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Abstract. When two dot arrays are briefly presented, separated by a short interval of time, visual short-term memory of
the first array is disrupted if the interval between arrays is shorter than 1300Ð1500 ms (Brockmole, Wang, & Irwin, 2002).
Here we investigated whether such a time window was triggered by the necessity to integrate arrays. Using a probe task
we removed the need for integration but retained the requirement to represent the images. We found that a long time window
was needed for performance to reach asymptote even when integration across images was not required. Furthermore, such
window was lengthened if subjects had to remember the locations of the second array, but not if they only conducted a
visual search among it. We suggest that a temporal window is required for consolidation of the first array, which is
vulnerable to disruption by subsequent images that also need to be memorized.
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Introduction

A recent study conducted by Brockmole, Wang, and
Irwin (2002) convincingly demonstrated that a long
time window, on the order of 1300Ð1500 ms, is
needed to represent a visual image in a stable form
in visual short-term memory (VSTM). This finding
was revealed in a clever, temporal integration task
(Di Lollo, 1980). On a 5 by 5 grid, Brockmole et al.
presented two dot arrays, each occupying a different
set of 12 cells, such that when overlaid on the grid,
the arrays would cover the entire grid except one cell.
Upon the presentation of the second dot array, sub-
jects were asked to report which cell was the empty
one. Subjects rarely made errors in mistaking the se-
cond array as the empty cell, and such errors, when
committed, were unaffected by the interstimulus in-
terval (ISI) between the two arrays. However, sub-
jects often mistook cells of the first array as the
empty cell. These errors were infrequent when the
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ISI was zero, but increased dramatically for ISI 100
ms or greater, and gradually leveled off for ISI be-
yond 1300Ð1500 ms. Performance asymptoted at
around 1500 ms. Such a long temporal window be-
fore asymptote is surprising, given that visual sen-
sory memory of the first array lasts only about 100
ms (Phillips, 1974; Sperling, 1960). A process that
requires a long temporal lag must not be tied to sen-
sory memory, but what is it? Brockmole et al. be-
lieved that this process was the temporal integration
between the two visual arrays. That is, it takes up to
1500 ms to temporally integrate one visual image
with another.

In this study we investigate an alternative hypoth-
esis that the temporal window is needed for consoli-
dating array 1 into VSTM. In our approach, we mod-
ified Brockmole et al.’s task into a probe task that
required no integration between visual arrays. We
then tested VSTM of array 1 as a function of the ISI
between the two arrays. If a substantial time window
is required for the probe task, then there is no need
to explain the time window in terms of integration.

The consolidation hypothesis is supported by
studies on visual memory of scenes and pictures
(Potter, 1976), and from a phenomenon called the
“attentional blink” (Raymond, Shapiro, & Arnell,
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1992). In her pioneering studies using the rapid serial
visual presentation (RSVP) technique, Potter pre-
sented a sequence of visual scenes to subjects and
probed their recognition for the old images following
the sequence. She found that the consolidation of a
scene into visual STM took 200Ð300 ms. Represen-
tation of the scene was vulnerable to disruption by
subsequent images. Attention enhances consolida-
tion and reduces disruption. If subjects knew which
scene to look for in advance, they could attend to the
target scene and reduce interference from subsequent
images. Potter proposed that scenes and pictures
need to be transformed into a conceptual short-term
memory, which is vulnerable to disruption before the
image is fully consolidated.

The temporal lag for consolidation is not limited
to scenes and pictures that are meaningful and con-
ceptual. It is also shown for simple visual displays
that are devoid of conceptual information. In studies
of the attentional blink, when two targets are embed-
ded among an RSVP sequence, detection and re-
cognition of the second target is severely impaired if
the temporal interval between the two targets is
within 500 ms. Here again, the second target is pro-
cessed but its consolidation cannot be complete
when resource is devoted to the first target (Chun &
Potter, 1995).

We propose that a temporal window of 300 to 500
ms is needed for consolidation of a visual image into
a stable representation in VSTM. During this time
window, processing of the image is vulnerable to dis-
ruption. Its vulnerability is reduced if memory re-
source can be fully devoted to this image, but is
increased if the following image also needs to be
processed. In tasks that do not necessitate the integ-
ration across two visual images, the temporal integ-
ration account predicts that memory for the first im-
age should not be affected by the ISI between
images. In contrast, the consolidation hypothesis pre-
dicts that an ISI of up to 500 ms is needed for mem-
ory of the first image to be fully consolidated. The
following experiments provide evidence for the con-
solidation hypothesis.

