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This study investigated whether an item's representation in visual working memory

(VWM) can be updated according to changes in the global task context. We used a modified

change detection paradigm, in which the items moved before the retention interval. In all

of the experiments, we presented identical colorecolor conjunction items that were ar-

ranged to provide a common fate Gestalt grouping cue during their movement. Task

context was manipulated by adding a condition highlighting either the integrated inter-

pretation of the conjunction items or their individuated interpretation. We monitored the

contralateral delay activity (CDA) as an online marker of VWM. Experiment 1 employed

only a minimal global context; the conjunction items were integrated during their move-

ment, but then were partially individuated, at a late stage of the retention interval. The

same conjunction items were perfectly integrated in an integration context (Experiment 2).

An individuation context successfully produced strong individuation, already during the

movement, overriding Gestalt grouping cues (Experiment 3). In Experiment 4, a short

priming of the individuation context managed to individuate the conjunction items

immediately after the Gestalt cue was no longer available. Thus, the representations of

identical items changed according to the task context, suggesting that VWM interprets

incoming input according to global factors which can override perceptual cues.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Visual working memory (VWM) is the workspace in which we

hold a limited amount of visual information in an active state,

making it accessible to higher cognitive functions (for a recent

review, see Luck & Vogel, 2013). It has robust connections to

factors such as attentional control and fluid intelligence (e.g.,
roscience and The Schoo
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rved.
Cowan et al., 2005), as well as to Alzheimer's disease and

schizophrenia (e.g., Gold, Wilk, McMahon, Buchanan, & Luck,

2003; Parra, Della Sala, Abrahams, Logie, Mendez, & Lopera,

2011), corroborating the importance VWM representations

play in guiding behavior.

One of the defining characteristics of VWM representa-

tions is their dynamic status. It is well established that

VWM representations can be updated online according to
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changes in the stimulus-driven properties of the items. For

example, VWM is able to track the constantly changing po-

sitions of several moving objects (Drew, Horowitz, Wolfe, &

Vogel, 2011; Drew, Horowitz, Wolfe, & Vogel, 2012; Drew &

Vogel, 2008). Additionally, when a stationary item changes

its features, VWM can be updated accordingly. For example,

Blaser, Pylyshyn, and Holcombe, (2000) asked subjects to

monitor one of two superimposed objects, while both objects

changed constantly in terms of color, spatial frequency, and

orientation. Remarkably, subjects could successfully

discriminate the target from the distractor, suggesting that

VWM could track changes in the three dimensions simulta-

neously. Additionally, it was recently demonstrated that

VWM can be updated according to the objecthood-history of

the items (Luria & Vogel, 2014).

Apart from stimulus-driven factors, it has been shown that

VWM representations can also change according to task-

dependent properties. It was recently found that the interac-

tion of probing method and task instructions influences VWM

representations: color and shape were integrated only when

both the stimulus-driven cues and the instructions encour-

aged a bound VWM representation (Vergauwe & Cowan, 2015;

see also Wheeler & Treisman, 2002). Similarly, we recently

found that integration versus individuation can be influenced

by an interaction of task difficulty and the types of stimuli

used (Balaban & Luria, 2015a).

These studies focused on factors which directly affect the

represented items, whether in terms of their appearance, or in

terms of the task performed on them. However, items in the

real world are tightly connected to their environment, and

therefore changing the environment, while leaving the item

itself intact, might change the item's interpretation, and

subsequently its representation. Importantly, we consider

this as a more “global” manipulation, since the visual input of

the represented item itself remains the same, and only the

environment in which the item appears is modified. Whether

VWM is flexible enough to integrate such global factors is an

issue that was not yet examined.

The goal of the present work is to show that VWM repre-

sentations can indeed be updated according to global factors,

even when the stimulus-driven properties of the represented

objects and the task performed on them remain unchanged.

We will argue that an item's environment, manifested in the

experimental design by the specific mixture of conditions in

the experiment, creates a global context that greatly affects

how VWM interprets incoming input. To this end, we exam-

ined the representations of identical stimuli in a VWM task,

and manipulated the task context, by changing only the other

conditions in the experiment. Thus, we could test whether an

identical item is represented in different ways, according to

the global context in which it appears, even with no “local”

(i.e., stimulus-driven, or task-driven) demand for a change.

The stimuli whose representations we tested in all exper-

iments were colorecolor conjunctions, i.e., a small colored

square presented on top of a larger colored square. Previously,

these stimuli were shown to be somewhat ambiguous,

meaning they can be perceived either as an integrated bi-

colored object (Luck & Vogel, 1997; Luria & Vogel, 2011, 2014;

Vogel, Woodman, & Luck, 2001), or as two superimposed

single-colored objects that are largely independent (Delvenne
& Bruyer, 2004; Olson & Jiang, 2002; Parra, Abrahams, Logie, &

Della Sala, 2009; Wheeler & Treisman, 2002). To further high-

light the “objecthood” of the colors in the conjunction, in our

task the colorsmoved together for a full second. Although this

“common fate” is a strong Gestalt grouping cue, the move-

ment itself was task-irrelevant, since subjects only had to

encode the colors for a change detection task. Moreover, the

change detection task is likely to encourage maintaining the

colors separately in VWM, since a change can only happen to

one color in the conjunction and not to both simultaneously,

underlining their independence.

To determine VWM representations, we relied on an elec-

trophysiological marker, namely the contralateral delay ac-

tivity (CDA; McCollough, Machizawa, & Vogel, 2007; Vogel &

Machizawa, 2004; for a review see Luria, Balaban, Awh, &

Vogel, 2016). This event-related potential (ERP) component is

a posterior negative sustained potential that is indicative of

the number of individuated items in VWM. The amplitude of

the CDA rises (i.e., becomes more negative) as more items are

maintained in VWM. This rise is specifically related to the

contents of VWM, and not to the difficulty of the task per-se,

since the amplitude reaches a stable plateau at around 3

items (Vogel & Machizawa, 2004), which corresponds to the

capacity limit of VWM. Furthermore, this plateau is correlated

with the individual VWM capacity (e.g., Drew & Vogel, 2008;

Tsubomi, Fukuda, Watanabe, & Vogel, 2013; Vogel &

Machizawa, 2004; see Luria et al., 2016). Thus, for subjects

that can maintain more items in VWM, the CDA will continue

to rise further, suggesting this rise is indicative of addingmore

VWM-units. In order to minimize contamination from lower-

level visual processing, the CDA is calculated using a bi-lateral

version of the change detection task: the same number and

types of stimuli are presented in the left and right sides of the

screen, and subjects are directed, before the beginning of the

trial, to allocate their attention to only one side. The sustained

activity is more pronounced on the contralateral side, and the

CDA is computed as a difference wave, controlling for

perceptual processes (which should be present in both

hemispheres equally).

