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Is working memory capacity determined by an immutable limit—for example, 4 memory storage slots?
The fact that performance is typically unaffected by task instructions has been taken as support for such
structural models of memory. Here, we modified a standard working memory task to incentivize
participants to remember more items. Participants were asked to remember a set of colors over a short
retention interval. In 1 condition, participants reported a random item’s color using a color wheel. In the
modified task, participants responded to all items and their response was only considered correct if all
responses were on the correct half of the color wheel. We looked for a trade-off between quantity and
quality—participants storing more items, but less precisely, when required to report them all. This
trade-off was observed when tasks were blocked and when task-type was cued after encoding, but not
when task-type was cued during the response, suggesting that task differences changed how items were
actively encoded and maintained. This strategic control over the contents of working memory challenges
models that assume inflexible limits on memory storage.
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Our subjective experience of the visual world is rich and de-
tailed. However, we can hold very little information in mind from
one instant to the next (No&, Pessoa, & Thompson, 2000;
O’Regan, 1992; Rensink, 2000, 2002; Simons & Chabris, 1999;
Simons & Levin, 1997). These limits are clearly observed in
memory tasks that require participants to remember visual features
over short durations. Even when presented with items that vary
along a simple feature dimension (e.g., color or orientation) people
remember only a few items (Luck & Vogel, 1997; Vogel, Wood-
man, & Luck, 2001). These stark limits in capacity are not only
surprising (Levin et al., 2000), but working memory limits appear
to be an important component of individual differences in cogni-
tive ability (Alloway & Alloway, 2010; Cowan et al., 2005; Engle
et al.,, 1999; Fukuda, Vogel, Mayr, & Awh, 2010; Kyllonen &
Christal, 1990), and are correlated with important measures such
as academic success (Alloway & Alloway, 2010). This suggests
that working memory is a core cognitive system and that under-
standing this system can provide general insights into cognitive
function.

Over the last 20 years there has been considerable work trying
to understand the source of limits in visual working memory
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(Alvarez & Cavanagh, 2004; Bays & Husain, 2008; Fougnie,
Suchow, & Alvarez, 2012; Fougnie, Cormiea, & Alvarez, 2013;
Huang, 2010; Irwin, 1992; Luck & Vogel, 1997; Rensink, 2002;
Sims, Jacobs, & Knill, 2012; Todd & Marois, 2004; Swan &
Wyble, 2014; Van den Berg et al., 2012; Vogel & Machizawa,
2004; Vogel et al., 2001; Wilken & Ma, 2004; Woodman & Vogel,
2005, 2008; Zhang & Luck, 2008). One influential idea is that
memory limits arise because only three to four representations may
be stored at once (Luck & Vogel, 1997; Vogel et al., 2001; Zhang
& Luck, 2008), and that this limit is immutable by task demands.
This suggests that the structure underlying working memory limits
can be directly observed by measuring performance in easy to
conduct psychophysical experiments.

In support of inflexible structural limits, studies have shown that
participants do not store more items in memory when task de-
mands are changed to encourage them to do so (Machizawa, Goh,
& Diriver, 2012; Murray, Nobre, Astle, & Stokes, 2012; Zhang &
Luck, 2011). In these studies, participants were given financial
incentives to encourage storage of more items, but these incentives
did not appear to lead to strategic shifts in memory capacity—
consistent with immutable structural limits. However, these studies
may not have provided strong evidence that working memory
limits are immutable. The absence of an effect could be explained
by participants not understanding the financial incentives or the
incentives not being strong enough to alter behavior. This concern
is magnified since the cost of storing more items is unknown.
Studies have used financial incentives that work under the assump-
tion that the change in quality from storing more items is equiv-
alent to the trade-off seen at earlier set sizes (e.g., Zhang & Luck,
2011). However, the cost need not be linear; and a failure to
motivate behavior under these assumptions does not mean that
behavior cannot be motivated with stronger incentives. Our goal is
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to provide an intuitive and compelling incentive to store all the
items in a display to provide the strongest test of the flexibility of
our working memory system.

