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Two main models have been proposed to describe how visual working memory (WM)
allocates its capacity: the slot-model and the continuous resource-model. The purpose
of the current study was to test a direct prediction of the resource model suggesting that
WM can trade-off between the quantity and quality of the encoded information. Previous
research reported equivocal results, with studies that failed to find such a trade-off
and other studies that reported a trade-off. Following the design of previous studies, in
Experiment 1 we replicated this trade-off, by presenting the memory array for 1200 ms.
Experiment 2 failed to observe a trade-off between quantity and quality using a memory
array interval of 300 ms (a standard interval for visual WM). Experiment 3 again failed
to find this trade-off, when reinstating the 1200 ms memory array interval but adding
an articulatory suppression manipulation. We argue that while participants can trade
quantity for quality, this pattern depends on verbal encoding and transfer to long-term
memory processes that were possible to perform only during the long retention interval.
When these processes were eliminated, the trade-off disappeared. Thus, we didn’t find
any evidence that the trade-off between quantity for quality can occur within visual WM.

Keywords: visual working memory, capacity allocation, resolution, quantity, quality

INTRODUCTION

Working memory (WM) enables us to maintain active information about the world, ready to be
processed and manipulated according to our goals. WM capacity is correlated with many high
cognitive abilities such as academic success (Alloway and Alloway, 2010), top–down attentional
control (Kane et al., 2001; Bengson and Mangun, 2011), and fluid intelligence (Vogel et al., 2005;
Cowan et al., 2006), corroborating the significant role WM plays in guiding behavior. Previous
studies have shown that visual WM has a very limited capacity (Luck and Vogel, 1997; Vogel
et al., 2001; Alvarez and Cavanagh, 2004; Awh et al., 2007; Zhang and Luck, 2008), and two major
theories have been proposed to explain the nature of visual WM capacity allocation: the discrete
slots and the continuous resource. The discrete slots theory suggests that WM has a fixed number
of slots, and each slot could be allocated to represent a certain object. When the number of objects
is larger than the number of slots, some objects are left out and will not be stored in WM (Luck
and Vogel, 2013). On the other hand, the continuous resource model suggests a more flexible
way to divide our resources: namely, it can be distributed between any number of objects. This
means that WM is able to store information about all of the objects it is presented with, however,
as the number of stored objects increases, each object is represented with a lower resolution
(Bays and Husain, 2008).
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These two models make different predictions in respect
to WM ability to trade quantity (the number of represented
items) with quality (the resolution with which these items
are represented). The resource model argues that since WM
capacity allocation is flexible, it should be possible to represent
any given number of items by lowering the resolution of each
representation. Thus, visual WM can represent more items with
decreased resolution, depending on the task demand and/or
instructions. Conversely, according to the slot model a given
item could be either represented in WM or it is not represented,
depending on whether a slot was allocated (or not) to this item.
Thus, once capacity is exceeded, the slot model predicts that
trading quality with quantity is impossible. Note that when the
number of encoded items is below capacity limits, the slot model
can account for such a trade-off (i.e., the slots + averaging
account; Zhang and Luck, 2008).

Zhang and Luck (2008, based on Wilken and Ma, 2004)
developed an analysis method that can separate between the
probability (quantity) and the resolution (quality) with which an
item is represented in WM. This method is based on analyzing
continuous data for colors (or orientations, and even shapes),
such that during the test array participants were asked to mark
on the color wheel the exact color that was presented in the
memory array (see Figure 1). Since the color wheel is continuous,
it is possible to calculate the deviation between the correct
and the reported color (the angle of error). Hence, one can
create a histogram of errors. Zhang and Luck argued that this
histogram is a convolution of two different distributions – a
uniform distribution which is made of random guesses and a
von Mises distribution which is made of the remembered colors.
Their model separates between two components- Pm and SD.
Pm represents the probability that the probe item was stored
in memory (depending on the uniform distribution), and SD
represents the precision at which that item was represented or the
quality of the representation (depending on the width of the von
Mises distribution). Using this analysis, it is possible to investigate
whether WM can trade-off between quality and quantity and
verify the different predictions the slot model and the resource
model make.

Zhang and Luck (2011) tried to induce a trade-off between
quality and quantity in WM by motivating participants to
store more items with lower precision. They conducted three
experiments: the first experiment manipulated the amount of
precision needed to perform the task by decreasing the number
of distinct colors in the color wheel to a small set of nine colors
(instead of 180 colors). In the second experiment, participants
were given feedback whether their response was correct or
incorrect. To encourage encoding more items at the expense of
their resolution, Zhang and Luck used a feedback to indicate
whether each response was correct, and compared between a
low-precision condition which allowed a large range of deviation
error for a given response to be considered as correct, to a
high-precision condition which allowed only a narrow range
of deviation for a correct feedback. In the third experiment,
monetary rewards were provided, encouraging participants to
reduce precision and to encode more items in WM. Interestingly,
all three experiments failed to observe a trade-off between

quantity and quality (Bocincova et al., 2016), and Zhang and Luck
argued that these results support the slots theory of WM capacity
allocation. However, the failure to find a trade-off could also be
interpreted as indicating a weak manipulation power. In order
to rule out this alternative explanation, Zhang and Luck used a
similar manipulation to their Experiment 3 and managed to show
a trade-off in iconic memory, indicating that their manipulation
was strong enough to produce a trade-off under conditions that
required minimal visual WM involvement.

