms.
Following the delay, the second array containing eight dots was presented
for 33 ms. After both arrays were presented, a cursor appeared on the
screen in a random location. However, the elapsed time between the offset
of the second array and the appearance of the cursor varied. The cursor
appeared either 0, 67, 167, 333, 467, 600, 767, 900, 1,067, 1,200, 1,367, or
2,000 ms after the offset of the second array. Subjects could not register a
response until the cursor appeared. Thus, this manipulation is referred to as
the response delay. Using a mouse, subjects moved the cursor to the
position in the grid that they thought was left empty during the trial and
clicked one of the buttons. Subjects were told that their reaction time was
being recorded. However, to minimize a speed–accuracy tradeoff, subjects
were not told to respond as quickly as possible but rather to respond as
soon as they knew the answer.

Response delay and ISI were crossed. Each response delay (12) occurred
equally often. Using a repetition factor of 32, each subject completed 384
trials at each ISI, or 768 total trials. Trials were divided into four sessions,
each consisting of 192 trials. Each session was further divided into 24
blocks of 8 trials. Within each session the ISI was constant; within each
block the response delay was constant. Subjects were informed of the
duration of both the ISI and response delay prior to the start of each block.

For each subject, the blocks of trials were presented in a different random
order. An ABBA counterbalance was used to determine the order of
sessions. Sessions were completed on 2 separate days. On each day
subjects completed two sessions at different ISIs. The subjects’ responses
and reaction times were recorded.

At the beginning of each day, before the experimental trials, subjects
completed 100 practice trials. Practice trials consisted of 10 trials, each
using response delays of 0, 500, 1,000, 1,500, and 2,000 ms at each ISI.
During practice, subjects were given feedback concerning the accuracy of
their responses. However, during the experimental trials no feedback was
given.

Results and Discussion

The purpose of Experiment 2 was to obtain an estimate of the
time required to integrate the two arrays and arrive at a judgment
when either 0 ms (perceptual integration) or 2,000 ms (hypothet-
ical image–percept integration) intervened between array presen-
tations. Analyses therefore focused on RT as a function of re-
sponse delay. However, prior to such an analysis it was necessary
to ensure that other dimensions of performance aside from RT did
not vary as a function of response delay.

Accuracy, Error, and Capacity

Separate, one-way, repeated measures ANOVAs were con-
ducted on accuracy, Array 1 error, Array 2 error, and capacity for
each array to explore potential differences across response delay
within each ISI. In all analyses, none of these measures of perfor-
mance varied as a function of response delay. On average, when
the ISI was 0 ms, accuracy was 86% (SEM � 0.5); Array 1 error
occurred on 12% of trials (SEM � 0.4); Array 2 errors occurred on
2% of trials (SEM � 0.3); 6.8 dots (SEM � 0.01), or 97%, were
remembered from the first array; 7.9 dots (SEM � 0.01), or 99%,
were remembered from the second array. When the ISI was 2,000
ms, accuracy was 53% (SEM � 1.0); Array 1 error occurred on
40% of trials (SEM � 1.2); Array 2 error occurred on 7% of trials
(SEM � 0.4); 6.1 dots (SEM � .04), or 87%, were remembered
from the first array; 7.8 dots (SEM � 0.01), or 98%, were remem-
bered from the second array. Comparisons across ISI indicated
reliable differences in accuracy, Array 1 error, Array 2 error, and
capacity that mirrored similar comparisons in Experiment 1.

Temporal Characteristics

Having established that accuracy, error, and capacity did not
vary by response delay, the effect of response delay on RT was
analyzed. The analysis of RT focused on trials on which a correct
response was given. On incorrect trials, there could have been a
failure to integrate the arrays completely, and therefore reaction
times on these trials may not accurately reflect the time required to
integrate the arrays. On the basis of the analysis of accuracy and
error as a function of response delay, this trim did not dispropor-
tionately exclude trials for either error type from each response
delay. Mean RT by ISI and response delay are illustrated in Figure
2. Separate, one-way ANOVAs explored the effect of response
delay on RT within each ISI. Each of these analyses is discussed
in turn.

RT when the ISI was equal to 0 ms. When the ISI was 0 ms,
RT did vary by response delay, F(11, 77) � 37.5, MSE � 4,014,
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and single-degree-of-freedom polynomial tests showed a reliable
negative-slope linear trend in the RT data, F(1, 7) � 55.0, MSE �
14,255. A reliable quadratic trend, F(1, 7) � 173.4, MSE � 4,709,
indicated that the decrease in RT as response delay increased did
not remain constant across all response delays; the relationship
between RT and response delay was curvilinear.

As in Experiment 1, linear spline regression was used to analyze
the temporal properties of this relationship. In particular, the point
at which RT reached floor was of interest. Pairwise comparisons
showed that when response delay was less than or equal to 600 ms,
RT reliably decreased; when response delay was between 600 and
1,067 ms, RT reliably increased; when the ISI was at least 1,067
ms, no reliable differences among RTs were observed. Therefore,
the second segment of the overall piecewise function in the spline
regression analysis was not defined to be a horizontal line. Rather,
the slope of both the first and second line segments were free
parameters (see Appendix B for further details of this modifica-
tion). Results of this procedure showed that RT decreased at a rate
of 86 ms for every 100-ms increase in response delay through 500
ms, after which RT increased at a rate of 7 ms for every 100-ms
increase in response delay. The overall fit of this model was very
good, as indicated by a multiple R of .82. Simple linear regression
of RT on response delay for response delays greater than 500 ms
failed to demonstrate a reliable nonzero slope line that best fit the
RT data. This suggests RT reached floor at approximately 500 ms.

RT when the ISI was equal to 2,000 ms. When the ISI was
2,000 ms, RT also varied by response delay, F(11, 77) � 27.5,
MSE � 13,977, and single-degree-of-freedom polynomial tests
showed a reliable negative-slope linear trend in the RT data, F(1,
7) � 344.4, MSE � 10,390. A reliable quadratic trend, F(1, 7) �
41.2, MSE � 10,951, indicated that the decrease in RT as response
delay increased did not remain constant across all response delays;
the relationship between RT and response delay was curvilinear.

Planned comparisons indicated that RT no longer differed by

response delay when response delay was greater than or equal to
767 ms. To be commensurate with the linear spline regression
approach used to analyze trials on which the ISI was 0 ms, the
slope of both the first and second line segments were free param-
eters (the second segment was not defined as a horizontal line).
This procedure showed that RT decreased at a rate of 70 ms for
every 100-ms increase in response delay through 800 ms, after
which RT increased at a rate of 1 ms for every 100-ms increase in
response delay. The overall fit of this model was also very good,
as indicated by a multiple R of .83. Again, simple linear regression
of RT on response delay for response delays greater than 800 ms
failed to demonstrate a reliable nonzero slope line that best fit the
RT data. This suggests RT reached floor at approximately 800 ms.