In our standard task, participants were shown five colorful
circles. After a short memory interval a single, random location
was cued and participants were asked to report the color from that
location as precisely as possible (Wilken & Ma, 2004; Zhang &
Luck, 2008), with reward proportional to accuracy. We developed
a variant of this task, the get-them-all task, which incentivizes
participants to remember all items but relaxed the demands on
memory quality: Participants had to respond on the correct half of
the color wheel for all five responses. This is a strong test of
whether working memory is truly immutable or whether people
can store more items if properly motivated. Our analyses were
restricted to the first response to properly compare performance for
the two tasks.

To preview our results, we found evidence of a trade-off be-
tween quantity and quality—participants stored more items in the
get-them-all task but at reduced quality. This trade-off was ob-
served even when the condition cue was given after stimulus offset
(after encoding), suggesting that observers can strategically control
the allocation of memory resources during maintenance. The trade-
off was not found if the cue appeared at the retrieval stage,
suggesting that the results of Experiments 1-2 reflect strategic
allocation of memory resources during encoding and maintenance.

Experiment 1: Evidence for Quantity-Quality
Trade-Offs in Working Memory

Method

Participants. Power analyses with an estimated effect size of
.6 were used to determine that we could achieve a power value of
at least 80% by running 18 participants. We used that sample size
for all studies. No data was excluded from any experiment. Eigh-
teen volunteers (10 women) between the ages of 18 and 27
participated for money or course credit. The participants of all
studies were drawn from the Harvard community. All studies were
performed in accordance with Harvard University regulations and
approved by the Committee on the Use of Human Subjects in
Research under the Institutional Review Board for the Faculty of
Arts and Sciences.

Stimuli. Participants were asked to remember the color of five
colorful circles (.5° radius) that were evenly spaced along an
imaginary circle (3.5° radius) centered on a fixation dot. Circle
colors were drawn randomly from a set of 180 equiluminant colors
evenly distributed in the CIE L*a"b" color space (centered at L =
54, a = 18, b = —8, with a radius of 59). Each participant
performed two tasks, the standard task and the get-them-all task.’
The tasks were run in separate, back-to-back sessions of 135 trials
each (the order of the tasks was randomized across participants). In
both tasks, trials began with a 1,200 ms presentation of the mem-
ory stimulus of five colorful circles, followed by a blank 900 ms
retention interval (see Figure 1).

Standard task. Participants’ memory was tested by highlight-
ing a random location and asking participants to adjust the color of
this item to match the remembered color of the item corresponding
to the cued location (Figure 1 left; Prinzmetal, Amiri, Allen, &
Edwards, 1998; Wilken & Ma, 2004; Zhang & Luck, 2008). The

cued item was highlighted by presenting a solid white circle at this
location (nonprobed locations had hollow circles instead). Partic-
ipants adjusted the color by selecting a value along a circular color
wheel (6° radius, centered on fixation). A black selection bar was
positioned outside the currently selected color. Its position re-
flected the angular position of the mouse cursor relative to fixation.
Once a participant moved the mouse, the solid circle at the probed
location updated to the currently selected color, and this color was
continuously updated as the mouse was moved. Participants
clicked a mouse button once they were happy with the color
selection. After this report, participants were given feedback on
how accurate the response was, and were told the amount of bonus
points they received (see bonus point section for details).
Get-them-all task. Participants’ memory was tested by asking
them to report the color of all five items in a display (Figure 1
right). Items were reported sequentially, in a random order. As in
the standard task, a random position was highlighted and partici-
pants adjusted the color to match the corresponding memory item.
If the participant reported a color within 90° of the correct color,
this response was considered correct and the participant was asked
about a new item, selected at random from the set of untested
positions. Participants were briefly shown the correct color after
selecting a response. Specifically, the center core of the circle
changed to the correct color while the outer diameter remained the
chosen color, providing feedback on the disparity between colors.
If all five items were reported correctly the participant earned
bonus points and a cash register “cha-ching” sound was presented.
If any response was incorrect, a buzzer sounded and the trial
immediately ended, awarding zero bonus points. To ensure that the
change in task demands was obvious, participants were told that
forgetting even one item per trial would cut their expected payoff
in half, because of the probability of guessing incorrectly.
Bonus points. Participants were incentivized to perform well
by a monetary reward that scaled with the number of bonus points
earned (assessed independently for each task and summed). Bonus
point rules were different across the two tasks and served to
reinforce differences in the tasks. In the standard task, bonus points
served to reward participants for minimizing the error of the
reported item. Participants were given bonus points equal to the
inverse error (180 minus the absolute difference in degrees be-
tween the response and the true value). In the “get-them-all” task,
500 bonus points were awarded if the participant got all five items
correct. Otherwise zero points were awarded. We derived these
two point systems to award roughly similar amounts of points if
participants were storing 3 of 5 items at 20° precision, guessing
randomly on the remainder (numbers were based on previous
empirical estimates; e.g., Zhang & Luck, 2008). Participants
earned $1 for every 5,000 points earned (max $5 per task; com-
bined average $8.8). Bonus point rules were explained to partici-
pants. In between trials, text appeared on screen to inform partic-
ipants of the number of points earned on the previous trial and the
cumulative point total for the current task. This feedback was
presented for 1,500 ms before a 1,000 ms blank intertrial interval.

