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Abstract In two experiments, we used a temporal inte-
gration task to investigate visual mental images based on
information in short-term memory or generated from
information stored in long-term memory (LTM). We spe-
cifically asked whether the two sorts of images rely on
depictive representations. If mental images rely on depic-
tive representations, then it should be possible to combine
mental images and visual percepts into a single represen-
tation that preserves the spatial layout of the display. To
demonstrate this, participants were asked to generate
mental images and then combine them with visual percepts
of grids that were partially filled with different numbers of
dots. Participants were asked to determine which cell
remained empty when the two grids were combined. We
contrasted predictions of propositional or verbal descrip-
tion theories with those of depictive theories, and report
findings that support the claim that mental images—based
on either short-term or LTM—depict information.

Introduction

Introspectively, visual mental images appear akin to
“mental pictures,” which has led many to liken visual
mental imagery to “seeing with the mind’s eye”. However,
some researchers argue that the picture-like qualities of
visual mental imagery, so evident to introspection, are in
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fact epiphenomenal—they play no role in information
processing (e.g., Pylyshyn, 1973; for a review, see Kosslyn,
Thompson, & Ganis, 2006). According to this view, all
mental activity relies on symbolic, propositional (descrip-
tive) representations, and the experience of imagery is like
the heat thrown off by a light bulb while one reads—of no
functional consequence. In contrast, others have argued
that the depictive properties of visual mental images are
functional, in that they convey information originally
encoded during perception. According to this view, if the
representations that underlie imagery are depictive, they
use space in a representational medium to represent space
in the world, such that each part of the representation
corresponds to a part of the represented object and the
distances among the representations of parts mirrors the
actual distances among the parts themselves (see Kosslyn
et al., 2006).

A wealth of behavioral research has been conducted in
an effort to resolve the debate about whether visual mental
images rely, at least in part, on depictive representations.
This behavioral data has indicated that participants are
able to scan (e.g., Kosslyn, Ball, & Reiser, 1978), rotate
(Shepard & Metzler, 1971), and inspect (Kosslyn, 1975)
objects in visual mental images, suggesting that their rep-
resentations possess depictive qualities. However, propo-
sitional theorists have proposed alternative explanations for
such data. In many cases, the accounts rely on the notion
that participants drew on general knowledge of physical
laws to produce the results, and such knowledge is pre-
sumed to be represented propositionally (Pylyshyn, 2002,
2003).

The fact that the behavioral data have failed to resolve
the issue thus far does not imply that such data in principle
cannot bear on the issue. In this article, we consider an
alternative method, which relies on a simple logic: First,
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we know that perceptual displays do depict, by definition,
and we know that the initial representations of visual
information in the brain clearly depict information (Sereno,
Dale, Reppas, Kwong, Belliveau, Brady et al., 1995).
Second, if visual mental images rely on these same rep-
resentations, they would also depict. Third, one way to find
out whether images do in fact rely on the same depictive
representations used in perception is to determine whether
participants can combine information in visual mental
images with information in perceptual displays, producing
a single representation that preserves the spatial layout of
the display.

Researchers have developed methods that can be used to
investigate how visual mental images and visual percepts
can be combined. However, until recently, such methods
have been used solely to study temporal integration of
percepts (e.g., Di Lollo, 1980; Eriksen & Collins, 1967;
Loftus & Irwin, 1998). In these studies, participants are
required to integrate two stimuli, presented sequentially,
and then to use the resulting stimulus to solve a task. These
studies generally reported optimum levels of performance
for interstimulus intervals (ISIs) shorter than 50 ms, and
sharp decreases in accuracy when ISIs exceeded this delay
(see Brockmole, Wang, & Irwin, 2002). This finding
implies that temporal integration of percepts is limited to a
small time frame, given that successful integration relies on
the visible persistence of the stimuli presented.

The studies reported in this article followed directly on
the heels of those reported by Brockmole et al. (2002).
They reasoned that increasing the ISI of two sequentially
presented displays beyond 100 ms should allow partici-
pants to form a mental image of the first stimulus, which
could be integrated with a subsequent perceptual stimulus;
if so, then performance should improve when ISIs are
increased beyond 100 ms. Brockmole et al. adapted a
paradigm from Di Lollo (1980), and asked participants
mentally to combine pairs of patterns that were presented
sequentially. Each pattern included seven or eight dots,
with each dot occupying a cell of a 4 x 4 grid. The task
was to determine which cell in the grid remained unoccu-
pied by a dot when the patterns were combined. Both
patterns were presented for 33 ms, with ISIs ranging from
500 to 5,000 ms (0 and 100 ms served as baseline condi-
tions; 0 ms being percept—percept integration and 100 ms
used as delays in which percept—percept integration typi-
cally does not occur). In the percept—percept integration
condition (ISI of 0 ms); participants were accurate on a
mean of 79% of the trials, indicating that they were able to
integrate two perceptual images. Consistent with previous
research on the temporal characteristics of perceptual
integration, increasing the ISI from 0 to 100 ms led to a
rapid decrease in accuracy (21%). However, the research-
ers found that when the ISI exceeded 100 ms, accuracy
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actually increased—with an asymptote of 68% at
1,500 ms. Brockmole et al. inferred that increasing the ISI
allowed participants to generate a visual mental image of
the first pattern, which was subsequently combined with
the second. In addition, the fact that accuracy increased to
roughly the same level as percept—percept integration led
Brockmole et al. to conclude that these mental image
representations can be processed the same way as percep-
tual representations. On the face of things, these data
suggest that visual mental images rely on depictive
representations.

