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Abstract

Brady, Konkle and Alvarez (2009) argued that statistical learning boosts the number of colors that
can be held online in visual working memory (WM). They showed that when specific colors are
consistently paired together in a WM task, subjects can take optimal advantage of these
regularities to recall more colors, an effect they labelled “memory compression”. They proposed
that memory compression is a product of visual statistical learning, an automatic apprehension of
statistical regularities that has been shown in prior work to be disconnected from explicit learning.
If statistical learning enables an expansion of the number of individuated representations in visual
WM, it would require revision of virtually all models of capacity in this online memory system.
That said, this provocative claim is inconsistent with multiple studies that have found no
improvement in WM performance following numerous repetitions of specific sample displays
(e.g., Olson and Jiang, 2004; Logie, Brockmole and Vandenbroucke, 2009). Here, we replicate the
Brady et al. findings but show that memory compression effects were restricted to subjects who
had perfect explicit recall of the color pairs at the end of the study, suggesting that statistical
regularities boosted performance by enabling contributions from long term memory. Thus, while
memory compression effects provide an interesting example of the tight collaboration between
online and offline memory representations, they do not provide evidence that statistical regularities
can augment the number of individuated representations that can be concurrently stored in visual
WM.
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Introduction

Working memory (WM) is an online memory system that enables the maintenance and
manipulation of information during virtually all cognitive tasks. Capacity in this memory
system is a stable individual trait (Conway, Cowan, Bunting, Therriault, & Minkoff, 2002;
Xu, Adam, Fang, & Vogel, 2017) that exhibits robust correlations with broad measures of
intellectual ability such as fluid intelligence and scholastic achievement. Thus, there has
been sustained interest in manipulations that could enhance WM capacity. In the present
work, we focus on the role of statistical regularities in WM capacity, and whether such
regularities can yield robust increases in the number of items stored in WM. In an influential
paper, Brady, Konkle and Alvarez (2009) demonstrated that when specific colors were likely
to be paired in a WM recall procedure, memory performance was enhanced relative to a
condition without those regularities. Brady et al. concluded that statistical regularities
enabled subjects to concurrently represent a larger number of colors in WM via
“compression” of the information in line with the observed regularities. Although it is clear
that statistical regularities yielded enhanced performance in the Brady et al. study, we argue
that this evidence alone does not establish whether a larger number of colors was stored in
WM. Here, we provide evidence for the alternative hypothesis that subjects boosted
performance by retrieving the needed information from long term memory (LTM).

Embedded process models of WM provide a useful perspective for framing this question.
These models conceive of WM as one component of an ensemble of memory processes that
includes both online and offline memory representations (e.g., Cowan, 1999; Ericsson &
Delaney, 1999; Jonides et al., 2008; Oberauer, 2002). For example, Cowan’s conception
includes a base “layer” that represents the full contents of long-term memory (LTM). Within
the LTM layer, there is “activated LTM”, which refers to the subset of LTM that is still latent
but readily accessible because of priming or recency. Finally, there is a small handful of
representations that can be maintained “online” or in the “focus of attention”. Critically, it is
the focus of attention that has typically been the subject of debates regarding WM capacity.
That is, while most theorists acknowledge that LTM has a virtually unlimited capacity, and
while the number of representations in LTM that can be “activated” remains unclear, there is
strong consensus that the focus of attention is highly limited in the amount of information
that can be concurrently maintained (Cowan, 2001; Fukuda, Awh, & Vogel, 2010). Thus, a
key question is whether statistical regularities enable a larger number of items to be
represented online in the focus of attention. Clear evidence for such an expansion of online
memory capacity would require significant revision for most leading models of WM.
Alternatively, it is plausible that subjects could encode statistical regularities into LTM, and
then retrieve that information to boost performance in a WM task. While embedded process
models highlight the opportunity for this kind of collaboration between WM and LTM, this
explanation does not require any change to the number of individuated representations that
can be actively maintained in the focus of attention.

Improvement in VWM performance has classically been explained with chunking, the

integration of separate items into a unit for storage in memory (Mathy & Feldman, 2012;
Miller, 1956; Thalmann, Souza, & Oberauer, 2019). Chen and Cowan (2009) provided a
clear demonstration that associations in LTM can boost performance in a WM task. They
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trained subjects until they had perfect explicit recall of a list of word pairs and showed that
subjects could subsequently hold precisely the same number of pairs in mind as they could
random unpaired words. Thus, unitizing pairs of words via associative learning enabled
subjects to double the number of individual words that they could accommodate in the WM
task. Critically, this explanation does not require any change to the number of individuated
items held in the focus of attention, because the needed associative knowledge can be
retrieved from LTM at the time of test.

Moreover, we note that chunking does not allow subjects to circumvent the 3—4 item limit
that is apparent with random individual items (Luck & Vogel, 1997; Zhang and Luck, 2008;
Adam et al., 2017). Instead, performance is sharply limited to precisely the same number of
unitized chunks. Thus, we argue that a common limited resource — sometimes conceived of
as a set of “pointers” — is required for the storage of both individual items and chunks. Here,
the notion that WM storage in constrained by a limited number of content-free pointers
dovetails with the object-based benefits observed in past behavioural work. That is, WM
performance is better when subjects remember both the color and orientation of each
individuated stimulus compared to when the same information is distributed amongst a
larger number of single feature objects (Luck & Vogel, 1997; Olson & Jiang, 2002; Wheeler
& Treisman, 2002).