!'The tasks have distinct names in the article for clarity. These names
were not conveyed to the participants; however, there were instructions at
the beginning of each block that indicated the differences between tasks.
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Response was 43° from
the correct response.

+
You get 137 points

Figure 1.
were performed in separate blocks.

Data analysis procedure. To estimate how many items peo-
ple remembered and how well they remembered them we analyzed
the distribution of response errors (using only the first response for
the get-them-all task). Our analyses assume that responses to items
not in memory will be random and not centered on the correct
value. On the other hand, responses to remembered items will be
distributed around the correct value with the width of this distri-
bution signifying how well items were remembered. To estimate
the quantity of items remembered, we first measured the propor-
tion of responses that were centered on the correct response (i.e.,
responses that were not random guesses). This measure tells us the
probability that any one item was in memory. To estimate quantity
remembered we multiplied this measure by the number of items in
the display (five in all experiments). To measure quality, we
determined how much spread there was around the correct answer
when participants were not guessing (response precision). More
formally, we modeled the error distributions as a mixture of
circular normal and uniform distributions (Zhang & Luck, 2008)
with three parameters—a mixture parameter (how many trials
were guess trials), a SD parameter (how wide was the normal
distribution), and a . parameter (where was the normal distribu-
tion centered relative to the true value). The p parameter did not
differ across conditions in any study and is not considered further.
The mixture and SD parameters correspond to the quantity and
quality of memory representations, respectively. Data were fit
using the MemToolbox (Suchow, Brady, Fougnie, & Alvarez,
2013).

Parameter estimates were derived using Markov Chain Monte
Carlo to find the maximum a posteriori values given the errors on
the task. The model was fit separately for each subject and task
condition. To determine whether task affected the quality and
quantity of memory, parameter estimates were compared using
paired ¢ tests to determine whether guess rate or SD differed
between tasks.

In addition to this standard mixture model we have also ana-
lyzed the data using slightly modified models that estimated how
often participants report a color that was on the display but not in
the location tested (Bays, Catalao, & Husain, 2009) or that allow
precision to vary across trials (Fougnie, Suchow, & Alvarez, 2012;
van Den Berg et al., 2012). The results converged across different

All 5 of your responses
were within 90° error.
+*

You get 500 points.

Get-them-all

900 ms

Trial timeline for Experiment 1. Left: Standard task trial. Right: Get-them-all task trial. The tasks

models. Parameter estimates for alternate models are listed in the
Supplemental Material. Finally, because the behavioral model of
working memory is still an area of debate (Luck & Vogel, 2013;
Ma, Husain, & Bays, 2014) we also include analyses in the
Supplemental Material that are less dependent on the underlying
model of memory.