However, some researchers have argued that partici-
pants perform better with longer ISIs (greater than
1,300 ms) because they compare representations of the two
patterns within visual short-term memory (VSTM), and not
because they generate mental images and integrate these
images with percepts (Jiang, 2004; Jiang & Kumar, 2004;
Jiang, Kumar, & Vickery, 2005). According to this view, to
isolate the empty cell, participants attend to the empty cells
of the first pattern, store in VSTM a representation of the
negative (i.e., empty) space, and then compare this repre-
sentation to the pattern of dots in the second array. To
evaluate the two possible methods of performing the task,
Hollingworth, Hyun and Zhang (2005) manipulated the
complexity of the pattern in the first array; either the dot
patterns were simpler than the negative space patterns or
vice versa. Participants were better at locating the empty
cell when the negative space patterns were simple (as
compare to the simple dot array). These results suggest that
participants remember the negative space patterns instead
of the array patterns. By doing so, they turn the empty cell
localization task into a change detection task, in which the
representations of the two arrays are not integrated within a
single representation.

These findings raise the spectre that Brockmole et al.’s
results may not demonstrate successful image-percept
integration. However, we note that in another integration
task, Brockmole, Irwin and Wang (2003) provided evi-
dence that participants focus their attention on the first dot
array rather than the empty cells in the second dot array.
These findings support the claim that, in this type of task,
participants locate the empty cell by maintaining a visual
representation of the first array and combining it with the
second array.

In the present article, we present results from two
variations of the Brockmole et al. paradigm in which par-
ticipants were explicitly asked to form a mental image of
the first pattern and to integrate this image into a visually
presented second pattern. In one condition, participants
generated the mental images of the first stimulus based on
information stored in short-term memory (STM); in the
other condition, the first stimulus was generated entirely
from long-term memory (LTM). By comparing the effects
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of identical manipulations in the two conditions, we are
able to assess the characteristics of visual mental images
created on the basis of a STM representation versus a LTM
representation, which is of interest in its own right.

Experiment 1

The goal of Experiment 1 was to determine whether visual
mental images can be successfully combined with visual
percepts. To test this hypothesis, we used the integration
task initially created by Di Lollo (1980) and modified by
Brockmole et al. (2002). In this paradigm, pairs of 4 x 4
grids are presented sequentially at varying ISIs. In each
grid, some of the cells are filled with dots whereas others
remain empty. When each pair of grids is mentally com-
bined, all cells but one are occupied by a dot. On each trial,
participants attempt mentally to integrate each pair of grids
to determine which cell is left empty. We modified this
paradigm by asking participants to create a mental image
of the first grid and combine this image with a second grid
displayed briefly on a computer screen.

In our experiment, participants generated their mental
images on the basis of information stored either in STM
(i.e., STM condition) or in long-term memory (i.e., LTM
condition). In the STM condition, the first grid was pre-
sented on the screen for 5 s. After a 5 s delay, participants
generated a visual image of this grid before the brief pre-
sentation of the second grid. In the LTM condition, prior to
performing the task, participants memorized three grids,
each containing a different number of dots, and learned to
associate each grid with a letter. On each trial, participants
heard the name of a letter and generated an image of the
grid corresponding to that letter. Then, the second grid was
presented, as in the STM condition.

In addition to the response times, we also recorded the
time the participants required to generate the images. We
can derive three contrasting predictions for the effects of
the number of dots on these generation times: (1) The
depictive theory makes a clear prediction for the image
generation times: Previous studies have demonstrated that
each part of an imaged object is generated sequentially
(e.g., Kosslyn, 1980, 1994; Kosslyn, Cave, Provost, & Von
Gierke, 1988; Kosslyn, Reiser, Farah, & Fliegal, 1983), and
hence objects with more parts take more time to visualize.
Therefore, if participants generated depictive mental ima-
ges, then we expect generation times to increase as par-
ticipants visualized grids containing more filled cells. (2)
As the number of dots increases, the complexity of nega-
tive space decreases—and thus if the participants have
memorized the empty space, then they should require less
time to generate images of patterns with greater numbers of
dots. (3) Finally, if verbal descriptions are used, we expect

no effect of the number of dots on the generation time,
given that no representation needs to be created. In fact, we
would expect participants to take as little time as possible
in the generation phase, in order to respond before the
information has faded from memory. If so, then the inter-
cept of the function relating stimulus complexity to gen-
eration time should be lower in the STM condition than in
the LTM condition.

If visual mental images and visual percepts both rely on
a depictive format, then it should be possible to combine
these representations into a single depictive representation.
Therefore, we expect participants to be able to determine
accurately which cell is not filled when the two grids are
integrated (i.e., they will perform above chance level in the
integration task). On the other hand, if mental images do
not rely on depictive representations, then it should not be
possible to combine them easily with percepts. In this case,
participants should perform at chance level in the inte-
gration task.

However, one could argue that participants store the
locations of dots in a description, using a propositional
format, and then use this description to search the cells of
the grid. If so, then we can make two predictions: First,
participants should be less accurate and require more time
to retrieve a stored representation of Pattern 1 when more
dots are included in the grids, if a list of filled locations in
Pattern 1 is retrieved from memory and used to search the
cells of Pattern 2. Second, as more dots are included in
Pattern 1, participants should be less accurate and require
more time in the STM condition than in the LTM condi-
tion: the descriptions would need to be formulated on the
fly in the STM condition, and it should be increasingly
difficult to formulate and store accurate descriptions of the
more complex patterns in the STM condition. Thus, in
order to test the propositional theory, we manipulated the
number of filled cells in the grids participants visualized.

If participants identify the empty cell by integrating
mental images with visual percepts, then two predictions
follow: First, the number of dots in the first array should
affect performance only if it exceeds the capacity of spatial
mental images. Second, participants’ performance (accu-
racy and speed) should be similar in the LTM and the STM
conditions, given that the source of generated mental
images should not influence how they are subsequently
processed (Kosslyn, 1994).