The CDA has two important advantages over behavioral

measures of VWM, such as change detection accuracy. First, it

is specifically sensitive to VWM maintenance, while behav-

ioral performance indicates the sum of all cognitive processes

involved. For example, it has been shown that change detec-

tion accuracy is strongly influenced by the difficulty of the

comparison between the memory and test arrays, a stage that

follows VWM maintenance (Awh, Barton, & Vogel, 2007). In

contrast, the CDA is measured before the test phase, and is

thus insensitive to the comparison process itself. Similarly, as

mentioned above, perceptual process, which precede VWM

encoding and maintenance, also do not influence the CDA

(e.g., Ikkai, McCollough, & Vogel, 2010). The second main

benefit of the CDA is that, due to the excellent temporal pre-

cision of the ERP technique, it allows one to examine the

development of VWM representations over time, and not just

their final stage, as is measured by behavioral performance.

Importantly for the current study, the CDA amplitude

reflects the number of integrated units in VWM, and not the

number of features comprising the items (Luria & Vogel,

2011; Woodman & Vogel, 2008), or the number of locations

http://dx.doi.org/10.1016/j.cortex.2016.04.004
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(Balaban & Luria, 2015a; Ikkai et al., 2010; Luria & Vogel,

2014). Therefore, the CDA can be used as a marker of inte-

gration, as indeed has been done in several studies (Balaban

& Luria, 2015a, 2015b; Luria & Vogel, 2011; 2014; Peterson,

G€ozenman, Arciniega, & Berryhill, 2015; Wilson, Adamo,

Barense, & Ferber, 2012; Woodman & Vogel, 2008). Across

four experiments, we compared the VWM representations of

four colors in two colorecolor conjunctions moving together

(giving a common fate grouping cue), i.e., the “4-in-2” con-

dition, to two and four separately moving colors, i.e., the “2-

separate” and “4-separate” conditions. If the colors in the 4-

in-2 condition are integrated in VWM, and represented as

two bi-colored objects, the CDA amplitude in this condition

should resemble the amplitude in the 2-separate condition,

since in both cases only two units are maintained in VWM. In

contrast, if the 4-in-2 condition is individuated in VWM and

represented as four independent single-colored objects, the

CDA amplitude in this condition should resemble the

amplitude in the 4-separate condition, since four units are

retained in VWM.

Critically, the 4-in-2 conjunction condition (as well as the

2-separate and 4-separate control conditions) was identical in

all experiments, controlling for stimulus-driven properties.

The experiments only differed in the conditions accompa-

nying the 4-in-2 condition, manipulating the global context

through which this condition is interpreted. We hypothesized

that the representation of the 4-in-2 conjunction condition

(i.e., as integrated or as individuated) would depend on these

circumstantial cues, even though all stimulus-driven proper-

ties were identical.

Previous studies revealed many aspects of the complex

nature of VWM representations, by showing that they are

affected by items' stimulus-driven properties (e.g., Drew &

Vogel, 2008), history (Luria & Vogel, 2014), and the task per-

formed on them (e.g., Vergauwe & Cowan, 2015). Importantly,

our study took a different approach, in order to study the in-

fluence of context on VWM representation. The novelty of the

current setup is that by manipulating only the other condi-

tions in the task, we are able to isolate the influence of the

global experimental context even when the stimuli and task

remain identical. To the best of our knowledge, no study has

previously shown the effect of global task context without

changing the actual stimuli, the task instructions, or both. An

influence of context when themanipulation is so indirect, and

is not related to the represented items, would provide strong

evidence that VWM is a highly flexible system that can pick up

subtle environmental cues in determining the most appro-

priate representation for a given input, even contradicting

Gestalt cues, which is an important step forward in the cur-

rent understanding of how information is represented in

VWM.

Experiment 1 examined the representation of the 4-in-2

condition in the most minimal context: the experiment

included only the 4-in-2, and the 2-separate and 4-separate

conditions, serving as control conditions. The other experi-

ments contained these three conditions, and further included

another condition aimed to change the context towards

integration (Experiment 2) or individuation (Experiments 3

and 4). In each experiment, we tested how the identical 4-in-2

condition would be represented. If VWM is purely stimulus-
driven, the results of all experiments should be the same,

since they all included identical stimuli. However, if VWM is

sensitive to the global context in which an item appears, it

might be possible to change the representations of the iden-

tical 4-in-2 condition only by manipulating its experimental

environment.
2. Experiment 1: minimal context

Experiment 1 examined the representations of the 4-in-2

condition in the most minimal context possible. That is, aside

from the 4-in-2 condition, the experiment included only

conditions of two or four separate colors, which were neces-

sary to determine the VWM representations of the 4-in-2

condition (since an integration would result in a CDA ampli-

tude similar to two separate items, and an individuation

would result in a CDA amplitude similar to four separate

items).

2.1. Materials and methods

2.1.1. Participants
Participants were Tel Aviv University students who received

partial course credit or 40 NIS (approximately $10) per hour for

participation. All subjects had normal or corrected-to-normal

visual acuity and normal color-vision. All participants gave

informed consent following the procedures of a protocol

approved by the Ethics Committee at Tel Aviv University. The

experiment included 15 subjects in the final analysis (9 fe-

males, mean age 25.5). One subject was replaced because of a

>25% rejection rate due to blinks or eye movements.

2.1.2. Stimuli and procedure
The sequence of events in each trial of the change detection

task is depicted in Fig. 1. Each trial started with the presen-

tation of a white fixation cross (.4� � .4�) in the center of the

gray screen for 750 msec. Then, two white arrows (1.9� � .4�)
were presented for 200 msec above and below fixation,

pointing either left or right (with an equal probability). Par-

ticipants were instructed to attend and memorize only the

items at the side indicated by the arrows, while holding fix-

ation. The arrows were followed by another fixation display,

lasting either 300, 400, or 500 msec (randomly determined

with an equal probability). Then, a memory array, consisting

of colored squares at both sides of the screen, was presented

for 1000msec. The two sides were always equated in terms of

the number and type of items. Stimuli appeared at random

locations inside an imaginary 4.5� � 3.5� rectangle (one in

each side of the screen), with the constraint that the distance

between the centers of the stimuli would not be smaller than

2�, and that no more than two items would appear in each

quadrant at the end of thememory array presentation. Seven

highly discriminable colors were used (red, RGB values: 255,

0, 0; magenta: 255, 0, 255; blue: 0, 0, 255; cyan: 0, 255, 255;

green: 0, 255, 0; yellow: 255, 255, 0; and white: 255, 255, 255).

The exact colors were randomly selected with no replace-

ment at the beginning of each trial, independently for each

side. The squares were either large (1.3� � 1.3�) or small

(.8� � .8�).

http://dx.doi.org/10.1016/j.cortex.2016.04.004
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Fig. 1 e An illustration of the task and different conditions in Experiment 1 (Experiments 2e4 additionally included another

condition). The arrows in the memory array only indicate the movement directions and were not seen in the experiments.