Effect of ISI on integration and processing time. When the ISI
was 0 ms, integration and response selection required approxi-
mately 500 ms. When the ISI was 2,000 ms, integration and
response selection required approximately 800 ms. These esti-
mates were contrasted by computing the time required for RT to
reach floor for each subject. The t tests showed a reliable differ-
ence between the estimates attained from each ISI, t(7) � 2.3,
indicating that integration and response selection were approxi-
mately 300 ms faster when the delay between the arrays was 0 ms
than when the delay was 2,000 ms.

Because integration time and response selection time cannot be
decoupled, at least in the present paradigm, it is difficult to obtain
a precise estimate of how long perceptual integration takes as
opposed to response selection. However, it can be concluded that
the integration component requires less than 500 ms (the integra-
tion plus selection estimate). Likewise, although a specific esti-
mate for how much time image–percept integration takes is
equally unattainable, it is no more than 300 ms longer than the
perceptual integration process. In other words, even if this slow-
down was entirely due to differences in the speed of integration
processes, the difference was far less than the time that would be
required if an image of the second array were generated prior to
selecting a response (1,300 ms, on the basis of the results of
Experiment 1). Thus, it seems that integration following a long
delay is indeed a product of a relatively direct combination of
perceptual information with a previously constructed image main-
tained in the visual buffer.

Before leaving this discussion, some speculation can be made as
to what may be causing the slowdown in the integration–response
selection process. If the slowdown is due to differences in the
speed of integration, two possible explanations exist. First, per-
ceptual integration may take place earlier in the visual system (e.g.,
in the retina) than image–percept integration (e.g., in the visual
cortex). Second, integration may be slower when memory is re-
quired to maintain an image of the first array in the visual buffer.
Alternatively, the slowdown may be due to a slower response
selection process. In this case, response selection may be slower at
the longer ISI because memory is less than perfect, and more time
is spent analyzing the integrated representation of the arrays to
choose a response from the increased number of alternatives.
Additionally, response selection may be a stage of processing that
requires access to a limited-capacity bottleneck. A slowdown in
response could then arise because they draw upon similar re-
sources as image generation and integration.

Figure 2. Results of Experiment 2. Mean response times and standard
errors by interstimulus interval (ISI) and response delay.
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Experiment 3

Experiments 1 and 2 have provided good support for the hy-
pothesis that images and percepts can be integrated to form a new,
composite representation. Experiments 3, 4, and 5 investigated
some of the fundamental properties of this integration process.

The purpose of Experiment 3 was to assess the impact of
increasing the duration of the first array on image–percept inte-
gration. In Experiments 1 and 2 this duration was fixed at 33 ms,
which might have limited the amount of information that subjects
could extract from the stimulus in order to form an image of it.
Intuitively, it would seem that increasing exposure to the first array
would facilitate image generation, because subjects are given more
time to transform that array into an image. On the other hand,
previous research has shown that increasing the duration of the
leading array in a temporal integration task disrupts perceptual
integration (e.g., Di Lollo, 1980), so perhaps the same would be
true for the integration of images and percepts. For example,
longer exposure (i.e., leaving the perceptual stimulus on the
screen) could potentially interfere with image generation and
maintenance, thereby disrupting the image–percept integration
process.

To examine these possibilities, in Experiment 3 the duration of
the first array, as well as the delay between array presentations,
was varied. That is, the temporal separation of the two arrays was
defined by the SOA—the elapsed time between the onset of each
array. The SOA was determined either by the delay between the
arrays (ISI condition), as in Experiments 1 and 2, or by the
duration of the first array (duration condition). The main question
addressed in Experiment 3 is whether increasing the duration of
the first array will cause more or less improvement in performance
as compared with increasing ISI. Such a result would occur if
longer experience with the first array enabled subjects to form a
better or worse memory trace (i.e., image) of that array.

Method

Subjects

Eight members of the University of Illinois community participated after
providing informed consent. None of the subjects in Experiment 3 partic-
ipated in Experiments 1 or 2. All subjects were naive with respect to the
experimental hypotheses and were paid $5 for participating.

Stimuli

The same stimuli were used as in Experiment 1.

Apparatus

The same apparatus was used as in Experiments 1 and 2.

Design and Procedure

The general procedure of Experiment 3 was the same as in Experiments
1 and 2. Each trial consisted of two sequentially presented dot arrays within
an enclosed 4 � 4 square grid where one position within the grid was never
filled. The subject’s task was to identify the position of the missing dot. As
in the previous experiments, after both arrays were presented, a cursor
appeared on the screen and, using a mouse, subjects moved the cursor to
the position in the grid that they thought was left empty during the trial and
clicked one of the buttons. Subjects were told to respond as accurately as
possible and that they were under no speed stress.

In separate conditions, the SOA was manipulated by either varying the
time that elapsed between the arrays (as in Experiments 1 and 2) or the
duration of the first array. The SOA was either 33, 133, 300, 533, 1,033,
or 2,033 ms. The SOA depended upon one of two factors: the delay
between arrays (ISI condition) or the duration of the first array (duration
condition). For the ISI condition, the first array was always presented for
33 ms, and the delay between the offset of the first array and the onset of
the second array was 0, 100, 266, 500, 1,000, or 2,000 ms. For the duration
condition, the array was presented for 33, 133, 300, 533, 1,033, or 2,033
ms, and 0 ms separated the offset of the first array and the onset of the
second array. Note that the SOAs in the two conditions were matched. Also
notice that trials on which the SOA was 33 ms for both conditions were
physically identical because they used the minimum exposure duration of
the first array and the minimum delay between the arrays. Because of this
redundancy, crossing SOA and condition yielded 11 different trial types.

Each trial type occurred equally often. Using a repetition factor of 32,
each subject completed 352 trials, divided into blocks of 8 trials. Within
each block, the trial type was constant. Subjects were informed of the
duration of the first array and the duration of the delay between arrays prior
to the start of each block. For each subject, the blocks of trials were
presented in a different random order. Accuracy for identifying the position
of the missing dot within a trial was recorded.

Prior to beginning the experimental trials, subjects completed 70 practice
trials. Practice trials consisted of 10 trials each at an SOA of 33 ms and at
SOAs of 133, 1,033, and 2,033 ms in each condition. During practice,
subjects were given feedback concerning the accuracy of their responses.
However, during the experimental trials no feedback was given.

Results and Discussion

The primary interest of Experiment 3 is the comparison of
performance in the ISI condition versus the duration condition,
with matched SOAs. Trials on which the SOA was 33 ms were
considered to be members of both conditions, as it used the
minimum values for both the duration of the first array (33 ms) and
the time between arrays (0 ms). Thus, analyses comparing condi-
tions focused on performance when the SOA exceeded 33 ms. In
three sections, differences in accuracy, error, and capacity across
these conditions are considered.7 Trends in performance, as mea-
sured by accuracy, error, and capacity, are illustrated in Figure 3.