Murray et al. (2012) also conducted a set of experiments
to examine whether it is possible to encode more items with
lower resolution or fewer items with higher resolution. They
manipulated both the expectations about the number of encoded
items and the precision required for responding. However, they
failed to observe any trade-off between quantity and quality of
the information stored in visual WM. In addition, He et al. (2015)
manipulated the item similarity between the memory and the test
arrays, arguing that high similarity should encourage participants
to increase the precision of the encoded items in order to meet the
task demands. This manipulation also failed to induce a trade-off
between quantity and quality.

In contrast to Zhang and Luck (2011), a recent study by
Fougnie et al. (2016), was able to demonstrate a trade-off
between quantity and quality in visual WM. Fougnie et al.
(2016), contrasted between two tasks – a standard task in which
participants were asked to report only one color out of five
colors that appeared in the memory array, and a get-them-all
task in which participants were asked to report all five colors.
Participants received a monetary reward for both tasks but in
different ways, aimed to induce a trade-off. In the standard task,
the bonus was directly related to the precision of the response,
encouraging participants to respond as accurately as possible. In
the get-them-all task, the bonus was rewarded only if participants
were able to store in memory all five presented items, however,
the resolution of the stored items didn’t have to be precise (e.g.,
a response was considered correct if it deviated by less than ±90
degrees from the correct answer). This encouraged participants
to store more items with lower resolution. When comparing
between the standard and get-them-all task, this study managed
to find a significant trade-off between quantity and quality, such
that SD and Pm were significantly larger in the get-them-all task
compared to the standard task. Namely, participants remembered
more items with lower precision in the get-them-all task relative
to the standard task. In addition, by providing a cue indicating
the number of the items in the memory array, Roggeman et al.
(2014) found evidence for a behavioral and a neuronal trade-off
in visual-spatial WM.

At first blush, these studies seem to report contradicting
results. However, we would like to note one important difference
between these studies that according to our view, is responsible
for enabling a trade-off between quantity and quality. While
Zhang and Luck (2011), Murray et al. (2012), and He et al. (2015)
presented the memory array for 200 ms (which is considered
a custom interval when measuring visual WM performance),
Roggeman et al. (2014) and Fougnie et al. (2016), used a 1,200
and 1000 ms intervals, respectively, notably six or five times
longer than the Zhang and Luck study. Several previous studies
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FIGURE 1 | Trial timeline for Experiment 1. (A) Get-them-all task trial. (B) Standard task trial. The tasks were performed in separate blocks.

demonstrated that for simple stimuli such as colors, a 200 ms
interval is enough to complete visual WM encoding operations
(Alvarez and Cavanagh, 2004; Zhang and Luck, 2011). We argue
that this long presentation time is responsible for the trade-off,
because it allows other processes besides visual WM encoding
and maintenance to take place, such as verbal encoding and
transfer to long-term memory (LTM). The goal of the current
study is to demonstrate that the trade-off is a result of processes
that are not related to visual WM.

We conducted three experiments to support our claim. The
first experiment was a direct replication of Fougnie et al. (2016),
in which we aimed to reproduce the trade-off between quantity
and quality. In two subsequent experiments, we manipulated the
ability to verbalize the colors and to use LTM during the memory
array interval. Specifically, in Experiment 2, we decreased the
encoding duration from 1,200 to 300 ms. A shorter encoding
duration discourages the use of verbal encoding and transfer to
LTM processes. Experiment 3 used the long encoding duration of
1,200 ms, but included articulatory suppression, thus eliminating
verbal encoding and articulatory based transfer to LTM. If indeed
the trade-off that was observed by Fougnie et al. (2016) was
caused by processes outside visual WM, it should disappear in
Experiments 2 and 3.

EXPERIMENT 1: QUANTITY QUALITY
TRADE-OFF – REPLICATION

The goal of Experiment 1 was to replicate Fougnie et al. (2016)
that found a trade-off between quality and quantity. Since the

literature reported several failures to observe such a trade-off
(e.g., Zhang and Luck, 2011), and our subsequent experiments
failed to find this pattern of result, it was important to show that
under some conditions (very long presentation interval and the
ability to rehearse the stimuli) the trade-off could be observed.

Materials and Methods
Participants
Twenty naive participants participated in Experiment 1.
According to Fougnie et al. (2016, Experiment 1), the effect size
was large (Cohen’s d between 0.90 and 1.05). Assuming an effect
size of 0.9, and alpha of 0.05, to get power of 0.95, 19 participants
are needed. Thus, each experiment included twenty participants.

