
Sequential encoding paradigm reliably captures the individual
differences from a simultaneous visual working memory task

Chong Zhao1,2
& Edward K. Vogel1,2

Accepted: 21 December 2022
# The Psychonomic Society, Inc. 2023

Abstract
Converging behavioral and neural evidence have suggested that visual stimuli could be attached to existing visual working
memory sequentially in time. However, whether individual differences in sequential visual working memory paradigm are
similar to those measured by the classical simultaneous change detection paradigm remain unknown. Here, we first show that
sequentially presented visual stimuli exhibit similar working memory capacity bottlenecks as previous research using simulta-
neously presented items.We further reveal that within the same subject, the accuracy and capacity estimates using sequential and
simultaneous paradigm were comparable across four different set sizes. Also, we discover that the individual differences
measured by the sequential paradigm were highly correlated to those by the simultaneous paradigm within the same subject
across all four set sizes of interest. Finally, we find that in a larger sample of subjects (n = 200), the variance and higher-order
statistics were similar for sequential and simultaneous paradigms with set size of 6. Collectively, these findings indicate that
individual differences measured by the sequential presentation of visual items rely on the similar working memory resources as
those by the simultaneous form of presentation.
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Introduction

Individual differences in visual working memory (VWM) ca-
pacity predict a wide range of cognitive abilities, such as general
intelligence (Unsworth et al., 2014), long-term memory
encoding (Miller et al., 2019), and even mathematical reasoning
(Raghubar et al., 2010), to name a few. Individual differences in
VWM performance are thought to connect to such a wide range
of cognitive performance measures because they have high de-
mands for attentional control (Kane et al., 2004; Kyndt et al.,
2012; Martin et al., 2021). One broadly used paradigm to deter-
mine these capacity estimates is the change detection paradigm
(Luck & Vogel, 1997; Rouder et al., 2011). In these experi-
ments, subjects first encoded an array of simultaneously appear-
ing colored squares. During the test phase, subjects are probed
by a color square appearing at one of the original locations and

determine whether the square changed its color or not compared
with the encoding phase. However, in this paradigm, multiple
objects must be encoded into memory simultaneously which
may produce high levels of competition for attentional control
processes necessary for successful storage. This may result in
only a subset of the stimuli being encoded and maintained in the
capacity-limited VWM (Zhang & Luck, 2008). Neural signa-
tures also reflect this limit in VWM capacity. In a simultaneous
change detection experiment, the contralateral delay activity
(CDA) would increase with load until the VWM capacity limit
was reached (Vogel &Machizawa, 2004). Crucially, Vogel and
Machizawa (2004) also revealed that the CDA increase from Set
Size 2 to Set Size 4 was correlated to the individual differences
in VWM capacity. Further, the individual differences observed
in both simultaneous change detection performance and CDA
amplitudes have been shown to have high reliability and predict
performance in a wide variety of cognitive measures (Fukuda
et al., 2015; Fukuda &Vogel, 2011). Collectively, this evidence
suggests that the simultaneous change detection paradigm is an
ideal candidate task for studying individual differences in cog-
nitive ability. However, one significant ambiguity remains with
regards to the individual differences measured in this task. Is the
variability across subjects primarily driven by the competition
for attentional control amongst objects during the simultaneous
encoding phase? Or are these differences the driven by demands
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that are incurred at later stages of processing (e.g., storage, re-
trieval, decision)?

There have been several studies that have used variations of
the change detection paradigm in which the items were pre-
sented sequentially. The primary modification in these studies
was that each stimulus was presented one at a time during the
encoding phase until the set size was reached. In these sequen-
tial tasks, competition at encoding is minimized because each
item is presented in isolation. Average performance in these
sequential paradigms seems to show similar overall perfor-
mance the simultaneous change detection paradigm. For ex-
ample, Woodman, Vogel, and Luck (Woodman et al., 2012)
showed that the mean performance was similar in the sequen-
tial and the simultaneous versions of the change detection
paradigm with Set Sizes 2, 4, and 6. Further, neural evidence
also showed that sequentially attaching items into VWM
would similarly boost CDA until the time when working
memory capacity was full (Berggren & Eimer, 2016;
Feldmann-Wüstefeld et al., 2018; Ikkai et al., 2010; Vogel
et al., 2005; Wang et al., 2018). Therefore, one possibility
was that sequential encoding and simultaneous encoding test-
ed on the same underlying VWM ability construct.