Method
Participants
Thirty-one volunteers from Harvard University and the

local community participated in the experiment (23
females and 8 males, mean age 24 years and 4 months).
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Twenty-eight participants were right-handed and three
were left-handed. Participants were recruited via the Har-
vard Study Pool website and were compensated $10 or
course credit. All participants provided written consent and
reported normal or corrected-to-normal vision. All partic-
ipants (including those reported in Experiment 2) were
tested in compliance with national and international rules
and regulations governing the ethical treatment of human
research participants. The study was approved by the
Harvard University Faculty of Arts and Sciences Com-
mittee on the Use of Human Subjects.

Materials

Stimuli consisted of 4 x 4 square grids. Each grid con-
sisted of light blue grid lines and a gray background. Each
grid measured 15.9 cm, subtending approximately 18° of
visual angle. The black dots used to fill cells within the grid
each measured 3.3 cm (3.8° visual angle) and each cell in
the grid measured 3.96 cm (4.5° visual angle). Stimuli
were created in pairs so that the first grid (i.e., Pattern 1)
contained two, four, or eight dots whereas the second grid
(i.e., Pattern 2) contained, respectively, 13, 11, or 7 dots.
When combined, the two patterns of dots filled all but one
cell. The configurations of dot patterns and the location of
the unoccupied cell were randomly generated to produce
24 pairs of dot patterns for the main trials, and 18 pairs for
the practice trials. When creating these patterns, we were
constrained by the fact that the LTM condition utilized
only one two-dot pattern, one four-dot pattern, and one
eight-dot pattern across all trials. This meant that, for the
pattern containing eight dots, there were only eight possible
locations for the unoccupied cell. Thus, for each level of
image complexity (two, four, or eight dots in Pattern 1), we
created eight Pattern 2 stimuli. Stimuli were presented
using E-prime version 2.0 software on an IBM ThinkVi-
sion L171 monitor (17 in.) with a resolution of
1,280 x 1,024 pixels and a refresh rate of 75 Hz.

Procedure

Participants were tested individually, sitting approximately
50 cm from a computer monitor. Participants performed
both the STM condition and the LTM condition of the
integration task. The order of two conditions was coun-
terbalanced across participants.

In the STM condition, participants generated a visual-
mental image of Pattern 1 from information stored in STM,
and combined this image with the visual percept of Pattern
2. On each trial, participants first studied Pattern 1 for 5 s.
Then, participants kept their gaze focused on a fixation
point for 5 s, which should have allowed any afterimage of
the pattern of dots to fade before participants started to
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visualize the dots. In addition, participants were explicitly
instructed not to visualize the dots before the end of the 5 s.
During this interval, we discouraged participants from
visualizing the dots by presenting a blank gray background;
this background did not contain the grid, and thus made it
more difficult to visualize the dots. Following this, an
empty grid was presented in the centre of the screen along
with a beep sound. At this point, participants were
instructed to form a mental image of Pattern 1. Once they
had formed a visual mental image of the pattern, partici-
pants pressed the spacebar. We measured the time between
the onset of the empty grid and this response, which
allowed us to record the time taken to generate the image.
Immediately after participants pressed the spacebar, Pattern
2 was presented for 33 ms, followed by the presentation of
the second empty grid and a mouse cursor (positioned in
the centre of the grid on each trial). Participants were
instructed to combine their mental image of Pattern 1 with
Pattern 2, presented on the screen, to locate the cell that
was not filled in either grid. Participants indicated their
judgments by moving the mouse to shift the cursor, and
then clicking on the appropriate cell in the empty grid. The
presentation of the second empty grid started a timer that
was stopped when participants clicked the mouse button.
We recorded response times (RTs) and whether partici-
pants selected the correct cell.

In the LTM condition, participants integrated a visual
mental image of Pattern 1 generated on the basis of
information stored in LTM, and combined this image with
a visual percept of Pattern 2. Before beginning the com-
puter task, participants memorized three dot-patterns (i.e.,
Pattern 1), named by the letters A (containing two dots), B
(containing four dots), or C (containing eight dots). Par-
ticipants studied each pattern for 20 s and then drew the
pattern from memory into an empty grid. This procedure
was repeated five times for each pattern, with a review of
all patterns twice before proceeding to the main task (at
this point, all participants could reproduce the patterns
accurately). Participants were told that they would later be
cued to retrieve each of the patterns from memory and were
reminded throughout the learning phase to associate each
letter with its corresponding pattern.

On each trial in the LTM condition, an empty grid first
appeared on the screen and the sound of the name of a
letter cue—A, B, or C—was produced by the computer; the
cue indicated that the participants should form a visual
mental image of the respective Pattern 1. Participants
pressed the spacebar as soon as they had visualized a vivid
image of Pattern 1. As in the STM condition, we recorded
the time taken to generate the mental image. Pressing the
spacebar resulted in the immediate presentation of Pattern
2 for 33 ms. As in the STM task, participants were told to
combine the mental image of Pattern 1 with Pattern 2,
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thereby allowing them to determine which cell in the grid
remained unoccupied by either pattern. They indicated
their responses by using the mouse cursor to click on the
correct cell in the grid. As in the STM task, RTs and
accuracy were recorded.

Participants performed two blocks of 24 trials in each
condition for a total of 96 trials. In each block, a pair of
patterns was presented once. Thus, in the STM condition,
each of the 24 Pattern 1 grids was presented twice—which
did not provide much opportunity for the participants to
store these patterns in LTM. This was not an issue in the
LTM condition, and thus each of the three Pattern 1 grids
was presented 16 times. The order of the trials was random,
except that the number of dots in the first pattern (two, four,
or eight) could not occur more than three times in a row. In
each condition, participants first performed two sets of
practice trials: first, a block of six practice trials where
participants visualized three-dot patterns presented on a
3 x 3 grid. Second, participants performed a block of 18
practice trials with dot patterns presented on a 4 x 4 grid.
In these practice trials, participants visualized patterns
containing two, four, or eight dots. In all practice trials, but
not in the actual test trials, participants received feedback
on their accuracy.