All participants gave informed consent following the
procedures of a protocol approved by the Ethics Committee
at the Tel Aviv University. The participants were Tel Aviv
University students’ who received 40 NIS (approximately $10,
plus bonus money, see below) per hour for participation. All
participants had normal or corrected-to-normal vision and
normal color-vision. This study was approved by the Tel Aviv
University ethics committee.

Stimuli
Participants were asked to remember the color of five randomly
selected colored circles (0.5◦ radius) that were evenly spaced
along an imaginary circle (2.5◦ radius), centered on a fixation dot.
Circle colors were drawn pseudo -randomly (randomly selected,
but distinct enough from one another – at least 85 colors away
from one another) from a set of 720 equally luminant colors in
the CIE L∗a∗b∗ color space (centered at L = 54, a = 18, b = −8,
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with a radius of 59). Each participant performed two tasks, the
standard task and the all get-them-all task. Each task consisted of
3 block of 45 trials.

Trial Procedure
The order of the tasks was counter-balanced between
participants. The trials began with 1,200 ms presentation of
the memory stimulus of five randomly-chosen colored circles,
followed by a 900 ms retention interval blank which presented
only a white fixation dot in the middle of the screen.

Standard Task
Participants’ memory was tested by highlighting one random
location (highlighted by presenting a solid white circle at this
location while non-probed locations had hollow circles instead),
and asking participants to click with the mouse along a circular
color wheel (7◦ radius, centered on fixation) at the exact
color they think was presented earlier on that cued-location
(Figure 1A). After this report, participants were given feedback
on how accurate their response was, and were told the amount
of bonus points they received (see bonus point section below for
more details).

Get-Them-All Task
Participants’ memory was tested by asking them to report the
color of all five items that were presented in the memory array
(Figure 1B). While the memory array was identical to the
standard task, during the responses phase, participants were
asked to report the items sequentially, in a random order. As
in the standard task, a random position was highlighted and
participants were asked to click with the mouse on the color
wheel, where they think was the exact color of the cued-location.
If the participant reported a color within ±90◦ of the correct
color, this response was considered correct, and a short feedback
was presented. The feedback was a circle that was filled with
the correct color while the outer diameter remained the chosen
color, providing feedback on the disparity between colors. The
feedback was presented for 600 ms. Then the participant was
asked about a new item, selected at random from the set of
untested positions. If all five items were reported correctly the
participant earned bonus points and a sound of cash register
“cha-ching” was presented. If one of the responses was incorrect,
a sound of buzzer “bzzzz” was presented and the trial ended,
awarding zero bonus points.

Bonus Points
Participants were motivated to perform well by a monetary
reward that was calculated according to their performance in each
task (calculated independently for each task). In the standard
task, bonus points served to reward participants to minimize the
error of the reported item. Participants were given bonus points
equal to the inverse error (180 minus the absolute difference in
degrees between 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.
Participants earned 3.5 NIS (approximately 1$) for every 5,000
points earned. Bonus point rules were explained to participants at
the beginning of the experiment. In between trials, text appeared

on screen to inform participants 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 inter-trial interval.

Data Analysis
The data from each participant consisted of a set of distances
between the original color value and the reported color value in
each trial, which reflects the degree of error for each response.
We created histograms of these error values to visualize the
distribution of responses. We used mixture model analysis
(Zhang and Luck, 2008) to decompose our data in each trial
into two separate distributions – uniform distribution and von
Mises distribution, which are represented by three parameters:
Pm (probability of memory), SD (standard deviation), K that
represents the number of items the participant stores in memory
and µ. Pm represents the probability that the probed item
was encoded in memory (in this study we will use guess rate
instead of Pm, which is 1-Pm), SD represents the width of the
distribution of angles (which are calculated between the correct
value and reported value) on trials when the probed item was
encoded in memory, which reflects the precision or resolution
of the memory representation, and µ represents the center of
the von Mises distribution relative to the true value. µ reflects
systematic shifts of the distribution away from the original color
value. No systematic shifts were observed, thus this parameter
will not be further considered. The model was fit separately for
each participant and each task. The main reason for testing all
responses in the get them all task was to motivate subjects to
remember all the items with low resolution, while in the standard
task to focus only on a subset of the items but with a higher
resolution. In the get-them-all task we analyzed only the first
response, following Fougnie et al. (2016). The analysis was made
thanks to functions created by Bays et al. (2009). All the data
for Experiments 1, 2, and 3 can be found in the Supplementary
Material.

Results and Discussion
Histograms displaying the degree of error distributions for
each task are shown in Figure 2A. These distributions were
modeled as a mixture of a circular normal and a uniform
distribution (Zhang and Luck, 2008) to estimate the quantity
(Pm) and quality (SD) of memory. The probability of guessing
was significantly lower in the get-them-all task (17%) than
in the standard task (23%), t(19) = −2.18, p < 0.05, and
importantly these items were represented with reduced quality:
SD estimates were larger in the get-them-all task (29.4◦) than
in the standard task (24.5◦), t(19) = −2.67, p < 0.051 (see
Figure 2B). The number of items that the participants stored
in memory, as represented by K was in the get-them-all task
4.15 and in the standard task: 3.83. These results replicate
Fougnie et al. (2016) by showing a trade-off between quantity
and quality across the two tasks. We now turn to address the

1After the experiment was completed, we asked participants how they remembered
the colors. They reported that in the get-them-all task they used verbal categorical
representations in order to better remember the colors.