However, none of these prior studies attempted to determine
whether the two tasks captured the same individual differences
in performance across subjects. That is, the observation of sim-
ilar mean performance in either the behavior or the neural mea-
sure does not necessarily mean that the performance variance
captured in one task is the same as what was observed in the
other task. For example, it is possible that both tasks are limited
by a common storage limit, but that the individual differences
in performance are only observed when there is competition at
encoding. Such a scenario could plausibly produce similar
mean performance without capturing the same individual dif-
ferences across subjects. In sequential tasks, only one item is
attended at a time (Olivers et al., 2011), and thus may be much
less dependent upon the attention control ability of the individ-
ual during encoding. Alternatively, it is plausible that the indi-
vidual differences in performance measured in simultaneous
tasks are driven by demands for control processes that are not
exclusively restricted to competition during encoding. For ex-
ample, during sequential tasks, attentional control demands
may become necessary as the accumulated load increases and
nears or exceeds capacity limits or perhaps due to competition
amongst items during the retrieval stage.

Our current study aimed to directly test if the individual
differences in sequentially storing items into VWMdraws upon
the same limitations as those observed when simultaneously
storing items into VWM. To address this question, we first
wanted to establish the parameters of a benchmark sequential
change detection task to determine whether a well-powered
sequential study would replicate the overall levels of perfor-
mance observed in previous literature, which had limited num-
bers of trials and subjects (e.g., Woodman et al., 2012). To test

if the two modes of encoding shared their variance, we then
tested if the within-subject capacity measures correlated be-
tween sequential and simultaneous encoding paradigms across
four different set sizes.

Overview of experiments

We measured the individual differences in sequential change
detection performance and its relationship to its simultaneous
equivalent. In Experiment 1, we measured the accuracy and K
capacity in only the sequential paradigm in Set Size 3, 4, 5,
and 6 with large number of trials (t = 240). In Experiment 2,
we administered the simultaneous and sequential task with the
same total set size to subjects to ask if the relation between the
two paradigms change with respect to set size. This resulted in
four groups of subjects for each set size (3–6) and 24 subjects
for each set size. In Experiment 3a, we aimed to determine
how the individual differences in high set size (6) between two
modes of encoding were correlated with a large sample size (n
= 200) and trial number (t = 240). In Experiment 3b, we aimed
to generalize our findings in individual differences between
the two paradigms into two different set sizes (4 and 6) within
the same subject.

Experiment 1

Method

Subjects

Forty subjects were recruited at the rate of $9.50 per hour from
Prolific, an online platform for subject recruitment. All sub-
jects were 18 to 35 years old, currently lived in the United
States, had normal or corrected-to-normal vision, and with no
ongoing psychological or neurological disorders. Our screen-
ing for Prolific online subjects remained the same as our in-lab
sample, such that participants who had below chance (or ca-
pacity score below zero) would be eliminated. Additionally,
participants who finished less than 80% of the trials, or failed
more than 25% of our attentional check questions, would also
be eliminated.

Stimuli

All stimuli were colored squares generated in JavaScript using
the jsPsych canvas keyboard interface. The colored squares
were all in 40 × 40 pixels size on a 400 × 400 pixels canvas
page. Color squares could appear anywhere within a circular
area of the monitor within 30 to 200 pixels from the center of
the canvas screen. Each square could appear in one of the nine
distinct colors with no repetitions within any trial (RGB
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values: red = 255, 0, 0; green = 0, 255, 0; blue = 0, 0, 255;
magenta = 255, 0, 255; yellow = 255, 255, 0; cyan = 0, 255,
255; orange = 255, 128, 0; white = 255, 255, 255; black = 0 0
0). Subjects were instructed to fixate at a small black plus (30
px in Arial) at the center of the screen throughout the trial.