At the end of the experiment, the participants completed
a debriefing questionnaire to ensure that they did not infer
the purpose of the experiment and that they had followed
the instructions.

Results

We began by asking whether participants rely on visual
mental images of Pattern 1 to perform the integration
task. We conducted two analyses of variance (ANOV As)
on the generation times (the time taken for participants
to visualize Pattern 1) to determine the effect of the
number of dots participants visualized in Pattern 1 and of
the image source (STM vs. LTM) on these times. The
differences in the procedure and materials used in the
STM and LTM conditions preclude our directly com-
paring these two conditions. However, our comparison of
the relevant underlying processes in the LTM and the
STM conditions rested on the effects of the pattern
complexity in each of the two conditions, and this
manipulation was the same in both conditions. Thus,
although we report the overall comparisons of the two
conditions in the following analyses, it is difficult to
interpret the main effect of image source per se. Then,
we turned to the analyses of participants’ accuracy in the
two memory conditions to determine whether mental
images can be integrated with visual percepts. Finally,
we analyzed the decision RTs (how long it took partic-
ipants to locate the unoccupied cell in the grid). For each

of the analyses, we report the effect size of the ANOVA
(partial eta squared). Preliminary analyses revealed no
effect of the gender of the participants or of the order of
the tasks on the dependent variables; thus we pooled the
data over these variables.

Image generation times

Preliminary analyses indicated no differences between the
image generation time on correct and incorrect trials (i.e.,
trials on which participants subsequently made a correct or
incorrect response), respectively #27) = 1.32, p = 0.2 in
the LTM condition, and ¢ < 1 in the STM condition, and
hence we combined the data from both types of trials in
subsequent analyses. However, before performing the
analysis we excluded outliers, which were defined as par-
ticipants for whom the average generation time was more
than 3 SD from the group mean. Based on previously
published data on the time to generate visual mental ima-
ges, it was clear that these participants were not pressing
the spacebar after generating the image—and thus, retain-
ing the data from these participants for this analysis was
not appropriate. We removed 3 participants out of 31 from
the following analyses. However, we note that including
these participants in these analyses did not alter the pattern
of results reported below.

First, we conducted a 2 (image source, i.e., STM versus
LTM) x 3 (complexity, i.e., number of filled cells)
ANOVA, which did not reveal a two-way interaction,
F <1, but—as shown in Fig. 1—did reveal that partici-
pants took more time to generate the image from LTM,
F(1,27) = 19.80, p < 0.001, 175 = 0.42. Post hoc pairwise
comparisons showed that this was the case for all three
levels of complexity, ps < 0.001. Image generation times
were also affected by the number of filled cells in the
visualized pattern (i.e., Pattern 1), F(2, 54) = 18.15,
p < 0.001, nﬁ = 0.40. In the LTM condition, participants
required different amounts of time to generate images of
Pattern 1 for the three levels of complexity, F(2, 54) =
10.19, p < 0.01, 175 = 0.27. Post hoc pairwise comparisons
were significant between two versus four-dot images
(2,722 vs. 3,219 ms, p < 0.001), but not between four
versus eight-dot images (3,219 vs. 3,442 ms, p = 0.24).

In the STM condition, participants required different
amounts of time to generate images of Pattern 1 for the
three levels of complexity, F(2, 54) = 10.42, p < 0.001,
115 = 0.28. Specifically, participants took less time to
generate images containing two dots than images contain-
ing four dots (1,975 vs. 2,458 ms, p < 0.01), but took
comparable amounts of time for four-dot and eight-dot
patterns (2,458 vs. 2,610 ms, p = 0.24). Critically, they
were not faster when more dots were included, as predicted
by the negative space hypothesis.
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Fig. 1 Mean image generation times (ms) for Pattern 1 in Experi-
ment 1 when the image was generated from long-term memory (LTM)
or short-term memory (STM)

Accuracy rates

Next, we carried out 7 tests to determine whether partici-
pants’ accuracy exceeded what would be expected by
chance alone. For these analyses, we adopted the most
conservative estimate of chance level by assuming that
participants could retain a perfect residual image of Pattern
2. If so, then participants would have a probability of
selecting the correct cell by chance on 1 trial out of 3 (the
number of empty cells in Pattern 2), 1 trial out of 5, or 1
trial out of 8, for each of the three levels of complexity.
Thus, for the three levels of complexity, we set the chance
level of accuracy, respectively, at 33.33, 20 or 12.5%. As
shown in Fig. 2, in the LTM condition, participants were
substantially more accurate than predicted by chance when
Pattern 1 contained two dots (M = 76%), #(30) = 12.1,
p <0.001, four dots (M = 79.8%), #30)= 20.27,
p <0.001, or eight dots (M = 74.6%), t(30) = 16.81,
p < 0.001. The same was true for the three levels of the
STM condition, with accuracy greater than that predicted
by chance when participants visualized patterns containing
two dots (M = 73.6%), t(30) = 12.39, p < 0.001, four
dots (M = 60.1%), #(30) = 10.94, p < 0.001, and eight
dots (M = 57.9%), 1(30) = 16.06, p < 0.001 (see Fig. 2).