Frontiers in Psychology | www.frontiersin.org 4 May 2018 | Volume 9 | Article 719

https://www.frontiersin.org/journals/psychology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/psychology#articles


fpsyg-09-00719 May 22, 2018 Time: 14:50 # 5

Ramaty and Luria VWM Cannot Trade Quantity for Quality

FIGURE 2 | Results of Experiments 1, 2, and 3 (analyzing only the first response in the get-them-all task). In the histograms, the X-axis represents the angle between
the original color value and the reported color value (the error), the Y-axis represents the frequency. (A) Histograms displaying error frequency for the standard task
(left) and get-them-all task (right) of Experiment 1. (B) Model parameter estimates for the Guess rate (1-Pm, on the left) and SD (right) for the standard task (dark
gray) and get-them-all task (light gray) of Experiment 1. (C) Histograms displaying error frequency for the standard task (left) and get-them-all task (right) of
Experiment 2. (D) Model parameter estimates for the Guess rate (1-Pm, on the left) and SD (right) for the standard task (dark gray) and get-them-all task (light gray)
of Experiment 2. (E) Histograms displaying error frequency for the standard task (left) and get-them-all task (right) of Experiment 3. (F) Model parameter estimates for
the Guess rate (1-Pm, on the left) and SD (right) for the standard task (dark gray) and get-them-all task (light gray) of Experiment 3. Note that larger SD values imply
worse precision. Error bars represent standard error.

Frontiers in Psychology | www.frontiersin.org 5 May 2018 | Volume 9 | Article 719

https://www.frontiersin.org/journals/psychology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/psychology#articles


fpsyg-09-00719 May 22, 2018 Time: 14:50 # 6

Ramaty and Luria VWM Cannot Trade Quantity for Quality

question of what is the underlying mechanism responsible for this
trade-off.

EXPERIMENT 2: TRADE-OFF
DISAPPEARS WHEN DECREASING THE
ENCODING DURATION FROM 1200 TO
300 ms

Important for the present purpose, we note that memory array
duration used by Fougnie et al. (2016) and in the current
Experiment 1 was 1200 ms, which is a very long retention
interval (e.g., six times longer than the duration of the memory
array of Zhang and Luck, 2011), who failed to observe such a
trade-off. The problem with using such a long encoding interval
is that it allows other processes such as verbal encoding and
transfer to LTM to affect performance (Vogel et al., 2001; Lin
and Luck, 2012). Indeed, it was possible to hear the participants
vocally naming the colors while they were doing the task. In
the following experiments, we provide direct evidence that the
trade-off between quantity and quality disappeared when verbal
encoding and the transfer to LTM processes were controlled.

In Experiment 2, we examined whether the trade-off would
still occur when participants are given a shorter encoding
duration of 300 ms (which is still longer than most of previous
WM studies). Note that previous research indicated that 300 ms
is ample time to encode simple objects (Vogel et al., 2001; Alvarez
and Cavanagh, 2004; Zhang and Luck, 2008; Luria et al., 2010; Lin
and Luck, 2012).

If participants are truly able to trade quantity with quality
when given sufficient motivation, then decreasing the encoding
duration shouldn’t affect this pattern. However, if the trade-off
depends on verbal encoding of the memoranda and on LTM
processes, rather than on visual WM processes, we predicted that
this affect will disappear because a shorter duration limits verbal
encoding and transfer to LTM.

Materials and Methods
Except as noted below all materials and methods were identical
to Experiment 1. The only difference is that we used an encoding
duration of 300 ms instead of 1,200 ms.

Participants
Twenty fresh naive participants participated in Experiment 2.
All participants gave informed consent following the procedures
of a protocol approved by the Ethics Committee at the Tel
Aviv University. The participants were Tel Aviv University
students’ who received 40 NIS (approximately $10) per hour
for participation. All participants had normal or corrected-to-
normal vision and normal color-vision.

Results and Discussion
Histograms displaying of the degree of error distributions for
each task are shown in Figure 2C. Interestingly, the quality–
quantity trade-off that was observed in the previous experiment
disappeared. The difference in SD between the two tasks was no

longer significant [27.5◦ at standard task and 29.9◦ at get-them-all
task, t(19) =−1.14, p = 0.27] while the difference in guessing rate
remained significant (45% at standard task and 32% at get-them-
all task), t(19) =−5.56, p < 0.001, see Figure 2D. The number of
items that the participants stored in memory, as represented by K
was in the get-them-all task 3.4 and in the standard task: 2.75.