Results and Discussion

Report error distributions for each task are shown in Figure 2A
(using only the first response for the get-them-all task). These
distributions were modeled as a mixture of a circular normal and
a uniform distribution (Zhang & Luck, 2008) to estimate the
quantity and quality of memory. Participants guessed more often in
the standard task (20.3%) than in the get-them-all task (9.6%),
t(17) = 4.5, p < .001, Cohen’s d = 1.05 (Figure 2B left),
suggesting that participants remembered more items in the get-
them-all task. Indeed, we can estimate the number of items in
memory (capacity) by multiplying nonguess rate (1-guess rate) by
the set size (5; Cowan, 2001; Zhang & Luck, 2008). Capacity (K)
increased from 3.99 items in the standard task to 4.52 items in the
get-them-all task. While participants were able to store more items,
these items were maintained with reduced quality—SD estimates
were larger in the get-them-all task (27.6°) than in the standard
task (22.7°), t(17) = 3.8, p = .001, Cohen’s d = .90 (Figure 2B
right).

These results revealed a trade-off in quantity and quality across
the two tasks, in stark contrast to previous reports (Machizawa et
al.,, 2012; Murray et al.,, 2012; Zhang & Luck, 2011). These
previous studies argued against a flexible working memory sys-
tem. While the failure to observe a trade-off between quantity and
quality in previous tasks does suggest limits in the flexibility of
memory, it does not imply that our memory system is completely
inflexible. Indeed, the get-them-all task is a more powerful test of
flexibility. It is intuitive and strongly encourages participants to
store all items even if that results in large costs in item quality.
Thus, working memory appears to have malleable limits rather
than hard limits on capacity.

We encouraged participants to respond to our task manipula-
tions by rewarding good performance with bonus points. These
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Experiment 1 results (analyzing only the first response for each trial). (A) Response error histograms

for the standard task (left) and get-them-all task (right). The solid line indicates the best fitting mixture model
of each condition. (B) Model parameter estimates for guess rate (left) and SD (right) for the standard task (black)
and get-them-all task (gray). Note that larger SD values imply worse precision. All error bars are the SE of the
difference in parameter estimates across tasks (between-subjects error).

point systems were developed to reward roughly equal points if
participants could store three items at 20° of precision. In actuality,
participants received about twice as many points in the get-them-
all task (44,405) than the standard task (20,146), presumably
because guess rates were lower than expected and because partic-
ipants were able to trade off capacity and precision in the get-
them-all task. We considered whether performance differences
could have arisen from the scoring systems. To test this, we
replicated the results on 18 naive participants but eliminated bonus
points (and performance-based monetary incentives). Similar re-
sults were found. Guess rates were lower in the get-them-all
condition (15.7% [K = 4.2 items] compared with 25.7% [K = 3.7
items], #(17) = 3.9, p = .001, Cohen’s d = .91) and quality was
still worse (29.6° compared with 26.1°, #(17) = 2.6, p = .02,
Cohen’s d = .61), suggesting that differences in point incentives
did not play a role in influencing our results.

Given the discrepancy between our findings and the existing
literature, we explored whether the trade-offs we observed could
be explained by the encoding duration. We conducted a replication
on 18 naive participants using an encoding duration of 200 ms. The
only other change was that the display radius and memory item
radius were increased to 5.0° and 0.6°of visual angle, respectively,
to allow for fast encoding of the display items. The presence of a
trade-off did not depend on encoding duration, demonstrating that
our results are resilient to minor changes in methodology. Guess
rates were still lower in the get-them-all condition (22.1% [K =
3.9 items] compared with 32.1% [K = 3.4 items], #(17) = 3.64,
p = .002, Cohen’s d = .86) and quality was still worse (30.5°
compared with 25.0°, #(17) = 3.2, p < .001, Cohen’s d = .75.

Finally, we also consider the possibility that the get-them-all
task encouraged verbal/categorical encoding and this led to lower
guess rates and greater stimulus uncertainty (worse precision). To
address this possibility we first looked for evidence of categorical
effects in the error data and compared these effects across tasks.
Strong categorical effects should produce a step function when the
reported value is plotted against the actual value (Zhang & Luck,
2008). Such plots (Supplementary Figure 1A) do not reveal any
difference across tasks. However, this approach has been criticized
as not sufficiently sensitive to the presence of less dramatic cate-
gorical effects (Bae, Olkkonen, Allred, & Flombaum, 2015). An-
other method of comparing categorical effects is to compare the
deviance in model parameters across differences in the probed
item’s color (Bae et al., 2014, 2015). If the get-them-all task relied
to a greater extent on a verbal or categorical label, then we would
expect to see greater deviance in the parameter estimates by probe
color value. However, we see no evidence of such differences
across tasks (see Supplemental Material). Given the size of the
behavioral performance between the two tasks, if a verbal strategy
was completely driving the effect, one would expect to see devi-
ances in parameter estimates by probe color. However, a null result
is not sufficient to conclude that there is no difference between the
tasks in dependency on verbal information. Future work, ideally
involving many more trials of each possible probe color, will be
necessary to settle this question.