Further evidence for an LTM-based explanation of memory compression effects comes from
a study that measured access time in a similar procedure (Huang & Awh, 2018). This study
replicated the benefits of statistical regularities observed in the Brady et al. (2009) study but
showed that they only manifested when subjects had a relatively long period of time (>1
second) following the test probe. Contrary to what might be expected if the additional
information was held “online” in WM following chunk formation within immediate memory
(Chekaf, Cowan, & Mathy, 2016), the longer response times provided initial evidence for a
relatively slow retrieval of the color pair from LTM (Bradmetz & Mathy, 2008). A natural
explanation for this finding is that subjects encoded the color pairs into LTM and retrieved
the needed information when the test probes were presented. Here again, this explanation
does not require any change in the number of representations that can be maintained in the
focus of attention.

By contrast, Brady et al. (2009) argued that statistical learning enabled the compression of
information held in WM, such that a larger number of colors were maintained online during
the WM task. This interpretation was motivated by past studies of visual statistical learning
(e.g. Fiser & Aslin, 2001, 2002; Turk-Browne, Jungé, & Scholl, 2005; Turk-Browne, Scholl,
Chun, & Johnson, 2008) that have shown that observers can learn subtle statistical
relationships automatically and without awareness of those regularities (Chun & Jiang,
1999; Turk-Browne et al., 2005, 2008). For example, observers gained knowledge of the
base-pairs of shapes that made up a complex visual scene even though the base-pair
structure of the scenes was irrelevant to the task (Fiser & Aslin, 2001). Statistical learning,
particularly visual statistical learning, is often thought to involve unconscious statistical
computations, forming the required associations between elements for the efficient chunking
of information (Perruchet & Pacton, 2006). In fact, statistical learning bears so much
similarity to implicit learning that some believe they are produced by the same general
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mechanism (Perruchet & Pacton, 2006; Turk-Browne et al., 2008). The fact that statistical
learning can occur in the absence of awareness also implies that such learning may help to
optimize processing in familiar contexts while minimizing the load on limited capacity
systems for perception and selection. Mathy and Feldman (2012) have suggested that the
redundancy of encoded information is automatically processed, such that more compressible
information takes up less encoding space and is thereby more memorable. In line with this
interpretation, Brady et al. (2009) reported that the small number of subjects who reported
noticing the regularities did not show a larger memory compression effect than the subjects
who did not report explicit awareness of the color pairs. A caveat for this conclusion,
however, is that there were very few subjects who did not report awareness of the regularities
in the Brady et al. study. Thus, a more sensitive test of this key question is needed.

Statistical learning provides a tempting interpretation for memory compression effects, but
another challenge for this hypothesis — aside from the plausibility of contributions from
LTM — is that multiple past studies have found no benefit from exact repetitions of sample
displays in similar working memory tasks (Logie, Brockmole, & Vandenbroucke, 2009;
Olson & Jiang, 2004). For example, Olson and Jiang (2004), using displays quite similar to
those of Brady et al. (2009), found subjects did not improve in change detection for repeated
relative to novel displays, even though a subsequent test of recognition memory showed that
subjects had acquired accessible long-term memories of the displays. These findings
challenge the hypothesis that the improved recall with the inclusion of statistical regularities
in the Brady et al. (2009) study were produced by an automatic process akin to visual
statistical learning. Instead, we hypothesize that the benefits of statistical regularities may be
contingent on the acquisition of explicit long-term memories of the regularities, as well as
task conditions that are conducive to the retrieval of that associative knowledge. This
hypothesis predicts that memory compression effects, unlike past demonstrations in the
implicit learning literature, will be directly connected to subjects’ explicit knowledge of the
statistical regularities. In this case, subjects could improve performance by retrieving the
relevant associations from LTM at the time of test, even though the number of
representations held concurrently online in WM did not change. Relevant to this point, the
studies by Olson and Jiang (2004) and Logie et al. (2009) observed null effects of repetition
using change detection procedures, while the Brady et al. (2009) studies employed recall.
One possibility is that unhurried recall responses are more conducive to LTM retrieval, either
because of the distinct cognitive requirements for recall versus recognition or simply
because recall tasks run at a slower pace that provides more time for LTM retrieval.

To this point, Brady ef a/. (2009) did examine whether subjects tended to store one item
from each pair and then use mnemonic inference to retrieve the associated color when the
test display was presented. Brady et al. argued against this alternative explanation with two
findings. First, performance when a low probability pairing was probed was better in the
patterned condition than in the uniform condition, consistent with the hypothesis that
memory compression left more resources available for storing those low probability items in
the patterned condition. However, this effect is also consistent with our LTM account of
performance, whereby subjects stored only one item (or a content-free label; Huang & Awh,
2018) from the rest of the pairs in the display, thus providing access to LTM representations
of the high probability pairs and leaving mnemonic resources available for storing the low
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probability pairs. Second, Brady et al. found that when subjects recalled the wrong color
from a low probability pair, they did not report the associated high probability color more
frequently. We agree that this finding rules out a specific version of postperceptual inference
in which subjects ignore one of the colors during encoding and then infer that color during
recall. But this finding does not rule out the possibility that subjects identified the high
probability pairs during the encoding phase of the trial, and subsequently stored a single
item only when high probability pairs were noticed. Thus, while past findings argue against
a specific version of the postperceptual inference account, our explicit LTM account of these
memory compression effects remains viable. In the present work, we provide further
evidence for this account by directly examining the relationship between explicit LTM
knowledge and the boost in performance observed with statistical regularities.