This experiment showed that participants still remembered
more items at the get-them-all task relative to the standard task,
but without significantly trading-off precision. Thus, Experiment
2 provided strong evidence that the trade-off between quantity
and quality depended on the long duration interval (1200 ms)
used in Experiment 1. Note that previous studies found that
increasing the encoding duration had little effect on WM
performance for simple objects, such that all WM encoding
operations terminate well before 500 ms (Vogel et al., 2001;
Alvarez and Cavanagh, 2004; Zhang and Luck, 2008; Luria et al.,
2010; Lin and Luck, 2012).

Notably, while a full trade-off was not observed, the difference
in guessing rate was still significantly better in the standard task
relative to the get-them-all task. The reason may be that an
encoding duration of 300 ms is still sufficient for some verbal
encoding processes to take place (perhaps for only a subset of
the items), but not enough for a refined verbal encoding that can
lead to full trade-off between quantity and quality. In Experiment
3, when we directly eliminated verbal encoding by using an
articulatory suppression, this difference was no longer significant.

EXPERIMENT 3: TRADE-OFF
DISAPPEARS WHEN USING
ARTICULATORY SUPPRESSION

The goal of Experiment 3 was to directly interfere with the
verbal encoding strategy. To this end, we used the same setup
as Experiment 1 (presenting the memory array for 1,200 ms),
but included an articulatory suppression task. On each trial, two
randomly selected digits appeared on the screen and participants
were asked to rehearse them out loud. Participants were tested
on the digit’s memory at the end of each trial. We reasoned that
if the results observed in Experiment 1 depended on using verbal
encoding strategies to remember the colors, the trade-off between
quantity and quality should disappear once the task includes
an articulatory suppression manipulation. Importantly, previous
research has demonstrated that an articulatory suppression
manipulation did not affect visual WM performance (Luck and
Vogel, 1997; Vogel et al., 2001; Todd and Marois, 2004; Luria
et al., 2010) while causing a large decrement to verbal memory
(Vogel et al., 2001).

Materials and Methods
Except as noted below all materials and methods were identical
to Experiment 1. The only difference was that we included an
articulatory suppression task: at the beginning of each trial (both
in the standard and get-them-all tasks) two randomly selected
digits appeared on the screen. The participants were asked to
rehearse these two digits out loud, and at the end of each trial one
digit was presented on the screen, and participants had to decide
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whether this digit appeared at the beginning of the trial or not.
The bonus points for each trial in both tasks were rewarded only
if they succeeded in this task, otherwise they received zero bonus
points.

Participants
Twenty fresh naive participants participated in Experiment 3.
All participants gave informed consent following the procedures
of a protocol approved by the Ethics Committee at the Tel
Aviv University. The participants were Tel Aviv University
students’ who received 40 NIS (approximately $10) per hour
for participation. All participants had normal or corrected-to-
normal vision and normal color-vision.

Results and Discussion
Histograms displaying of the degree of error distributions
for each task are shown in Figure 2E. Importantly, the
quality–quantity trade-off that was observed in Experiment 1,
disappeared in Experiment 3 once an articulatory suppression
manipulation was included. There was no significant difference
between the standard and the get-them-all tasks neither in the
guessing rate [35% at standard task and 35% at get-them-all task,
t(19) = 0.03, p = 0.98] nor in the SD [30.5◦ at standard task and
30.1◦ at get-them-all task, t(19) = 0.11, p = 0.91, see Figure 2F].
The number of items that the participants stored in memory, as
represented by K was in the get-them-all task 3.23 and in the
standard task: 3.24.

In this experiment, we used a long encoding duration
of 1200 ms similar to Fougnie et al. (2016), however, we
directly controlled for verbal encoding by using an articulatory
suppression task. Our results clearly show that once the
verbal encoding is controlled for, the quantity–quality trade-off
disappeared.

DISCUSSION

This work confirms that under certain circumstances, we
can observe a trade-off between the quantity and the quality
of the stored information. Experiment 1 demonstrated such
a trade-off, by using a long memory array interval of
1,200 ms, replicating Fougnie et al. (2016). Indeed, several
additional studies were able to produce such as trade-off.
For example, by removing the retention interval, Zhang and
Luck (2011) were able to demonstrate a trade-off in iconic
memory, using a similar manipulation that failed to produce
a trade-off in visual WM, Eriksen and Yeh (1985) observed
a trade-off in spatial resolution when selecting items (cf.,
Franconeri et al., 2007) and Roggeman et al. (2014) observed
a trade-off in spatial WM (albeit with a memory array of
1000 ms).

These studies indicate that a trade-off between quantity and
quality is possible for processes and mechanisms that are ‘outside’
the visual WM workspace.

We argue that using a very long presentation interval
(Roggeman et al., 2014; Fougnie et al., 2016) enabled processes
such as verbal encoding and transfer to LTM, and that these

processes, and not visual WM, are responsible for the trade-
off. Indeed, Experiments 2 and 3 eliminated the trade-off
between quantity and quality by using a memory array of
300 ms, or by adding an articulatory suppression manipulation
before the 1,200 ms memory array interval. Several previous
studies have shown that visual WM is not affected by an
articulatory suppression manipulation (Luck and Vogel, 1997;
Vogel et al., 2001; Todd and Marois, 2004; Luria et al., 2010)
or by increasing the memory array interval up to 500 ms
(Vogel et al., 2001; Alvarez and Cavanagh, 2004; Zhang and
Luck, 2008; Luria et al., 2010; Lin and Luck, 2012). Thus,
our manipulations did not affect visual WM encoding or
maintenance processing.

