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Early visual memory can be split into two primary components: a high-capacity, short-lived
iconic memory followed by a limited-capacity visual working memory that can last many
seconds. Whereas a large number of studies have investigated visual working memory for
low-level sensory features, much research on iconic memory has used more “high-level”
alphanumeric stimuli such as letters or numbers. These two forms of memory are typically
examined separately, despite an intrinsic overlap in their characteristics. Here, we used a
purely sensory paradigm to examine visual short-term memory for 10 homogeneous items
of three different visual features (color, orientation and motion) across a range of durations
from 0 to 6's. We found that the amount of information stored in iconic memory is smaller
for motion than for color or orientation. Performance declined exponentially with longer
storage durations and reached chance levels after ~2 s. Further experiments showed that
performance for the 10 items at 1 s was contingent on unperturbed attentional resources.
In addition, for orientation stimuli, performance was contingent on the location of stimuli
in the visual field, especially for short cue delays. Overall, our results suggest a smooth
transition between an automatic, high-capacity, feature-specific sensory-iconic memory,
and an effortful “lowercapacity” visual working memory.
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INTRODUCTION

Short-term sensory memory has been proposed to be the first
step in forming more high-level and permanent memory stores
that support behavior. For example, was the arrow on a road-
sign pointing left or right? Was it red or green? Choosing the
right answer to such questions could have a significant behav-
ioral impact. This early visual memory can be split into two
primary components: a high-capacity, short-lived iconic memory
(Sperling, 1960; Coltheart, 1980) followed by a limited-capacity
visual working memory that can last many seconds (Pasternak
and Greenlee, 2005; Fukuda et al., 2010; Keogh and Pearson,
2011).

Although these two types of memory may, by definition, overlap
in their temporal decay profiles, they are often studied separately,
and seem to have different properties. Iconic memory is thought
to last only a few 100 ms after perception and is often consid-
ered automatic (Neisser, 1967; Coltheart, 1980). Visual working
memory, on the other hand, is considered a more effortful process
that tends to last many seconds and requires active maintenance
of information (Pasternak and Greenlee, 2005; Awh et al., 2006;
Fougnie, 2008). While iconic memory is thought to have a vir-
tually unlimited capacity, visual working memory is thought to
have a severely limited-capacity that differs across individuals (see
Brady et al., 2011 for a review; Vogel and Machizawa, 2004; Fukuda
etal., 2010). Here, we examined visual short-term memory across
a range of storage durations from 0 to 6 s that enabled us to study
both iconic and visual working memory with one set of low-level
visual stimuli.

Single items of color, form and motion seem to be retained in
visual working memory with great precision and show little decay
over periods of up to 30s (Nilsson and Nelson, 1981; Vogels and
Orban, 1986; Magnussen and Greenlee, 1992; Blake et al., 1997;
Magnussen et al., 1998; Pasternak and Greenlee, 2005). These low-
level visual features seem to be remembered with high precision,
sometimes close to the resolution of perception when only a single
item is held in memory (Blake et al., 1997; Magnussen and Green-
lee, 1999; Magnussen, 2000; Fukuda et al., 2010). The stimulus
features that affect perceptual detection and discrimination tend
to have little influence on the decay functions of the related mem-
ory for a single item (Blake et al., 1997; Magnussen and Greenlee,
1999).

Little is known, however, about the perceptual properties of
iconic memory. Numerous studies suggest that the information
stored in iconic memory displays low-level characteristics. Specif-
ically, it seems to be degraded by visual masks (Averbach and
Coriell, 1961; Spencer, 1969; Turvey, 1973; Phillips, 1974; Gegen-
furtner and Sperling, 1993) and may be dependent on spatial loca-
tion (Phillips, 1974; McRae et al., 1987). However, most research
on iconic memory utilized “high-level” alphanumeric stimuli such
as letters or numbers, which often carry semantic content. For
example even when color or luminance was of primary interest
for investigation, alphanumeric figures were still used as stimuli
(Coltheart et al., 1974).

To the best of our knowledge no study has yet examined the
visual features of color, form, and motion within the same sub-
jects using stimuli without higher-level semantic content. Here,
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we sought to investigate iconic memory and visual working
memory for the low-level visual features of color, orientation, and
motion, without any potential influence from high-level semantic
information in the stimuli.

We report that color, orientation, and motion information can
be stored in early visual memory. However, less motion informa-
tion seems to be retained in iconic memory compared to color
or orientation. Additionally, we found partial memory retention
of 10 items at 1 s that relies on active attentional resources. Such
active encoding and maintenance suggest the involvement of visual
working memory for periods of 1 s or more. Likewise we showed a
decay of retinotopic orientation information with longer retention
intervals, suggesting ascension in the visual processing hierarchy
with longer storage times. Together these results suggest a smooth
transition from iconic to visual working memory mechanisms
across retention times of 1.

MATERIALS AND METHODS

GENERAL METHODS

Participants

Five subjects took part in this study (three females, two males,
age 21-28, mean 23), four of which were naive to the purpose
of the study. All had normal or corrected-to-normal vision and
gave informed written consent before taking part in the exper-
iment. The participants had normal color vision, as assessed by
pseudo-isochromatic plates for testing color perception (Rich-
mond Products). Four participants took part in all experiments,
while one took part in only one experiment (Experiment 1, N = 4;
Experiment 2, N =4, Experiment 3, N =5).