Procedures

In pilot studies, we ran several versions of the sequential
paradigms and determined that 250 ms was enough for
encoding but would not enable extensive rehearsal in a
sequential paradigm. Furthermore, our pilot experiments
also revealed that 250 ms of interstimulus interval would
be enough to break the remaining imagery of the previ-
ous stimuli and encourage more of the VWM usage.
Therefore, in our finalized experimental design, each trial
in the sequential paradigm started with a 500-ms fixation
plus at the center of the screen. Then, the subjects
viewed three, four, five or six colored squares one at a
time each for 250 ms. Following each color square,
250 ms of fixation period was added to ensure that the
perceptual continuity of the previous color squares did
not bring to the next frame. A retention period of
1,000 ms was displayed following the memoranda, be-
fore when one test color square would appear at one of
the previous locations of the studied color squares (see
Fig. 1a). During half of the trials, the test item would
have the same color as the studied color square. In the

other half of trials, the test item would change to one of
the new colors that was not sampled during the study
phase. In each trial, the subjects were asked to respond
change when the test item had a different color as the
studied item, or no change, when the test item was the
same color as one of the studied items, to the test color
square. The serial order of which study item was selected
as a test item was randomized within subject. For in-
stance, in a Set Size 3 setting, the probability of the first,
second, or third item being test would each be 1/3. To
eliminate the confounding effect of test order, half of the
subjects finished five blocks of the low set size trials in
their odd numbered blocks, and high set size trials in
their even numbered blocks. Consequently, the other half
of subjects had five blocks of the low set size trials in
the even number of blocks and high set size trials in the
odd number of blocks.

Due to the concern that online test might be harder for
subjects to maintain sustained attention compared with in-
lab test, the study was designed to be completed in under
an hour. To reduce the time each subject spent in doing
the task, our four set sizes of interest were divided into
three and five, or four and six items, between two groups
of subjects (see Fig. 2). Therefore, 20 subjects finished
240 trials each of Set Sizes 3 and 5 sequential change
detection task, and the other 20 subjects finished 240 tri-
als each of Set Sizes 4 and 6 sequential change detection
task.

Repeat set size(3 here
as an example) times

+ +++ +

250 ms stimulus
250 ms fixation

250 ms stimulus
250 ms fixation

250 ms stimulus
250 ms fixation

500 ms

A Sequential Paradigm

Till Response

set size (4 here as an example)
 number of squares

+ +

250 ms stimulus500 ms

B Simultaneous Paradigm

1000 ms retention

Test Phase

+

Till Response1000 ms retention

Test Phase

Fig. 1 The change detection paradigm. A A sample of the sequential
change detection paradigm. The color squares appeared one at a time
and repeated until the trial reached its set size. B A sample of the

simultaneous change detection paradigm. Colored squares appeared on
the screen simultaneously and the number of colored sqaures was
determined by the set size of the trial
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Result

Accuracy and K capacity of the sequential paradigm

The accuracy patterns in our sequential change detection task
were highly similar to these seen in simultaneous change de-
tection tasks. The accuracy decreased as set size increased. Set
Size 3 accuracy was significantly higher than that of Set Size
4, t(19) = 3.72, p = 6.34×10-4, Cohen’s d = 1.26, and Set Size
4 was significantly higher in accuracy than Set Size 6, t(19) =
9.63, p = 9.59×10-9, Cohen’s d = 1.73 (see Fig. 3). The only
exception was that the accuracy of Set Size 5 was not different
from that of Set Size 4, (t(19) = 0.28, p = .77. All of our
conclusions held after we performed Bonferroni correction
for multiple comparison, with a new p threshold at .008. We
then calculated the K score capacity according to Cowan’s
one probe change detection equation, K = N × (H-F)
(Cowan, 2001). The K capacity of Set Size 3 was not different
from that of Set Size 4, t(19) = 1.48, p = .14, Cohen’s d = 0.48,
or Set Size 6, t(19) = 1.34, p = .19, Cohen’s d = 0.44.
Similarly, the only exception was that Set Size 5 had a higher
K than that of Set Size 3, t(19) = 6.27, p = 5.06×10-6, Cohen’s
d = 1.44, and that of Set Size 4, t(19) = 2.66, p = .01, Cohen’s
d = 0.87. The fact that Set Size 5 had a K higher than Set Size

3 was mainly due to the within-subject paired t test em-
ployed in comparing the results. Moreover, in the compar-
ison between Set Size 5 and Set Size 4, the p value would
not survive the correction of multiple comparison, since the
new p value was .008 here for significance. Therefore, we
concluded that as set size increased from 3 to 6 in a sequen-
tial paradigm, the pattern of accuracy and K capacity was
similar to what has been previously observed in simulta-
neous change detection paradigms (Xu et al., 2018).