Note that only one side was relevant in each trial (to control for low-level processing when calculating the CDA), as indicated

by the arrow cues, and hence only half of the items were to-be-remembered. When referring to the number of items, we

consider only the relevant side. The different conditions, from top to bottom: the 4-in-2 condition, in which four colors

formed two colorecolor conjunctions that moved together in “common fate”, the 2-separate condition, and the 4-separate

condition, both of which included independently moving colors. The VWM representation of the 4-in-2 conditionwas tested

in all four experiments.
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The colored squares in the memory array moved for

1000 msec before disappearing, covering a distance of about

1.5� (allowing the movement to stay within a certain quad-

rant). Their trajectories were straight, and the movement was

restricted to a single side of the screen, i.e., the items never

crossed the center of the screen. The allowed directions

(randomly determined with an equal probability) were up,

down, or horizontally towards the fixation. The task was to

memorize the colors, and themovementwas completely task-

irrelevant (which the subjects were informed of), and was

used only to manipulate objecthood. After the presentation of

the dynamic memory array, a retention interval of 900 msec

was displayed, during which only the fixation cross was

visible. Then the test array appeared, including the items

presented in thememory array, at their final locations. On half

of the trials, one of the colors at the relevant side changed to a

new color (i.e., a color not included in thememory array of this

side). The irrelevant side was always identical to the memory

array. The test array remained visible until a response was

emitted. Subjects were asked to indicate via button press

whether the test array included only old colors or one new

color (using the “Z” and “/” keys on a computer keyboard,

indicating “same” and “different”, respectively). Accuracy was

stressed over speed.

The experiment included 3 conditions that were randomly

intermixed with equal probabilities. In the 2-separate condi-

tion, each side contained two colored squares, one in the

upper quadrant and one in the lower quadrant. Each square

was equally likely to be small or large. In the 4-separate con-

dition, each side contained four colored squares, with one

large square and one small square in each quadrant. In these
conditions, each color was presented at a unique location, and

its movement direction was determined independently of the

other colors. The 4-in-2 conjunction condition included four

colors that were arranged in two groups. That is, each quad-

rant included a set of a small square and a large square, pre-

sented at the same location. The items in each group moved

together throughout the duration of memory array presenta-

tion (i.e., a common fate objecthood cue). Participants started

with a practice block of 16 trials, followed by 12 blocks of 60

trials each.

2.1.3. EEG recording
The electroencephalography (EEG) was recorded inside a

shielded Faraday cage, using a Biosemi ActiveTwo system

(Biosemi B. V., The Netherlands). Data was recorded from 32

scalp electrodes at a subset of locations out of the extended

10e20 system, including mostly occipital and parietal sites (in

which the CDA ismost pronounced): Fp1, Fp2, AF3, AF4, F3, F4,

F7, F8, Fz, FCz, C3, C4, Cz, T7, T8, P1, P2, P3, P4, P5, P6, P7, P8, Pz,

PO3, PO4, PO7, PO8, POz, O1, O2, and Oz. additionally, two

electrodes were placed on the left and right mastoids. The

horizontal electrooculogram (EOG) was recorded from two

electrodes placed 1 cm to the left and right of the external

canthi, in order to detect horizontal eye movements. The

vertical EOG was recorded from an electrode placed beneath

the left eye, in order to detect eye blinks and vertical eye

movements. The single-ended voltage was recorded between

each electrode site and the common mode sense/driven right

leg (CMS/DRL) electrodes. Data was digitized at 256 Hz.

Offline signal processing and analysiswas performed using

EEGLAB Toolbox (Delorme & Makeig, 2004), ERPLAB Toolbox

http://dx.doi.org/10.1016/j.cortex.2016.04.004
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(Lopez-Calderon & Luck, 2014), and custom Matlab (The

Mathworks, Inc.) scripts. All electrodes were referenced to the

average of the left and right mastoids.

The continuous data was segmented into epochs from

�200 to þ1900 msec relative to the onset of the memory array

(i.e., including the full lengths of the memory array and

retention interval). Artifact detection was performed using a

peak-to-peak analysis, with a sliding window 200-msec wide

in 100-msec steps. Trials containing differences of over

80 mV at the EOG electrodes, or over 100 mV at the analyzed

electrodes (P7, P8, PO3, PO4, PO7, and PO8) were excluded from

the averaged ERP waveforms. This procedure resulted in a

mean rejection rate of 7.09%. Following the rejection proce-

dure, the average number of trials (per condition per subject)

was 202. The epoched data were low-pass filtered using a

noncausal Butterworth filter (12 dB/oct) with a half-amplitude

cutoff point at 30 Hz. Only trials with a correct response were

included in the analysis.

2.1.4. CDA analysis
The epoched data were averaged separately for each condi-

tion. We calculated a difference wave by subtracting the

average activity recorded at the electrodes that were ipsilat-

eral to the memorized side from the average activity recorded

at the electrodes that were contralateral to the memorized

side. We used the mean amplitude of this difference wave as

the dependentmeasure. Therewere twomajor timewindows:

the Tracking CDA was measured from 500 to 1000 msec after

memory array onset (i.e., during the tracking of the items

while they were visible on the screen), and the Retention CDA

was measured from 1100 to 1900 msec after memory array

onset (i.e., during the retention interval). The Retention CDA

was further divided to the Early (1100e1500) and Late

(1500e1900) Retention CDA, allowing for a more fine-grained

analysis. Note that the CDA can be measured irrespective of

whether the items are retained inmemory or are visible on the

screen (e.g., Drew et al., 2011; Drew et al., 2012; Drew & Vogel,

2008; Tsubomi et al., 2013).

For the ease of description, we will only present the results

from the PO7/8 electrodes, since that is where the CDA ismost

pronounced. However, we analyzed the results over neigh-

boring electrodes (P7/8, and PO3/4) and found the same pat-

terns of activity.

2.1.5. Statistical analysis
We conducted a one-way analysis of variance (ANOVA), with

condition as a within-subject variable on the CDA mean am-

plitudes (in the Tracking and Retention time windows, see

above) and accuracy as dependent variables. All of these tests

revealed a significant effect of condition, all F's > 7, all

Ps < .001. We do not further report them, focusing instead on

the results of the planned comparisons (contrasts) between

the different conditions.

2.2. Results

2.2.1. Electrophysiological results
The common fate cue led to a perfect integration of the 4-in-2

conjunction condition during the tracking phase, but during

the later stages of their memory retention, the items were
partially individuated, beginning at around 1300 msec, see

Fig. 2a. The statistical analysis revealed that the Tracking CDA

amplitude (between 500 and 1000 msec from memory array

onset, i.e., during the items' tracking while they were visible)

in the 4-in-2 condition (�1.28 mV, SD: 1.08) was lower than the

amplitude of the 4-separate condition (�2.04 mV, SD: 1.19), F (1,

14)¼ 34.82, p < .00005, andwas not significantly different from

the amplitude of the 2-separate condition (�1.24 mV, SD: .99),

F < 1, suggesting a perfect integration of the colors when the

common fate cue was available.