Accuracy

Analysis of accuracy focused on the effect of increasing the
SOA between dot array presentations. As Figure 3 shows, accu-
racy varied as a function of SOA in the same way as it did in
Experiment 1, and this was true regardless of whether SOA was
defined by increases in array duration or increases in delay. In both
cases, accuracy decreased as SOA increased from 33 to 133 ms,
but then increased as SOA increased from 133 to 2,033 ms. Thus,
increasing the duration of the first array affected the overall pattern
of performance in this task in much the same way as increasing the
ISI.

7 Temporal characteristics were not analyzed. Statistically, capacity
shared a direct and linear relationship with SOA. Therefore, there was no
statistically identifiable point at which capacity no longer increased. The
absence of the quadratic trend observed in Experiments 1 and 2 is probably
due to the exclusion of SOAs longer than 2,033 ms in Experiment 3. Thus,
there was not enough power to statistically observe the curvilinear data
pattern. However, it is clear from examining the data visually that such a
trend was present.
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To examine this more closely, the effect of condition on accu-
racy was assessed for SOAs greater than or equal to 133 ms using
a 2 (condition) � 5 (SOA) repeated measures ANOVA. A main
effect of condition was observed, F(1, 7) � 5.7, MSE � .023.
Mean accuracy was higher in the duration condition (49%) than in
the ISI condition (41%). The interaction between condition and
SOA was not significant, F(4, 28) � 1.0.

Error

Array 1 and Array 2 error were measured as the percentage of
trials on which each occurred. As in the accuracy data, the overall
error patterns are very similar to those of Experiment 1, regardless
of whether SOA was defined by increases in stimulus duration or
by increases in delay. In both cases, the vast majority of errors
were Array 1 errors, and there was a very high negative correlation
between Array 1 errors and correct responses but a near-zero
correlation between Array 2 errors and correct responses. Thus, as
in Experiment 1, integration performance was dependent primarily
on the representation of the first array.

To examine this more closely, the effect of condition on error
was assessed for SOAs greater than or equal to 133 ms using
separate 2 (condition) � 5 (SOA) repeated measures ANOVAs on
Array 1 and Array 2 errors. With respect to Array 1 error, a main
effect of condition was observed, F(1, 7) � 9.6, MSE � .035. The
occurrence of Array 1 error in the duration condition (41%) was
lower than in the ISI condition (54%). Post hoc comparisons
demonstrated that differences in Array 1 error across the two delay
conditions continued to differ across all SOAs. In addition, con-
dition and SOA did not interact, F(4, 28) � 1.

With respect to Array 2 error, a main effect of condition was
observed, F(1, 7) � 6.8, MSE � .007. Mean percentage of Array
2 error in the duration condition (10%) was higher than in the ISI
condition (5%). Post hoc comparisons demonstrated that at least
marginal differences in Array 2 error between conditions were
observed across all SOAs. However, no effect of SOA was ob-
served, F(4, 28) � 2.0, nor did SOA interact with condition, F(4,
28) � 1.5. This indicates that Array 2 errors, in general, were
unaffected by SOA per se; rather, differences in the percentage of
Array 2 errors were produced by the condition.

Figure 3. Results of Experiment 3. Mean accuracy (top left), error (top right), and capacity (bottom left), with
standard error bars, as a function of stimulus onset asynchrony (SOA) and compared between the interstimulus
interval (ISI) and duration conditions. Accuracy is illustrated as a percentage of trials on which a correct response
was given. Array 1 error and Array 2 error are also illustrated as the percentage of trials on which they occur.
Capacity for each array is illustrated as the percentage of dots remembered. (Error bars are too small to be visible
for Array 2 capacity data.)
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Although accuracy tended to not differ between the two condi-
tions beyond the earliest SOAs, differences in Array 1 and Array
2 errors were observed throughout all SOAs. Array 1 errors were
more common in the ISI condition, but Array 2 errors were less
common. Thus, longer exposure duration to the first array did
seem to decrease the likelihood of error associated with that array,
but it caused error associated with the second array to be more
common. This trade-off is likely to be the reason for similar levels
of accuracy in the two delay conditions.

Capacity

Capacity for the first and second array was calculated in the
same manner as in Experiments 1 and 2. As in the analyses of
accuracy and errors, capacity varied across SOA in much the same
way regardless of whether SOA was defined by stimulus duration
or by delay. Capacity was highest when the SOA was 33 ms, was
the lowest in both conditions when the SOA was 133 ms, then
increased linearly as the SOA increased above 133 ms. The
amount of information retained from the second array was very
high at all SOAs.

To examine this more closely, the effect of condition on capac-
ity was assessed for SOAs greater than or equal to 133 ms using
separate 2 (condition) � 5 (SOA) repeated measures ANOVAs for
the capacity for each array. With respect to the first array, a
marginal main effect of condition was observed, F(1, 7) � 4.0,
MSE � .020, p � .09, and condition marginally interacted with
SOA, F(4, 28) � 2.1, MSE � .003, p � .10. Thus, mean capacity
in the duration condition (5.8 dots, 83% of the array) may have
been slightly higher than that in the ISI condition (5.5 dots, 79%).
However, post hoc comparisons demonstrated that differences in
capacity between conditions did not differ when the SOA was
greater than 133 ms. This indicates that any advantage provided by
the longer duration of the first array was confined to the shortest
SOAs, beyond which the representation appeared to have much the
same quality regardless of stimulus duration.

With respect to capacity for the second array, a main effect of
condition was observed, F(1, 7) � 539.2, MSE � .001. Mean
capacity in the duration condition (7.0 dots, 88%) was lower than
that in the ISI condition (7.9 dots, 99%). Post hoc comparisons
demonstrated that differences in capacity between the two condi-
tions were observed across all SOAs. However, no effect of SOA
was observed, F(4, 28) � 1, nor did SOA interact with condition,
F(4, 28) � 1.2. This indicates that capacity for the second array
was unaffected by SOA per se; rather, differences in capacity were
produced by the condition.

Summary

At early SOAs, accuracy was better in the duration condition
than in the ISI condition, but this advantage seemed to be lost for
longer SOAs. Error analyses revealed that increasing the duration
of the first array is associated with fewer Array 1 errors, but more
Array 2 errors. The most revealing analysis, however, concerned
the capacity of information derived from each array. For the
capacity of the first array, only a moderate advantage was observed
in the duration condition relative to the ISI condition, and this
benefit was clearly confined to SOAs of less than 300 ms.8 The
capacity of the second array was always higher in the ISI condition

than in the duration condition, possibly because of a forward
masking effect.

In short, the results of Experiment 3 indicated that, when given
enough time, subjects are able to effectively construct an image of
the first array either with or without the presence of the array, and
at longer SOAs, there was little difference observed between the
two conditions. Thus, in terms of integration, an image of the first
array maintained over the blank interval in the absence of perceiv-
able information was as effective as a prolonged presentation of
the first array. When SOA was short (� 300 ms), however, a
longer exposure to the leading array enabled somewhat better
performance. Whether this advantage is directly related to image
generation is unclear, however. For instance, the longer duration of
the first array may have rendered it more resistant to backward
masking.