Experiment 1

Method

Observers

Apparatus

Stimuli

We replicated the Brady ef a/. (2009) study but added an objective awareness test of
subjects’ LTM for each color pair. Brady et al. also queried subjects about whether they had
noticed the pairings and found that the benefit in the patterned condition was not reliably
different between subjects who reported noticing the pairs and those who did not. An
important caveat for this conclusion, however, is that there were only 10 subjects in the
patterned condition of the studies in the Brady et al. paper. Thus, the null result in question —
equivalent compression effects in subjects who did and did not notice — was based on a
sample size of only three (Experiment 1) and two (Experiment 2) subjects who did not
notice the regularities. Here, we collected data from a total of 64 subjects (32 in both
Experiments 1 and 2), each of whom participated in both the patterned and the uniform
conditions. This within-subjects design, combined with an objective test of subjects’
knowledge of the color pairings, provided a more sensitive test of whether memory
compression effects were linked to explicit knowledge of the color pairs.

32 observers (19 females) were recruited from the local University of Chicago community
and received monetary compensation ($10/hour) for their time. All reported normal or
corrected-to-normal visual acuity, normal color vision and gave informed consent.
Procedures were approved by the University of Chicago Institutional Review Board.

Stimulus displays were generated in MATLAB using the Psychophysics Toolbox (Brainard,
1997; Pelli, 1997) and shown on a 24-inch BenQ XL2430T LCD monitor with spatial
resolution set to 1920 x 1080 and refresh rate set to 120 Hz. Observers were seated in a dark
room with a viewing distance of approximately 70 cm.

Observers were presented displays with eight color items in four pairs arranged around the
fixation point (Figure 1). Each color item was presented as squares with side length of 1.8°
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of visual angle or as circles with diameter 1.8° of visual angle (see Manipulation). Each item
was assigned one of eight colors without replacement: red, green, blue, magenta, cyan,
yellow, black and white. The four pairs were presented in fixed, equidistant locations 1.7° of
visual angle from the central fixation point. Items within a pair were separated by a center-
to-center distance of 2.0°.

Manipulation

Procedure

Observers completed a set of blocks for each condition, patterned and uniform. To reduce
any carryover effects from the first set of blocks, a different shape was used in the second set
of blocks. For example, if color items were presented as squares in the first set of blocks,
color items were presented as circles in the second set of blocks, or vice versa. Both starting
condition and stimulus shape was counter-balanced between observers.

In the uniform condition, the colors in each trial were chosen randomly, such that it was
equally likely for a color to be paired with any other color. In the patterned condition, the
colors were not chosen randomly. A joint probability matrix was constructed containing the
probabilities of each color pair being presented. The diagonal of this matrix was set to zero
to prevent the same color from appearing twice in a single display. Each observer was
assigned four high-probability pairs (probability = 80/372 ~ .2151)1 randomly with the
constraint that each color was assigned to only one high-probability pair. The fifty-two
remaining possible color pairs were assigned a uniform probability (probability = 1/372
~.0027). On each trial, four pairs were drawn using the joint probability matrix without
replacement, with the constraint that a color could not be drawn more than once.

In the final block of the patterned condition, the regularities in color pairings were removed,
such that the block was identical to a block from the uniform condition. The amount of
learning can then be quantified by taking the difference in performance between the average
of the first nine blocks and the final block.

Observers completed a total of 20 blocks (10 blocks of each condition) containing 60 trials
in each block. Each block took approximately 6 minutes, and the overall study lasted
approximately two hours. Observers were allowed to take short breaks at the end of each
block. Observers completed all blocks within a condition before starting the other condition.
The starting condition was counterbalanced between observers.

The general procedure for each trial is shown in Figure 1. At the beginning of each trial, a
fixation point was displayed for 750 ms. Four color pairs were then presented around
fixation for 1000 ms. Observers were instructed to remember the color of each item. A delay
period followed for 1000 ms before observers were presented with a probe to recall the color
of a randomly selected item. In the probe display, the locations of the color items in the
memory array were outlined with a thin black line. The probe item to be recalled was

1These probability values were replicated from Brady et al. (2009). With eight colors, there are 56 possible pairs of two different
colors. The 8 colors were randomised into 4 pairs and these pairs were assigned a weight of 80 to ensure a high-probability of
selection. The remaining 52 colour pairs were given a weight of 1. The sum total of the weights is 372.
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outlined with a thicker black line. Below the probe display, an array of all possible colors
was presented. The observer was instructed to click on the color below the display that was
presented at the probed location.

To get a precise estimate of subjects’ explicit knowledge of the color pairings, we tested
their ability to recall the paired colors at the end of the study. After completing all 20 blocks,
observers were presented a color item in the middle of the screen and were asked to click on
the color they thought was most likely to appear with the shown color (Figure 2).

To estimate VWM performance, we measured the percentage of correct responses (PC) for
each block. These were used to estimate the number of colors observers could recall (K)
using the following formula from Brady et al. (2009) (see Appendix for derivation):

=[(PC><8><8)—8]

K 7

Performance across conditions

As Figure 3 illustrates, we replicated the advantage Brady et al. (2009) reported in the
patterned condition. We observed a statistically significant effect of condition (patterned vs.
uniform), A1,31) = 41.30, p< .001 and a statistically significant effect of block, A8, 248) =
8.96, p< .001. There was a significant interaction between condition and block, A8,248) =
8.66, p < .001. Capacity for colors increased significantly across the patterned condition,
F(8,248) = 13.33, p<.001, whereas performance did not change across blocks in the
uniform condition, A8,248) = 1.04, p=.40.