Reliability of the sequential paradigm

One key advantage of the simultaneous paradigm was that it
was highly reliable even with a moderate number of trials and
subjects (Xu et al., 2018). To ensure the internal reliability of
this 240-trial sequential paradigm, we computed the
Spearman–Brown corrected split-half reliability using even-
odd split of the trials in each set size. The accuracy measure
was highly reliable for all four set sizes (Set Size 3: 0.944; Set
Size 4: 0.941; Set Size 5: 0.937; Set Size 6: 0.884). Similarly,
the K capacity measure was highly reliable across all set sizes
of interest in our study (Set Size 3: 0.949; Set Size 4: 0.939;
Set Size 5: 0.937; Set Size 6: 0.880). Collectively, these

Sequential set size
 3 (48 trials)

Sequential set size
 5 (48 trials)

Sequential set size
 3 (48 trials)

Sequential set size
 5 (48 trials)

3 repetitions... 10 subjects

Sequential set size
 4 (48 trials)

Sequential set size
 6 (48 trials)

Sequential set size
 4 (48 trials)

Sequential set size
6 (48 trials)

10 subjects 3 repetitions... 

Sequential set size
 3 (48 trials)

Sequential set size
 5 (48 trials)

Sequential set size
 3 (48 trials)

Sequential set size
 5 (48 trials)3 repetitions... 10 subjects

Sequential set size
 4 (48 trials)

Sequential set size
 6 (48 trials)

Sequential set size
 4 (48 trials)

Sequential set size
6 (48 trials)

10 subjects 3 repetitions... 

Fig. 2 Sequential Change detection participant assignment in Experiment 1. Four groups of 10 unique subjects were recruited. Half of them finished set
size 3 and 5, and the other half finished set size 4 and 6, with block order counterbalanced and 240 trials per set size
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Fig. 3 Sequential Change detection performance in Experiment 1. (Left) The accuracy of sequential change detection with respect to different set sizes.
(Right) The K capacity score with respect to different set sizes
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evidences suggested that sequential change detection para-
digm was highly reliable within each subject.

Discussion

In Experiment 1, we revealed that the sequential paradigm had
high reliability across all four set sizes of our interest.
Specifically, numbers of trials and subjects needed to reach
optimal reliability were comparable to that of the simulta-
neous change detection paradigm shown in previous research
(Xu et al., 2018). Meanwhile, the capacity limit measured by
the sequential paradigm was also similar to that in previous
work by the simultaneous paradigm (Luck & Vogel, 1997).
However, such face similarity itself was not enough to testify
if the sequential and the simultaneous paradigm were
reflecting the same inherent working memory ability of
subjects.

To better quantify the relationship between the simultaneous
and sequential paradigm within subject, in Experiment 2, we
recruited subjects to complete both versions of the change de-
tection task with the same set size in the same session. This
design aimed to directly test if the sequential and simultaneous
change detection tasks were relying on similar cognitive re-
sources across various set sizes.

Experiment 2

Method

Subjects

Ninety-six subjects were recruited at the rate of $9.50 per hour
from Prolific. All subjects were 18 to 35 years old, currently
lived in the United States, had normal or corrected-to-normal
vision, and with no ongoing psychological or neurological
disorders. Our screening for Prolific online subjects remained
the same as our in-lab sample, such that participants who had
below chance (or capacity score below zero) would be elimi-
nated. Additionally, participants who finished less than 80%
of the trials, or failed more than 25% of our attentional check
questions, would also be eliminated.

Stimuli

The colors and size of the color squares and fixation plus were
the same as the ones used in Experiment 1.

Procedures

Each subject was randomly assigned to one of the four set
sizes of interest and complete 240 trials of sequential and
240 trials of simultaneous change detection task (see Fig. 4

for subject assignment). The sequential task was the same as
the one used in Experiment 1. In the simultaneous paradigm,
each trial started with a 500-ms fixation plus at the center of
the screen. Then, the subjects viewed three, four, five or six
colored squares simultaneously for 250 ms. A retention period
of 1,000 ms was displayed following the memoranda, before
when one test color square would appear at one of the previ-
ous locations of the studied color squares (see Fig. 1b). During
half of the trials, the test item would have the same color as
one of the studied color squares. In the other half of trials, the
test item would change to one of the new colors that was not
sampled during the study phase. In each trial, the subjects
were asked to respond change when the test item had a differ-
ent color as the studied item, or no change, when the test item
was the same color as one of the studied items, to the test color
square. To eliminate the confounding effect of test order, half
of the subjects finished five blocks of the simultaneous trials
in their odd numbered blocks, and sequential trials in their
even numbered blocks. Consequently, the other half of sub-
jects had five blocks of the simultaneous trials in the even
number of blocks and sequential trials in the odd number of
blocks.