Experiment 4

The purpose of Experiment 4 was to investigate the character-
istics of image–percept integration when the amount of to-be-
integrated information is increased. This manipulation allowed two
important issues to be addressed. First, in Experiments 1–3, sub-
jects were required to hold seven dots in memory over the duration
of the delay, an amount that lies within the limits of a short-term
memory store for nonspatially formatted (e.g., verbal) information
(e.g., Miller, 1956). As such, it is possible that information from
the arrays may not have been represented in an image, or an
arraylike format on the visual buffer. Finding that image–percept
integration can occur even when the amount of to-be-remembered
information exceeds the bounds of stores such as verbal working
memory would cast doubt on alternative explanations of our re-
sults that are based on nonspatial memory. If imagery underlies
performance, the various measures of accuracy, error, capacity,
and time course should show the same trends as in the previous
experiments.

Previous studies, however, have suggested that images are lim-
ited in spatial extent and capacity (Finke & Kosslyn, 1980; Finke
& Kurtzman, 1981a; Kosslyn, 1975, 1976, 1978; Weber & Malm-
strom, 1979). Thus, increasing the amount of to-be-remembered
information could cause an associated decrement in performance
(e.g., less remembered information, slower time course, etc).
Therefore, a second issue that can be addressed by increasing array
size is one of capacity limitations in the image–percept integration
process. Such an evaluation was not possible in Experiments 1–3
because, given sufficient time, subjects successfully remembered
almost all of the first array, forgetting approximately 10% of the
available information, or the equivalent of only 0.75 dots (to
equate across experiments, when arrays were separated by 2,000
ms, the percentage of remembered dots was 91% in Experiment 1,
87% in Experiment 2, and 90% in Experiment 3 for both condi-
tions). Indeed, in Experiment 1, capacity for the first array after

8 Although the capacity of the first array differed between the two
conditions only for the shortest SOAs, Array 1 errors were more common
in the ISI condition for all SOAs. Because the capacity of the first array
directly measures the amount of information from the first array, whereas
the Array 1 error measure is mainly, but not strictly, determined by the
quality of the image, capacity measures provide the best indicator of the
underlying causes of performance.
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1,500 ms did not reliably differ from that when the ISI was 0 ms.
Thus, to assess both nonspatial memory explanations and capacity
issues, the effect of increasing the amount of to-be-remembered
information on accuracy, error patterns, and the time course of
performance was examined.

Method

Subjects

Eight members of the University of Illinois community, including two of
the authors (J.R.B. and R.F.W.), participated after providing informed
consent. All subjects participated in Experiment 1 prior to Experiment 4.
On average, 111 days elapsed between Experiments 1 and 2. Although
subjects were told the purpose of Experiment 1 and the possible outcomes
in a debriefing session following that experiment, they were not informed
of the results of Experiment 1 until the completion of Experiment 4.

Stimuli

Stimuli consisted of two unique dot arrays presented within an enclosed
5 � 5 square grid. Each array contained 12 dots. Only 1 dot occupied any
position within the grid. Subjects viewed the stimuli at a normal viewing
distance from a computer screen (approximately 50 cm). The total display
subtended 38.1 cm (approximately 37° of visual angle) horizontally and
27.9 cm (29°) vertically. The square grid was the same size as that in
Experiment 1, subtending 15.9 cm (18°). Each square within the grid
subtended 3.18 cm (3.6°). Each dot presented in the array subtended 2.84
cm (3.2°). The display background was light gray, the grid lines were light
blue, and the dots were black.

Apparatus

The apparatus was the same as in Experiment 1.

Design and Procedure

Except for the change in the construction and dimensions of the grid and
dot arrays, the design and procedure were the same as in Experiment 1.

Results and Discussion

Of interest in Experiment 4 was the effect of increasing to-be-
integrated information on performance. Trends in performance,
measured by accuracy, error, and capacity, are illustrated in Figure
4 as a function of ISI. Results of Experiment 4 are considered on
their own and in relation to those obtained in Experiment 1 (4 �
4 grid).

Accuracy

The overall pattern of performance was similar to that in Ex-
periments 1–3: Accuracy was high at the shortest delay, dropped
precipitously at the 100-ms delay, then gradually increased to an
asymptotic level at an ISI of approximately 1,000 ms. Between the
ISIs of 0 and 100 ms, accuracy fell from 70% to 11%. It is
important to note that accuracy continued to vary when the ISI
exceeded 100 ms, F(10, 70) � 6.1, MSE � .840. A reliable
positive-sloping linear trend F(1, 7) � 6.9, MSE � 1.99, and
quadratic trend, F(1, 7) � 137.4, MSE � .225, indicated that
accuracy and ISI shared a direct but curvilinear relationship. Spe-
cifically, accuracy improved until the ISI was greater than or equal
to 1,000 ms, after which accuracy reached asymptote at approxi-
mately 35%.

The increase in array size had only minor effects on perceptual
integration. Although accuracy was reliably lower than in Exper-
iment 1 at 0 ms, t(7) � 2.4, as well as at 100 ms, t(7) � 4.8, the

Figure 4. Results of Experiment 4. Left: Mean correct responses, Array 1 errors, and Array 2 errors (with
standard error bars) as the percentage of trials on which they occur as a function of interstimulus interval (ISI).
Right: Percentage of dots from each array (with standard error bars) that was remembered as a function of ISI.
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cost of increasing the ISI from 0 to 100 ms was the same in both
experiments t(7) � �0.2, p � .85. The trends in performance after
100 ms were highly similar in both experiments, differing only in
magnitude. That is, accuracy increased in a curvilinear fashion
when the ISI exceeded 0 ms, indicating that image–percept inte-
gration occurred for 12-dot patterns as well as for 7- and 8-dot
patterns. However, a 2 (experiment) � 12 (ISI) repeated measures
ANOVA that assessed potential differences in accuracy between
Experiments 1 and 4 revealed a reliable main effect of experiment,
F(1, 7) � 47.6, MSE � 7.25. This indicates that accuracy in
Experiment 1 was reliably higher than in Experiment 4. In addi-
tion, a reliable Experiment � ISI interaction, F(10, 70) � 4.9,
MSE � .702, demonstrated that in Experiment 4, increases in ISI
did not produce increases in accuracy as dramatic as those in
Experiment 1. Together these results suggest that integrating two
12-dot patterns was more difficult than integrating 7- and 8-dot
patterns.

Errors

As a percentage of total trials, Array 1 errors occurred, on
average, on 55% of the trials and accounted for 83% of all errors.
Thus, in Experiments 1 and 4, Array 1 error was directly linked to
accuracy, explaining more than 85% of the variance in accuracy
across ISI. Array 2 errors, as a percentage of total trials, occurred,
on average, on only 10% of the trials and accounted for 17% of all
errors. As in Experiment 1, accuracy and Array 2 error were
independent (r � .02).