There was no difference in performance in the first block across conditions, {31) = 1.04, p
= .31, but performance in following blocks was significantly higher in the patterned
condition, all £31) > 2.39, all p<.02. In the last block where regularities were removed in
the patterned condition, performance was not significantly different from performance in the
uniform condition, #31) = 1.79, p=.08. We also replicated these findings using a linear
mixed effects logistic regression analysis of accuracy across trials for each condition, which
avoids inflating the number of repeated tests to examine learning across time. We used the
‘Ime4 package (Bates, Méachler, Bolker, & Walker, 2015) in R (R Core Development Team,
2013) to conduct the analysis.2 The likelihood of a correct response was significantly larger
for the patterned condition than the uniform condition (6= 0.63, SE,=0.067, z=9.42, p
<.001) but not across trials (b= -1.39x107°, SEp = 2.48x1074, z=-0.06, p = 0.96). There
was a significant interaction between condition and trial number (6= 6.50x1074, SEp, =
1.42x1074, z= 457, p< .001) suggesting the change in likelihood of a correct response
across trials was significantly higher for the patterned condition compared to the uniform
condition.

2\We used the ‘glmer’ function to conduct the model fitting with the Adaptive Gauss-Hermite Quadrature method. Models that
included random intercepts and slopes for subjects across trials for each condition failed to converge. The analysis reported here is for
the model with random effects for each condition and fixed intercepts for each subject.
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Observers remembered 2.8 colors on average in the uniform condition. This is consistent
with the mean performance in Brady et a/. (2009) in which average K'was 2.7 and 3.4 in
Experiment 1 and 2 respectively. Observers remembered 4.8 colors on average after viewing
the regularities in the stimulus displays (Block 9 of the patterned condition). This was
significantly higher than the 3.1 colors remembered on average when the regularities were
removed from the displays (Block 10 of the patterned condition), {31) = 5.29, p<.001.
Thus, we replicated the learning effects observed in the Brady et al. (2009) study.

Postperceptual inference

To test whether observers stored a single color from each pair, and then inferred the identity
of the other color at the end of the trial, Brady et al. (2009) examined whether observers
were more likely to report the high probability color associate of the adjacent item. Given
such a strategy, observers would guess incorrectly on trials where a low-probability pair was
probed and they would systematically guess the typical partner of the adjacent color. For
example, if the observers had learned a blue-green color pairing, this kind of postperceptual
inference would bias them to report green when blue was paired with a low probability
partner. Brady et al. (2009) found no such effect and concluded that postperceptual inference
did not play a role in the memory compression effect. We observed the same result. On
average, 76 trials per observer (2427 trials across 32 observers, 14% of total trials) tested a
low-probability pair. If observers were inferring the colors of the display using the high-
probability pairings, their responses would more often be the high-probability color of the
adjacent item. However, observers reported the high-probability color of the adjacent item
only 11% of the time (where chance is 1/7 or 14%). In addition, we found that observers’
performance improved over blocks on trials where the low-probability pair was probed
(Figure 4). Kwhen low-probability pairs were probed (A= 3.8) was significantly greater in
Block 9 of the patterned condition than in Block 10 of the patterned condition, when all
pairs were low-probability (M= 3.1), {31) = 2.66, p=.012. These findings suggest that high
probability pairs required a smaller portion of limited mnemonic resources, thereby
enhancing performance for other items in the display. Thus, we agree with Brady et al. that
subjects were not encoding a single item from each pair, and then using postperceptual
inference to boost performance with high probability pairs. However, we note that this
analysis does not rule out the possibility that subjects selectively stored a subset of colors
only when they recognized familiar pairs during encoding.

Primacy effects

Because we employed a within-subjects design in which subjects participated in both the
patterned and uniform conditions, we looked for possible carryover effects between
conditions. Indeed, the order of conditions affected the size of the memory compression
effect. A mixed three-way ANOVA revealed a statistically significant between-subject effect
of condition order on performance, A1, 30) = 9.88, p < .004. There were significant two-
way interactions between condition order and the main effect of condition, A1, 30) =8.22, p
=.008, and between condition order and the main effect of blocks, A8,240) = 2.08, p=.04.
There was a statistically significant three-way interaction between the condition order and
the performance on condition across blocks, A8,240) = 3.02, p < .003, suggesting that the
difference in performance across blocks in the patterned and uniform conditions was
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significantly greater for observers that started with the patterned condition than observers
that started with the uniform condition (Figure 5). Thus, the advantage in the patterned
condition was reduced for subjects who experienced the uniform condition first (Jungé,
Scholl, & Chun, 2007).

Are memory compression effects contingent on awareness?

The results thus far have provided a close replication of those reported by Brady et al.
(2009). The central question, however, is whether or not these memory compression effects
are contingent on subjects’ explicit knowledge of the color pairings. We classified subjects
as “aware” based on a strict criterion that they recall all the high probability pairs at the end
of the study. While subjects with less than perfect performance may still have substantial
awareness, the results show that subjects falling below this stringent criterion showed no
evidence of the memory compression effect. 19 of the 32 observers were aware of the
statistical regularities at the end of the experiment (5 out of the 16 observers who completed
the uniform condition first and 14 out of the 16 observers who completed the patterned
condition first).