Experiment 1: Temporal Window of
Disruption by a Masking Array

In this experiment we completely removed the neces-
sity to integrate the first array with the second. The
first dot array contained black dots that were posi-
tioned in 12 cells of a 5 by 5 grid. A variable ISI
was inserted before a second dot array was pre-
sented. The second array contained white dots that
were positioned in all 25 cells of the grid. One of
the cells was marked by a small red probe. The task
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was to determine whether the probed cell was ini-
tially occupied by the first dot array or not. Figure 1
is a schematic sample of a trial. If a long temporal
window, longer than the duration of sensory memory
(100 ms), is required for performance to reach as-
ymptote in the current experiment, then mechanisms
other than temporal integration should be responsible
for such a long time course.

Time

Image 1: 26.7 ms

ISI: 0-1506ms

Probe array:

until response

Figure 1. Schematic sequence of a trial tested in Ex-
periment 1. The task is to say whether the cell probed
by the red dot was initially occupied by the black
dots.

Method

Participants

Seven participants (18Ð27 years old) from the Bos-
ton area volunteered for the experiment. They all had
normal or corrected-to-normal visual acuity and nor-
mal color vision.

Equipment

Participants were individually tested in a room with
dim lighting. They viewed a computer screen from
an unrestricted distance of about 57 cm. The experi-
ment was programmed using MacProbe 1.88A
(Hunt, 1994).

Trial Sequence

Each trial started with a 5 by 5 grid (9.4 ¥ 9.4∞) for
400 ms, followed by a black dot array (each dot was
0.5 ¥ 0.5∞) that occupied a random set of 12 cells.
The dot array was presented for 26.7 ms and erased,
leaving the grid on the display. After a variable in-
terval (ISI) another array was presented containing a
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white dot-array that occupied all 25 cells. One of the
cells on the second array was probed by a red dot
(0.2 ¥ 0.2∞). Subjects were asked to press the key
labeled “same” if the probe was at one of the mem-
ory locations, and to press the key labeled “different”
if it was previously blank. Upon their response, the
probe array was erased and accuracy feedback in the
form of a smiling or a sad face icon was presented
for 200 ms. One second later the next trial started.
Subjects took a break every 70 trials.

Design

One factor Ð ISI Ð was manipulated in this experi-
ment. It had seven levels: 0, 40, 107, 200, 506, 1000,
or 1506 ms. There were 30 trials at each ISI; half
were “same” trials and the other half “different” tri-
als. Each subject completed 14 practice trials and
210 experimental trials.

Data Analysis

In this study we calculated A’ at each ISI as a mea-
sure of subject’s sensitivity (Grier, 1971). We also
measured percent correct and d’. The overall pattern
of results were the same whether A’, percent correct,
or d’ were used. A’ was preferred as a measure of
memory accuracy (Donaldson, 1993). Mean hit and
false alarm rates are shown in the Appendix.
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Figure 2. Results from Experiment 1: Performance
(A’) as a function of ISI between the two images.
A’ can range from 0.5 to 1.0, where 0.5 is chance
performance and 1.0 is perfect performance. Stan-
dard error bars indicate inter-subject variance.
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Results

Figure 2 shows the average A’ measured across sub-
jects. Chance performance corresponds to an A’ of
0.5, and perfect performance to 1.0. A repeated mea-
sures ANOVA with ISI as the within-subject variable
revealed a highly significant main effect of ISI, F(6,
36) = 5.24, p � .001. Performance increased grad-
ually within the first 500 ms interval, reached maxi-
mum at 500 ms, and then leveled off. Pairwise com-
parison between adjacent ISIs failed to reveal statisti-
cal significance at any adjacent pairs, but perfor-
mance was significantly higher when the ISI was 500
ms than when it was 0, 40, or 107 ms (all p values
� .05). Note that performance was poor when the
ISI was zero. This was because the second image
contained white dots, which directly masked the lo-
cations of the black dots. Masking allowed no oppor-
tunity for sensory memory of image 1 to persist.