Twenty-four unique subjects each participated in one set
size of both the sequential and simultaneous tasks. Our four
set sizes of interests thus resulted in a total of 96 subjects in
Experiment 2.

Result

Accuracy and K capacity for simultaneous task

The accuracy of the simultaneous task decreased with increas-
ing set size, with Set Size 3 accuracy higher than that of Set
Size 4, t(23) = 6.61, p = 3.50×10-8, Cohen’s d = 2.04, and Set
Size 5 accuracy higher than that of Set Size 6, t(23) = 2.65, p =
.01, Cohen’s d = 0.74. The only exception was at Set Size 5,
where the accuracy was not different from that of Set Size 4,
t(23) = 1.28, p = .21, Cohen’s d = 0.37. To acquire a more
accurate measure by accounting for false alarm rate, Cowan’s
K was compared with all set sizes, and none of the pairwise
comparison reached significance (ps > .07). Therefore, we
concluded that the capacity measure of Set Sizes 3, 4, 5, and
6 was not different from each another. All of our conclusions
held after we performed Bonferroni correction for multiple
comparison, with a new p threshold at .008.

Accuracy and K capacity for sequential task

The accuracy of the simultaneous task decreased with increas-
ing set size, with Set Size 3 accuracy higher than that of Set
Size 4, t(23) = 4.70, p = 2.36×10-5, Cohen’s d = 1.44, and Set
Size 5 accuracy higher than that of Set Size 6, t(23) = 3.25, p =
2.17×10-3, Cohen’s d = 1.10 (see Fig. 5). The only exception
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was at Set Size 5, where the accuracy was not different from
that of Set Size 4, t(23) = 0.30, p = .77, Cohen’s d = 0.08. The
accuracy results in sequential task highly mirrored that in the
simultaneous task. All of our conclusions held after we per-
formed Bonferroni correction for multiple comparison, with a
new p threshold at .008. To acquire a more accurate measure
by accounting for false-alarm rate, Cowan’s K was compared
with all set sizes, and only one of the pairwise comparison
reached significance (Set Size 3 versus 5, p = .007). Similarly,
all of our conclusions held after we performed Bonferroni
correction for multiple comparison, with a new p threshold
at .008. Therefore, we concluded that in general, the capacity
measure of Set Size 3, 4, 5, and 6 was not different from each
another.

Correlation between simultaneous and sequential VWM
capacity within subject

As shown above, the capacity estimate of sequential para-
digm was similar to that of the simultaneous paradigm.

Meanwhile, the pattern of capacity limit as set size increased
was also similar in the sequential paradigm to that in the
simultaneous paradigm. However, such qualitative observa-
tion is not sufficient to prove that the simultaneous and se-
quential paradigm rely on the same pool of workingmemory
resources. To better investigate whether the individual dif-
ferences inworkingmemory capacitywere reflected similar-
ly inbothparadigms, correlation analyseswereperformedon
the accuracy and capacity measures in each set size of inter-
est. Across all four set sizes, the correlation between the ac-
curacy in sequential paradigm and that in simultaneous par-
adigm was constantly high, Set Size 3: r(23) = .690, p =
1.92×10-4; Set Size 4: r(23) = .726, p = 5.85×10-5; Set Size
5: r(23) = .751, p = 2.39×10-5; Set Size 6: r(23) = .745, p =
2.97×10-5. Similarly, the K capacity correlation between si-
multaneous and sequential was also constantly significant
for all set sizes of our interest, Set Size 3: r(23) = .717, p =
8.03×10-5; Set Size 4: r(23) = .739, p= 3.69×10-5; Set Size 5:
r(23) = .735, p = 4.33×10-5; Set Size 6: r(23) = .758, p =
1.78×10-5).