A mixed three-way ANOVA (aware versus unaware; block; condition) revealed a main effect
of awareness, with higher accuracy in the aware group (M = 57%) than in the unaware group
(M=40%), A1,30) = 17.59, p< .001. There was a significant interaction between awareness
and condition, A1,30) = 41.80, p < .001, and between awareness and block, A8,240) = 2.08,
p=.039. Finally, there was a statistically significant three-way interaction between
awareness, block and condition, A8,240) = 2.25, p=.025 (Figure 6). For subjects who were
aware of the color pairings, performance in patterned blocks improved with each successive
block while performance in the uniform condition did not change; thus, for aware subjects
there was a significant interaction between condition and block, A8,144) = 10.83, p< .001.
By contrast, for subjects who could not report all the color pairings at the end of the study,
performance in the patterned and uniform conditions remained stable and equivalent
throughout the study; thus, for unaware subjects there was no main effect of condition and
no interaction between condition and block, A8,96) = 1.27, p = .27. Therefore, the increase
in the number of items remembered in the patterned condition was contingent on explicit
awareness of the color pairings.

We first computed effect size by taking the difference between average performance in the
first 9 blocks and the 10" block of the patterned condition to capture the amount of learning
that occurred (see Figure 7). Mean effect size for aware observers was 17.9% whereas mean
effect size for unaware observers was 1.3% (see Figure 8). A regression analysis showed that
the number of correct responses on the awareness test was a significant predictor of effect
size, b=2.68, SEp= .68, (31) = 3.92, p<.001. Aware observers showed a significant
difference in performance between the penultimate and last block of the patterned condition,
#(18) = 6.82, p < .001 whereas unaware observers showed no significant difference, #12)
=.62, p=.55. Thus, only aware observers remembered a reliably larger number of colors in
the patterned condition.
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Experiment 2

Method

Observers

Procedure

Results

Most observers completing the patterned condition first were explicitly aware of the
statistical regularities in the display, whereas observers completing the uniform condition
first were mostly unaware of associations between items. Due to numerous trials without
statistical regularities, observers who completed the uniform condition first may have been
primed to think that no statistical regularities are in the display in the patterned condition. In
Experiment 2, we replicated Experiment 1 with a design in which each condition was
presented in alternating blocks, reducing the primacy effect relative to when all trials of one
condition were completed in a single block.

The method was identical to Experiment 1 except for the following:

32 observers were tested in total. 16 observers (9 females) were recruited from the local
University of Chicago community and completed the experiment for monetary
compensation ($10/hour), and 16 observers (7 females) were recruited from the
undergraduate psychology student population from the University of Sydney and completed
the experiment for course credit. None of these subjects participated in the previous
experiment. All reported normal or corrected-to-normal visual acuity, normal color vision
and gave informed consent.

Observers completed a total of 20 blocks containing 60 trials each. Observers alternated
between blocks of the two conditions: a patterned condition block followed by a uniform
condition block, or vice versa. The starting condition was counterbalanced across observers.
Participants completed an awareness test after completing all trials.

Performance across conditions

We observed a statistically significant effect of condition (patterned vs. uniform) averaged
across blocks, A1,31) = 36.72, p< .001 but no significant effect of block averaged across
conditions, A8,248) = .69, p=.70. There was a significant interaction between condition
and block, A8,248) = 4.419, p< .001. Capacity for colors significantly increased across
blocks in the patterned condition, A(8,248) = 2.15, p = .32, whereas there was no change
across blocks in the uniform condition, A8,248) = .93, p = .49. There was no effect of
condition in the first block, {31) =.70, p= .49, but performance was significantly higher in
the patterned condition in all subsequent blocks, all £31) > 2.59, all p< .02. In the last block
where regularities were removed from the patterned condition, performance was not
significantly different between conditions, £31) = .56, p = .58. The pattern of results from
these statistical analyses was replicated using a linear mixed model fitting capacity estimates
(K) across condition and blocks for each individual. This statistical analysis showed a
significant effect of condition, 431.00) = 6.06, p< .001, and a significant interaction
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between condition and block, {479.00) = 4.97, p< .001, but no main effect of block,
(31.00) = 0.52, p=0.61.3

Observers remembered 2.6 colors on average in the uniform condition, consistent with mean
performance in Brady ef al. (2009) and Experiment 1 of the present study. Observers
remembered 3.6 colors on average after viewing the regularities in the stimulus displays
(Block 9 of the patterned condition). This was significantly higher than the 2.6 colors
remembered on average when the regularities were removed from the displays (Block 10 of
the patterned condition), {31) = 3.10, p=.004.

Postperceptual inference

On average, 76 trials per observer (2419 trials across 32 observers, 14% of total trials) tested
a low-probability pair. Observers reported the high-probability color of the adjacent item
only 11% of the time (where chance is 1/7 or 14%). Similarly to Experiment 1, observers’
performance varied significantly as a function of the number of high-probability pairs in the
display (K=2.4,2.8, 3.1, 3.3, 3.7 for 0, 1, 2, 3, and 4 high-probability pairs respectively in
the display, averaged across the entire experiment), A4,124) = 3.5, p=.01.

Primacy effects

Awareness

There was no significant interaction between condition order and the main effect of
condition, A1,30) = .55, p= .46, and there was no three-way interaction between the starting
condition and the effect of condition across blocks, A(8,240) = .65, p=.73. This suggests
that alternating between conditions every block eliminated the primacy effect observed in
Experiment 1.

16 out of the 32 observers correctly identified all the colors paired in the high-probability
pair with each of the eight colors. A mixed three-way ANOVA revealed a statistically
significant difference in performance averaged across all blocks between aware and unaware
observers, A1,30) = 7.87, p=.01. There was a significant two-way interaction between
awareness and the average performance between conditions, A1,30) = 21.46, p < .001 but
not between awareness and performance across blocks, A8,240) = 1.95, p=.054. However,
there was a significant three-way interaction between awareness and the difference in
performance across blocks between conditions, A8,240) = 2.74, p=.007.