Apparatus

The experiment was performed using the Psychophysics Toolbox
(Brainard, 1997) for MATLAB running on a MacPro computer.
Stimuli were displayed on a calibrated 20° SONY Multiscan G520
CRT with a monitor resolution of 1024 x 768 and a refresh rate of
100 Hz. Responses were recorded using the right and left arrows
of a keyboard. Participants sat in a dimly lit room, 57 cm from the
screen, with their head on a head- and chin-rest allowing their eyes
to be aligned with the center of the screen.

Flicker photometry

Participants were presented with two alternating chromatic fields
(3.6° diameter disks): a reference field and a variable field (Wagner
and Boynton, 1972; Jiang et al., 2007). The two fields alternated
at 25 Hz, creating a fused percept when the colors were equilumi-
nantand a flickering percept when they were not. Participants were
asked to increase and decrease the luminance of the variable field,
until the flicker disappeared. This procedure was repeated three
times and yielded the value of luminance required for the two
colors to be perceptually equiluminant. Six color points across the
red-green RGB color space were chosen and tested in pairs, each of
them was in turn variable and reference. These six reference points
allowed us to extrapolate equiluminance parameters by means of
a linear relationship for all the colors used in this study.

Stimuli
Stimuli consisted of 10 circular patches that could all be color, ori-
entation, or motion stimuli (Figures 1A—C). Regardless of their
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FIGURE 1 | Three types of stimuli were used in this study: (A) Gabor
patches that could vary in orientation, (B) uniform hue patches that varied
smoothly from red to green, (C) dot motion kinetograms, moving with
100% coherence, that could vary in direction of motion. (D) A single trial
had the following structure: after maintaining fixation, participants were
shown an array of 10 stimuli for 250 ms (color or motion) or for 450 ms
(orientation). From the offset of the initial array and with variable delay, a
cue could appear. It would point at one of the 10 stimulus locations for
100 ms. After an interval of 500 ms, a test stimulus would appear at the
cued location and the participant had to signal the direction of change in
feature space (two alternative forced choice).

type, the patches had a diameter of ~2.5° and were evenly spaced
on a 15.6° diameter circle centered on a fixation point (bulls eye
fixation point: 0.3° inner diameter, 0.5° outer) positioned in the
center of the screen. The edges of the color and orientation patches
were smoothed with a Gaussian mask. They were displayed against
a gray background. A thin black line (length: 1.8") was used as a
cue to point toward one of the 10 locations. The size and positions
of items on the screen were invariant across all experiments. A test
stimulus was used, that had the same location and properties as
one of the 10 original stimuli apart from a modification in the
relevant feature that was tested. For each feature, the value of this
modification was adjusted in a pilot experiment so that perfor-
mance with no memory delay was approximately 90%. This was
to ensure that the difficulty of the task in the initial condition was
equal between features.

Orientation stimuli (Figure 1A) were Gabors with a 50%
Michelson contrast, a spatial frequency of 1.8 cycles per degree
and an orientation picked out from a set of 10 possible values
(180° divided by 10). The phase of the gratings was shifted by
180° at a rate of 25 Hz, resulting in flickering but perfectly visible
gratings. This procedure reduced the formation of strong after-
images, which rendered the task overly easy. Indeed, afterimages
and visual persistence were not the investigative aim of the current
study. The modification applied to the test stimulus was a change
in orientation of £12°.

Color stimuli (Figure 1B) consisted of colored disks, each
defined by specific values of the red and green channels in RGB
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coordinates and a null value of the blue channel. Perceptual
equiluminance was measured for each participant using flicker
photometry. The stimuli and background colors were adjusted
accordingly. A Gaussian mask was fit to the disks, thus creating the
color patch stimuli. The color of one of them was shifted by 8.6%
of the full color space toward green or red in order to create the
test stimulus. Test stimuli which had a color obviously close to an
extreme caused a positive bias because that color could only result
from an increase in green (pure green stimulus) or in red (pure
red stimulus). They were therefore included in the experiment
but removed from the analysis (margin: maximum and minimum
values minus 8.6% of the color space).

Dot motion displays were used as motion stimuli (Figure 1C).
In each patch, 40 black dots (3 x 3 pixels) moved at a speed of 11°/s
against a gray background. Motion coherence was 100%, that is,
within one patch, all dots moved along imaginary lines of exactly
the same orientation. In order to conserve dot density, dots were
re-drawn on the opposite-side upon exiting the invisible bound-
aries of the patch. The direction of motion was randomly chosen
from a set of 10 values (360°/10). One of them was modified by
£12° to obtain the orientation of the test stimulus.