A 2 (image source, i.e., STM or LTM) x 3 (complexity,
i.e., number of filled cells) repeated measures ANOVA
revealed that image complexity affected accuracy differ-
ently for STM and LTM images, as witnessed by an inter-
action between the two factors, F(2, 60) = 10.15,
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Fig. 2 Mean percentage accuracy in the integration task of Exper-
iment 1 when the mental image was generated from long-term
memory (LTM) or short-term memory (STM). “Chance Performance”
represents the percentage accuracy expected at the most conservative
criterion for a chance level of performance

p < 0.001, ng = 0.25. Although image complexity affected
accuracy in the STM condition, F(2, 60) = 18.12,
p < 0.001, 11[% = (.38, it did not affect accuracy in the LTM
condition, F(2, 60) = 1.98, p = 0.15, ’7§ = 0.06. Post hoc
pairwise comparisons between means using Tukey HSD test
revealed that in the STM condition participants were more
accurate when Pattern 1 contained two dots versus four dots
(»p < 0.0001), but not when Pattern 1 contained four dots
versus eight dots (p = 0.97). However, as revealed by the
lack of an interaction between image source and image
complexity (when restricted to accuracy for four- and eight-
dot Patterns), we also found that the difference in accuracy
between the four- and eight-dot patterns was the same in the
STM and LTM conditions, F' < 1. Lastly, participants were
more accurate in general in the LTM condition than in the
STM condition, F(1, 30) = 43.57, p < 0.001, nf, = 0.59.
However, this difference occurred only when Pattern 1
contained four or eight dots (p < 0.001 in both cases), and
not when it contained two dots (p = 0.96).

Decision response times

Finally, we analyzed how much time the participants
required to locate the empty cell in the grid when Pattern 1
and Pattern 2 were combined. To limit measurement error,
we only included in the following analyses participants
with more than six correct responses, leading us to exclude
6 out of 31 participants. Again, we found that including
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these participants did not alter the pattern of results
reported below. We again conducted a two-way repeated
measures ANOVA, with image source and image com-
plexity as the within-participants factors.

As shown in Fig. 3, RTs were affected by image com-
plexity, F(2, 48) = 12.65, p < 0.001, V/% = 0.35, but not by
the image source, F' < 1. Critically, contradicting the pre-
diction of the propositional theory, the two-way interaction
did not even approach significance, F(2, 48) = 1.06,
p = 0.35. In both the LTM and STM conditions, partici-
pants differed in the amount of time they took to locate
the missing cell for the different levels of complexity,
F(2, 48) = 6.01, p < 0.01, 1112, = 0.20 for the LTM condi-
tion, and F(2,48) = 7.57, p < 0.01, ’75 = 0.24 for the STM
condition. Post hoc pairwise comparisons revealed that in
the LTM condition the participants required comparable
amounts of time to evaluate the four-dot patterns (1,392 ms)
versus the two-dot patterns (M = 1,258, p = 0.47) as well
as for the four-dot patterns versus the eight-dot patterns
(M = 1,512, p = 0.60). In the STM condition, participants
were faster to locate the empty cell when Pattern 1 con-
tained two dots (M = 1,195 ms) than when it contained
four dots (M = 1,457 ms, p < 0.025), but required com-
parable amounts of time for the four-dot and eight-dot
patterns (M = 1,440 ms, p = 0.99).

Discussion

The results suggest that people can in fact integrate mental
images with percepts. The simple fact that participants

1600
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Mean Response Time (ms
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Number of Filled Cells

Fig. 3 Mean decision response times (ms) in Experiment 1 for
locating the missing cell when Pattern 2 was combined with an image
generated from long-term memory (LTM) or short-term memory

(STM)

could perform better than what would be expected by
chance indicates that they could in fact integrate visual
mental images and visual percepts. Moreover, if they had
encoded negative space, they should have generated the
images faster (or prepared for the upcoming stimulus fas-
ter) when more dots were present—but there was no hint of
such a trend.

However, these findings do not guarantee that depictive
images of Pattern 1 were used to perform the task. In
principle, a description of the cells filled in Pattern 1 could
have been used to perform the task. This theory generated
three predictions: First, as predicted, participants were less
accurate and required more time to retrieve Pattern 1 when
more dots were included in the grid—but, counter to pre-
diction, this was only true in the STM condition, not in the
LTM condition. Second, this theory also led us to expect
that the disparity in accuracy and decision response times
between the STM and LTM conditions should be larger
when more dots are included in the first pattern, because it
should be increasingly difficult to formulate and store
accurate descriptions of the more complex patterns in the
STM condition. Instead, we found that the decrement in
performance was the same for four versus eight-dot pat-
terns. Also counter to prediction, the increase in decision
times for more complex patterns was comparable for the
STM and LTM conditions.

Although the propositional theory made predictions that
were not confirmed, some of its predictions did bear fruit.
However, we note that these results are easily accommo-
dated within a depictive theory. Because of constraints on
image maintenance (see Kosslyn, 1980, 1994), as the
number of parts contained in each mental image increases,
the images should become more difficult to maintain. This
should make the integration process more difficult for
images containing more parts, and be reflected by longer
decision RTs and lower accuracy for more complex
images.

We also investigated whether mental images generated
from STM and those generated from LTM are equally
precise in representing the spatial layout of a stimulus.
When mental images were created from information
stored in LTM, participants required more time to gen-
erate the mental images of the first grid, but were more
accurate when locating the empty cell. Taken alone, these
results might suggest a speed-accuracy trade-off. How-
ever, for two-dot patterns, participants were equally
accurate in both STM and LTM conditions, although they
generated the image more quickly in the STM condition.
We note, however, that in the STM condition participants
could have begun to generate the visual mental images of
Pattern 1 before they were cued to generate their images.
This may explain the differences in the generation times
observed between the STM and LTM conditions.
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Nevertheless, the fact that complexity affected RTs indi-
cates that the participants did not fully generate the
images prior to the cue in the STM condition.