To characterize the interactions between awareness and performance, we examined aware
and unaware observers separately as we did in Experiment 1. Among unaware participants,
average performance was statistically higher in the patterned condition compared to the
uniform condition, A1,15) = 19.76, p< .01, but this effect was very small and did not
change across blocks, A8,120) = .82, p =.59. Moreover, there was no significant interaction
between the conditions and the blocks suggesting the trajectory for performance did not
differ in the uniform and patterned condition, A8,120) = .58, p=.79. Indeed, the advantage

3The complete linear mixed model did not converge. The results of the model reported included a random effect of condition and
block across individuals. The t-statistics and p-values reported were generated using the ‘ImerTest’ package in R, which applies
Satterthwaite’s method to adjust the degrees of freedom for each effect.
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in the patterned condition was over 30 times larger for aware (19.6%) compared to unaware
(0.6%) participants, based on the difference between performance in the penultimate and
final blocks in the patterned condition. In addition, the difference between the patterned and
uniform conditions had a different trajectory across blocks, such that the learning effect grew
with additional exposures in the aware subjects but showed no such interaction with block in
the unaware subjects. Among aware participants, K was significantly higher in the patterned
condition, A1,15) = 155.10, p < .001 but not across blocks, A8,120) = 1.77, p=.09.
Importantly, there was a significant interaction on performance across blocks between
conditions, A8,120) = 3.48, p< .001, suggesting the change in performance across blocks
was different between conditions (see Figure 10). That is, among aware participants,
performance significantly improved in the patterned condition compared to the uniform
condition, but among unaware participants, there was no improvement in either the patterned
or the uniform condition.

To summarize, Experiment 2 replicated the finding that the advantage in the patterned
condition was largely restricted to subjects with perfect explicit knowledge of the color
pairings (see Figure 12). Although there was a statistically reliable advantage in the
patterned condition for unaware subjects, this effect does not appear to provide evidence for
the cumulative effects of statistical learning because the effect was extremely small and did
not show the monotonic increase in number of items remembered across blocks that was
observed by Brady et al. (2009) and in our first experiment. The number of correct responses
on the explicit awareness test was a significant predictor of the effect size, b= 1.57, SE

= .61, 431) = 2.56, p=0.016. Thus, Experiment 2 replicated the finding that the benefits of
statistical regularities were strongly dependent on the degree to which observers acquired
explicit knowledge of the color pairings. Aware observers showed a significant difference in
performance between the penultimate and last block of the patterned condition, {15) = 3.82,
p=.002, whereas unaware observers showed no significant difference, {15) = .26, p=.79.

Aggregated Results

We aggregated the data across experiments to examine whether there were significant
differences in our results between experiments and to further increase sensitivity. In
Experiment 1, participants completed all the blocks within one condition (patternedblocks
or uniform blocks) before the other, whereas in Experiment 2, participants completed the
blocks from each condition in alternating fashion. Any significant differences would likely
be due to differences in block order.

Comparison between experiments

The effect of condition on memory performance was not significantly different between
experiments, A1,62) = 3.06, p = .09, nor was average performance across blocks between
experiments, A8, 496) = 1.90, p=.06. Additionally, the interaction between the condition
and block was not significantly different between experiments, A8,496) = 1.32, p=.23. To
further investigate the difference in performance across blocks, we analysed the patterned
blocks and uniform blocks separately. Memory performance significantly increased across
blocks in the patterned condition, A8,496) = 11.715, p < .001, and this increase was
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significantly different between experiments, A8,496) = 2.067, p=.037, indicating that the
learning effect was significantly larger in Experiment 1 compared to Experiment 2. There
was no difference in performance across blocks in the uniform condition, A8,496) = .96, p
= .46, and performance was not significantly different between experiments, A8,496) =
1.00, p= .44,

These results indicate that the improvement in memory performance in the patterned
condition was significantly larger in Experiment 1 with the blocks containing statistical
regularities grouped together compared to Experiment 2 in which patterned blocks alternated
with blocks that did not contain statistical regularities.

Overall effects

Collapsing the data of both experiments, memory performance was significantly better in the
patterned condition compared to the uniform condition, A1,63) = 74.07, p<.001, and
significantly changed across blocks, A8,504) = 4.73, p< .001. The change in memory
performance across blocks was significantly different between the conditions, A8,504) =
12.49, p<.001. As reported above, memory performance significantly increased in the
patterned condition, but did not change in the uniform condition.

Effect of awareness

Across this study, there were 35 aware participants (19 from Experiment 1 and 16 from
Experiment 2), and 29 unaware participants (13 from Experiment 1 and 16 from Experiment
2). Averaged across blocks, the difference in memory performance between conditions was
larger for aware than for unaware participants, A1,62) = 60.65, p< .001. In addition, the
trajectory of this effect across blocks was steeper for aware than for unaware participants,
F(8,496) = 4.59, p< .001. Thus, the aggregate results mirrored the results of both
Experiment 1 and 2.

In unaware participants, memory performance was significantly higher in the patterned
condition than in the uniform condition, A1,28) = 7.71, p= .01, but did not change across
blocks, A8,224) = .31, p=.96. Additionally, there was no interaction between the condition
and performance across blocks, A8,224) = 1.17, p=.32. By contrast, aware participants
showed a significant difference in memory performance between conditions, A1,34) =
159.98, p<.001, and a significant change across blocks, A8,272) = 8.46, p< .001.
Critically, aware participants showed a significant interaction between memory performance
across blocks and the condition, A8,272) = 16.17, p< .001, indicating that only aware
participants show significant improvement in the patterned condition compared to the
uniform condition. This pattern of findings was consistent with the results of both
Experiment 1 and 2.