Procedure

Each trial began with a 1000 ms blank screen with a fixation point
in the center (Figure 1D). Ten stimuli then appeared on the screen
for 250 ms (color or motion stimuli) or for 450 ms (orientation
stimuli). The initial array presentation was followed by a blank
retention interval (fixation point alone) until the cue pointed to
one of the 10 stimulus locations (100 ms). The time between ini-
tial array offset and cue onset was randomly chosen from a list of
cue delays. After another blank interval of 500 ms, the test stim-
ulus appeared at the cued location. In the case of color stimuli,
subjects were required to answer the following question: “Is the
test stimulus more red or more green than the initial cued stim-
ulus?” by pressing the right arrow for the first answer, or the left
arrow for the second one. For the orientation and motion stimuli,
the question was: “Is the test stimulus rotated clockwise or anti-
clockwise compared to the initial stimulus?” and was answered by
a right arrow or a left arrow button-press, respectively. The test
stimulus stayed on-screen until the participant gave his answer,
and the following trial then began. It is important to note that
presentation time (either 250 or 450 ms in this experiment) does
not seem to influence performance (see results). In fact, iconic
memory is thought to be independent of the duration of stimulus
presentation (Sperling, 1960; Dick, 1974), at least within our time
range of 200400 ms (Di Lollo and Dixon, 1992).

EXPERIMENT 1

Procedure

Trials had the structure described above. Each feature (color, ori-
entation, and motion) was tested separately, in a block design. Cue
delays were chosen from the following list: (0, 100, 200, 300, 400,
700, 1000, 2000, 3000, 4000, 6000 ms). An additional perceptual
condition was tested, in which the cue was displayed at the onset
of the initial stimulus array, during initial array presentation. In
order to minimize subject fatigue the range cue delays were per-
formed in two blocks, in an interleaved manner (short and long

delays mixed within a run). A typical run would thus have 120 tri-
als in it (6 delays x 10 locations X 2 possible questions) and would
last approximately 8 min. Five runs were collected for each delay,
which corresponds to one hundred trials per delay. Data acquisi-
tion from each subject was distributed in time over a few days to a
few weeks in pseudo random order.

EXPERIMENT 2

Stimuli

The same color, orientation, and motion stimuli as before were
used in this experiment. In addition to these stimuli, a distractor
task was used to manipulate attention and mental resources. Sub-
jects had to monitor a rapid serial visual letter stream at fixation,
made of black letters (Helvetica font, normal style, text size: 0.4
in width). The letters were displayed in lower case and all letters
of the alphabet could occur.

Procedure

Only one 1000 ms cue delay was used in this experiment. The pro-
cedure was the same as before, except that during the retention
interval, two situations could arise (Figure 4A). On half of the tri-
als, the interval was blank, with only a fixation point at the center
of the screen. On the other half (distractor task condition), after
100 ms of blank screen, letters were presented in rapid succession
(120 ms per letter, no separation) for 900 ms. The target letters,
“C” and “V;” did not appear in the two first letters and had then to
be separated from the next occurrence of a target letter by either
2,4, or 6 letters. Subjects were instructed to press the C or V keys
on the keyboard as soon as they detected the corresponding letter;
their answer was recorded if it fell in a 425 ms time-window after
letter presentation. The difficulty of this task required subjects
to attend to the center of the screen. A tone was sounded before
the beginning of each trial; a low-pitched tone indicated a normal
trial, a high-pitched tone denoted a trial with a distractor task. The
two conditions, with or without distractor task were interleaved
in a run of 40 trials (10 locations x 2 possible questions x 2 letter
conditions) that lasted 3 min. A total of 8 runs, equivalent to 160
trials, were collected for each condition. Color, orientation, and
motion were again tested in separate blocks.

EXPERIMENT 3

Stimuli

Only orientation stimuli previously described were used in this
experiment.

Procedure

The procedure was the same as in Experiment 1, except that three
different locations were possible for the test stimulus: either the
same location (location at which the line pointed), or central (at
fixation), or a location directly opposite the cued location e.g., the
position on the peripheral ring of stimuli directly opposite. The
test stimulus (at all locations) was always to be judged compared to
the one in the original array at the cued location. The test stimulus
remained on the screen until the subject responded. Each block
consisted of 180 trials (3 delays x 10 positions X 2 possible ques-
tions X 3 test locations) and lasted approximately 10 min; 8 runs
were used, which corresponds to 160 trials per condition.
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RESULTS

In order to test early visual memory for low-level visual features,
we measured performance on a memory task over the range of
0-6s after stimulus presentation. Participants viewed an array
of 10 stimuli. After the array disappeared, one of the 10 loca-
tions was cued and a test stimulus appeared. Participants had to
compare the two stimuli (cued and test) and signal the direction
of change in feature space (2AFC). Three stimulus features were
tested separately: color, orientation, and motion.

Figure 2 shows performance as a function of cue delay. When
the cue was presented at the same time as the initial array (data
points in the gray vertical bar), performance was high (85-90%)
for all three conditions, with no significant difference between
conditions [F(2, 6) = 1.5, P =0.29]. This suggests that the task of
identifying the change in feature space was relatively easy when
performed without the need to hold the array in memory. It
also suggests that the task difficulty was initially equivalent across
all three features. Hence, any change in performance with mem-
ory storage should be due to mechanisms of “memory” and not
perception.