During the retention of the items in VWM (i.e., when the

items were no longer visible), the representations were

partially individuated, as was evident from the Retention CDA

(between 1100 and 1900 msec after memory array onset): the

amplitude in the 4-in-2 conjunction condition (�1.16 mV, SD:

.90) was lower than the amplitude of the 4-separate condition

(�1.80 mV, SD: 1.10), F (1, 14) ¼ 19.78, p < .001, but higher than

the 2-separate condition (�.87 mV, SD: .87), F (1, 14) ¼ 5.19,

p < .05. A visual inspection of the waveforms suggested that

the representations changed during the course of the reten-

tion interval. We thus divided the memory retention period to

Early and Late Retention CDA (1100e1500 and 1500e1900 msec

after memory array onset, respectively), as have been previ-

ously done (Drew et al., 2011, 2012; Luria & Vogel, 2011;

Peterson et al., 2015). The following experiments relied on

the same time windows.

Comparing the early and late stages of the memory

retention, we found that the individuation of the representa-

tions developed gradually during the retention interval

(starting at around 1300 msec, see Fig. 2a). While the Early

Retention CDA amplitude in the 4-in-2 condition (�1.40 mV, SD:

1.13) was not different from the 2-separate condition

(�1.19 mV, SD: .96), F (1, 14)¼ 2.05, p¼ .17, the Late Retention CDA

(�.92 mV, SD: .78) was higher than the 2-separate condition

(�.53 mV, SD: .89), F (1, 14)¼ 8.66, p< .02, but still lower than the

4-separate condition (�1.41 mV, SD: 1.01), F (1, 14) ¼ 7.71,

p < .02. Thus, over the course of the memory retention (i.e.,

after the grouping cue was no longer visible), the VWM rep-

resentations of the 4-in-2 conjunction condition gradually

changed from being integrated to being partially individuated.

2.2.2. Behavioral results
Mirroring the CDA results, the common fate cue in the 4-in-2

conjunction condition led to better behavioral performance

comparedwith the same number of separate colors (i.e., the 4-

separate condition), but a worse performance compared with

the same number of moving groups (i.e., the 2-separate con-

dition). Accuracy was higher for the 4-in-2 condition (.89, SD:

.05) than for the 4-separate condition (.85, SD: .06), F (1,

14) ¼ 15.49, p < .005, even though both conditions included

four colors. However, accuracy for the 4-in-2 condition was

still lower than for the 2-separate condition (.98, SD: .02), F (1,

14) ¼ 58.97, p < .000005.

2.3. Discussion

In theminimal context of Experiment 1, the colors in the 4-in-

2 conjunction condition were perfectly integrated during their

visible movement, suggesting that common fate is indeed a

potent grouping cue. However, towards the end of the

http://dx.doi.org/10.1016/j.cortex.2016.04.004
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Fig. 2 e CDA results in all four experiments at the PO7/8 electrodes. Gray bars denote the time span of the memory array,

and the analyzed time-windows are indicated below each figure. (A) In Experiment 1, including only the 4-in-2, 2-separate,

and 4-separate conditions, the representations of the 4-in-2 condition partially individuated towards the end of their

memory maintenance. (B) In Experiment 2, which included also a 4-to-2 condition, the representations of the 4-in-2

condition were perfectly integrated (left panel). The right panel presents the results of the 4-to-2 condition, which was

gradually integrated. (C) In Experiment 3, which included instead a 2-to-4 condition, the representations of the 4-in-2

condition began to be individuated already during their presentation, and eventually they were represented individually

(left panel). The right panel presents the results of the 2-to-4 condition, which was gradually individuated. (D) In Experiment

4, which was identical to Experiment 1 except for a short “priming phase” including the 2-separate, 4-separate, and 2-to-4

conditions (without the 4-in-2 condition), the representations of the 4-in-2 condition were partially individuated, already at

the start of their memory maintenance.
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retention interval, the representation became partially indi-

viduated. Note that previous studies that presented static

colorecolor conjunctions, or moving color-shape conjunc-

tions, found that integration developed throughout the trial

(Balaban & Luria, 2015a; Luria & Vogel, 2011), while here we
found the opposite pattern, such that the individuation of the

objects gradually developed. We return to this issue in the

General Discussion.

These results are not compatible with the perfect integra-

tion that was recently found for colorecolor conjunctions

http://dx.doi.org/10.1016/j.cortex.2016.04.004
http://dx.doi.org/10.1016/j.cortex.2016.04.004
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grouped by common fate (see Luria & Vogel, 2014). We argue

that the reason for this discrepancy is the global task context,

and specifically the mixture of conditions included in the

experiment, and in Experiment 2 we directly tested this

suggestion.
3. Experiment 2: integration context

The goal of Experiment 2was to demonstrate that the colors in

the 4-in-2 conjunction condition could be perfectly integrated

within a context that supports such integration. Importantly,

this pattern of results would provide evidence for the influ-

ence of global context on VWM when comparing identical

stimuli.

The experiment was essentially identical to Experiment 1,

with the only difference being the inclusion of a 4-to-2

meeting colors condition. In this condition, four colors started

to move separately but then met to form two colorecolor

conjunctions that moved together (see Fig. 3). We reasoned

that this condition highlights the integration of the 4-in-2

conjunction condition, since here even separate colors join to

create conjunctions, indirectly indicating that the colors

indeed belong to one VWM unit. This experiment was a

replication of a recent experiment that found a perfect inte-

gration of colorecolor conjunctions using a common fate cue

(Experiment 3 from Luria & Vogel, 2014).

If, as we suggest, VWM representations are influenced by

the context, we expect the 4-in-2 condition to be perfectly

integrated (as in Luria & Vogel, 2014). In contrast, if a given

stimulus is represented in VWM in the same manner regard-

less of its context, the results should be identical to Experi-

ment 1, namely a partial individuation of the 4-in-2

conjunction condition at a relatively late stage of the memory

retention period.
3.1. Materials and methods

The experiment was identical to Experiment 1, except as

noted below.

3.1.1. Participants
15 fresh participants (9 females, mean age 26.2) were used.

None of them reached the exclusion criterion of 25%.

3.1.2. Stimuli and procedure
The experiment included 4 conditions that were randomly

intermixed with equal probabilities. The 2-separate, 4-

separate, and 4-in-2 conditions were identical to Experiment
Fig. 3 e The 4-to-2 condition, which was used in Experiment 2

independently moving colors met and started to move in two g
1. The additional condition was the 4-to-2 meeting colors

condition. This condition started similarly to the 4-separate

condition: each quadrant included one large and one small

square. However, rather than an independent movement, the

two colors in each quadrant moved towards each other for

600 msec, met to create a colorecolor conjunction, and then

moved together for the remaining 400 msec of the memory

array (as in Experiment 3 from Luria & Vogel, 2014). Thus,

while the colors initially moved separately, in the final

400 msec of the movement phase this condition was identical

to the 4-in-2 condition (see Fig. 3). Participants started with a

practice block of 16 trials, followed by 15 blocks of 60 trials

each (here, as well as in Experiments 3 and 4, we used 15

instead of 16 blocks, in order to keep the overall experimental

procedure no longer than 2.5 h).