One option is that verbal encoding allowed participants
to remember the colors as labels (“blue,” cf. Bae et al.,
2015) and then use the long retention interval to transfer
this categorical verbal information into LTM (e.g., Carlisle
et al., 2011). This process will likely produce a trade-off
because it allows for more categorical (and hence imprecise)
information to be stored in LTM. Once we eliminated this
possibility, either by reducing the retention interval or by
using articulatory suppression manipulation, the trade-off
disappeared.

Using a long retention interval may allow more time for eye
movements and fixations on each encoded item. Thus, one option
is that fixating the targets increase their encoded resolution.
However, in Experiment 3, we also used a long retention interval
that allowed sufficient time for target fixation, but we did not
observe any change in the color resolution when controlling for
verbal encoding.

Note that the long presentation interval by itself, only allowed
participants to engage in other processes that induced the trade-
off. Thus, we do not argue that visual WM cannot be measured
with long memory array intervals. For example, a recent study
(Souza and Skóra, 2017) have demonstrated that when given
enough time (by using serial presentation) verbal encoding of
colors can increase both the quality and quantity of the stored
information.

Another key element in producing a trade-off, is that
participants were highly motivated to encode more items with a
low resolution. However, we argue that participants were equally
motivated in Experiment 2 and in Zhang and Luck (2008) study,
but lacked the possibility to trigger verbal encoding and transfer
to LTM processes.

Our approach to eliminate such processes was akin to a
study by Lin and Luck (2012), who investigated why prior
research (Hartshorne, 2008; Makovski et al., 2008) found that
LTM traces affected WM performance. Lin and Luck noted
that prior research used a long retention interval of 1 s, and
by reducing this interval to 200 ms, they eliminated the LTM
effects.

Research investigating whether visual WM can trade quantity
for quality was motivated by the debate between the flexible
resource model and the slot model. While the resource model
can naturally explain any flexible allocation of WM capacity, it
was argued that the slot model has limited flexibility because slot
are an all-or-none mechanism. While the slot model specifically
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argues that if a slot was not allocated to an item, this item
is not encoded in WM workspace, the slot model still has a
great deal of flexibility. First, when the encoded array is below
capacity limits, it is possible to allocated more than one slot
to a given item (Zhang and Luck, 2008), which means that
it can explain a trade-off between quantity and quality in this
situation. Second, the slots model can explain how WM can
encode only a specific feature of an item (Woodman and Vogel,
2008; Luria et al., 2010; Cowan et al., 2013). Thus, although
the slot model does not predict a trade-off under the current
experimental conditions (because the represented memoranda
exceeds WM capacity limitations), it does incorporate several
flexible mechanisms.

To summarize, the current experiments found a trade-
off between quantity and quality but corroborating previous
studies (Zhang and Luck, 2011), we attribute this effect to
verbal encoding and transfer to LTM processes, rather than to
visual WM.

ETHICS STATEMENT

This study was carried out in accordance with the
recommendations of Ethics Committee at the Tel Aviv University
with written informed consent from all subjects. All subjects gave
written informed consent in accordance with the Declaration of
Helsinki. The protocol was approved by the Tel Aviv University
ethics committee.

AUTHOR CONTRIBUTIONS

AR conducted this research under the supervision of RL which is
the head of the laboratory.

FUNDING

This research was supported by the Israel Science Foundation
(Grant No. 862/17) awarded to RL.

ACKNOWLEDGMENTS

We would like to thank Mr. Hagai shemesh for his kind help and
assistance in performing the mathematical calculations.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fpsyg.
2018.00719/full#supplementary-material

TABLE S1 | Results for Experiment 1 (replication).

TABLE S2 | Results for Experiment 2 (300 ms).

TABLE S3 | Results for Experiment 3 (articular suppression).

REFERENCES
Alloway, T. P., and Alloway, R. G. (2010). Investigating the predictive roles of

working memory and IQ in academic attainment. J. Exp. Child Psychol. 106,
20–29. doi: 10.1016/j.jecp.2009.11.003

Alvarez, G. A., and Cavanagh, P. (2004). The capacity of visual short-
term memory is set both by visual information load and by number
of objects. Psychol. Sci. 15, 106–111. doi: 10.1111/j.0963-7214.2004.0150
2006.x

Awh, E., Barton, B., and Vogel, E. K. (2007). Visual working memory represents
a fixed number of items regardless of complexity. Psychol. Sci. 18, 622–628.
doi: 10.1111/j.1467-9280.2007.01949.x

Bae, G., Olkkonen, M., Allred, S. R., and Flombaum, J. I. (2015). Why some
colors appear more memorable than others: a model combining categories
and particulars in color working memory. J. Exp. Psychol. 144, 744–763.
doi: 10.1037/xge0000076