To characterize the temporal dynamics of memory, a one-
phase exponential-decay function was fit to the data using best
fit least squares method (Lu et al., 2005; Graziano and Sigman,
2008; Kuhbandner et al., 2011; Figure 2). The goodness of fit
between the observed and predicted values was reasonable (Color:
R =0.79; Orientation: R = 0.91; Motion: R = 0.87). When subjects
were instructed to remember all 10 items, performance declined
over time [main effect of cue delay F(11, 33) =41.6, P <0.001].
From the stimulus offset onward, accuracy was lower for the
motion stimuli [main effect of feature F(2, 6) = 8.45, P =0.018].
Performance in the color and orientation conditions was statisti-
cally the same [F(1, 3) =0.188, P =0.69], even though the initial
performance YO (Table 1) was lower for color than for orien-
tation. As the differences in performance are mainly for shorter
delays (0—1000 ms), these data suggest that iconic memory might
hold less motion information than color or orientation. At cue
delays of more that 2s performance approached chance levels
(~50% correct) for all three features, suggesting that partici-
pants did not have enough information left to support perfor-
mance. Figure 2B shows individual data plots for the participants,
while Figure 3 shows the within subject standard deviation across
the 5 blocks of trials. Accuracy for motion discrimination was
lower than for color or orientation consistently across all par-
ticipants. To the best of our knowledge this is the first study to
examine the visual features of color, form and motion within
the same subjects using stimuli without higher-level semantic
content.

We ran a control experiment to investigate any effect of dis-
play time using the orientation stimuli. For 4 different display
time durations (80, 200, 500, 800 ms) there was no main effect of
display time [within-subjects ANOVA F(3, 6) =0.45, P =0.73],
although there was still a main effect of cue delay [F(6, 6) = 13.47,
P =0.004; data not shown]. Hence, our data fit well with previous
work demonstrating that display time does not significantly alter
iconic memory (Sperling, 1960; Dick, 1974).

Memory at retention durations of 1 or 2s is often considered
to be visual working memory. However, visual working memory
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FIGURE 2 | Experiment 1 tested memory for color, form, and motion
for the following cue delays after stimulus offset: (simultaneous, 0,
100, 200, 300, 400, 700, 1000, 2000, 3000, 4000, 6000 ms). (A) Mean data.
The points within the gray vertical bar show performance when the cue was
presented during the initial array. An exponential-decay function was fit to
the data. Performance declined over time and was worse for motion than
for color or orientation. (B) Individual subject data, curves represent
best-fitting one-phase exponential-decay functions.

Table 1 | Exponential fit parameters for mean data, expressed as the
best fit value and its 95% confidence interval (95% Cl).

Yo Plateau Tau Span
Color 76.5+3.45 53.6+4.53 808.6+600.0 22.87+5.87
Orientation  81.6+2.73 51.8+3.42 7158+236.2 29.82+4.57
Motion 673+2.96 51.1+258 3275+115.9 16.19+2.93

A one-phase decay equation of the form Y= (YO— Plateau)x exp(—t/Tau)+
Plateau was fitted to the data; where Y is performance (% correct responses),
Y0 is performance at memory onset; Plateau is the performance reached for long
delays, tis time after stimulus offset (ms) and Tau is the time constant (ms). The
span corresponds to (Y0 — Plateau).

is thought to have a capacity limit well below 10 items (see Brady
etal., 2011 for a review). In fact, research suggests that visual work-
ing memory may have an upper capacity limit of between three
and five items (Luck and Vogel, 1997; Cowan, 2001; Vogel et al.,
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FIGURE 3 | Within subject standard deviation for color, orientation, and
motion. The standard deviation across the five blocks for each individual
subject, averaged across the four subjects. Error bars denote standard
errors of the mean.

2001). If visual working memory is responsible for performance at
1 s,it might hold some information about the 10 stimuli and might
therefore display a higher capacity than traditionally assumed. It
might also be the case that performance at 1s is supported by a
long-lasting iconic memory. In order to characterize the mem-
ory process supporting performance 1s after stimulus offset, we
used a property that typically distinguishes iconic memory and
visual working memory: attentional resources. Iconic memory
has been described as an automatic process (Neisser, 1967), while
visual working memory seems to involve attentional resources
(Awh et al., 2006; Fougnie, 2008). Accordingly, introducing an
attentionally demanding task during the retention interval might
not disrupt iconic memory storage, but may affect visual working
memory.

To investigate this prospect we ran a new experiment that
focused on a cue delay of 1000 ms, for all three visual features.
A tone before the trial indicated that a concurrent letter detection
task would follow during the memory retention period. During the
retention interval, attentional resources were directed to the center
of the screen using an RSVP (rapid serial visual presentation) letter
detection task (Figure 4A). If iconic memory supported perfor-
mance at 1 s, we might expect the task to leave performance unaf-
fected. However, if visual working memory was responsible for the
performance at 1's, we might expect task performance to drop.

Figure 4B shows the data for the three visual features. A
two-way repeated-measures ANOVA (feature x distractor task)
revealed a main effect of distractor task [F(1,3) =23.9,P =0.016].
There was also a main effect of feature [F(2, 6) =6.9, P =0.028],
but no interaction between feature and distractor task [F(2,
6)=0.2, P =0.8]. This suggests that the application of attention
to the letter task degraded memory at 1000 ms by interfering with
the retention process.