3.1.3. EEG recording
The rejection procedure resulted in a mean rejection rate of

7.8%, and following it, the average number of trials (per con-

dition per subject) was 180.
3.2. Results

3.2.1. Electrophysiological results
In an integration context, the 4-in-2 conjunction condition

was perfectly integrated, and remained so throughout the

memory retention (see Fig. 2b, left panel). Both the Tracking

CDA and the Retention CDA amplitudes in the 4-in-2 condition

(Tracking CDA:�1.02 mV, SD: .65, Retention CDA:�.75 mV, SD: .62)

were lower than for the 4-separate condition (Tracking CDA:

�1.70 mV, SD: .92, Retention CDA: �1.54 mV, SD: .91), F (1,

14) ¼ 22.26, p < .0005, and F (1, 14) ¼ 20.91, p < .0005, respec-

tively, and not significantly different from the 2-separate

condition (Tracking CDA: �1.21 mV, SD: .72, Retention CDA:

�.83 mV, SD: .60), F (1, 14)¼ 1.15, p¼ .30, and F < 1, respectively.

The meeting and subsequent joint movement of the 4-to-2

meeting colors condition led to their integration in VWM, as

can be seen from the decrease in CDA amplitude (starting at

around 900 msec, see Fig. 2b, right panel). During the tracking

period, while the colorsmoved separately towards each other,

the colors were represented individually, so that the Tracking

CDA amplitude (�1.80 mV, SD: 1.02) was not different from the

4-separate condition, F < 1, and higher than the 2-separate

condition, F (1, 14) ¼ 10.89, p < .01. Following the meeting

and joint movement, the colors were initially still represented

individually in memory, resulting in an Early Retention CDA

amplitude (�1.34 mV, SD: 1.08) not different from the 4-

separate condition (�1.70 mV, SD: .94), F (1, 14) ¼ 2.84, p ¼ .11,

and marginally higher than the 2-separate condition (�.97 mV,
to create an integration context. In this condition four

roups.

http://dx.doi.org/10.1016/j.cortex.2016.04.004
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SD: .64), F (1, 14)¼ 4.09, p¼ .06, but were eventually integrated,

as can be seen from the Late Retention CDA amplitude (�.97 mV,

SD: .93) that was lower than the 4-separate condition

(�1.38 mV, SD: .94), F (1, 14) ¼ 5.53, p < .05, and not significantly

different from the 2-separate condition (�.68 mV, SD: .71), F (1,

14) ¼ 2.18, p ¼ .16.

3.2.2. Behavioral results
Replicating the behavioral results of Experiment 1, we found

that the common fate organization in the 4-in-2 conjunction

condition led to a benefit compared with four separate colors,

and a cost compared with two separate colors. Accuracy was

higher for the 4-in-2 condition (.84, SD: .06) than for the 4-

separate condition (.80, SD: .07), F (1, 14) ¼ 9.61, p < .01, but

still lower than for the 2-separate condition (.95, SD: .03), F (1,

14) ¼ 84.23, p < .000001. A similar pattern was found for the 4-

to-2 meeting colors condition (.83, SD: .06): accuracy in this

condition was better than for the 4-separate condition, F (1,

14) ¼ 8.70, p < .02, but lower than for the 2-separate condition,

F (1, 14) ¼ 80.66, p < .000001.

Notably, despite a perfectly integrated VWM representa-

tion, as indicated by the CDA, our accuracy results suggest

that there was still a cost for the 4-in-2 condition compared

with the 2-separate condition. This pattern replicates previ-

ous findings (e.g., Balaban & Luria, 2015b; Luria & Vogel, 2014).

Importantly, accuracy indicates the end result of all process-

ing stages, and therefore does not reflect solely the VWM

representations themselves. Hence, the behavioral cost might

be due to the comparison process of the task (Awh et al., 2007),

inwhich each color changes independently. Namely, since the

4-in-2 conjunction condition had twice as many comparisons

as the 2-separate condition, it is more prone to errors.

3.3. Discussion

In Experiment 2, the same 4-in-2 conjunction condition that

was partially individuated in Experiment 1 was now perfectly

integrated (cf., Luria & Vogel, 2014), once it was presented

within an integration context. Since the 4-in-2 condition itself

was identical in both experiments, the difference in how this

condition was represented points to an influence of the global

task context on VWM representations. Namely, we argue that

the 4-to-2 meeting colors condition created a context that

supported the integrated interpretation of the 4-in-2 condition

over its individuated one.

To further test the influence of context on VWM repre-

sentations, we next turned to demonstrate that the 4-in-2

conjunction condition could be individuated, when presented

in an individuation context.
4. Experiment 3: individuation context

The goal of Experiment 3 was to show that the 4-in-2

conjunction condition could be individuated once the context

strongly supports such interpretation. The current experi-

mentwas identical to Experiment 1, except for the inclusion of

the 2-to-4 separating colors condition. This condition included

colors that moved together for a short duration, and then

separated and moved independently (see Fig. 4). Since the 2-
to-4 and 4-in-2 conditions both start with similar colore-

color conjunctions, and the colors in the 2-to-4 separating

colors condition then break apart, this condition emphasizes

the individuated nature of the colors in the 4-in-2 conjunction

condition as well. Thus, if the global context indeed shapes

VWM representations, the colors in the 4-in-2 condition

should be largely individuated, despite the strong Gestalt

grouping cue.

4.1. Materials and methods

The experiment was identical to Experiment 1, except as

noted below.

4.1.1. Participants
15 fresh participants (11 females, mean age 24) were used.

Three were replaced because of a >25% rejection rate (we

decided to include one subject with a rejection rate of 25.75%).

4.1.2. Stimuli and procedure
The experiment included 4 conditions that were randomly

intermixed with equal probabilities. The 2-separate, 4-

separate, and 4-in-2 conditions were identical to Experiment

1. The additional condition was the 2-to-4 separating colors

condition. This condition started similarly to the 4-in-2 con-

dition: each quadrant included a colorecolor conjunction,

comprised of a small square on top of a large square. The

colors in each group moved together for 170 msec. Then, one

color changed trajectory and started to move to a different

direction for the remaining 830 msec of the memory array,

while the other color stayed on the same path (these timing

details were chosen to allow the colors in each conjunction to

reach sufficiently distant locations by the end of the memory

array, thus maximizing their perceived independence). Thus,

while this condition was identical to the 4-in-2 conjunction

condition during the first 170 msec of the memory array, it

was similar to the 4-separate condition in the final 830msec of

the movement phase (see Fig. 4). Participants started with a

practice block of 16 trials, followed by 15 blocks of 60 trials

each.

4.1.3. EEG recording
The rejection procedure resulted in a mean rejection rate of

7.95%, and following it, the average number of trials (per

condition per subject) was 205.

4.2. Results

4.2.1. Electrophysiological results
When presented alongside the 2-to-4 condition, the 4-in-2

conjunction condition was represented in VWM as individu-

ated colors, starting at around 500 msec, see Fig. 2c, left panel.