Capacity

The first array. On average, 9.6 dots (80%) presented in the
first array were remembered across the ISI. The capacity of the
first array varied as a function of ISI, F(11, 77) � 14.8, MSE �
1.13. As in Experiments 1 and 3, capacity was greatest when the
ISI was 0 ms (M � 11.5 dots, or 96%) and lowest when the ISI was
100 ms (M � 4.1 dots, or 34%). After 100 ms, a curvilinear
increase in capacity was observed. Capacity increased until the ISI
reached 1,500 ms, after which it attained a mean level of 10.1 dots
(84%).

A 2 (experiment) � 12 (ISI) repeated measures ANOVA ex-
plored potential differences in the percentage of dots remembered
from the first array in Experiment 1 and Experiment 4. A reliable
main effect of experiment was observed, F(1, 7) � 6.0, MSE �
5.50. However, experiment did not interact with ISI, F(11, 77) �
1.2. That is, a lesser percentage of the first array was remembered
in Experiment 4 (80%) than in Experiment 1 (88%). However, this
decrease must be considered in light of the increased number of
dots in the first array in Experiment 4—88% of 7 dots (6.2 dots)
is less than 80% of 12 dots (9.6 dots). This result indicates that the
positions of more dots were remembered in the 12-dot array than
in the 7-dot array. In addition, the positions of more dots were also
forgotten in the 12-dot array (2.4 dots) than in the 7-dot array (0.7
dots). Obviously, not all dots in Experiment 4 were remembered,
suggesting that the 12-dot array exceeded the capacity limitations
of the representation.

The second array. The amount of information retained from
the second array was, on average, 11.7 dots (97%). A marginal
effect of ISI was observed, F(11, 77) � 1.8, MSE � .041, p � .06.
However, no reliable interpretable trends were found.

A 2 (experiment) � 12 (ISI) repeated measures ANOVA ex-
plored potential differences in the percentage of dots remembered
from the second array in Experiment 1 and Experiment 4. A
reliable main effect of experiment was observed, F(1, 7) � 11.2,
MSE � .073. However, experiment did not interact with ISI, F(11,
77) � 1. Although a statistically lower percentage of the second
array was remembered in Experiment 4 (97%) than in Experiment
1 (98%), capacity for the second array was virtually at ceiling in
both experiments, and the difference in the capacity of the second
array (expressed in percentage terms) was negligible.

Temporal Characteristics

Spline regression showed that capacity for the first array in-
creased until the ISI reached 1,100 ms, after which capacity was
constant. As in Experiment 1, the rather long time course suggests
that dissipation of backward masking as ISI increases cannot
explain the entire increase in capacity. Again, we interpret this as
evidence that a slow process is responsible for the increase in
performance, which required approximately 1,100 ms to complete.
This time course is consistent with the hypothesis that a represen-
tation of the first array is generated and maintained during the ISI
and then subsequently integrated with incoming perceptual
information.

In Experiment 1, the estimated time course of image generation
for the 7-dot array was 1,300 ms. In Experiment 4, however, the
estimated time to generate a 12-dot image was 1,100 ms. To
address the reliability of this difference, the estimate of the time
required for capacity to reach asymptote for each subject was
computed using the spline regression procedure. The t tests
showed that the difference between the estimates attained in Ex-
periments 1 and 2 were unreliable. Therefore, it cannot be con-
cluded that the time course of image–percept integration differed
in the two experiments.

Summary

The trends in accuracy, error, capacity, and time course were
consistent with those in Experiment 1. Experiment 4 therefore
provides additional support for the image–percept integration hy-
pothesis because, despite memory demands that exceeded the
capacity of short-term verbal memory, subjects were able to per-
form the integration task at long ISIs and their representations of
the first array contained the equivalent of 10 of the 12 dots it
contained. However, accuracy was lower (and error more com-
mon) than in Experiment 1. Additionally, capacity for the first
array decreased, in terms of the percentage of dots remembered,
when the array size increased from 7 to 12 dots. These results
indicate that capacity for the image representation may be limited.
On the basis of these experiments, it is not clear whether this
limitation is one of absolute number of items that can be encoded
or of spatial resolution. Studies of visual short-term memory often
show limitations in the number of features that can be remem-
bered, although these estimates often vary with task demands
(Irwin, 1992; Irwin & Andrews, 1996; Luck & Vogel, 1997;
Peterson, Kramer, Wang, Irwin, & McCarley, 2001; Rensink,
2000; Sperling, 1960; Vogel, Woodman, & Luck, 2001). In addi-
tion, imagery studies have suggested that the visual buffer upon
which images are generated and maintained has a fixed resolution
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or grain such that smaller or more densely packed features may
lead to a less-clear image (e.g., Kosslyn & Alper, 1977).9 Future
research could examine this issue more closely.

Experiment 5

Experiment 5 had two goals. One was to obtain an estimate of
the time required to integrate two 12-dot arrays under conditions
set for perceptual integration (0-ms ISI) and image–percept inte-
gration (2,000-ms ISI) for purposes of comparison with the esti-
mates obtained in Experiment 2, in which a 4 � 4 grid was used.
Of interest was whether the time course of image–percept integra-
tion would change if more information had to be integrated. The
second goal was to replicate the major findings of Experiment 4 (in
terms of accuracy, error, and capacity) using a new set of naive,
unpracticed subjects, because the subjects in Experiment 4 had
participated in Experiment 1 and thus might have been influenced
in some fashion by that experience.

Method

Subjects

Eight members of the University of Illinois community participated after
providing informed consent. None of the subjects in Experiment 5 partic-
ipated in Experiments 1–4. All subjects were naive with respect to the
experimental hypotheses and were paid $10 for participating.

Stimuli

Stimuli were the same as in Experiment 4.

Apparatus

The apparatus was the same as in Experiment 1.

Design and Procedure

Except for the change in the construction and dimensions of the grid and
dot arrays, the design and procedure were the same as in Experiment 2.

Results and Discussion

In general, measures of performance such as accuracy, error,
and capacity closely followed those observed in Experiment 4,
which also used a 5 � 5 grid. The time course of integration,
however, was the same as that observed in Experiment 2.

Accuracy, Error, and Capacity

No effect of response delay was observed on accuracy, Array 1
error, Array 2 error, or capacity for either ISI. On average, when
the ISI was 0 ms, accuracy was 75% (SEM � 0.7); Array 1 errors
occurred on 22% of trials (SEM � 0.7); Array 2 errors occurred on
3% of trials (SEM � 0.10); 11.7 dots (SEM � 0.01), or 98%, were
remembered from the first array; 11.9 dots (SEM � 0.01), or 99%,
were remembered from the second array. These results replicated
those in Experiment 4 where perceptual integration was charac-
terized by 70% accuracy, 29% Array 1 error, 1% Array 2 error,
96% image capacity, and 99% percept capacity.

When the ISI was 2,000 ms, accuracy was 30% (SEM � 0.9);
Array 1 errors occurred on 60% of trials (SEM � 1.0); Array 2

errors occurred on 10% of trials (SEM � 0.30); 10.0 dots (SEM �
0.20), or 83%, were remembered from the first array; 11.7 dots
(SEM � 0.07), or 97%, were remembered from the second array.
These results also replicated those in Experiment 4, where aymp-
totic performance was characterized by 35% accuracy, 53% Array
1 error, 12% Array 2 error, 84% image capacity, and 97% percept
capacity. In addition, comparisons across ISI indicated reliable
differences in accuracy, Array 1 error, Array 2 error, and capacity
that mirrored similar comparisons in Experiment 4.