In contrast, the time participants required to determine
the location of the missing cell was not affected by whether
the image was generated from LTM or STM. This is to be
expected if image representations are processed equiva-
lently once generated (Kosslyn, 1994)—but, as noted ear-
lier—is inconsistent with the idea that a list of locations,
and not a mental image, was used to perform the task. This
result is also consistent with previous research on image-
percept integration (Brockmole et al., 2002), which indi-
cates that once the composite image (of percept and image)
is created, each part of the overall representation is pro-
cessed equivalently.

Finally, we must consider some unexpected trends in
the data. We expected a smaller increase in image gen-
eration times from two- to four-dot patterns than from
four- to eight-dot grids, if in fact an image of each dot
needed to be generated individually. However, partici-
pants did not take significantly longer to generate images
containing eight dots than images containing four dots.
This finding may reflect the way we designed the task. In
particular, because the ratio of empty versus filled cells
decreased as the number of dots in each grid increased,
there was a greater chance that the dots grouped into
simple clusters as more cells were filled with dots. If this
occurred, the similarity in generation times between four-
and eight-dot patterns might reflect the fact that these
patterns contained comparable numbers of perceptual
units. Indeed, previous research has identified the number
of perceptual units to be the primary factor in influencing
image generation times (Kosslyn, et al., 1983). This could
also account for the corresponding trend in RTs and
accuracy rates.

We therefore conducted an additional experiment to
follow-up the present findings, and to examine further the
properties of image-percept integration.

Experiment 2

We demonstrated in Experiment 1 that participants could
integrate information in visual mental images with visual
percepts. However, the effect of pattern complexity did not
exhibit the trend we predicted. This finding might indicate
that participants organized the patterns into higher-order
perceptual units, and hence the number of dots did not
correspond to the number of perceptual units; if so, then it
is possible that the participants organized Pattern 1 in
different ways in the STM and LTM conditions, and this
was responsible for the observed differences between the
conditions.
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In Experiment 2, we designed the Pattern 1 grids to
ensure that participants would organize the dots into a
particular number of perceptual units, and designed the
grids so that the number of perceptual units increased with
the number of dots. In addition, to ensure that the dot
patterns did not become more crowded as the number of
dots increased, we kept the ratio of filled versus empty cells
constant across the three levels of complexity. If partici-
pants perform the task by constructing visual mental ima-
ges of the Pattern 1 grids and integrating them with visual
percepts of the second grids, then participants should
require more time to generate the image when the first grid
contains more perceptual units.

Method
FParticipants

A total of 32 volunteers from Harvard University and the
local community participated in the experiment (16
females, 16 males). Their ages ranged from 18 to 35 years
(mean = 23 years and 1 month). Twenty-nine were right-
handed, and three were left-handed. Participants were
recruited via the Harvard Study Pool website and were
compensated $10 or credit for a course requirement. Prior
to taking part in the study, all participants provided written
consent and reported normal or corrected-to-normal vision.
No participants had taken part in Experiment 1.

Materials

We designed three sets of eight patterns of dots for a total
of 24 patterns to be visualized in the STM condition. To
ensure that the participants created mental images of
increasing complexity, perceptual units needed to increase
with the number of dots in each pattern. Thus, each set
contained two, four, or eight dots organized respectively in
one, two, or three perceptual units (see Fig. 4). Perceptual
units were defined by the Gestalt laws of similarity, prox-
imity and continuity. Thus, two or more adjacent dots
formed one perceptual unit. In order to keep the ratio of
filled to empty cells as similar as possible between the three
sets of dot patterns, two-dot patterns were presented on
4 x 4 grids, four-dot patterns were presented on 5 X 6
grids, and eight-dot patterns were presented on 8§ x 8 grids.
Although the number of cells increased as the number of
dots increased in the grids, we ensured that all grids sub-
tended the same visual angle (18° x 18°) by adjusting the
size of the cells. We designed three Pattern 1 grids with
respectively one, two, and three perceptual units for the
LTM condition. The visually presented grids had the same
dimensions, only differing in the number of cells filled with
dots (13, 25 and 55 dots respectively).
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Fig. 4 Examples of a 2 dots/1
perceptual unit array, b 4 dots/2
perceptual units array and ¢ 8
dots/3 perceptual units array

(a)

(b)

(c)
Procedure

On each trial in the STM condition, the procedure was the
same as that for Experiment 1, with three exceptions: First,
the Pattern 1 grid was now presented for 3, 6 or 9s
depending of number of perceptual units; we thus provided
participants with enough time to encode more information.
Second, the Pattern 2 grid was presented for 190 ms
instead of 33 ms, to allow participants enough time to
encode all the information in this grid; we limited the
exposure to 190 ms in order to discourage eye movements.
Third, given that the experiment was more difficult than
Experiment 1, before each condition participants per-
formed 24 practice trials with the same type of grids used
in the experimental trials (4 x 4,5 x 6, and 8 x 8). These
patterns were not used in the experimental trials.

On each trial in the LTM condition, the cue for Pattern 1
was presented as in Experiment 1, and the second and third
modifications in the STM condition, just noted, were also
adopted here. In addition, the learning phase was modified:
Participants still saw each pattern for 20 s, followed by
drawing the pattern from memory, but now they repeated

this procedure until they could draw each pattern correctly
twice in a row. This technique ensured that the participants
learned all patterns to the same level before they began the
experimental trials.