Already during the tracking period, the Tracking CDA ampli-

tude (�2.07 mV, SD: 1.24) was lower than the amplitude of the

4-separate condition (�2.69 mV, SD: 1.53), F (1, 14) ¼ 9.45,

p < .01, but higher than that of the 2-separate condition

(�1.58 mV, SD: .89), F (1, 14)¼ 6.68, p < .05. Thus, evenwhen the

potent common fate grouping cue was available, VWMdid not

represent the 4-in-2 conjunction condition as perfectly inte-

grated units, in sharp contrast to Experiment 2. The partial

http://dx.doi.org/10.1016/j.cortex.2016.04.004
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Fig. 4 e The 2-to-4 condition, which was used in Experiment 3 and in the “priming phase” of Experiment 4 to create an

individuation context. This condition included four colors that moved in two groups, and then separated and started to

move independently.
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individuation persisted in the early stage of the memory

retention: the Early Retention CDA of the 4-in-2 condition

(�2.34 mV, SD: 1.27) was lower than the amplitude of the 4-

separate condition (�2.83 mV, SD: 1.25), F (1, 14) ¼ 5.03,

p < .05, but higher than that of the 2-separate condition

(�1.60 mV, SD: .76), F (1, 14) ¼ 12.28, p < .005.

Throughout the memory retention, the individuation of

the representations continued. The Late Retention CDA ampli-

tude of the 4-in-2 condition (�1.75 mV, SD: .72) was not

significantly different from the 4-separate condition (�1.99 mV,

SD: .79), F (1, 14) ¼ 1.60, p ¼ .23, and was higher than the

amplitude of the 2-separate condition (�1.12 mV, SD: .36), F (1,

14) ¼ 17.32, p < .001. Thus, by the final stages of their memory

retention, the colors in the 4-in-2 condition were held sepa-

rately in VWM.

Following their separation, the items in the 2-to-4 sepa-

rating colors condition were indeed represented individually

in VWM, producing a representation that did not differ from

four separate colors (starting at around 500 msec, see Fig. 2c,

right panel). The Tracking CDA amplitude of the 2-to-4 condi-

tion (�2.58 mV, SD: 1.34) was not different from the 4-separate

condition, F < 1, andwas higher than the 2-separate condition,

F (1, 14) ¼ 15.52, p < .002. This pattern continued to the

retention interval, such that the Retention CDA amplitude in

the 2-to-4 condition (�2.67 mV, SD: 1.02) was higher than the 2-

separate condition (�1.36 mV, SD: .53), F (1, 14) ¼ 41.85,

p < .00002, and even marginally higher than the 4-separate

condition (�2.41 mV, SD: .96), F (1, 14) ¼ 4.38, p ¼ .06.

4.2.2. Behavioral results
Replicating the behavioral results of Experiments 1 and 2, the

common fate cue in the 4-in-2 condition led to a benefit

compared with four colors, but a cost compared with two

colors. Accuracy was higher for the 4-in-2 conjunction con-

dition (.91, SD: .06) than for the 4-separate condition (.89, SD:

.06), F (1, 14) ¼ 5.75, p < .05, but still lower than for the 2-

separate condition (.97, SD: .02), F (1, 14) ¼ 23.67, p < .0005.

As can be expected, the 2-to-4 separating colors condition (.88,

SD: .06) showed similar accuracy as the 4-separate condition, F

(1, 14) ¼ 2.94, p ¼ .11.

Interestingly, even though the CDA indicates an individu-

ation of the 4-in-2 conjunction condition, we still found a

benefit in accuracy for this condition compared with the 4-

separate condition. Since the individuation of the 4-in-2 con-

dition took time to develop, and during the tracking phase the

representations were still partially integrated, the benefit

might have originated from this earlier integration. This
makes sense when considering the fact that accuracy reflects

the end result of several processes, and the benefit could have

originated in any one of them (not necessarily at the memory

retention phase). Alternatively, the benefit might simply be

due to an easier comparison process (Awh et al., 2007), since in

the 4-in-2 conjunction condition the four colors appeared in

only two locations, perhaps creating a stronger change signal.

4.3. Discussion

In Experiment 3, the same 4-in-2 conjunction condition that

was perfectly integrated in Experiment 2, was represented

individually in VWM. Furthermore, compared with the partial

and late individuation of Experiment 1, in Experiment 3 the

individuation of the 4-in-2 representations occurred both

earlier (i.e., already during the movement of the items) and to

a greater extent. Since the only difference between the three

experiments was the context created by the other conditions

(i.e., the minimal context of Experiment 1, the integration

context of Experiment 2, and the individuation context of the

present experiment), these results support the idea that VWM

representations are flexibly adapted to the context in which

an item appears, and that identical stimuli can produce very

different VWM representations in different contexts.

Notably, in Experiment 3 we found that the 4-in-2

conjunction condition was already partially individuated

during the tracking phase, even when the common fate

grouping cue was still available. This suggests that the global

context has a potent influence on VWM representations, since

it could override a very strong Gestalt principle. We return to

this point in the General Discussion.

In Experiment 4, we attempted to promote individuation by

priming the subjects shortly before they first encounter the 4-

in-2 conjunctions.
5. Experiment 4: individuation context
priming

The goal of Experiment 4 was to examine whether a relevant

context can be established even before subjects first

encounter the 4-in-2 conjunction condition. Thus, in this

experiment the individuation context was only seen during a

preliminary “priming phase” that preceded the main experi-

mental phase. The short priming phase (4 experimental

blocks of 60 trials each) included the 2-to-4 separating colors

condition, and also the 2-separate and 4-separate conditions.

http://dx.doi.org/10.1016/j.cortex.2016.04.004
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Critically, it did not include the 4-in-2 conjunction condition.

The main experimental phase was identical to Experiment 1,

i.e., it included only the 4-in-2 conjunction condition, and the

2-separate and 4-separate conditions. Importantly, the 2-to-4

condition that includes a visual separation cue was only pre-

sent during the priming phase and was never included

alongside the 4-in-2 conjunction condition. Hence, Experi-

ment 4 was identical to Experiment 1, except for the short

priming phase aimed to establish an individuated interpre-

tation of the experimental context. Note that this priming

manipulation is very subtle, and therefore we did not expect

to find a complete individuation in this experiment.

5.1. Materials and methods

The experiment was identical to Experiment 1, except as

noted below.

5.1.1. Participants
15 fresh participants (12 females, mean age 24.1) were used.

Two were replaced because of a >25% rejection rate.

5.1.2. Stimuli and procedure
The experiment included two parts. The first part (i.e., the

“priming” phase), which consisted of 16 practice trials fol-

lowed by 4 experimental blocks of 60 trials each, included the

2-separate, 4-separate, and 2-to-4 conditions (see Figs. 1 and

4). In the second part (i.e., the main experimental phase), the

2-to-4 condition was replaced by the 4-in-2 condition. Thus,

this part was identical to Experiment 1, except that each

participant performed 11 instead of 12 blocks.

5.1.3. EEG recording
The rejection procedure resulted in a mean rejection rate of

7.6%, and following it, the average number of trials (per con-

dition per subject) was 186.

5.2. Results

5.2.1. Electrophysiological results
The 4-in-2 conjunction condition was partially individuated,

and the individuation occurred already towards the end of the

memory array presentation (at around 800 msec, see Fig. 2d).

During the tracking phase, i.e., when the common fate cuewas

present, the 4-in-2 conditionwas perfectly integrated in VWM.