To provide converging evidence against a verbal encoding strat-
egy, we replicated our results while having participants perform an
articulatory suppression task to see if the trade-offs would disap-
pear when verbal encoding was made more challenging (n = 16).
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Specifically, we had participants repeat the word “the” at a 3 Hz
rate to reduce participants’ ability to verbalize stimuli (Allen,
Hitch, & Baddeley, 2009; Logie, Brockmole, & Jaswal, 2011).
More important, we were still able to observe a trade-off when
verbal encoding was discouraged. Guess rates were lower (20.7%
[K = 4.0 items] compared with 30.2% [K = 3.5 items], #(15) =
3.5, p = .003, Cohen’s d = .87) and quality was worse (29.0°
compared to 23.8°, #(15) = 2.2, p = .05, Cohen’s d = .54) in the
get-them-all condition.

Experiment 2: Quantity-Quality Trade-Offs Can
Occur During Maintenance

The previous experiment demonstrates that participants can
remember more items if properly motivated. In the next two
studies we explore the locus of this effect, as working memory has
multiple stages (Woodman & Vogel, 2005): To perform accu-
rately, participants must encode items into working memory, store
information over a short duration, and then successfully use this
information to generate a response. Because participants knew the
upcoming trial type, we were not able to determine which stage(s)
of processing are affected by task manipulations. In Experiments 2
and 3 the standard and get-them-all tasks were intermixed in
blocks, and we did not reveal the task type to participants until
some point into the trial. In Experiment 2, participants were
informed by a cue following stimulus presentation (after encod-
ing). In Experiment 3, participants were informed during the
response stage (after storage). To preview our results, we found
evidence of a performance trade-off between the task types in
Experiment 2, but not Experiment 3, suggesting that changes
across tasks reflect differences in how the items were maintained.

Method

Eighteen volunteers (11 women) between the ages of 18 and 28
participated for monetary compensation or course credit. Partici-
pants completed the experiment in 2 hr-long sessions run on
separate days. Sessions consisted of 5 blocks (Day 1) or 7 blocks
(Day 2) of 40 trials each. As before, there were two task types:

Response was43° from the
correct response.

standard task and get-them-all. In contrast to Experiment 1, the
task types were now intermixed in blocks and the two were
indistinguishable during the encoding interval (see Figure 3). Task
type was indicated by a cue (shown for 500 ms) presented 300 ms
after stimulus offset. The cue was a white circle with either the
number 1 (standard task) or the number 5 (get-them-all). Because
participants may need a full second to adapt to the task cue
(Oberauer, 2001) we increased the retention interval to 1,500 ms to
increase the probability of the cue impacting memory mainte-
nance. This experiment was identical to Experiment 1 in all other
respects.

Results and Discussion

Report error distributions were modeled as a mixture of a
circular normal and a uniform distribution to estimate the capacity
and precision of memory for each task. Participants stored fewer
items in the standard task than in the get-them-all task. Guess rates
were 19.7% (K = 4.01 items) in the standard task and 15.6% (K =
4.22 items) in the get-them-all task, #(17) = 3.9, p = .001, Cohen’s
d = 92 (Figure 4 left). In addition, memory quality was better
(lower SD estimates) in the standard task (24.0°) than in the
get-them-all task (27.5°), #(17) = 7.8, p < .001, Cohen’s d = .96
(Figure 4 right).