Results

As in Experiment 1, in each condition we analyzed par-
ticipants’ accuracy for each level of perceptual units in
order to determine whether participants could integrate a
mental image and a percept into a single representation,
We then analyzed the effect of the image source (STM
vs. LTM) and of the complexity of the image (i.e., the
number of perceptual units) on the accuracy rates, gen-
eration times, and decision RTs. These analyses allowed
us to (1) determine whether image complexity had similar
effects for representations created from information stored
in LTM and STM, and (2) assess whether participants
actually used mental images. If the data from all
ANOVAs did not meet Mauchly’s assumption of sphe-
ricity, degrees of freedom were corrected using the
Greenhouse-Geisser epsilon.
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Accuracy rates

As in Experiment 1, we adopted the most conservative
estimate of chance level, with chance levels of performance
set at 33.33, 20, or 11.11% for, respectively, 13, 25, and 55
cells filled with dots in the second grid. As shown in Fig. 5,
in the LTM condition, participants performed significantly
above chance level for two-dot/one perceptual unit grids,
M = 94%, 1(31) = 34.83, p < 0.001, for four-dot/two per-
ceptual units grids, M = 72.7%, t(31) = 17.91, p < 0.001,
and for eight-dot/three perceptual units grids, M = 52.2%,
t(31) = 11.13, p < 0.001. The same was true in the STM
condition, with grids containing two dots, M = 95.7%,
t(31) = 58.51, p < 0.001, four dots, M = 81.1%, t(31) =
25.38, p < 0.001, and eight dots, M = 34.8%, t(31) = 7.58,
p < 0.001.

A two-way 2 (image source, i.e., STM versus LTM) x 3
(complexity, i.e., number of perceptual units) repeated
measures ANOVA revealed that participants were no more
accurate in the STM condition than in the LTM condition,
respectively 70.5 vs. 72.9%, F(1, 31) = 1.9, p = 0.18, but
that they became less accurate when the number of per-
ceptual units in the Pattern 1 increased, F(1.46,
45.12) = 229.47, p < 0.001, n3 = 0.88. Two separate one-
way ANOVAs revealed that the number of perceptual units
affected the performance in the STM condition, F(1.67,
51.68) = 302.92, p < 0.001, ng = 0091, and the LTM

100
90
80
70
60

LTM

50 1

40

Percentage Accurate

N STM
30 4 s

20 A

~. Chance
Performance

0 T T 1

Number of Perceptual Units

Fig. 5 Mean percentage accuracy in the integration task of Exper-
iment 2 when the image was generated from long-term memory
(LTM) or short-term memory (STM). Chance performance represents
the percentage accuracy expected at the most conservative criterion
for a chance level of performance
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condition, F(1.64, 50.75) = 89.33, p < 0.001, r]g = 0.74.
In both conditions, post hoc pairwise comparisons com-
puted with a Tukey HSD test revealed that participants
were more accurate for grids containing one perceptual unit
than for grids containing two perceptual units, and were
more accurate for grids containing two perceptual units
than for grids containing three perceptual units, all
ps < 0.001. In addition, there was an interaction between
image source and the number of perceptual units, F(2,
62) = 38.82, p < 0.001, nﬁ = (0.56. Post hoc comparisons
revealed that participants were comparably accurate in the
STM and LTM conditions when Pattern 1 had one per-
ceptual unit (p = 0.96), but were less accurate in the LTM
than in the STM condition when Pattern 1 had two per-
ceptual units (p < 0.005); the reverse was true when Pat-
tern 1 had three perceptual units (p < 0.001).

Image generation times

We analyzed image generation data from both correct and
incorrect trials (i.e., trials on which participants subse-
quently made a correct or incorrect response), and defined
outliers using the same criterion as Experiment 1. Conse-
quently, we removed data from 4 out of 32 participants
from the following analyses; we note that follow-up anal-
yses revealed that, when included, these participants did
not alter the pattern of results.

First, we conducted a 2 (image source, i.e., STM versus
LTM) x 3 (complexity, i.e., number of perceptual units)
repeated measures ANOVA, which revealed that both
image source and the number of perceptual units affected
the image generation times (see Fig. 6): participants
required more time in the LTM condition than in the STM
condition, F(1, 27) =7.47, p <0.05, 5} =022, and
required more time for different numbers of perceptual
units, F(1.21, 32.6) = 60.67, p < 0.001, 115 = 0.69; par-
ticipants required less time to generate the image when the
grid contained one perceptual unit (for the LTM and STM
conditions, respectively, M = 1,567 and M = 1,696 ms)
than when it contained two perceptual units (M = 3,017
and M = 2,413 ms), and when it contained two perceptual
units than when it contained three perceptual units
(M = 4,408 and M = 3,014 ms), ps < 0.01 for all pair-
wise comparisons using post hoc Tukey HSD test in
each condition. The effect of perceptual units was signifi-
cant in both conditions, with F(1.33, 35.83) = 65.16,
p < 0.001, 171% = 0.71 for the LTM condition, and F(1.27,
34.28) = 16.37, p < 0.001, ’I% = 0.38 for the STM con-
dition. Finally, there was a significant interaction between
the number of perceptual units and the image source,
F(1.27, 34.32) =13.27, p <0.001, nf, = 0.33, which
indicated that participants required a smaller increment of
time for each additional perceptual unit in the STM
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Fig. 6 Mean image generation times (ms) for Pattern 1 in Experi-
ment 2 when the image was generated from long-term memory (LTM)
or short-term memory (STM)

condition than in the LTM condition; this effect indicates
that at least some different processes were drawn upon in
the two conditions.

Decision response times

We restricted our analyses of decision RTs to participants
who provided at least four correct responses (out of 16) for
each level of perceptual units of Pattern 1. Eight out of 32
participants were removed from the following analyses.
However, we note that including these participants in the
analyses did not alter the pattern of results from those
reported below.