Bays, P. M., Catalao, R. F. G., and Husain, M. (2009). The precision of visual
working memory is set by allocation of a shared resource. J. Vis. 9:7. doi:
10.1167/9.10.7

Bays, P. M., and Husain, M. (2008). Dynamic shifts of limited working
memory resources in human vision. Science 321, 851–854. doi: 10.1126/science.
1158023

Bengson, J. J., and Mangun, G. R. (2011). Individual working memory capacity is
uniquely correlated with feature-based attention when combined with spatial
attention. Atten. Percept. Psychophys. 73, 86–102. doi: 10.3758/s13414-010-
0020-7

Bocincova, A., van Lamsweerde, A. E., and Johnson, J. S. (2016). Assessing
the evidence for a cue-induced trade-off between capacity and precision
in visual working memory using mixture modelling and bayesian model
comparison. Vis. Cogn. 24, 435–446. doi: 10.1080/13506285.2017.130
1613

Carlisle, N. B., Arita, J. T., Pardo, D., and Woodman, G. F. (2011). Attentional
templates in visual working memory. J. Neurosci. 31, 9315–9322. doi: 10.1523/
JNEUROSCI.1097-11.2011

Cowan, N., Blume, C. L., and Saults, J. S. (2013). Attention to attributes and
objects in working memory. J. Exp. Psychol. 39, 731–747. doi: 10.1037/a00
29687

Cowan, N., Fristoe, N. M., Elliott, E. M., Brunner, R. P., and Saults, J. S. (2006).
Scope of attention, control of attention, and intelligence in children and adults.
Mem. Cogn. 34, 1754–1768. doi: 10.3758/BF03195936

Eriksen, C. W., and Yeh, Y. (1985). Allocation of attention in the visual field. J. Exp.
Psychol. Hum. Percept. Perform. 11, 583–597. doi: 10.1037//0096-1523.11.5.583

Fougnie, D., Cormiea, S. M., Kanabar, A., and Alvarez, G. A. (2016). Strategic trade-
offs between quantity and quality in working memory. J. Exp. Psychol. Hum.
Percept. Perform. 42, 1231–1240. doi: 10.1037/xhp0000211

Franconeri, S. L., Alvarez, G. A., and Enns, J. T. (2007). How many locations
can be selected at once? J. Exp. Psychol. 33:1003. doi: 10.1037/0096-1523.33.
5.1003

Hartshorne, J. K. (2008). Visual working memory capacity and proactive
interference. PLoS One 3:e2716. doi: 10.1371/journal.pone.0002716

He, X., Zhang, W., Li, C., and Guo, C. (2015). Precision requirements do not affect
the allocation of visual working memory capacity. Brain Res. 1602, 136–143.
doi: 10.1016/j.brainres.2015.01.028

Kane, M. J., Bleckley, M. K., Conway, A. R., and Engle, R. W. (2001). A controlled-
attention view of working-memory capacity. J. Exp. Psychol. 130, 169–183.
doi: 10.1037/0096-3445.130.2.169

Lin, P. H., and Luck, S. J. (2012). Proactive interference does not meaningfully
distort visual working memory capacity estimates in the canonical change
detection task. Front. Psychol. 3:42. doi: 10.3389/fpsyg.2012.00042

Luck, S. J., and Vogel, E. K. (1997). The capacity of visual working
memory for features and conjunctions. Nature 390, 279–281. doi: 10.1038/
36846

Frontiers in Psychology | www.frontiersin.org 8 May 2018 | Volume 9 | Article 719

https://www.frontiersin.org/articles/10.3389/fpsyg.2018.00719/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fpsyg.2018.00719/full#supplementary-material
https://doi.org/10.1016/j.jecp.2009.11.003
https://doi.org/10.1111/j.0963-7214.2004.01502006.x
https://doi.org/10.1111/j.0963-7214.2004.01502006.x
https://doi.org/10.1111/j.1467-9280.2007.01949.x
https://doi.org/10.1037/xge0000076
https://doi.org/10.1167/9.10.7
https://doi.org/10.1167/9.10.7
https://doi.org/10.1126/science.1158023
https://doi.org/10.1126/science.1158023
https://doi.org/10.3758/s13414-010-0020-7
https://doi.org/10.3758/s13414-010-0020-7
https://doi.org/10.1080/13506285.2017.1301613
https://doi.org/10.1080/13506285.2017.1301613
https://doi.org/10.1523/JNEUROSCI.1097-11.2011
https://doi.org/10.1523/JNEUROSCI.1097-11.2011
https://doi.org/10.1037/a0029687
https://doi.org/10.1037/a0029687
https://doi.org/10.3758/BF03195936
https://doi.org/10.1037//0096-1523.11.5.583
https://doi.org/10.1037/xhp0000211
https://doi.org/10.1037/0096-1523.33.5.1003
https://doi.org/10.1037/0096-1523.33.5.1003
https://doi.org/10.1371/journal.pone.0002716
https://doi.org/10.1016/j.brainres.2015.01.028
https://doi.org/10.1037/0096-3445.130.2.169
https://doi.org/10.3389/fpsyg.2012.00042
https://doi.org/10.1038/36846
https://doi.org/10.1038/36846
https://www.frontiersin.org/journals/psychology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/psychology#articles