We compared the difference in parameter values across tasks for
the current study relative to Experiment 1 (independent sample ¢
tests). There was some evidence for reduced trade-offs in this
study. The change in guess rate was larger in Experiment 1 than
Experiment 2, #34) = 2.52, p < .02. However, the change in
precision did not differ, #(34) = 0.91, p = .37. Thus, there is some
evidence that trade-off effects are, perhaps unsurprisingly, weaker
when the task cue is presented 300 ms after stimulus offset.

Working memory is a dynamic process. Performance declines
with longer durations between presentation and test (Gold et al.,
2005; Magnussen, 2000; Phillips, 1974; Sperling, 1960; Ver-
gauwe, Barrouillet, & Camos, 2009; Yang, 1999; Zhang & Luck,
2011). In addition, there is evidence suggesting that information in
working memory can be overwritten by a probe stimulus (Sligte,
Scholte, & Lamme, 2008; Wheeler & Treisman, 2002). The pres-

All 5 0f your responses
werewithin 90°error.

+
You get 500 points.

+
You get 137 points.

1200 ms

Get-them-all

1500 ms

1200 ms

Figure 3. Trial timeline for Experiment 2. Left: Standard task trial. Right: Get-them-all task trial. Task type
was indicated after encoding with a cue (1 = report 1 item, 5 = get-them-all).
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Figure 4. Experiment 2 results. (A) Response error histograms for the standard task (left) and get-them-all task
(right). The solid line indicates the best fitting mixture model of each condition. (B) Model parameter estimates
(based on the first response for each trial) for Experiment 2 for guess rate (left) and SD (right) for the standard
task (black) and get-them-all task (gray). Note that larger SD values imply worse precision.

ent findings suggest that we have strategic control over how
working memory processes play out over time (see also Makovski
& Jiang, 2007; Matsukura & Hollingworth, 2011; Williams, Hong,
Kang, Carlisle, & Woodman, 2013; Williams & Woodman, 2012)
perhaps resulting in a greater prioritization of quantity in the
get-them-all task relative to the standard task.

These results replicate the trade-off found in Experiment 1.
When the task encouraged participants to store more items we
found lower guess rates but increased variation in responses
around the target. This trade-off cannot be due entirely to differ-
ences in how stimuli were encoded, as we find a trade-off even
when there were no differences between conditions during stimu-
lus encoding.

Experiment 3: No Quantity-Quality Trade-Offs
During Retrieval

The results of Experiments 1 and 2 demonstrate that perfor-
mance in a simple color working memory task depends on whether
the task encourages storing all the items or minimizing the average
error of a response. Furthermore, we found that changes in task
performance can occur beyond the initial encoding stage, during
the storage and/or response stages. In Experiment 3 we determine
whether the trade-off would be observed if participants were not
informed of the task type until the response stage. Failure to
observe a trade-off would support the conclusion that differences
in tasks reflect differences in how items are encoded and actively
maintained.

Method

Eighteen volunteers (9 women) between the ages of 18 and 26
participated for money or course credit. This experiment was
similar to Experiment 2 except that we moved the cue to appear
only during the response stage (see Figure 5). Data for one par-
ticipant was removed because the individual guessed on over half
the trials. Note that no other participants in all studies were close
to this a priori cutoff (the next highest was 33%) and that this
individual was greater than 5 SDs away from the global average.

Results and Discussion

Report error distributions were modeled as a mixture of a
circular normal and a uniform distribution to estimate the capacity
and precision of memory in each task. Participants were just as
likely to guess across both tasks (standard task: guess rate 15.4%,
K = 4.23 items; get-them-all task: guess rate 14.8%, K = 4.26
items), #(16) = .48, p = .64, Cohen’s d = .12 (Figure 6 left). Even
though there was no evidence of differences in quantity, there was
some evidence for differences in quality. SD was marginally lower
in the standard task (25.6°) than in the get-them-all task (27.1°),
1(16) = 1.80, p = .09, Cohen’s d = .43 (Figure 6 right).

One potential explanation for differences in quality is that
participants were slightly less careful during motor responses in
the get-them-all condition because it did not matter if they were off
by a couple of degrees. More important, we find no evidence of a
trade-off and the difference in SD is small here compared with the
previous studies. Indeed, not only was there no evidence of a
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Response was43° from the
correct response.
+

You get 137 points.