There was no evidence for a speed-accuracy tra-
deoff in subjects’ performance. Mean RT for correct
trials was 1207, 1048, 1004, 1022, 1082, 1035, and
1051 ms for the 7 ISIs, F(6, 36) = 3.23, p � .012.
RT for the first interval (ISI = 0) was significantly
slower than those for the other conditions, which did
not differ from one another (F � 1). Because speed-
accuracy tradeoff isn’t an issue in any of the other
experiments, we will no longer report RT in later
experiments.

Experiment 2: Temporal Window
and Memory for the Second Image

The first experiment showed that when integration
was removed, a temporal window, on the order of
about 200Ð500 ms, was entailed for VSTM of the
first image to reach asymptote. This suggests that
integration is not necessary to explain the intermedi-
ate temporal lag observed by previous researchers
(Brockmole et al., 2002). Instead, we suggest that the
consolidation of a visual image takes approximately
200Ð500 ms for an image to receive stable represen-
tation. Such consolidation is disrupted by the pre-
sentation of a masking array within the time window.

In this experiment, we further test whether a tem-
poral window of consolidation is required when the
second image does not mask the first. That is, when
the second image does not overlap with the first, it
does not produce sensory masking. The second array
may still produce substitution masking (Di Lollo,
Enns, & Rensink, 2000), although strictly speaking
the two images do not share common onsets and thus
substitution masking of the first image should be
negligible at ISIs greater than 100 ms. Even under
such conditions, the presentation of a second image
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can disrupt the consolidation of the first, especially
if the second image also needs to be consolidated in
memory.

Figure 3. Schematic trial sequence tested in Experi-
ment 2. In different blocks, subjects were asked to
remember the first array only, the second array only,
or both arrays. The probe was a white dot in the
pure-image 1 block, a green dot in the pure-image 2
block, and either a white or a green dot in the mixed
block.

Figure 3 shows a schematic sample of a trial se-
quence tested in Experiment 2. The first image was
an array of white dots that occupied 8 of the 25 cells
in the 5 by 5 grid. After a variable ISI, the second
image, an array of green dots, occupied another set
of 8 cells. One second later a probe image was pre-
sented, with one cell occupied. Subjects were tested
in three blocks.

In the pure-image 1 block, the probe was always
a white dot with a red center. The task was to report
whether or not this cell was among the first array of
white dots.

In the pure-image 2 block, the probe was always
a green dot with a red center. The task was to report
whether this cell was among the second array of
green dots.

Finally, in the mixed block, the probe was a white
dot with a red center on 50% of trials, and a green
dot with a red center on the other 50% of trials, ran-
domly intermixed. When the probe was white, sub-
jects were to compare the probe with the first array
of white dots; when the probe was green, subjects
were to compare the probe with the second array of
green dots.

We were interested in the memory performance
for the first array. Because the second array did not
overlap with the first, it should not create sensory
masking of the first array. Will there be a temporal
window for memory of the first array to reach as-
ymptote? More importantly, will the duration of such
a window be affected by whether the second image
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was ignored, as in the pure-image 1 block, or was
attended, as in the mixed block?

Method

Participants

Seven participants from the same subject pool were
tested in this experiment.

Procedure

Each subject was tested in three blocks of tasks:
pure-image1, pure-image2, and mixed block. In all
blocks, each trial started with a blank grid of 400ms
followed by an array of white dots (n = 8) randomly
presented on a 5 by 5 grid for 26.7 ms. Then the
array was erased leaving the grid on the screen for a
variable interval (ISI). A second array of green dots
(n = 8) were then presented on the grid occupying
another 8 cells for 26.7 ms. The array was then
erased leaving the grid on the screen for 1 s. Finally,
a probe dot was presented. It was always a white dot
with a red center in the pure-image 1 block, a green
dot with a red center in the pure-image 2 block, and
either a white or a green dot with a red center in the
mixed block. Subjects were instructed to remember
array 1 and ignore array 2 in pure-image 1, to re-
member array 2 and ignore array 1 in pure-image 2,
and to remember both arrays in the mixed block.
Which array was probed was randomly selected from
trial to trial in the mixed block.