fpsyg-09-00719 May 22, 2018 Time: 14:50 # 9

Ramaty and Luria VWM Cannot Trade Quantity for Quality

Luck, S. J., and Vogel, E. K. (2013). Visual working memory capacity: from
psychophysics and neurobiology to individual differences. Trends Cogn. Sci. 17,
391–400. doi: 10.1016/j.tics.2013.06.006

Luria, R., Sessa, P., Gotler, A., Jolicœur, P., and Dell’Acqua, R. (2010). Visual short-
term memory capacity for simple and complex objects. J. Cogn. Neurosci. 22,
496–512. doi: 10.1162/jocn.2009.21214

Makovski, T., Sussman, R., and Jiang, Y. V. (2008). Orienting attention in visual
working memory reduces interference from memory probes. J. Exp. Psychol.
34, 369–380. doi: 10.1037/0278-7393.34.2.369

Murray, A. M., Nobre, A. C., Astle, D. E., and Stokes, M. G. (2012). Lacking control
over the trade-off between quality and quantity in visual short-term memory.
PLoS One 7:e41223. doi: 10.1371/journal.pone.0041223

Roggeman, C., Klingberg, T., Feenstra, H. E., Compte, A., and Almeida, R. (2014).
Trade-off between capacity and precision in visuospatial working memory.
J. Cogn. Neurosci. 26, 211–222. doi: 10.1162/jocn_a_00485

Souza, A. S., and Skóra, Z. (2017). The interplay of language and visual perception
in working memory. Cognition 166, 277–297. doi: 10.1016/j.cognition.2017.
05.038

Todd, J. J., and Marois, R. (2004). Capacity limit of visual short-term memory
in human posterior parietal cortex. Nature 428, 751–754. doi: 10.1038/
nature02466

Vogel, E. K., McCollough, A. W., and Machizawa, M. G. (2005). Neural measures
reveal individual differences in controlling access to working memory. Nature
438, 500–503. doi: 10.1038/nature04171

Vogel, E. K., Woodman, G. F., and Luck, S. J. (2001). Storage of features,
conjunctions, and objects in visual working memory. J. Exp. Psychol. 27, 92–114.
doi: 10.1037/0096-1523.27.1.92

Wilken, P., and Ma, W. J. (2004). A detection theory account of change detection.
J. Vis. 4, 1120–1135. doi: 10.1167/4.12.11

Woodman, G. F., and Vogel, E. K. (2008). Selective storage and maintenance of
an object’s features in visual working memory. Psychon. Bull. Rev. 15, 223–229.
doi: 10.3758/PBR.15.1.223

Zhang, W., and Luck, S. J. (2008). Discrete fixed-resolution representations in
visual working memory. Nature 453, 233–235. doi: 10.1038/nature06860

Zhang, W., and Luck, S. J. (2011). The number and quality of representations
in working memory. Psychol. Sci. 22, 1434–1441. doi: 10.1177/0956797611
417006

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2018 Ramaty and Luria. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) and the copyright owner are credited and that the original publication
in this journal is cited, in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Psychology | www.frontiersin.org 9 May 2018 | Volume 9 | Article 719

https://doi.org/10.1016/j.tics.2013.06.006
https://doi.org/10.1162/jocn.2009.21214
https://doi.org/10.1037/0278-7393.34.2.369
https://doi.org/10.1371/journal.pone.0041223
https://doi.org/10.1162/jocn_a_00485
https://doi.org/10.1016/j.cognition.2017.05.038
https://doi.org/10.1016/j.cognition.2017.05.038
https://doi.org/10.1038/nature02466
https://doi.org/10.1038/nature02466
https://doi.org/10.1038/nature04171
https://doi.org/10.1037/0096-1523.27.1.92
https://doi.org/10.1167/4.12.11
https://doi.org/10.3758/PBR.15.1.223
https://doi.org/10.1038/nature06860
https://doi.org/10.1177/0956797611417006
https://doi.org/10.1177/0956797611417006
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/psychology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/psychology#articles

	Visual Working Memory Cannot Trade Quantity for Quality
	Introduction
	Experiment 1: Quantity Quality Trade-Off – Replication
	Materials and Methods
	Participants
	Stimuli
	Trial Procedure
	Standard Task
	Get-Them-All Task
	Bonus Points
	Data Analysis

	Results and Discussion

	Experiment 2: Trade-Off Disappears When Decreasing the Encoding Duration From 1200 to 300 ms
	Materials and Methods
	Participants

	Results and Discussion

	Experiment 3: Trade-Off Disappears When Using Articulatory Suppression
	Materials and Methods
	Participants

	Results and Discussion

	Discussion
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