General Discussion

We replicated the results of Brady et al (2009), showing that performance was substantially
higher in a patterned condition in which specific colors were consistently paired together in
a WM task. This powerful effect, however, was contingent on awareness of the colour
pairings, such that improved recall was completely absent (Experiment 1) or negligible
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(Experiment 2) in subjects who did not have perfect explicit recall of the color pairs at the
end of the study. These findings are inconsistent with the hypothesis that statistical learning,
an automatic process that is disconnected from explicit awareness (Perruchet & Pacton,
2006; Turk-Browne et al., 2008), was responsible for improved performance in the patterned
condition. Moreover, this hypothesis fails to explain multiple studies that did not observe
improved WM performance after large number of repetitions of memory displays that were
quite similar to those in the Brady et al. (2009) study (Logie et al., 2009; Olson & Jiang,
2004). For example, in the Olson and Jiang (2004) study change detection performance was
unaffected by 24 exact repetitions of the sample display. No memory compression effect was
observed with repetition, despite clear evidence from subsequent recognition tests that
subjects had acquired long-term memories of those displays. Thus, both our findings and
others call into question whether statistical learning provides the right framework for
understanding the advantage in the patterned condition.

The embedded process model of WM provides a natural explanation for the advantage in the
patterned condition, based on the interactions between WM and LTM that are required by
most complex tasks. We propose that a subset of subjects (those aware of the statistical
regularities) were able to encode robust long-term memories of the color pairs, and then
retrieve this information at the time of test. Thus, without any change in the number of
representations held online in the focus of attention, subjects can exploit associations stored
in LTM to boost behavioural recall. This is precisely what Chen and Cowan (2009) observed
when they directed subjects to encode word pairs into LTM. In a subsequent WM task,
participants could remember the same number of pre-learned pairs of words as they could
random individual words. Moreover, our alternative explanation may also illuminate why
other studies found no advantage when memory displays were repeated up to 24 times
(Logie et al., 2009; Olson & Jiang, 2004). Both the present study and Brady et al. (2009)
used a recall procedure to test WM performance, while the Logie et al., (2009) and Olson
and Jiang (2004) studies employed a two-alternative choice response (same versus different).
It is possible that this relatively rapid mode of responding was not conducive to the effortful
retrieval of long-term memories for the repeated displays. This explanation fits the findings
of Huang and Awh (2018), who found that the statistical regularities in the Brady et al.
(2009) task were only evident after more than a full second had elapsed after the onset of the
test display, in line with a sluggish retrieval of the needed information from LTM. Consistent
with this possibility, Logie et al. (2009) found benefits with repeated displays when they
used a probed recall procedure (similar to that in the present work), but not a change-
detection procedure. Thus, the robust benefits of statistical regularities in the Brady et al.
(2009) procedure can be reconciled with other null effects (Logie et al., 2009; Olson &
Jiang, 2004) by the hypothesis that different methods for testing working memory are more
or less conducive to the retrieval of related information from LTM.

In both of our experiments, observers who were unaware of the statistical regularities
showed either negligible or no improvement in recall accuracy. In contrast to the kind of
statistical learning that has been highlighted in past studies (Fiser & Aslin, 2001, 2002;
Turk-Browne et al., 2005, 2008) in which subjects apprehended statistical regularities in the
absence of explicit awareness of those regularities (Chun & Jiang, 1999; Turk-Browne et al.,
2005, 2008), the observed improvement in memory recall is strongly contingent on explicit
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awareness of the regularities. However, this result does not rule out that visual statistical
learning may shape performance in a VWM task or lead to obtaining explicit knowledge
(Smyth & Shanks, 2008; Turk-Browne, Yi, & Chun, 2006). For instance, Umemoto et al.
(2010) measured change detection performance when one quadrant — unbeknownst to
subjects — was more likely to contain the changed item when the test display was presented.
They found that memory encoding was biased towards the quadrant most likely to contain
the changes, and subsequent measures of explicit knowledge showed no difference in effect
size between subjects who could and could not identify the dominant quadrant. This result
and others (Beck, Angelone, Levin, Peterson, & Varakin, 2008; Jiang, Swallow, &
Rosenbaum, 2013) suggest that implicit knowledge of likely target positions can elicit useful
biases in the items that are encoded into WM.

Interestingly, there is at least some evidence that location may have a special status in these
implicit learning demonstrations. Beck et al. (2008) found that equally predictive cues in the
shape and color dimensions were ineffective at eliciting useful encoding biases. Likewise,
we have also found that subjects did not benefit when an item of a specific color was most
likely to change its orientation during a change detection procedure (Umemoto and Awh,
unpublished). The notion that location may have a privileged status in visual processing is a
longstanding one. Some have argued that location is automatically attended and stored in
WM (e.g. Foster, Bsales, Jaffe, & Awh, 2017; Rajsic & Wilson, 2014; Schneegans & Bays,
2017; Tsal & Lavie, 1988) and that spatial attention is a fundamental component of feature
integration (Treisman & Gelade, 1980). That said, Beck et al. (2008) noted that the
nonspatial cues in their study were not explicitly task relevant, and this alone may have
precluded apprehension of the relevant probabilities. Thus, further work is needed to
determine the boundary conditions under which implicit knowledge can guide performance
in VWM.