Temporal Characteristics

As in Experiment 2, analyses focused on trials on which a
correct response was given. Mean RT by ISI and response delay
are illustrated in Figure 5. Separate, one-way ANOVAs explored
the effect of response delay on RT within each ISI. Each of these
analyses is discussed in turn.

RT when the ISI was equal to 0 ms. When the ISI was 0 ms,
RT did vary by response delay, F(11, 77) � 35.5, MSE � 3,678,
and single-degree-of-freedom polynomial tests showed a reliable
negative-slope linear trend in the RT data, F(1, 7) � 47.1, MSE �
16,110. A reliable quadratic trend, F(1, 7) � 121.4, MSE � 4,406,
indicated that the decrease in RT as response delay increased did
not remain constant across all response delays. Specifically, linear
spline regression indicated that RT decreased at a rate of 78 ms for
every 100-ms increase in response delay through 460 ms, after
which RT increased at a rate of 5 ms for every 100-ms increase in
response delay. The overall fit of this model was very good, as
indicated by a multiple R of .84. Thus, RT reached floor at
approximately 460 ms.

RT when the ISI was equal to 2,000 ms. When the ISI was
2,000 ms, RT also varied by response delay, F(11, 77) � 7.3, MSE
� 37,372. Single-degree-of-freedom polynomial tests showed a
reliable negative-slope linear trend in the RT data, F(1, 7) � 29.6,
MSE � 83,047, as well as a reliable quadratic trend, F(1, 7) �
15.7, MSE � 15,448, indicating that the decrease in RT as re-
sponse delay increased did not remain constant across all response
delays. Specifically, linear spline regression indicated that RT
decreased at a rate of 49 ms for every 100-ms increase in response
delay through 820 ms, after which RT increased at a rate of 6 ms
for every 100-ms increase in response delay. Although the vari-
ability in this condition was higher in Experiment 5 compared with
Experiment 2, the overall fit of this model was still good, as

9 During the review process, we learned of a study that used a procedure
similar to ours in Experiment 3 but that obtained different results (Zuvic,
Visser, & Di Lollo, 1999). This study also used a dot-matrix task to study
temporal integration, and it varied the duration of Array 1 up to 1,200 ms.
Zuvic et al. found that accuracy declined as duration increased to 100 ms
but did not recover at longer durations. There were several procedural
differences between the two studies, however, the most striking of which
was the visual angle of the displays (18° in our study vs. 2° in the Zuvic
et al., 1999, study). It is possible that the difference in results between the
two studies was due to subjects being unable to generate a high-resolution
image of Array 1 in the Zuvic et al. study, although other explanations are
possible as well. This is a topic for future research.
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indicated by a multiple R of .55. Thus, RT reached floor at
approximately 820 ms.

Discussion

As would be expected, accuracy, error, and capacity measures
replicated the results of Experiment 4. This indicates that, within
these measures, the performance of subjects in Experiment 4 was
not significantly influenced by the additional practice of complet-
ing Experiment 1 first.

Temporal analyses showed that when the ISI was 0 ms, inte-
gration and response selection required approximately 460 ms,
whereas when the ISI was 2,000 ms, approximately 820 ms was
needed. These estimates are highly similar to those obtained in
Experiment 2, where perceptual integration required 500 ms and
image–percept integration required 800 ms. Thus, the time re-
quired to integrate the elements of a 5 � 5 array is very similar to
the time required to integrate the elements of a 4 � 4 array,
providing support for the hypothesis that images and percepts are
integrated directly in some form of immediate analog representa-
tion rather than through a time-consuming process of image–image
integration or verbal mediation.

In summary, Experiment 5 demonstrated that, despite somewhat
lower levels of accuracy using the larger grid, the integration of the
image generated from the first array was directly integrated with
the perceptual information contained in the second array. The
reduction in accuracy, then, is probably due to a limitation in the
amount of information that can be retained from the first array,
rather than from a less efficient integrative process that combines
the information that was retained in the visual buffer.

General Discussion

A large volume of research has suggested that visual imagery
and visual perception share a common neural and cognitive archi-
tecture. Therefore, one would expect images and percepts to in-
teract in various ways. In this article we obtained evidence that

visual images and visual percepts can be integrated to form a new
composite representation, and we investigated some of the funda-
mental properties of this integration process.

Our experiments used a temporal integration paradigm whereby
a stimulus is divided into two spatial parts that are presented
serially, separated by some time delay. Consistent with previous
research investigating perceptual integration, we found that accu-
racy in combining the two parts of the display was very high when
the temporal delay separating the two stimulus parts was 0 ms, but
accuracy plummeted when a temporal delay of 100 ms separated
the two stimulus parts. However, we found that if the temporal
asynchrony of the arrays was extended beyond 100 ms, task
performance improved and in some cases approached the levels
observed during perceptual integration. Moreover, two temporal
properties of performance indicate that this improvement is the
result of the direct integration of incoming perceptual information
with actively generated and maintained visual images. First, in
order for performance to improve to ceiling, more than 1,000 ms
was required between array presentations, ruling out explanations
based upon conventional masking. This prolonged time course
suggests that a slow process was at work that gradually built a
more complete representation of the first array. Furthermore, sub-
jects continued to perform quite well even when the limits of
nonspatial memory were exceeded. Second, once the representa-
tion was generated, the integration and response selection pro-
cesses together required only an additional 300 ms compared with
perceptual integration. This suggests that subjects did not have to
form a separate image of the second array, but rather that percep-
tual information was directly combined with the image already in
the visual buffer.

Of critical importance to a complete understanding of image–
percept integration is how images and percepts are represented in
the visual buffer. In Kosslyn’s (1980, 1995, 1997) theory, the
visual buffer is analogous to a screen that receives projections
from either the eyes (perception) or memory (imagery). If infor-
mation from each source is simultaneously projected onto the
visual buffer, the resulting representation would contain informa-
tion from each source. Of course, in actuality, representations in
the visual buffer must take a very different form. In Kosslyn’s
view, the visual buffer corresponds to retinotopically mapped areas
in the visual cortex within which neural patterns of activity are
elicited that correspond to the properties of the seen object. The
behavioral and neural similarities of image- and percept-based
representations reviewed in the introduction indicate that images
and percepts elicit the same patterns of activity in the buffer and
are treated equally by processing units further downstream. This
similarity in representation, regardless of source, is what would
allow the direct integration of incoming percepts and already
present images at the level of the visual buffer (for a thorough
discussion of the visual buffer, see Kosslyn, 1994).