2300 ms

Standard task

All 5 of your responses
were within 90° er ror.
+

You get 500 points.

Get-them-all

2300 ms

Figure 5. Trial timeline for Experiment 3. Left: Standard task trial. Right: Get-them-all task trial. Task type

was indicated during response.

trade-off, but the trade-offs that we did observe in Experiment 1
were significantly greater relative to the current study. To compare
whether the tasks had a reduced influence for this experiment
relative to Experiment 1 we compared the change in each param-
eter estimate across experiments (using independent sample ¢
tests). The present study showed reduced task effects for both
guess rate, #(33) = 3.68, p < .001, and precision, #33) = 2.14,p <
.04.

The results suggest that the trade-offs in quality and quantity
found in Experiments 1 and 2 cannot be explained by differences
in retrieval strategies encouraged by each task. Note that we are
not able to rule out the possibility that the trade-off manifests

A standard task

frequency

-180  -120  -60 0
error

o

guess rate (%)
o

standard get them all
task

during retrieval, but that it requires preparation during the main-
tenance interval.

General Discussion

Contrary to the assumption that performance on working mem-
ory tasks reflects an immutable structural limit on memory capac-
ity (Murray et al., 2012; Zhang & Luck, 2011), we found evidence
for strategic trade-offs between quantity and quality in working
memory. We tested participants’ memory for colorful circles in
two tasks. We used a standard task that was similar to continuous
color report tasks used in many studies (Bays & Husain, 2008;

get-them-all
-180 -120 -60 0 60 120 180
error
30 -
= I
~ 254
[
S 20
o
> J
8 15
) 10 4
@
- 51
C
S o -
@ standard  get them all
task

Figure 6. Experiment 3 results. (A) Response error histograms for the standard task (left) and get-them-all task
(right). The solid line indicates the best fitting mixture model of each condition. (B) Model parameter estimates
(based on the first response for each trial) for Experiment 3 for guess rate (left) and SD (right) for the standard
task (black) and get-them-all task (gray). Note that larger SD values imply worse precision.
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Bays et al., 2011; Brady et al., 2013; Fougnie et al., 2010, 2012,
2013; van Den Berg et al., 2012; Wilken & Ma, 2004; Zhang &
Luck, 2008, 2009, 2011). We contrasted the standard task with a
novel variant that lowered demands on precision and strongly
encouraged storage of all memory items. We found a trade-off—
lower guess rate and worse precision in the get-them-all task—
when the tasks were blocked (Experiment 1) and when the task
condition was cued after encoding (Experiment 2), but not when
the task was cued during response (Experiment 3). Taken together,
these findings suggest that the encoding and maintenance opera-
tions that support working memory are, at least partially, under
voluntary control and that an individual can store more items if
properly motivated and if the optimal strategy is clear.

The present findings help constrain theories on working mem-
ory limits and to rule out models that suggest inflexibility in
performance. According to one class of theories, termed slot
models, performance limits arise because only a handful of items
may be stored at once (Cowan, 2001, 2005; Luck & Vogel, 1997),
and immutability in memory performance is used to infer immu-
tability in storage limits (Machizawa et al., 2012; Murray et al.,
2012; Zhang & Luck, 2011). Here we show that performance
limits cannot purely reflect an immutable bound on storage capac-
ity because participants were able to store more items when
properly motivated. We have shown that estimates of the number
of items in memory increase by about a half an item in the
get-them-all task (the extent of increase may have been limited by
ceiling effects). While it remains a matter of debate whether item
capacity estimates are appropriate performance metrics (Ma, Hu-
sain, & Bays, 2014), this finding suggests caution in interpreting
performance in these tasks as estimates of an immutable capacity
limit.

The finding that quantity estimates increase under specific task
instructions has important implications for slot models. Our results
are not necessarily inconsistent with slot models, as there are
potential explanations for the performance differences across
tasks. For example, the task trade-offs could reflect that partici-
pants stored some items in multiple slots to improve precision in
the standard condition (Zhang & Luck, 2008). Alternatively, slot
models could accommodate these results by proposing that per-
formance on working memory tasks is influenced by multiple
memory systems. For example, performance limits on standard
working memory tasks may arise from a contribution of memory
for individual items and memory of global ensemble properties
(Brady & Alvarez, 2011; Brady, Konkle, & Alvarez, 2011). Tasks
that stress accurate representations might preferentially involve
individual item representations while tasks that allow coarse rep-
resentations could draw more on memories for ensembles. More
important, these possibilities raise the issue of how one should
estimate the number of memory slots from behavior, and what
conclusions one is able to draw from capacity measures in standard
tasks.