Here, subjects were informed about the trial type (distractor
task/no distractor task) by a tone at the outset of each trial. Hence,
it is possible that pre-emptive attentional allocation — participants
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FIGURE 4 | Experiment 2 tested memory for color, form, and motion
for a cue delay of 1000 ms, with or without manipulation of attention.
(A) On trials that contained a distractor task, participants had to detect
targets in a stream of rapidly presented letters during the cue delay. A
sound warned them in advance about what type of trial would occur. (B)
Having to perform an attention-demanding task during the retention interval
disrupted memory. Error bars denote standard errors of the mean, N=4.

prematurely attending centrally prior the start of the distractor
task — could influence perceptual encoding of the initial array.
However, participants were informed that performance on both
the memory and distractor tasks was important and neither was
to be prioritized. Hence, it seems unlikely that participants would
prematurely attend away from the initial memory array to the
degree that perceptual encoding might be degraded. If attentional
resources were prematurely allocated to the central location for
the upcoming letter detection task, and hence away from the ini-
tial perceptual array, it could be hypothesized that the effective
contrast of the array might have been reduced as attention has
been shown to alter perceived contrast. It is worth noting that
in such scenarios the brightness and contrast of stimuli has been
shown to have little effect on memory or in fact the inverse rela-
tionship, e.g., the lower the contrast in the stimulus the better the
visual memory performance. Hence, it follows that a reduction
in effective contrast in the perceptual stimuli due to premature
attentional allocation might actually boost memory performance,
not reduce it. Accordingly we feel that it is unlikely that a prema-
ture attentional allocation could fully account for the decline in
memory accuracy we observed.

Manipulating attention (either during encoding or retention,
or both) thus reduced performance at 1000 ms. Iconic memory
is often thought to be an automatic high-resolution memory
(Neisser, 1967), whereas visual working memory is a more effortful
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FIGURE 5 | Experiment 3 investigated the effect of test stimulus
location on performance for orientation stimuli only, at 200, 600, and
1000 ms. The test stimulus could be presented either at the same, central,
or opposite location to the cued one. Performance decreased over time and
was worsened if the test stimulus was presented at a central or opposite
location. Error bars denote standard errors of the mean, N=5.

active process (Awh et al., 2006; Fougnie, 2008). Performance here
seems dependent on attentional resources. Hence, these data sug-
gest that retention of information regarding the 10-item array
over 1000 ms might be largely due to an active process like visual
working memory.

Experiment 2 suggested that visual working memory plays a
role in retention of visual information at times of 1s and above.
We wanted to investigate the relationship between different visual
memory stores for time periods of 1s and less. It has been pro-
posed that information in iconic memory is specific to the location
in visual space (Phillips, 1974; McRae et al., 1987). In contrast,
information stored in visual working memory might be partially
location-dependent and partially independent of location (Dill
and Fahle, 1998; Ester et al., 2009; Ong et al., 2009). A third
experiment tested performance for the same delayed cue task, but
only for the feature of orientation at cue delays of 200, 600, and
1000 ms. Importantly, here the test stimulus could appear in three
different locations: same as cued (control), center (at fixation),
or opposite-side to cued (diametrically opposite location in the
periphery).

Figure 5 shows data from Experiment 3. A two-way repeated-
measures ANOVA (cue delay X test stimulus location) revealed a
main effect of location of test stimulus [F(2, 8) =4.7, P =0.044],
as well as cue delay [F(2, 8)=17.3, P=0.001]. However, the
interaction between cue delay and test stimulus location was not
significant [F(4, 16) = 2.4, P =0.09]. Despite the difference in the
two location conditions, the lack of an interaction effect makes
it hard to conclusively distinguish between simple memory decay
and a decrease in retinotopic representation with longer durations.

A change in the position of the test stimulus relative to the loca-
tion in the original array had greater detriment to performance at
shorter storage durations, although there was no significant inter-
action. The pattern of data is consistent with the hypothesis that
information is less and less tied to a retinotopic location with
longer retention times. As retinotopy is a visual characteristic of
early visual cortex that is lost with accession through the visual

system (Wandell et al., 2007), our data are consistent with the idea
that early visual cortex might be recruited for mnemonic storage
during short delays, whereas for longer storage durations sub-
sequent areas of visual processing, more location-independent,
might come into play. Future work parametrically manipulating
set size might reveal further details of this relationship.

DISCUSSION

Our data suggest that precise information about multiple low-
level visual stimuli can be retained for over 1s. The amount of
information stored in iconic memory was less for motion com-
pared to orientation or color stimuli. Performance at 1000 ms was
liable to disruption by a reallocation of attentional resources, sug-
gesting that storage at around 1 s resembles the active process of
visual working memory. Finally, memory for orientation seemed
to be influenced by the retinotopic location of the test stimulus,
suggesting the involvement of early retinotopic visual cortex.

Most studies of visual memory for low-level features have inves-
tigated color, orientation, and motion in separate experiments
with different stimuli and subjects (Pasternak and Greenlee, 2005).
In contrast, our study compared early visual memory for color,
form, and motion in a single paradigm and set of experimental
conditions. We found that the amount of information stored in
iconic memory was significantly less for motion than for color and
orientation. In contrast, long-term memory is actually boosted by
the addition of moving information (Matthews et al., 2007). For
intermediate delays of around 10s memory for a single motion
stimulus shows little decay (Blake et al., 1997; Pasternak and Green-
lee, 2005). Why might this high-capacity memory for multiple
motion stimuli show less information storage compared to color
or orientation?