Given that an image is generated in the visual buffer, what is the
nature of the image–percept integration process? That is, how are
the image and percept fused? The literature on perceptual integra-
tion suggests two possibilities. One class of models focuses on
mechanisms that determine retention, or visibility, of the first array
(e.g., Eriksen & Collins, 1967; Di Lollo & Hogben, 1985, 1987;
Groner et al., 1990). According to this approach, a stimulus re-
mains visible for a short period of time following a brief visual
presentation (i.e., visible persistence). Visible persistence degrades

Figure 5. Results of Experiment 5. Mean response times and standard
errors by interstimulus interval (ISI) and response delay.
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rapidly and, left to its own devices, terminates within 100–150 ms
(see Coltheart, 1980). In temporal integration experiments where a
second percept quickly follows the first, the loss of visible persis-
tence is accelerated because of backward metacontrast masking
generated by the second stimulus (Di Lollo & Hogben, 1987;
Groner et al., 1990; for a review of early experiments, see Lefton,
1973, or more recently, Enns & Di Lollo, 1997; Lachter & Durgin,
1999). Thus, less information from the first array becomes avail-
able and performance decreases sharply.

In contrast, other models emphasize the mechanism or process
that integrates the two percepts. For example, Dixon and Di Lollo
(1994; see also Di Lollo et al., 1994) proposed that performance in
a temporal integration task depends on an integrated representation
of the two arrays. The probability (or the degree) that two arrays
are integrated depends on the temporal correlation of their visual
responses. As the delay between the two percepts increases, the
temporal correlation between their evoked responses in the visual
system decreases, leading to a drop in performance. In this ac-
count, the masking effect is not directly relevant.

Both approaches are consistent with findings in perceptual in-
tegration tasks. Similarly, performance in our tasks can also be
explained using variations of the two approaches. The information
integration approach can easily explain the present findings, if we
assume that an image representation of the first array can be
integrated with ongoing visual responses of the second array, in
basically the same way two visual responses are integrated. For
example, as two visual arrays are presented further and further
apart in time, the leading array is transformed into an image
representation in a visual buffer. Thus, the initial drop of perfor-
mance can be due to a decreased level of integration between two
percepts, whereas the gradual increase reflects a similar but sep-
arate process that occurs between a percept and an image.

Indeed, in the experiments reported here, as the duration of the
delay between the two arrays increased beyond the temporal limits
within which perceptual integration occurs, accuracy improved
because the amount of information remembered from the first
array increased, leading to fewer errors associated with the leading
array. In addition, the time course of the capacity increase was
consistent with the speed at which information enters the visual
buffer from memory (i.e., image formation), which has been
shown to be slow—exceeding 1,000 ms (Kosslyn et al., 1985,
1988; Weber & Harnish, 1974). Furthermore, because Experiment
3 showed that increasing the duration of the first array, which also
disrupts perceptual integration, enabled subjects to gradually re-
member more information from the first array, it seems that
subjects can form this image either during or after the offset of the
stimulus, assuming that such generation is not interrupted by the
onset of a subsequent stimulus.

According to an information retention–masking approach, on
the other hand, the pattern of performance may be due to masking,
which exerts its maximum effect when the delay between the
visual percepts is approximately 100 ms and gradually dissipates
afterward. However, no known mechanisms of masking have
properties that match those in our data. For example, if the im-
provement in capacity for the first array was primarily due to
dissipation of backward masking, the time course of this improve-
ment should be consistent with that of backward masking, which
is estimated to be within 300 ms (e.g., Averbach & Coriell, 1961;
Breitmeyer, 1980, 1984; Breitmeyer & Ganz, 1976; Kahneman,

1968; Lefton, 1973; Matin, 1975; Turvey, 1973). However, in-
creases in the capacity of the first array did not reach asymptote
until the ISI exceeded 1,000 ms, suggesting that the dissipation of
masking is not the only contributor to the increase in performance,
even if backward masking does occur. Nonetheless, an approach
focusing on interruption of information processing of the first
array is still possible, although a new type of masking is needed to
explain the present findings.

In addition to providing evidence for an image–percept integra-
tion process, our data also suggest new insights into the properties
of visual images themselves. Consistent with the definitions of
Kosslyn (1980, 1995, 1997) and Farah (1984, 1985, 1988), our
data suggest that images maintain information about spatial layout
in an arraylike format; however, there appears to be a limit on how
much information can be maintained in an image. In particular, the
results of Experiments 4 and 5 indicate that the positions of
approximately 10 dots can be maintained in an image for subse-
quent integration with incoming perceptual information. Perhaps
surprisingly, this estimate of image capacity does not seem to
match that of visual short-term memory (VSTM), where one might
expect visual images to reside. Several studies have suggested that
visual short-term memory seems to have a limit of about 4–5 items
(e.g., Irwin, 1992; Irwin & Andrews, 1996; Luck & Vogel, 1997;
Phillips, 1974; Pylyshyn & Storm, 1988; Sperling, 1960), yet our
subjects managed to remember up to about 10 dots from the first
array. Of course, this apparent conflict may not exclude the pos-
sibility that images are maintained in VSTM because chunking can
occur, which may inflate the estimated capacity in our tasks.

A more intriguing possibility, however, is that memory for
location may have different capacity limitations than memory for
features such as color, orientation, or identity, which have often
been the measures used to determine the capacity of VSTM. One
recent contrast of capacity estimates for features and locations is
Rensink’s (2000) finding using a change detection paradigm that
memory for object orientation was approximately 5 items, whereas
memory for object location was approximately 9 items, consistent
with the 10-item estimate obtained from Experiments 4 and 5.
Furthermore, capacity may vary with task demands that may alter
the amount of time available for encoding as well as the strategy
with which encoding takes place. In the present paradigm, capacity
could be relatively high because enough time was given to gener-
ate an adequate image of the to-be-remembered information.

One particular property of performance in our experiments,
however, seems inconsistent with previous findings in the litera-
ture concerning the maintenance and decay of information in
VSTM. For example, Phillips (1974) estimated the time course for
the decay of information from VSTM by serially presenting sub-
jects with meaningless patterns of black and white squares (i.e.,
lacking semantic or verbal representations in long-term memory)
constructed within a matrix of some size (e.g., 4 � 4, 6 � 6, or 8 �
8), separated by ISIs ranging up to 9,000 ms. The matrices were
either identical, or they differed by a single square, and subjects
compared the patterns by making same–different judgments. Ac-
curacy on this task decreased as the ISI separating the patterns
increased. This pattern of results indicates that VSTM, in addition
to being limited, is subject to decay. In all of the experiments
reported here, however, performance after 100 ms (measured by
either accuracy or capacity) did not decrease once it reached
asymptote. Thus, some process enabled subjects to maintain in-
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formation from the first array, rendering it resistant to decay. It
appears that in our task, an image can be formed and actively
maintained beyond the limits of VSTM decay. This contrast be-
tween the present results and those of Phillips suggest that the
characteristics of active working memory may vary depending on
the strategies used by subjects while completing different tasks.
How different strategies alter the properties of memory is not well
understood, however, and constitutes an interesting line of future
research.