When array 1 was probed, the probe was among
one of the array 1 locations on 50% of the trials
(“same” trials), and among one of the 9 locations
not filled by either array on the other 50% of trials
(“different” trials). Similarly, when array 2 was
probed, the probe was among one of the array 2 loca-
tions on 50% of the trials, and among one of the 9
locations not filled by either array on the other 50%
of trials.

Subjects were tested in 5 practice trials in a
mixed-block design. Then they completed 160 trials
in pure-image 1, 160 trials in pure-image 2, and 320
trials in the mixed block. Five levels of ISIs were
used: 0, 107, 200, 506, and 1000 ms. The other as-
pects of the experiment were similar to Experi-
ment 1.

Results

Figure 4 plots A’ as a function of ISI and block type
separately for memory for array 1 and array 2. Un-



49Consolidation of Visual Images

0.6

0.7

0.8

0.9

1

0 250 500 750 1000

ISI (ms)

Pure-image 2

Pure-image 1

Mixed-image 2

Mixed-image 1

A
’

Figure 4. Results from Experiment 2: A’ as a func-
tion of ISI between images, separated for the pure
blocks (image 1 only or image 2 only) and mixed
blocks.

like Experiment 1, the second array did not overlap
spatially with the first array, so it did not produce
sensory masking. Performance was therefore high
when the ISI was 0 in the current experiment. The
following important results were revealed. First, per-
formance was higher for both array 1 and array 2
during the pure blocks than the mixed blocks. That
is, if subjects had to memorize both arrays, perfor-
mance for each array was poorer than if they only
had to memorize one array. Second, performance for
array 2 was not affected by the ISI, but performance
for array 1 was. Third, the effect of ISI on array 1
depended on whether array 2 was ignored or memo-
rized. When array 2 was ignored, array 1 could be
disrupted within a time window of about 0Ð200 ms.
But when array 2 was memorized, array 1 could be
disrupted within a time window of 0Ð500 ms. That
is, memorizing the second array prolonged the time
window during which array 1 could be disrupted.

These results were confirmed by a repeated-mea-
sures ANOVA with two factors, block type (pure or
mixed) and ISI (0Ð1000 ms), separately for A’ of
array 1 and array 2. For array 1, there was a signifi-
cant main effect of block type, with higher accuracy
for the pure block, F(1, 6) = 17.10, p � .006, a sig-
nificant main effect of ISI, F(4, 24) = 3.58, p � .02,
and a significant interaction between block type and
ISI, F(4, 24) = 2.88, p � .044. Performance was
poorest when the ISI was 107ms and largely reco-
vered by 200 ms if array two was ignored. But if
array 2 was remembered performance was poorest
when ISI was 200 ms and did not recover until 500
ms. For array 2, there was a significant main effect
of block type, with higher accuracy for the pure
block, F(1, 6) = 59.71, p � .001. The main effect of
ISI was not significant, nor was the interaction be-
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tween ISI and block type, both F values � 1.40,
p � .25.

Further evidence that memory consolidation char-
acterizes performance came from an analysis on the
mixed condition when accuracy was collapsed for ar-
ray 1 and array 2. The combined A’ was 0.83, 0.83,
0.80, 0.83, and 0.83 for ISIs of 0, 107, 200, 506, and
1000 ms, respectively. These values were not signifi-
cantly different from one another, F � 1. This sug-
gests a surprising degree of constancy for memory
capacity of the two arrays.

Experiment 3: Temporal Window
and Attention to the Second Image

Experiment 2 suggested that the temporal window
needed for consolidation of an image is modulated
by whether the subsequent image is ignored or re-
membered. The window was about 200 ms if the
subsequent image was ignored, but increased to
about 500 ms if the subsequent image was to be re-
membered. But what led to the increase in the tem-
poral window of disruption? Is it because the second
image was attended or because it needed to be re-
membered? To find out, in this experiment we re-
placed the second image with a visual search display.
Instead of trying to remember the locations of an
array of green dots, subjects needed to conduct a
visual search from an array of “L”s. The target was
a “T”, either upright or inverted, and the distractors
were “L”s. The task was to report which target Ð
upright or inverted “T” Ð was presented. Compared
with Experiment 2, the visual search task was atten-
tion-demanding but did not require memory for array
2. If attention to a second image is sufficient to
lengthen the time window during which consolida-
tion of image 1 can be disrupted, we should find the
same pattern of results as Experiment 2. However, if
memory of the second image is necessary for the
lengthening of the temporal window, then we should
not observe a change in the temporal property of
image 1 consolidation.