One proposal is that motion perception requires more visual
information, in the sense of visual features or details (position
changes over time), compared to color and orientation. For exam-
ple motion perception has been modeled as spatiotemporal ori-
entation, or orientation in space and time (Adelson and Bergen,
1985). Likewise, although visual search is not a direct measure of
the amount of information in a visual stimulus, it is often used
as an index of information load of a stimulus object (Treisman,
1986; Alvarez and Cavanagh, 2004). Indeed, the search rate, i.e.,
the amount of extra search-time for each additional item in visual
search tasks has been shown to be greater for motion compared to
color or form stimuli (Cavanagh et al., 1990; Driver et al., 1992).
If motion perception does indeed require more information than
other stationary visual features, then iconic memory for motion
might also be contingent on greater amounts of information stor-
age. Such a model for visual motion memory suggests that the
capacity limits for memory storage of motion information would
be reached with fewer overall items than other visual features like
color or orientation. Such capacity limits could help explain the
different decay function we found here for motion storage.

It has been proposed that after-images may largely account
for iconic memory performance at particularly short cue delays
(Sakitt, 19765 Sligte et al., 2008). This could potentially create
discrepancies between stimuli that are not followed by after-
images (e.g., motion), stimuli that produce negative after-images
(color) and stimuli that are followed by informative after-images
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(orientation). We took this into account by counter-phasing the
orientation stimuli, in order to decrease any advantage that may
otherwise arise from orientation-specific after-images. Thus, it
seems our results cannot be explained by the contribution of after-
images to performance. In addition, the color and orientation data
were not significantly different, which would be predicted if sub-
jects were still able to utilize orientation pattern after-images to
boost performance.

It has previously been shown that low-level visual features
might be held in visual working memory accurately and with little
decay for up to tens of seconds (Pasternak and Greenlee, 2005).
Interestingly, our data show a clear decay of iconic/visual work-
ing memory over a few seconds. This finding can be explained by
current accounts of the capacity limits of visual working memory.
One account specifies that the precision of the representation of
each object in visual working memory decreases as the number of
objects to be remembered increases (Wilken and Ma, 2004; Bays
and Husain, 2008; Bays et al., 2009). Because we used an array of
10 stimuli, the resolution of the sensory object representations in
our study might have been lower than in other studies, which used
fewer objects. For cue delays of 1 or 2 s, precision might have been
just above threshold for correct discrimination on some trials and
just below on other trials. This could explain the low but above
chance performance for cue delays of 1.

Another theory specifies that a maximum of 3—4 items can
be retained in visual working memory (Luck and Vogel, 1997;
Cowan, 2001; Vogel et al., 2001; Zhang and Luck, 2008). The
measure commonly used to assess the number of items stored
assumes that items are either perfectly remembered or totally
absent from memory (Pashler, 1988). Performance on a mem-
ory task can thus be equated to a discrete number of objects that
might have been selected, randomly or otherwise, from the orig-
inal array. If one item out of 10 is remembered on each trial
with 100% precision and the other nine items are not, there is
one chance out of ten that the cue will select the item remem-
bered perfectly (correct answer), and nine chances out of 10 that
it will select a non-remembered item (correct or wrong answer,

equal probability). Over many independent trials, performance
would tend toward P = (1/10 x 100 4+ 9/10 x 50)/100 = 55% cor-
rect responses. Using this description of memory, a performance
of 60% correct responses corresponds to two items remembered,
and 65% correct responses corresponds to three objects remem-
bered. In our study, performance for 1-s cue delays could therefore
be accounted for by the retention of one (motion) to three items
(color).

Previous work has shown greater visual working memory per-
formance between color sets closer in color space compared to
sets farther away or more different. In other words, the less similar
the colors, the worse subjects performed. Such active interference
between feature representations is an additional source of memory
corruption or decay. In fact, Lin and Luck (2009) note that their
finding only extends to color and that other visual features, such as
motion might operate differently. Hence, it remains a possibility
that cortical representations of motion could actively interfere or
co-corrupt other motion representations to a greater degree than
color or orientation representations. Accordingly, such a scenario
remains a possible hypothesis to explain our current data.

CONCLUSION

Our study suggests that low-level visual features of 10 separate
items can be retained for over 1s. The amount of information
stored in iconic sensory memory was less for motion than for color
or orientation stimuli. Performance at 1000 ms was found to be
largely an active process, which suggests the potential involvement
of visual working memory.

ACKNOWLEDGMENTS

We thank Patrick Ringland for help with data collection and
Franco Caramia for programming support and reviewers for help-
ful comments. This work was supported by an NHMRC CJ Martin
Fellowship 457146 and NHMRC project grant APP1024800 to
Joel Pearson and UNSW faculty grants, as well as a scholarship
from the ENS (Ecole Normale Supérieure) de Cachan to Claire
Bradley.

REFERENCES

Adelson, E. H., and Bergen, J. R. (1985).
Spatiotemporal energy models for
the perception of motion. J. Opt. Soc.
Am. A 2,284-299.

Alvarez, G. A., and Cavanagh, P. (2004).
The capacity of visual short-term
memory is set both by visual infor-
mation load and by number of
objects. Psychol. Sci. 15, 106-111.