Sequential set size
 3 (48 trials)

Simultaneous set 
size 3 (48 trials)

Sequential set size
 3 (48 trials)

3 repetitions... 
24 subjects 
(block order 
counterbalanced)

Simultaneous set 
size 3 (48 trials)

24 subjects 
(block order 
counterbalanced)

Sequential set size
 4 (48 trials)

Simultaneous set 
size 4 (48 trials)

Sequential set size
 4 (48 trials)

3 repetitions... Simultaneous set 
size 4 (48 trials)

24 subjects 
(block order 
counterbalanced)

Sequential set size
 5 (48 trials)

Simultaneous set 
size 5 (48 trials)

Sequential set size
 5 (48 trials)

3 repetitions... Simultaneous set 
size 5 (48 trials)

24 subjects 
(block order 
counterbalanced)

Sequential set size
 6 (48 trials)

Simultaneous set 
size 6 (48 trials)

Sequential set size
 6 (48 trials)

3 repetitions... Simultaneous set 
size 6 (48 trials)

Fig. 4 Sequential and Simultaneous Change detection participant
assignment in Experiment 2. Four groups of 24 unique subjects were
recruited. Each one group of them finished one of the 4 set sizes of

sequential and simultaneous tasks. The order of simultaneous black first
or sequential black first was counterbalanced. Each participant finished
240 simultanoues and 240 sequential trials with the same set size in total
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Fig. 5 Simultaneous and Sequential Change detection performance in
Experiment 2. (Left) The accuracy of sequential and simultanoues change
detection with respect to different set sizes. Each participant completed

both simultaneous and sequential versions of 240 trials each in one of thr
four set sizes. (Right) The K capacity score of sequential and
simultanoues change detection with respect to different set sizes
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Discussion

In Experiment 2, we concluded that the simultaneous
paradigm and the sequential paradigm reflected similar
limits in capacity within subject. The K capacity mea-
sures did not change as set sizes increased, resulting in
the same bottleneck of capacity as in previous research
using merely simultaneous paradigm (Luck & Vogel,
1997). Additionally, the individual differences in the
sequential paradigm were highly correlated to those in
the simultaneous paradigm. These evidence collectively
suggested that the two paradigms, despite of having
different modes of input, may largely reflect a similar
pool of VWM resources.

One potential limitation of Experiment 2 was that the
correlation between simultaneous and sequential VWM
paradigm was drawn with plenty of trials, but a rela-
tively small sample. The limitation in sample size may
prevent us from observing the full range of individual
differences in VWM ability. Therefore, we conducted
Experiment 3 below, where Set Size 6, the load with
the highest range of individual differences in perfor-
mance, of both sequential and simultaneous designs
were assigned to 200 unique subjects. We aimed to test
the level of similarity in the statistical properties of the
simultaneous and sequential paradigm. Meanwhile, we
were also curious about the reliability of their correla-
tion with a smaller sample or number of trials using the
iterative down-sampling approach.

Experiment 3a

Method

Subjects

One hundred subjects were initially recruited at the rate of $9.50
per hour from Prolific. After a round of reviews, an additional
hundred subjectswere recruited to address reviewer concerns such
that the final sample size was 200. All subjects were eighteen to
thirty-five years old, currently lived in the United States, had nor-
mal or corrected-to-normal vision, and with no ongoing psycho-
logical or neurological disorders. Our screening for Prolific online
subjects remained the same as our in-lab sample, such that partic-
ipants who had below chance (or capacity score below zero)
would be eliminated. Additionally, participants who finished less
than 80% of the trials, or failed more than 25% of our attentional
check questions, would also be eliminated.

Stimuli

The colors and size of the color squares and fixation plus were
the same as the ones used in Experiment 1.

Procedures

To maximize the individual differences between subjects,
each subject would complete 240 trials of sequential and
240 trials of simultaneous change detection task with Set
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Fig. 6 Correlation between set size 6 simultaneous and sequential change
detection performance in Experimet 3a. Left The correlation between set
size 6 simultaneous and sequential change detection accuricies. Right

The correlation between set size 6 simultaneous and sequential change
detection K capacities
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Size 6. The sequential task was the same as the Set Size 6 one
used in Experiments 1 and 2. The simultaneous task was the
same as the Set Size 6 one used in Experiment 2.

Result

Relation between simultaneous and sequential VWM capacity
within subject

As a first pass, we examined how reliable the simultaneous
and sequential paradigm were with 100 subjects and 240 tri-
als. Therefore, we did an even-odd split-half reliability test of
the simultaneous and sequential paradigm. Both the simulta-
neous, r(199) = .800, p = 2.20×10-45, and sequential, r(199) =
.885, p = 7.42×10-68, paradigm show a significant Pearson
correlation between their even-number and odd-number trials.
Given the high reliability of both paradigms, we then tested
whether the individual differences in sequential paradigm
were correlated to these in simultaneous paradigm.We further
collected 100 more subjects with 240 trials each of the para-
digm. Compiling the two datasets with 200 subjects in total,
we discovered that the correlation between the accuracies of
the two paradigms was highly significant, r(199) = .725, p =
7.43×10-34, as well as the K measures in both tasks, r(199) =
.698, p = 1.55×10-30 (see Fig. 6). Lastly, we examined the first
four orders of statistical moments of the K capacity scores in
sequential and simultaneous paradigms within each subject.
The resulting values were numerically similar for the two
measures (see Table 1). In particular, similar variance, skew-
ness and kurtosis on K score collectively indicated that the
two measures were likely to reflect similar levels of differ-
ences across individuals when measuring VWM ability.

