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Visual working memory has severe capacity limits, creating a bottleneck for active processing. A key way of mitigating this limitation
is by chunking, i.e. compressing several pieces of information into one visual working memory representation. However, despite
decades of research, chunking efficiency remains debated because of mixed evidence. We propose that there are actually 2 integration
mechanisms: Grouping combines several objects to one representation, and object-unification merges the parts of a single object.
Critically, we argue that the fundamental distinction between the 2 processes is their differential use of the pointer system, the
indexing process connecting visual working memory representations with perception. In grouping, the objects that are represented
together still maintain independent pointers, making integration costly but highly flexible. Conversely, object-unification fuses the
pointers as well as the representations, with the single pointer producing highly efficient integration but blocking direct access to
individual parts. We manipulated integration cues via task-irrelevant movement, and monitored visual working memory’s online
electrophysiological marker. Uniquely colored objects were flexibly grouped and ungrouped via independent pointers (experiment
1). If objects turned uniformly black, object-integration could not be undone (experiment 2), requiring visual working memory to reset
before re-individuation. This demonstrates 2 integration levels (representational-merging versus pointer-compression) and establishes

the dissociation between visual working memory representations and their underlying pointers.
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Introduction

Visual working memory (VWM) holds representations in an active
state, ready to be accessed and manipulated (Baddeley and Hitch
1974). One of the key characteristics of this mental workspace
is its extremely limited capacity: People can hold only about 3
simple items’ worth of information in this online state (Cowan
2001; for a recent analysis, see Balaban et al. 2019b). VWM's
capacity creates a bottleneck for active processing, and therefore,
numerous studies have attempted to investigate potential ways of
mitigating this limitation. One of the most important and heavily
studied of these processes is integration, i.e. chunking distinct
features or objects into a single representation in VWM (e.g. Luck
and Vogel 1997; Hollingworth 2007; Chen and Wyble 2015; Nassar
et al. 2018; Balaban et al. 2019b).

Despite decades of research, the efficiency of VWM integration
is still hotly debated. On the one hand, many studies have found
that chunking leads to both behavioral benefits and reduced
use of neural resources (Vogel et al. 2001; Woodman et al. 2003;
Delvenne and Bruyer 2006; Peterson et al. 2015). On the other
hand, there are studies that reported chunking to be costly or
imperfect (Olson and Jiang 2002; Wheeler and Treisman 2002;
Delvenne and Bruyer 2004). Importantly, currently no overarching
theoretical model can explain the full set of evidence. Here,
we argue that there are actually 2 distinct integration mecha-
nisms, differing in their use of VWM’s indexing system, which we
describe next.

To maintain its active status, VWM must constantly modify
its representations to reflect changes in the represented items,
for example, as they move or interact (Blaser et al. 2000; Drew
and Vogel 2008; Ankaoua and Luria 2022). This ability depends
on maintaining a continuous correspondence between each VWM
representation and an actual item in the world, i.e. a pointer
system (Pylyshyn 2000, 2001; see also Kahneman et al. 1992;
Levillain and Flombaum 2012), allowing VWM to access the cor-
rect representation and modify only it. Recently, we found that
if this correspondence is invalidated, VWM has to reset, by dis-
carding the original, unmapped representations, and replacing
them with new ones (Balaban and Luria 2017; Balaban et al.
2018a,2018b, 2019a). This happens, for example, when a coherent
object splits in 2, because of the misalignment between the 2
now-independent units and the original single representation.
Resetting is accompanied by pronounced and specific neural and
behavioral signatures, which can be used as evidence that some
event invalidated the perception-to-VWM mapping.

We propose 2 dissociable integration mechanisms that can
compress information into a single VWM-unit, yet involving differ-
ent pointer system mappings (Fig. 1). Grouping combines different
objects, whereas object-unification merges the different parts or
features of one object. This distinction allows reinterpreting past
results as showing that object-unification through physical fusion
(e.g. a bar’s color and orientation; Luck and Vogel 1997) is highly
efficient, whereas grouping by Gestalt cues (e.g. Kanizsa shapes;
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Fig. 1. The proposed distinction between grouping (left) and object-unification (right), two integration mechanisms that rely on different perception-to-

VWM mappings, independent versus merged, respectively.

Gao et al. 2016) is costly and sometimes imperfect (see the Dis-
cussion). Critically, we suggest that in object-unification not only
the representations but also their pointers are merged, whereas in
grouping, each object maintains an independent pointer.

Notably, we follow the “fingers of instantiation” literature
(Pylyshyn 2000, 2001) in viewing pointers as indexes of indi-
viduation that do not carry the representational content itself
(an item’s features), but mark an item as a coherent unit
to be tracked even if its features (including, but not being
limited to, its location) change. Therefore, the number of active
pointers does not necessarily align with the number of active
VWM-units (or slots), and we make specific predictions about
situations that dissociate them. Other recent investigations of
pointers (e.g. Thyer et al. 2022) rely on a similar distinction
between representational content and individuation indexes, but
dissociate from the present claims in two important ways. First,
they argue that pointers rely on spatiotemporal information,
whereas we have previously shown that pointers are assigned

to objects, even when objects are contrasted with featural and
spatial information (Balaban et al. 2019a). Second, they interpret
pointers as roughly equal to what has been previously referred to
as slots, whereas here we go further than that, in suggesting and
empirically supporting the claim that several pointers can occupy
a single slot.