In conclusion, while many studies have shown that statistical regularities can be
automatically apprehended and exploited in the absence of conscious awareness of those
regularities, this does not appear to be an accurate framing of the memory compression
effects in the Brady et al. (2009) procedure. Instead, the benefits of statistical regularities in
this procedure may be best characterized as a collaboration of WM and LTM that entails no
change in the number of items stored online in WM. These findings also challenge a key
assumption that underlies the memory compression hypothesis offered by Brady et al.
(2009). The notion of memory compression presumes that information is the “currency” of
WM, such that improvements in performance are viewed as evidence for a reduction in the
total amount of information that must be stored online. By contrast, if WM capacity is
limited by the number of individuated representations, then a natural prediction is that WM
storage will be limited to the same number of unitized chunks as individual memoranda that
do not benefit from associative learning. Hence, while memory compression effects have
sometimes been presented as a challenge to models proposing discrete capacity limits in
WM, the present work shows that this and other examples of chunking are fully compatible
with this view once the collaboration between WM and LTM is considered. Thus, while
there will surely be continued interest in any manipulation that may boost online memory
capacity, this is not the best explanation for the memory compression effect examined here.
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Appendix

Derivation of K Formula

The task in the current study is an eight-alternative forced choice, and observers may choose
the correct answer if they know it or guess it by chance. Therefore, to estimate capacity (K),
we need to estimate the number of correct answers from knowing the colors and the number
of correct answers from guessing. We use the same formulation derived by Brady et al.
(2009).

If an observer remembers K items, observers will be correct on the K78 trials which a
remembered item is probed. On the remaining trials, the observer may get these trials correct
1/8™ of the time. Therefore, percent correct (PC) in terms of K will be:

K [8-K_1
PCZ§+[TX§]

Making K'the subject:
Kx8  8-K
PC=%¥x8 T 8x38

PCx8x8=Kx8+8—-K

PCx8x8=7xK+8

PCx8x8-8=7xK

_PCx8x8-8

K 7
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Figure 1.
(a) The trial procedure for the experiment. A fixation dot was presented for 750 ms before

eight colors were presented, arranged in four pairs around the fixation point, for 2000 ms.
After a 1000 ms delay, observers were instructed to click on the color of the item probed
with the thicker border outline. A 750 ms inter-trial interval with a blank screen followed.
(b) Examples of the stimuli display and probe display. Participants were shown one shape
for the first half of the experiment and shown the other shape for the second half of the
experiment. Distances shown in degrees of visual angle.
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Figure 2.
The test for awareness of statistical regularities. Observers were shown a color in the middle

of the screen and asked to click on the color that was most likely to appear with the color
shown.
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Figure 3.

The average number of items remembered (K) in each block for both conditions. The shaded
bar indicates the last block in which statistical regularities were removed from the patterned

condition. Error bars indicate +1 S.E.M.
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Figure 4.
The average number of items remembered (K) when a low-probability pair was probed for

each block. The shaded area indicates the last block in which statistical regularities were
removed from the patterned condition. Error bars indicate £1 S.E.M.
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Figure 5.

Average number of items remembered (K) in each block indicating (a) subjects who
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completed the patterned condition first showed a larger improvement than (b) subjects who

completed the uniform condition first. Error bars indicate 1 S.E.M.
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Figure 6.
Average number of items remembered (K) in each block for (a) “aware” subjects who

correctly reported all color pairings at the end of the study and (b) “unaware” subjects who
did not report all color pairings correctly. Improvement from inclusion of statistical
regularities appears to occur only in the “aware” subjects. Error bars indicate +1 S.E.M.
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Figure 7.
Effect size as a function of the number of items correct in the explicit awareness test. Effect

size was calculated by taking the difference in percentage correct between the average of the
first nine blocks and the ultimate block in the patterned condition.
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Figure 8.
Effect size for “aware” observers, who correctly reported all color pairings in the explicit

awareness test, and for “unaware “observers, who did not. Effect size was calculated by
taking the difference in percentage correct between the average of the first nine blocks and
the ultimate block in the patterned condition.
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Figure 9.

The average number of items remembered (K) across blocks in Experiment 2. The shaded
area indicates the last block where statistical regularities were removed from the patterned

condition. Error bars indicate +1 S.E.M.
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Figure 10.
Aggregate performance across blocks for (a) “aware” observers who correctly reported all

color pairings in the explicit awareness test and for (b) “unaware” observers who did not.
The shaded area indicates the last block were statistical regularities were removed from the
patterned condition. Error bars indicate +1 S.E.M.
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Figure 11.
Effect size as a function of the number of items each subject correctly reported the color

pairing in the explicit awareness test at the end of Experiment 2. Effect size was calculated
by taking the difference in percentage correct between the penultimate and ultimate blocks
in the patterned condition.

J Exp Psychol Gen. Author manuscript; available in PMC 2020 August 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Ngiam et al.

n
o

Effect Size (%)
o

-10

o
IIIIIII|I|IIII|IIII

Figure 12.

Effect size for aware observers, who correctly reported all color pairings in the explicit

—_—
1
1
1
1
1
1
1
1
1
1
T
]
1
1
1
1 T
1 1
1 e —
1
1
1
]
1
e e—
Aware Unaware

Page 30

awareness test, and for unaware observers, who did not correctly report all color pairings, in

Experiment 2.
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Figure 13.
Aggregate performance across blocks in both conditions combined across both experiments.

The shaded area indicates the last block where statistical regularities were removed from the
patterned condition. Error bars indicate +1 S.E.M.
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Figure 14.
The average number of items (K) remembered across blocks for (a) “aware” observers from

both experiments who correctly reported all color pairings in the explicit recall test and for
(b) “unaware” observers from both experiments who did not correctly report all color
pairings. The shaded area indicates the last block where statistical regularities were removed
from the patterned condition. Error bars indicate £1 S.E.M.
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