TheTrackingCDAamplitude (�1.78mV,SD: 1.11)was lower than

the 4-separate condition (�2.92 mV, SD: 2.01), F (1, 14) ¼ 12.60,

p < .005, and was not different from the 2-separate condition

(�1.60 mV, SD: 1.26), F (1, 14) ¼ 1.71, p ¼ .21. However, when

considering thememory retention of the items, we found that

the colors in the 4-in-2 conjunction condition were partially

individuated, as can be seen from the Retention CDA (�1.32 mV,

SD: .93) which was higher than for the 2-separate condition

(�.89mV,SD: .82),F (1, 14)¼5.38,p< .05, but lower than for the4-

separate condition (�2.25 mV, SD: 1.64), F (1, 14)¼ 12.95, p< .005.

Furthermore, here we found an individuation already in the

earlier part, with an Early Retention CDA (�1.67 mV, SD: 1.05) that

was lower than for the4-separatecondition (�2.86mV,SD:2.09),

F (1, 14) ¼ 12.60, p < .005, and higher than for the 2-separate

condition (�1.19 mV, SD: .87), F (1, 14) ¼ 7.98, p < .02.
5.2.2. Behavioral results
Replicating the behavioral results of the previous three ex-

periments, and mirroring the CDA pattern, the common fate

cue led to a benefit compared with four colors, but a cost

compared with two colors. Accuracy was higher in the 4-in-2

conjunction condition (.91, SD: .07) than in the 4-separate

condition (.89, SD: .08), F (1, 14) ¼ 5.96, p < .05, but still lower

than in the 2-separate condition (.97, SD: .04), F (1, 14) ¼ 34.49,

p < .00005.
5.3. Discussion

Despite the fact that Experiment 1 and 4were identical, except

for a short priming phase intended to establish an individu-

ation context, the partial individuation of the representations

of the colors in the 4-in-2 conjunction condition occurred at an

earlier stage in Experiment 4 than in Experiment 1. Therefore,

the results of Experiment 4 suggest that the individuation

context that was primed before the main experimental phase

could influence the interpretation of the 4-in-2 condition that

first appeared during the main experimental phase. Notably,

an effect on the representations was found even though the

priming manipulation was very subtle (including only four

blocks which differed from the main experimental phase in

only one condition), again suggesting that the global context is

an important factor in VWM.
6. Cross-experiment analyses

Our main analyses were restricted to each experiment,

comparing the 4-in-2 condition to the same control condi-

tions. We now turn to perform cross-experiment analyses on

the CDA amplitude of the 4-in-2 condition, to shed more light

on the contextual effects found in the present study. Specif-

ically, for each time window, we performed an ANOVA on

CDA amplitude, with Experiment as a between-subjects fac-

tor. All four tests were significant (all F's > 3, all p's < .05). We

then compared specific pairs of experiments, to clarify the

origins of these effects. For the sake of simplification and to

avoid multiple comparisons, we focused on the patterns

identified in the within-experiment analyses. We used a False

Discovery Rate (FDR) procedure (Benjamini & Hochberg, 1995)

to compensate for multiple comparisons. FDR yielded a cor-

rected alpha of .034.
6.1. Tracking CDA

Already during the presentation of the common fate cue, we

found an influence of context on the representations of the 4-

in-2 condition. The cross-experiment analysis confirmed that

the individuation context of Experiment 3 produced a more

individuated representation of the 4-in-2 condition, compared

with the minimal and integration contexts. Specifically, the 4-

in-2 amplitude was marginally higher (compared to an FDR-

corrected alpha) in Experiment 3 than in the minimal

context of Experiment 1 [F (1, 56) ¼ 4.28, p ¼ .043] and higher

than the integration context of Experiment 2 [F (1, 56) ¼ 7.61,

p ¼ .008].
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6.2. Retention CDA

When the items were held in memory, task context

continued to influence the representations of the 4-in-2

condition. The cross-experiment analysis confirmed that the

integration context of Experiment 2 produced a more inte-

grated representation than the individuation context: the 4-

in-2 amplitude was lower in Experiment 2 than in Experi-

ment 3 [F (1, 56) ¼ 16.98, p ¼ .0001]. Contrary to the within-

experiment analyses that found a more integrated repre-

sentation in Experiment 2 than in the minimal context of

Experiment 1 and the individuation priming of Experiment 4,

the 4-in-2 amplitude did not significantly differ between

these experiments [F (1, 56) ¼ 1.69, p ¼ .20, and F (1, 56) ¼ 3.24,

p ¼ .08, respectively]. Additionally, the individuation context

of Experiment 3 produced a more individuated representa-

tion (manifested by a higher CDA amplitude) than the mini-

mal context of Experiment 1 or the individuation priming of

Experiment 4 [F (1, 56) ¼ 7.96, p ¼ .007, and F (1, 56) ¼ 5.39,

p ¼ .02, respectively], corroborating the within-experiment

analysis.

Considering only the initial phase of the retention interval,

we found that the individuation context of Experiment 3

produced a more individuated representation than the mini-

mal context of Experiment 1 or the integration context of

Experiment 2: the 4-in-2 amplitude was higher in Experiment

3 than in Experiment 1 [F (1, 56) ¼ 6.00, p ¼ .017] and Experi-

ment 2 [F (1, 56) ¼ 14.46, p ¼ .0004]. Additionally, the individ-

uation priming of Experiment 4 created a marginally

(compared to an FDR-corrected alpha) more individuated

representation (i.e., a higher CDA amplitude) than in the

integration context of Experiment 2 [F (1, 56) ¼ 4.25, p ¼ .04].

However, we found no significant difference between the

individuation priming of Experiment 4 and the minimal

context of Experiment 1 (F < 1).

Considering only the late part of the retention interval, we

found that the individuation context of Experiment 3 created a

more individuated representation compared with all other

contexts: the 4-in-2 amplitude was higher than in Experiment

1 [F (1, 56) ¼ 9.02, p ¼ .004, Experiment 2 (F (1, 56) ¼ 16.60,

p¼ .0001], and Experiment 4 [F (1, 56)¼ 8.19, p¼ .006]. The 4-in-

2 condition in the integration context of Experiment 2 was not

significantly different from the minimal context of Experi-

ment 1 or the individuation priming of Experiment 4 [F (1,

56) ¼ 1.15, p ¼ .29, and F (1, 56) ¼ 1.47, p ¼ .23, respectively].

6.3. Discussion

The cross-experimental analyses generally supported the

within-experiment analyses. Namely, the identical 4-in-2

condition was represented according to the context in which

it appeared, such that the strongest integration was found in

the integration context Experiment 2, the strongest individu-

ation was found in the individuation context of Experiment 3,

and intermediate patterns were found in the minimal context

of Experiment 1 and in the individuation priming of Experi-

ment 4. Most strikingly, these differences were evident

already during the presentation of the potent Gestalt grouping

cue, corroborating the important influence of global task

context on VWM representations.
7. General discussion

The goal of this study was to test whether a given stimulus

could be represented in VWM according to the context in

which it appears. We examined the representations of four

colors arranged in two common fate groups, i.e., the “4-in-200

conjunction condition. This condition was identical in all ex-

periments, and we only changed the other conditions in the

experiment, in order to manipulate the global context. Our

measure of VWM representations was the CDA, an ERP

component sensitive to the online deployment of VWM ca-

pacity (Vogel & Machizawa, 2004).