Experiment 3b

Method

Subjects

Two hundred subjects were recruited at the rate of $9.50 per
hour from Prolific. All subjects were 18 to 35 years old, cur-
rently lived in the United States, had normal or corrected-to-
normal vision, and with no ongoing psychological or

neurological disorders. Our screening for Prolific online sub-
jects remained the same as our in-lab sample, such that partic-
ipants who had below chance (or capacity score below zero)
would be eliminated. Additionally, participants who finished
less than 80% of the trials, or failed more than 25% of our
attentional check questions, would also be eliminated.

Stimuli

The colors and size of the color squares and fixation plus were
the same as the ones used in Experiment 1.

Procedures

To maximize the individual differences between subjects,
each subject would complete 240 trials of sequential and
240 trials of simultaneous change detection task. Different
from Experiment 3a, each subject would complete 120 trials
of Set Size 6 and 120 trials of Set Size 4 under each condition.
The sequential task was the same as the Set Sizes 4 and 6 ones
used in Experiments 1 and 2. The simultaneous task was the
same as the Set Sizes 4 and 6 ones used in Experiment 2.

Result

Relation between simultaneous and sequential VWM capacity
within subject

Since only half of the trials were used for each condition com-
pared with Experiment 3a, we first examined the split-half reli-
abilities for sequential and simultaneous paradigms across our
two set sizes of interest. Our even–odd split-half reliability test
revealed that the simultaneous, Set Size 4: r(199) = .817,
p = 3.08×10-49 ; Set Size 6: r(199) = .667, p = 4.11×10-27, and
sequential, Set Size 4: r(199) = .852, p = 1.11×10-57; Set Size 6:
r(199) = .769, p = 2.61×10-40, paradigm show significant
Pearson correlations between their even-number and odd-
number trials. Given that we had two different set sizes of
sequential and simultaneous tasks within the same subject,
we first tested whether the individual differences in sequential
paradigm were correlated to these in simultaneous paradigm.
We replicated the findings in Experiment 3a that visual work-
ing memory measured by sequential and simultaneous para-
digms were highly correlated with Set Size 6 arrays, r(199) =
.914, p = 1.02×10-79. Furthermore, we also found out that this
correlation held with smaller Set Size 4 arrays within the same
subjects, r(199) = .930, p = 7.42×10-88 (see Fig. 7, also see
Table 2 for statistical moments). Having both set sizes within
the same subject, we would also like to confirm if sequential
and simultaneous tasks were measuring highly overlapping in-
dividual differences despite of having slightly different set
sizes. We first performed a correlational analysis between Set
Size 4 sequential and Set Size 6 simultaneous K capacity

Table 1 The statistical moments of the sequential and simultaneous K
scores in Experiment 3a

K capacity estimates Mean Variance Skewness Kurtosis

Sequential Set Size 6 2.923 1.467 0.206 −0.601
Simultaneous Set Size 6 2.646 0.965 0.201 −0.405
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measures. The Pearson correlation was highly positive across
the 200 subjects, r(199) = .917, p = 4.73×10-81. A similar
analysis between Set Size 6 sequential and Set Size 4 simulta-
neous K capacity measures also reveals highly positive corre-
lation, r(199) = .934, p = 1.61×10-90 (see Fig. 8). Collectively,
we confirmed that both paradigms were measuring similar in-
dividual differences in visual working memory capacity, even
across slightly different set sizes and with smaller number of
trials.

Discussion

In Experiment 3a and 3b, we discovered that sequential para-
digm shared the similar statistical properties, particularly the
second or above order moments, with the simultaneous para-
digm. Moreover, we replicated our findings in Experiment 2
that both paradigms were reliable, and the individual differ-
ences in the two paradigms were highly correlated. Therefore,
we concluded that, the sequential change detection task, de-
spite of having a different load at any given moment during
encoding, retained the individual differences measured by the
simultaneous paradigm.