Another class of theories propose that memory storage is me-
diated by a flexible resource allocated based on task demands
(Alvarez & Cavanagh, 2004; Bays & Husain, 2006; Wilken & Ma,
2004). In this framework, there is a cost for dividing memory
resources: as the number of items increases, the precision with
which each one is stored decreases. Given that low-resolution
items appear more variable in quality (Fougnie et al., 2012; van
Den Berg et al., 2012), and appear more difficult to retrieve or

maintain (Brady et al., 2013), there is a high cost to storing more,
lower-resolution items in memory. Thus, unless participants are
properly motivated to store more items with less precision, their
default strategy might favor storing fewer, more stable item rep-
resentations. Critically, in this view the typical limit of about three
items in memory reflects a strategic choice (the number of items
that can be maintained with stability), as opposed to an immutable
structural limit on the number of items that can be stored.

While the findings are not inconsistent with resource models,
they do highlight some practical constraints. Participants were not
able to remember all five items in the get-them-all task, suggesting
that participants do not have boundless flexibility in allocating
resources (Alvarez & Cavanagh, 2004). Indeed, the lack of flexi-
bility in previous studies (e.g., Zhang & Luck, 2009) suggests that
while storing items is possible, it may be more taxing or costly
than is often assumed by resource models. Furthermore, it is
unclear how this flexibility interacts with memory load. Would we
see the same flexibility if participants were asked to remember 10
items (an amount far beyond item-limit estimates)? Further explo-
rations on the limits of flexibility may offer a productive way of
comparing theoretical models.

We found sizable changes in the quantity and quality could be
induced with a change to a standard continuous report task. We
cannot be certain that we have observed the full limit of the
flexibility of memory, or whether other task modifications could
further induce participants to store more items. These findings
raise questions regarding the extent to which the limits observed in
any working memory task are the manifestation of a core cognitive
limit as opposed to the modal cognitive setting optimized for the
demands of particular laboratory tasks.

A final implication from our results is that we have strategic
control over more than what gets encoded into working memory,
but also in how memories unfold over time. While theoretical
models often characterize visual working memory as a static state
(but see Zhang & Luck, 2011), there is considerable evidence that
the available information depends on temporal delay (Gold et al.,
2005; Magnussen, 2000; Phillips, 1974; Sperling, 1960; Vergauwe
et al., 2009; Yang, 1999) and may be disrupted by the onset of new
visual information (Sligte et al., 2008; Wheeler & Treisman,
2002). In Experiment 2 we found that the task altered performance
even when the task type was cued long after the stimuli were
presented. This suggests that the temporal dynamics of working
memory are under strategic control: observers can choose to main-
tain items that would otherwise be forgotten, at the cost of remem-
bering items less well. This finding is consistent with other studies
showing strategic control over the contents of memory over time
(Makovski & Jiang, 2007; Matsukura & Hollingworth, 2011;
Williams et al., 2013; Williams & Woodman, 2012). Existing
theories should consider the temporal properties of working mem-
ory and the degree to which these properties are under conscious
control.

Conclusion

An assumption of many models is that performance limitations
on working memory tasks arise because of structural limitations on
storage capacity—we can only retain information about a few
items, regardless of motivation. However, using a task that en-
couraged participants to remember more items, we found that
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participants were able to store more, but that items were not
remembered as well. This trade-off in quantity versus quality
suggests flexibility in the expression of memory limits. The typical
limit of about three to four simple items does not reflect an
immutable upper bound on storage capacity—if it did, then par-
ticipants would be unable to adjust their encoding and maintenance
strategy to remember more items. Just as we have learned about
the nature of our working memory system by studying its limita-
tions, an understanding of its flexibility may provide insights and
constrain theory.
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