Averbach, E., and Coriell, A. S. (1961).
Short-term memory in vision. Bell
Syst. Tech. J. 40, 309-328.

Awh, E., Vogel, E. K., and Oh, S. (2006).
Interactions between attention and
working memory. Neuroscience 139,
201-208.

Bays, P. M., Catalao, R. E. G.,and Husain,
M. (2009). The precision of visual
working memory is set by alloca-
tion of a shared resource. J. Vis. 9,
1-11.

Bays, P. M., and Husain, M. (2008).
Dynamic shifts of limited working
memory resources in human vision.
Science 321, 851-854.

Blake, R., Cepeda, N. J., and Hiris, E.
(1997). Memory for visual motion. J.
Exp. Psychol. Hum. Percept. Perform.
23, 353-369.

Brady, T. E, Konkle, T.,and Alvarez, G. A.
(2011). A review of visual memory
capacity: beyond individual items
and toward structured representa-
tions. J. Vis. 11, 1-34.

Brainard, D. H. (1997). The psy-
chophysics toolbox. Spat. Vis. 10,
433-436.

Cavanagh, P, Arguin, M., and Treis-
man, A. (1990). Effect of surface
medium on visual search for ori-
entation and size features. J. Exp.
Psychol. Hum. Percept. Perform. 16,
479-491.

Coltheart, M. (1980). Iconic memory
and visible persistence. Percept. Psy-
chophys. 27, 183-228.

Coltheart, M., Lea, C. D., and Thomp-
son, K. (1974). In defence of iconic
memory. Q. J. Exp. Psychol. 26,
633—641.

Cowan, N. (2001). The magical num-
ber 4 in short-term memory: a
reconsideration of mental
age capacity. Behav. Brain Sci. 24,
87-114.

Di Lollo, V., and Dixon, P. (1992).
Inverse duration effects in partial
report. J. Exp. Psychol. Hum. Percept.
Perform. 18, 1089-1100.

Dick, A. (1974). Iconic memory and its
relation to perceptual processing and
other memory mechanisms. Percept.
Psychophys. 16, 575-596.

Dill, M., and Fahle, M. (1998). Lim-
ited translation invariance of human

stor-

visual pattern recognition. Percept.
Psychophys. 60, 65-81.

Driver, J., McLeod, P, and Dienes,
Z. (1992). Motion coherence and
conjunction search: implications for
guided search theory. Percept. Psy-
chophys. 51, 79-85.

Ester, E. E, Serences, J. T., and Awh, E.
(2009). Spatially global representa-
tions in human primary visual cor-
tex during working memory mainte-
nance. J. Neurosci. 29, 15258-15265.

Fougnie, D. (2008). “The relation-
ship between attention and working
memory,” in New Research on Short-
Term Memory, ed. N. B. Johansen
(New York: Nova Science Publish-
ers), 1-45.

Fukuda, K., Awh, E., and Vogel, E. K.
(2010). Discrete capacity limits in
visual working memory. Curr. Opin.
Neurobiol. 20, 177-182.

www.frontiersin.org

September 2012 | Volume 3 | Article 355 | 7


http://www.frontiersin.org
http://www.frontiersin.org/Perception_Science/archive

Bradley and Pearson

High-capacity iconic and working memory

Gegenfurtner, K. R., and Sperling,
G. (1993). Information transfer in
iconic memory experiments. J. Exp.
Psychol. 19, 845-845.

Graziano, M., and Sigman, M. (2008).
The dynamics of sensory buffers:
geometric, spatial, and experience-
dependent shaping of iconic mem-
ory. J. Vis. 8, 1-13.

Jiang, Y., Zhou, K., and He, S. (2007).
Human visual cortex responds to
invisible chromatic flicker. Nat. Neu-
rosci. 10, 657—662.

Keogh, R., and Pearson, J. (2011).
Mental imagery and visual work-
ing memory. PLoS ONE 6, €29221.
doi:10.1371/journal.pone.0029221

Kuhbandner, C., Spitzer, B. and
Pekrun, R. (2011). Read-out of
emotional information from iconic
memory: the longevity of threat-
ening stimuli. Psychol. Sci. 22,
695-700.

Lin, P. H.,, and Luck, S. J. (2009).
The influence of similarity on visual
working memory representations.
Vis. Cogn. 17, 356-372.

Lu, Z. L., Neuse, J., Madigan, S., and
Dosher, B. A. (2005). Fast decay
of iconic memory in observers
with mild cognitive impairments.
Proc. Natl. Acad. Sci. US.A. 102,
1797-1802.

Luck, S. J., and Vogel, E. K. (1997). The
capacity of visual working mem-
ory for features and conjunctions.
Nature 390, 279-281.

Magnussen, S. (2000). Low-level mem-
ory processes in vision. Trends Neu-
rosci. 23, 247-251.

Magnussen, S., and Greenlee, M. W.
(1992). Retention and disruption of

motion information in visual short-
term memory. J. Exp. Psychol. Learn
Mem. Cogn. 18, 151-156.

Magnussen, S., and Greenlee, M. W.
(1999). The psychophysics of per-
ceptual memory. Psychol. Res. 62,
81-92.