Method

Seven participants were tested in this experiment in
three blocks: pure-image 1, pure-image 2, and a
mixed block. Image 2 now contained a visual search
display of 7 “L”s (0.9 ¥ 0.9∞) and one “T” that was
either upright or inverted. When image 2 was probed,
a question “upright or inverted T?” was presented at
the center of the display. When image 1 was probed,
a white dot with a red center was presented, just like
Experiment 2. Subjects were asked to remember the
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white dots in pure-image 1, search for a “T” among
“L”s in pure-image 2, and to do both in the mixed
block. All other aspects of the experiment were the
same as in Experiment 2.
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Figure 5. Results from Experiment 3: Performance
as a function of ISI and block type. A’ was the de-
pendent measure for image 1 performance, and per-
cent correct was the dependent measure for image 2
performance, which involved a 2-alternative-forced-
choice task. For both types of measures, 0.5 corre-
sponds to chance and 1.0 corresponds to perfect per-
formance.

Results

Figure 5 shows mean A’ for array 1, and mean per-
cent correct for array 2 as a function of ISI and block
type (pure or mixed). An ANOVA on block type and
ISI showed that for performance on array 1, there
was a significant main effect of block type, F(1, 6) =
20.39, p � .004, showing better performance for the
pure blocks. There was also a significant main effect
of ISI, F(4, 24) = 3.77, p � .016, showing a dip
in performance when ISI was 107 ms. However the
interaction between block type and ISI was not sig-
nificant, F(4, 24) = 1.15, p � .35. Thus, even though
the need to attend and search from image 2 reduced
memory for array 1, the temporal window of the con-
solidation of array 1 was unaffected by attention.

For performance on array 2, there was a signifi-
cant main effect of block type, F(1, 6) = 9.19, p �
.023, but no effect of ISI or interaction, F values �
1.10, p � .35.

General Discussion

In this study we asked whether the long temporal
window during which a visual image can be dis-
rupted by subsequent images was necessarily due to
temporal integration between the two images. Using
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a probe task that removed the necessity to integrate
visual images, we found that a long temporal win-
dow of 200Ð500 ms was still required for memory
of an image to reach asymptote. This suggests that a
process of slow temporal integration is not needed to
account for the time window. Instead, a simpler ac-
count, a slow consolidation for array 1, is sufficient
to explain such temporal properties.

Specifically, following Potter’s conception that a
relatively long consolidation period is needed for a
visual image to receive stable representation (Potter,
1976), we suggest that the representation of a visual
image is vulnerable to disruption within a temporal
window of 200Ð500 ms. It can be disrupted by a
masking display that terminates sensory memory of
the first image (Experiment 1), or by a non-overlap-
ping display that needs to be memorized (Experiment
2). The temporal window for disruption is reduced
to about 200 ms if the subsequent image is non-over-
lapping and ignored (Experiment 2), or if it is
attended in a search task but not memorized (Experi-
ment 3). We believe that the need to memorize both
images significantly lengthened the consolidation
period for the first image. The combined memory
capacity for the two arrays observed in Experiment
2 varied little across ISIs, suggesting that there is a
constant capacity limit on the amount of information
being consolidated. The visual search task of Experi-
ment 3 did not lengthen the temporal window, per-
haps because only one bit of information Ð target
identity Ð competes for memory with array 1. Future
studies should vary memory set size for array 2 to
see how it affects the temporal window of the consol-
idation of array 1.

Finally, we note that this study does not necessar-
ily refute the possibility that temporal integration
across images takes a substantial amount of time. In
fact, the consolidation hypothesis and the temporal
integration hypothesis (Brockmole et al., 2002) are
not exclusive. Both consolidation and integration
may take a long time. The consolidation hypothesis
is preferred here because it is simpler and general-
izes to tasks that require no integration. Future
studies are needed to isolate temporal integration and
to test whether it also requires a long temporal dura-
tion, and whether it lengthens the temporal window
during which the processing of an image can be dis-
rupted (see Jiang & Kumar, in press).
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