General discussion

Here, we first showed that sequential change detection para-
digm had a comparable capacity limit as in the previous re-
search using simultaneous paradigm.Within the same subject,

Table 2 The statistical moments of the sequential and simultaneous K
scores in Experiment 3b

K capacity estimates Mean Variance Skewness Kurtosis

Sequential Set Size 4 1.959 0.609 −0.237 −0.681
Simultaneous Set Size 4 2.334 0.754 −0.453 −0.660
Sequential Set Size 6 2.924 1.410 0.139 −0.533
Simultaneous Set Size 6 2.358 1.218 −0.222 −0.711
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Fig. 8 Set size 4 performance predicted set size 6 performance even with
different paradigms in Experiment 3b. a The correlation between set size
6 simultaneous and set size 4 sequential change detection capacity

estimates were highly positive. b The correlation between set size 4
simultaneous and set size 6 sequential change detection capacity
estimates were highly positive
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Fig. 7 Correlation between set size 6 and 4 simultaneous and sequential
change detection performance in Experiment 3b. a The correlation
between set size 6 simultaneous and sequential change detection

capacity estimates were highly positive. b The correlation between set
size 4 simultaneous and sequential change detection capacity estimates
were highly positive
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the sequential capacity limit correlated to the simultaneous
capacity limit across Set Sizes 3 to 6. Moreover, we discov-
ered that the individual differences in visual working memory
performance were highly correlated between the simultaneous
and sequential tasks. Collectively, this evidence suggests that
sequential and simultaneous versions of the change detection
task capture the same individual differences in VWM ability
of subjects.

Our findings indicate that the sequential and simultaneous
tasks draw upon the same pool of cognitive resources related
to performance. That is, even when the competition at
encoding is dramatically reduced, essentially the same indi-
vidual differences can still be observed. These results suggest
that the individual differences that have been measured in
numerous prior studies using the simultaneous change detec-
tion task are not simply the result of encoding competition, but
instead may reflect demands for attentional control processes
that may also occur at other stages of the task such as main-
tenance or retrieval (Fukuda et al., 2015; Gazzaley & Nobre,
2012). Moreover, given that the sequential paradigm appears
to largely capture the same cognitive ability as the simulta-
neous paradigm, it may be used to enhance the predictive
power of abilities measured by other sequentially designed
tasks. For instance, classical long-term memory paradigms
tend to present items sequentially, such as recognition mem-
ory (Shepard, 1967), associative memory (Raaijmakers &
Shiffrin, 1981), or source memory (Shimamura & Squire,
1987). A simultaneous paradigm would introduce target se-
lection bottlenecks during encoding, which could potentially
bring in measurement artifacts when being used to predict
long-term memory abilities. By contrast, the sequential
VWM paradigm always had one item at a time during the
encoding. Thus, there may be some circumstances in which
a sequential measure of individual differences may be prefer-
able. The current work helps to establish the validity of the
sequential change detection task as a measure of these com-
monly examined individual differences.

Another useful advance of the current work is that it pro-
vides a separate measure of performance that largely captures
the same individual differences. In latent variable analysis
studies, it is necessary to measure two separate tasks that
aim to measure the same underlying construct so that a more
reliable the underlying construct could be measured. Given its
high correlation with the more commonly used simultaneous
paradigm, the sequential change detection task would be an
ideal candidate as an additional measure of VWM in latent
variable experiments. As a first step based on correlational
analysis, we did not address both simultaneous and sequential
tasks tapped on the exact same construct of visual working
memory as the other commonly used working memory tasks.
However, our current study would be useful for researchers
interested in including multiple measures of visual working
memory into their latent variable studies in cognitive abilities.

Empirically, the addition of this reliable sequential VWM
measure to existing measurements of working memory could
help refine the construct of working memory (Engle et al.,
1999). Specifically, as the only sequential measure of visual
WM, the sequential change detection paradigm may help to
bridge the gaps between the simultaneous task (Luck &
Vogel, 1997) and the complex span task (Turner & Engle,
1989), which measures working memory by sequentially in-
terleaving the to-be-recalled word stimuli with simple math
questions. Balancing the number of simultaneous and sequen-
tial tasks, as well as the number of VWM and span tasks,
makes the sequential change detection a promising measure
for future individual differences studies of working memory.
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