Magnussen, S., Idds, E.,and Myhre, S. H.
(1998). Representation of orienta-
tion and spatial frequency in percep-
tion and memory: a choice reaction-
time analysis. J. Exp. Psychol. Hum.
Percept. Perform. 24,707-718.

Matthews, W. J., Benjamin, C., and
Osborne, C. (2007). Memory for
moving and static images. Psychon.
Bull. Rev. 14, 989-993.

McRae, K., Butler, B. E., and Popiel,
S.J. (1987). Spatiotopic and retino-
topic components of iconic memory.
Psychol. Res. 49, 221-227.

Neisser, U. (1967). Cognitive Psychol-
ogy. East Norwalk, CT: Appleton-
Century-Crofts.

Nilsson, T. H., and Nelson, T. M.
(1981). Delayed monochromatic
hue matches indicate characteristics
of visual memory. J. Exp. Psychol.
Hum. Percept. Perform. 7, 141-150.

Ong, W. S., Hooshvar, N., Zhang, M.,
and Bisley, J. W. (2009). Psychophys-
ical evidence for spatiotopic process-
inginarea MT in a short-term mem-
ory for motion task. J. Neurophysiol.
102, 2435-2440.

Pashler, H. (1988). Familiarity and
visual change detection. Percept. Psy-
chophys. 44, 369-378.

Pasternak, T., and Greenlee, M. W.
(2005). Working memory in primate
sensory systems. Nat. Rev. Neurosci.
6,97-107.

Phillips, W. A. (1974). On the distinc-
tion between sensory storage and
short-term visual memory. Percept.
Psychophys. 16, 283-290.

Sakitt, B. (1976). Psychophysical cor-
relates of photoreceptor activity.
Vision Res. 16, 129-140.

Sligte, I. G., Scholte, H. S., and
Lamme, V. A. E (2008). Are there
multiple visual short-term mem-
ory stores? PLoS ONE 3, el699.
doi:10.1371/journal.pone.0001699

Spencer, T. J. (1969). Some effects of
different masking stimuli on iconic
storage. J. Exp. Psychol. 81, 132-140.

Sperling, G. (1960). The information
available in brief visual presenta-
tions. Psychol. Monogr. 74, 1-29.

Treisman, A. (1986).
objects in visual processing. Sci. Am.
254, 114-125.

Turvey, M. T. (1973). On peripheral
and central processes in vision:
inferences from an information-
processing analysis of masking with
patterned stimuli. Psychol. Rev. 80,
1-52.

Vogel, E. K., and Machizawa, M. G.
(2004). Neural activity predicts indi-
vidual differences in visual work-
ing memory capacity. Nature 428,
748-751.

Vogel, E. K., Woodman, G. F,, and Luck,
S. J. (2001). Storage of features,
conjunctions, and objects in visual
working memory. J. Exp. Psychol. 27,
92-114.

Vogels, R., and Orban, G. A. (1986).
Decision processes in visual discrim-
ination of line orientation. J. Exp.
Psychol. Hum. Percept. Perform. 12,
115-132.

Features and

Wagner, G., and Boynton, R. M. (1972).
Comparison of four methods of het-
erochromatic photometry. J. Opt.
Soc. Am. 62, 1508-1515.

Wandell, B., Dumoulin, S., and Brewer,
A. (2007). Visual field maps in
human cortex. Neuron 56, 366—383.

Wilken, P, and Ma, W. J. (2004). A
detection theory account of change
detection. J. Vis. 4,1120-1135.

Zhang, W., and Luck, S. J. (2008).
Discrete fixed-resolution represen-
tations in visual working memory.
Nature 453, 233-235.

Conflict of Interest Statement: The
authors declare that the research was
conducted in the absence of any com-
mercial or financial relationships that
could be construed as a potential con-
flict of interest.

Received: 22 February 2012; accepted:
02 September 2012; published online: 25
September 2012.

Citation: Bradley C and Pearson ]
(2012) The sensory components of high-
capacity iconic memory and visual work-
ing memory. Front. Psychology 3:355. doi:
10.3389/fpsyg.2012.00355

This article was submitted to Frontiers in
Perception Science, a specialty of Frontiers
in Psychology.

Copyright © 2012 Bradley and Pearson.
This is an open-access article distributed
under the terms of the Creative Com-
mons Attribution License, which per-
mits use, distribution and reproduction
in other forums, provided the original
authors and source are credited and sub-
ject to any copyright notices concerning
any third-party graphics etc.

Frontiers in Psychology | Perception Science

September 2012 | Volume 3 | Article 355 | 8


http://dx.doi.org/10.1371/journal.pone.0029221
http://dx.doi.org/10.1371/journal.pone.0001699
http://dx.doi.org/10.3389/fpsyg.2012.00355
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://www.frontiersin.org/Perception_Science
http://www.frontiersin.org/Psychology
http://www.frontiersin.org/Perception_Science/archive

	The sensory components of high-capacity iconic memory and visual working memory
	Introduction
	Materials and Methods
	General methods
	Participants
	Apparatus
	Flicker photometry
	Stimuli
	Procedure

	Experiment 1
	Procedure

	Experiment 2
	Stimuli
	Procedure

	Experiment 3
	Stimuli
	Procedure


	Results
	Discussion
	Conclusion
	Acknowledgments
	References