The CDA results indicated a clear influence of context on

VWM representations. In a minimal context (Experiment 1),

the colors in the 4-in-2 conjunction condition were integrated

when the potent common fate cue was visible, but during the

late stage of the retention interval, the representations were

partially individuated. In an integration context, created by

the 4-to-2 meeting colors condition (Experiment 2), the same

4-in-2 conjunction items were perfectly integrated. In

contrast, when the context encouraged individuation by

including the 2-to-4 separating colors condition (Experiment

3), the same 4-in-2 conjunction items were represented as

individuated colors. When an individuation context was

primed before the 4-in-2 conjunction condition was presented

(Experiment 4), the individuation occurred at a relatively early

stage. Since we used identical conjunction stimuli in all ex-

periments, their different representations point to an influ-

ence of the context, created by the additional conditions, on

VWM. Our results give strong support to the notion that VWM

representations are not determined solely by stimulus-driven

factors.

The present study might help shed new light on the

ongoing debate in the field of VWM, regarding whether rep-

resentations are feature-based or object-based. Specifically, a

large number of studies used colorecolor conjunction stimuli

to test whether the two colors in each conjunction consume

the same VWM capacity as a single color or instead consume

capacity that is similar to two separate colors that are not

grouped together (Delvenne & Bruyer, 2004; Luck & Vogel,

1997; Luria & Vogel, 2011, 2014; Olson & Jiang, 2002; Parra

et al., 2009; Vogel et al., 2001; Wheeler & Treisman, 2002).

This condition is especially important since evidence showing

that two features from different dimensions (e.g., the orien-

tation and color of a tilted bar) consume asmuch capacity as a

single-featured object was considered ambiguous: while they

may reflect an object-based structure of VWM, they may

instead reflect a domain-specific organization of VWM, such

that each dimension has a separate capacity limitation. In

contrast, an advantage for single-dimension conjunction

stimuli can only reflect some sort of object-benefit mecha-

nism. Interestingly, past studies found largely inconsistent

results, from a perfect integration of the colorecolor

conjunction (e.g., Vogel et al., 2001), to no benefit at all (e.g.,

Delvenne & Bruyer, 2004), which is puzzling since the stimuli

and task used in the above mentioned studies were similar.

Notably, our results show that even for identical items and

within the same task, VWM representations depend on subtle

global factors such as the mixture of conditions included in

http://dx.doi.org/10.1016/j.cortex.2016.04.004
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the experiment. Even if the conditions are identical, a short

exposure to a certain context might still change the repre-

sentations (see the priming manipulation of Experiment 4).

Thus, there seems to be no single answer to the question of

how stimuli are represented in VWM, since the representa-

tions are very flexible, and are affected by factors such as

Gestalt cues, items' history, and global context (e.g., Vergauwe

& Cowan, 2015).

Broadly speaking, our results are compatible with the long

line of research, from fields other than VWM, demonstrating

effects of context on human perception and cognition. The

immediate environment (e.g., the surrounding objects or

background) of an item, as well as the task instructions given

to subjects, can influence a wide range of processes, such as

identification and classification (for a review, see Bar, 2004), or

the extent to which the item will compete with other items

over limited resources (e.g., in the attentional blink paradigm,

Dux & Coltheart, 2005). Importantly, the current findings

suggest that even very subtle contextual cues can dramati-

cally change the active representations in VWM.

First, unlike previous studies, we used identical stimuli and

did not change the task or the instructions given to partici-

pants. Nevertheless, VWM responded to the inclusion of other

conditions, suggesting that it can pick up on the context even

when all other factors remain identical. Second, our context

manipulation consisted of a very small change, namely, in

each experiment we only added a single condition. Further-

more, this condition did not appear simultaneously with the

4-in-2 condition, but could still influence its representation.

Third, we found that even a short priming phase can have an

effect on VWM representations. This suggests that the current

context shapes not only our active representations, but also

our future interpretation of the visual input. Finally, the

context was able to change VWM representations even when

it contrasted with a strong local visual cue. Specifically, an

individuation context managed to cause VWM to represent

the colors in the 4-in-2 conjunction condition individually,

even during the presentation of a potent Gestalt grouping cue,

such as common fate (Experiment 3). Taken together, our

findings suggest that context is a very important factor in

determining VWM representations: as we constantly accu-

mulate information on our dynamic environment, VWM

flexibly adapts the active representations to best fit the global

context.

Notably, our minimal context (Experiment 1) resulted in a

partial individuation of the 4-in-2 conjunction condition, at a

relatively late stage of the retention. While the specific cause

for this pattern does not directly impact our findings, it is

interesting to speculate about the reasons for the individua-

tion, which is at odds with the strong grouping cue provided

by the common fate movement. Additionally, it should be

noted that previous studies using Gestalt cues have found

either a perfect integration (e.g., Luria & Vogel, 2014), or a

gradual integration (e.g., Luria & Vogel, 2011), while here (as

well as in Experiments 3 and 4) we found a gradual individu-

ation, suggesting that the common fate cue had a certain

initial influence that then decreased. First, it is reasonable that

the change detection task encourages individuation, due to

the independence of the colors. Since a change could only

occur in one color, performance could benefit from keeping
the items represented individually (see also Balaban & Luria,

2015a). Second, it is possible that the representations of

Experiment 1 were also influenced by the context created by

the other two conditions, i.e., the 2-separate and 4-separate

colors conditions. These conditions include the colors mov-

ing separately, which highlights the potential independence

of the colors in the 4-in-2 conjunction condition. While it

would be interesting to examine the “pure” representations of

the 4-in-2 conjunction condition with no context at all, the

CDA amplitude in this situation can be very difficult to inter-

pret, since it has no baseline amplitudes to be compared with.

Of course, these ideas are not mutually exclusive.

Finally, an open issue regarding our findings is the mean-

ing of the “partial individuation” found. Namely, the CDA

amplitude in the 4-in-2 conjunction condition of Experiments

1 and 4 was intermediate between the 2-separate and 4-

separate colors conditions. A similar pattern has been re-

ported previously both for the CDA (e.g., Balaban & Luria,

2015a; Luria & Vogel, 2011) and for functional imaging sig-

nals (e.g., Xu & Chun, 2007). A likely possibility is that this

reflects the averaging of different types of trials, some of

which included perfectly integrated representations and

others consist of perfectly individuated representations. Since

the CDA (as most ERP components) has to be measured using

many trials, we cannot yet provide further support for this

idea.

To conclude, the results were straight-forward: we

demonstrated that identical stimuli could be represented

according to the global context in which they appear. The

influence of context determined the status of VWM repre-

sentations even when the local information (e.g., grouping

cues) contradicted it. The current findings suggest that VWM

is a very flexible mechanism, which can adapt its represen-

tations not only to stimulus-driven cues, but also to the most

appropriate interpretation implied by the global context.
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