Another somewhat surprising result is that the time course of
image formation did not seem to differ for the 7- and 12-dot arrays.
From either a memory-encoding point of view or an image for-
mation point of view, one might expect that it would take longer
to process a 12-dot array than a 7-dot array. Indeed, a wide variety
of past research has shown that processing time increases as items
are added to visual displays or memory sets (e.g., images: Kosslyn,
1980; memory sets: Sternberg, 1966; visual search: Treisman &
Gelade, 1980). The fact that it did not take longer in Experiment 4
for performance to reach asymptote suggests that the dots within
each array might not be encoded separately but might be chunked
by the visual processing system. Furthermore, the same number of
chunks may be formed for both the 7- and 12-dot arrays, leading
to the similar time course in the two experiments. Future research
needs to investigate these issues in more detail to reveal more
about the nature of image representations.

Finally, our results suggest a possible resolution to an apparent
paradox in the literature on image–percept interactions. As we
noted in the introduction, some researchers have found that visual
images interfere with visual perception (e.g., Craver-Lemley et al.,
1997; Craver-Lemley & Reeves, 1992; Perky, 1910; Reeves, 1981;
Segal, 1971), whereas others have found that visual images facil-
itate visual perception (e.g., Freyd & Finke, 1984; Peterson &
Graham, 1974). A potential solution to this apparent conflict arises
from our demonstration that image-based and perception-based
representations can be integrated in the visual buffer. Given such
a process, depending on the nature of the task or the kind of image
formed, either interference or facilitation could be observed. For
example, should an image that is maintained in the buffer be
integrated with incoming perceptual information, the perceptual
stimulus will be embedded in the image in the resultant represen-
tation, which might impair its detection (e.g., the Perky effect). In
such a case, imagery would interfere with visual detection. On the
other hand, certain perceptual tasks may benefit from the image if
the image provides a useful context. For instance, imaging a square
around two lines might aid in determining which line is longer, an
effect that would be observed if the square were visually perceived
(Freyd & Finke, 1984), because the square can provide a reference
frame for the perceptual comparison task. In those cases when the
image and the percept are integrated, the resulting representation is
potentially richer and more useful, thus making judgments about
visual percepts easier.
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Appendix A

Capacity Calculation

On any given trial, it is certain that subjects remembered some, but not
all, of the dots from each array (if they had remembered every dot,
accuracy would have been 100%). The number of dots remembered, and
forgotten, from each array can be calculated on the basis of the expected
probabilities of correct responses, Array 1 errors, and Array 2 errors.
Assuming subjects made a response by randomly choosing among the
positions in which they did not remember seeing a dot (i.e., positions
associated with the dots they forgot plus the empty cell), there are N � 1
possible responses, where N is the number of dots forgotten, of which only
1 is correct. Therefore, the probability of getting a correct response, P(C),
is

P(C) �
1

(N � 1)
. (A1)

When an incorrect response is made, the probability of making an Array 1
error, P(E), is

P(Ei) �
i

(N � 1)
, (A2)

where i is the total number of dots forgotten from the first array. Likewise,
the probability of making an Array 2 error, P(Ep) is

P(Ep) �
p

(N � 1)
, (A3)

where p is the number of dots forgotten from the second array. In order to
calculate values of i and p, the corresponding ratio of observed percentages
of errors to correct responses is computed. For example, the number of dots
forgotten from the first array (i) is found by taking the ratio of observed
percentage of Array 1 errors to the percentage of trials on which correct
responses were given:

P�Ei)

P(C)
�

i

(N � 1)

1

(N � 1)

� i . (A4)

By the same logic, the number of dots forgotten from the second array is
found by computing the ratio of Array 2 errors to correct responses:

P�Ep)

P(C)
�

p

(N � 1)

1

(N � 1)

� p . (A5)

The number of dots remembered from each array, then, is simply the
difference between the number of dots presented in each array and the
number of dots forgotten from each array.

(Appendixes continue)
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Appendix B

Spline Regression Procedure

There is a disadvantage to using ANOVA models to estimate the point
at which capacity reaches an asymptote in that the estimates are restricted
to ISI values that were chosen a priori. The true estimate for the time
required for capacity to reach asymptote, however, is likely to fall between
the selected ISI values. One way to address this limitation is to use linear
spline regression analyses.

Spline regression fits continuous piecewise functions to data (see, e.g.,
Darlington, 1990). Rather than observe a single linear trend throughout the
entire data space, this procedure allows many linear trends to be fit by
dividing the data space into segments. Segment boundaries are defined by
the joints of the piecewise function. To find appropriate segment bound-
aries, the x values of the joints are systematically chosen. For each
selection, a set of linear functions that minimizes the error in prediction
across the whole data space is calculated. The best fitting piecewise
function yields the smallest error term. To assess specific hypotheses with
spline regression, various functions within the piecewise set can also be
defined a priori. For example, between certain joints the function can be
defined to be a horizontal line.

Procedure for Experiments 1 and 4

This procedure was used to estimate the point at which capacity reached
asymptote. Because spline regression was used to fit linear functions to
curvilinear data (the increase in capacity through 1,500 ms produced a
reliable quadratic trend in the ANOVA model), capacity values were first
normalized and then a polynomial transformation was used to linearize
nonlinear data patterns. Specifically, transformation took the form

y � za , (B1)

where z was the normalized capacity score and a was the minimum value
required to produce values of y for which no curvilinear trends were
observed through 1,500 ms. A two-part piecewise function with the fol-
lowing form was then fit to the data:

f(x) � � mx � b if x � x�
c if x � x� , (B2)

where x� defines the joint of the piecewise function and c is a constant
defined by the value of f(x�):

c � mx� � b . (B3)

Phrased in terms of the experimental design, x� is the point at which
capacity no longer differs by ISI. When the ISI is less than x�, the spline
regression procedure calculates the best fitting regression line for the
capacity data; however, for ISIs greater than x�, the trend in the capacity
data is considered to be a horizontal line. In 50-ms intervals, all values of
x� were selected between 500 and 2,000 ms. The overall piecewise function
that minimized the mean square error in prediction was accepted, and the
value of x� for that function was accepted as the best estimate of the point
at which capacity no longer increased by ISI.

Procedure for Experiments 2 and 5

This procedure was used to estimate the point at which RT reached
asymptote. Because two linear functions adequately fit the data (i.e., the
RT trends both before and after the joint of the calculated piecewise
function were linear) no transformations were required on the RT data. In
addition, the analyses could not assume that the second linear function had
a slope of 0. Thus, a two-part piecewise function with the following form
was directly fit to the data:

f(x) � � mx � b if x � x�
mx� � b� if x � x� , (B4)

where

mx� � b � m�x� � b� . (B5)

Phrased in terms of the experimental design, x� is the point at which the RT
data changes the manner in which it varies by ISI (i.e., the slope of the
trend in RT changes). In intervals of 20 ms, all values of x� were selected.
The overall piecewise function that minimized the mean square error in
prediction was accepted, and the value of x� for that function was inter-
preted as the point at which the RT–ISI relationship changed.
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