As shown in Fig. 7, RTs were affected by image source,
F(1,23) = 12.60, p < 0.005, ng = 0.35, and the number of
perceptual units, F(2, 46) = 45.61, p < 0.001, n; = 0.67.
The effect of the number of perceptual units on the RTs
differed in the two conditions, as indicated by an interac-
tion between source and the number of perceptual units,
F(2, 46) = 12.01, p < 0.001, 11123 = 0.34.

One-way ANOVAs on data from the LTM and STM
conditions revealed that the number of perceptual units
affected RTs in both conditions, with F(2, 46) = 31.05,
p < 0.001, 171% = 0.57 for LTM and F(2, 46) = 31.33,
p < 0.001, 175 = 0.58 for STM. In the LTM condition,
participants required 951, 1,493 and 1,951 ms for one, two,
and three perceptual units in Pattern 1, respectively (all
ps < 0.001 as revealed by Tukey HSD tests). Pairwise
comparisons in the STM condition revealed a different

2500 1

2000 ~ LTM

1500 +
ST™M

1000 4

Mean Response Time (ms)

500 4

1 2 3

Number of Perceptual Units

Fig. 7 Mean decision response times (ms) in Experiment 2 for
locating the missing cell when Pattern 2 was combined with an image
generated from long-term memory (LTM) or short-term memory

(STM)

pattern of results, with longer RTs for images containing
two perceptual units than one perceptual unit (1,236 vs.
908 ms, p < 0.001), but no difference between three and
two perceptual units (M = 1,291 ms, p = 0.99).

Discussion

Consistent with the results from Experiment 1, we found
that participants were able to perform the integration task
above a chance level of accuracy. This was true even for
the most complex grids, comprising 64 cells. These results
provide good evidence that participants can integrate even
highly complex visual mental images with visual percepts.
In addition, we found that when we removed the confound
of perceptual grouping (by maintaining a constant ratio
of filled to empty cells and by ensuring that the number of
perceptual units increased systematically as the number of
dots increased), participants required more time to gen-
erate images of more complex patterns. Given that image
generation involves a sequential retrieval of encoded
parts, the increase in generation time with increasing
number of perceptual units supports the inference that
participants used mental images of the Pattern 1 grids and
integrated these with the visual percepts of the Pattern 2
grids.

However, in the STM condition, we found that partici-
pants took less time and were less accurate when locating
the empty cell for grids containing three perceptual units,
which suggest a speed-accuracy tradeoff. This result may
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have occurred because complex visual stimuli fade from
STM at a faster rate than simpler visual stimuli (Philips,
1974), and hence participants may have rushed to respond
before the image faded from STM, which thereby led them
to respond quickly and commit more errors.

Finally, our results suggest that the source of the image
affects the efficiency of image-percept integration. We
found that when the image of Pattern 1 contained two
perceptual units, images generated from STM yielded more
accurate image-percept integration than those generated
from LTM. However, when the Pattern 1 grid had more than
two perceptual units, mental images generated from STM
were less precise than mental images generated on the basis
of information stored in LTM. For reasons outlined earlier,
in these instances participants’ performance may have been
compromised by the limits of visual STM. Another expla-
nation for this effect may be that participants needed to
memorize finer metric information about the locations of
each perceptual unit as the number of perceptual units
increased, and this was more difficult to encode in STM.

General discussion

The results of both experiments reported here clearly
demonstrate that participants’ mental images preserve
structural information of the pattern they represent, and can
be integrated with percepts to create a single composite
representation. These two characteristics imply that visual
mental images rely on a depictive format to represent
information. Moreover, we found evidence against the idea
that participants described the grid of Pattern 1 and used this
description to search for the empty cell in Pattern 2. These
results are consistent with those from previous studies
indicating that mental images preserve metric information
of the scene they represent (e.g., Anderson & Helstrup,
1993; Finke & Slayton, 1988; Kosslyn, et al., 1978;
Thompson, Kosslyn, Hoffman, & Van der Kooij, 2008).

To confirm that mental images are combined with visual
percepts, it was necessary to demonstrate that participants
generated mental images of the Pattern 1 grids. In order to
garner such evidence, we relied on one hallmark of
imagery: Images of more complex patterns require more
time to generate (for reviews, see Kosslyn, 1980, 1994;
Kosslyn et al., 2006). Thus, we manipulated the number of
dots in the grid participants visualized. We found this trend
in Experiment 1, but only when the complexity of the first
grid was increased from two to four dots. In Experiment 2,
after we controlled for perceptual grouping of the dots, we
found that participants required more time to generate
mental images with more perceptual units. Taken together,
these results provide good evidence that participants did
generate mental images of the first grid.
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In addition, our paradigm allowed us to compare mental
images that were generated on the basis of information
stored in LTM to images generated on the basis of infor-
mation stored in STM. The results indicate that when
mental images are based on a just-seen grid (STM), and
these images contain one or two perceptual units (such as
those used in Experiment 2), they tend to be more accu-
rately and more efficiently integrated with visual percepts
than are mental images based on information stored in
LTM; this finding is consistent with studies of image
scanning (see Borst & Kosslyn, 2008). However, when
participants visualized images containing more than two
perceptual units, we found that this effect reversed. In these
instances, the capacity of visual STM may have limited the
precision of participants’ images.

This new evidence that images rely on depictive repre-
sentations has clear implications for the debate about the
nature of mental representations (see Kosslyn, et al., 2006).
In particular, our results bear on theories that posit an
exclusively propositional account of mental imagery
(Pylyshyn, 1973, 2002, 2003). The present results are dif-
ficult to explain if all stored information relies on a
descriptive, symbolic mode of representation. Rather, these
results are consistent with previous evidence that both the
visual system and imagery system rely, at least in part, on
representations in a depictive format (Craver-Lemley,
Arterberry, & Reeves, 1999; Kosslyn & Thompson, 2003).
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