A novel prediction of the distinction we propose between the
two integration mechanisms revolves around accessing a specific
part of the integrated representation. This should be easy in
grouping, because each object retains its independent pointer. In
contrast, in object-unification, the access to each part is lost when
the pointers are merged, and hence VWM should reset before the
parts can be represented as separate items again.

Our main measure of online processing is the contralateral
delay activity (CDA; Vogel and Machizawa 2004; Luria et al. 2016;
Adam et al. 2018), an event-related potential (ERP) index of VWM
whose amplitude rises with the number of VWM-units. The CDA
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also faithfully reflects the dynamics of the pointer system (Bal-
aban and Luria 2019), transiently dropping following resetting if
the VWM-to-perception mapping is disrupted (Balaban and Luria
2017; Balaban et al. 2018a, 2019a). This reliable and replicable
effectis specific to pointer-invalidation events, whereas extremely
similar situations that allow the mapping to hold translate to a
stable CDA change, without a drop, reflecting an updating process
(e.g. Drew et al. 2012; Luria and Vogel 2014; Balaban and Luria
2015). Thus, the CDA can be examined in 2 ways: The “stable”
amplitude indicates the number of active representations, and the
presence versus absence of a drop after a certain event indicates
whether the event caused VWM to reset or allowed it to continue
updating.

We conducted 2 EEG experiments with extremely similar stim-
uli that only minimally differed to invoke different integration
mechanisms. In a shape-VWM task, we manipulated integration
cues via task-irrelevant movement, having shape-halves move
separately, meet and move together, and then re-separate. In
experiment 1 (grouping), each shape-half had a unique color,
supporting separate pointers throughout. In experiment 2 (object-
unification), the halves turned black after meeting, creating a
uniform compound shape that supports only one pointer. We
hypothesized that for both grouping and object-unification the
joint movement would reduce the number of representations
held in VWM, manifesting in a reduced CDA amplitude. The
important difference between the two experiments, following the
proposed distinction between the two integration mechanisms,
should occur after items re-separate. Specifically, in experiment 1,
items should be easily ungrouped via an updating process, trans-
lating to a steady change in CDA amplitude, whereas in experi-
ment 2, a resetting process is required before object-unification is
undone, which should trigger a CDA-drop.

The contributions of this paper are three-fold. First, we propose
a currently missing overarching theoretical framework for VWM-
integration. Second, we provide novel empirical support for
this framework. Third, we connect the rich literature of VWM-
integration with the newer research tradition of the pointer
system.

Materials and methods
Participants

Participants were Tel Aviv university students, with normal or
corrected-to-normal visual acuity and color-vision, who gave
informed consent following the procedures of a protocol approved
by the local ethics committee. Each experiment included 16
naive participants (experiment 1: 12 females, mean age 23;
experiment 2: 9 females, mean age 23.3). Participants with a
>25% rejection rate because of blinks or eye movements were
replaced: 1 in experiment 1 and none in experiment 2. Sample
size was determined based on a d =1.07 effect size from a
similar experiment (Balaban and Luria 2017), which required
8 participants for 80% power; we doubled this sample size to
ensure a high probability of revealing any effects of interest.
Our focus in this paper was the within-subjects effects of each
experiment, and this is what the a priori power calculation was
based on, but because one important claim relies on a null result
in experiment 1 (see below), after collecting the data we decided
to also conduct a between-subjects comparison, to make sure the
2 experiments significantly differ. The fact that the present study
is not sufficiently powered for a between-subjects comparison is
a shortcoming, and future studies along the same lines should
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verify this result in a larger sample or a within-subject design
mixing the 2 conditions.

Stimuli and procedure

We used a lateralized version of the change detection task, allow-
ing us to isolate any VWM processes while controlling for low-
level processes. Each trial started with a 750 ms fixation display
of ablack cross (0.4° x 0.4°; viewing distance ~60 cm) in the center
of a gray screen. Then, two white arrows (1.9° x 0.4°) appeared
for 200 ms, pointing either left or right (randomly determined
with an equal probability), indicating the to-be-attended side for
the upcoming trial. After a 300 to 500 ms (randomly jittered)
fixation, the memory array appeared, with 4 shape-halves in each
side (from here on, when describing the number of items, we
always refer only to the relevant side). There were 4 top-half and
4 bottom-half shapes (1.6° x 0.8°), which could form 16 different
compound shapes, and each appeared in 1 of 6 highly distinct
colors: yellow, green, blue, purple, red, and brown. Items’ shape
and color were chosen randomly without replacement (indepen-
dently for each side) on each trial, such that there were 2 top-
and 2 bottom-half shapes. Items appeared at random locations
at least 1.6° apart, inside an invisible 8.5° x 3.7° area. The items
moved in straight lines for 2000 ms, remained stationary for
another 300 ms, and disappeared for 900 ms. The items then
reappeared, and participants indicated, in an unspeeded manner,
via button press (using the “z” and “/” keys) whether one shape-
half changed its shape (50% probability; a top-half changed to
a new top-half, or a bottom-half to a new bottom-half). In all,
12 practice trials were followed by 14 experimental blocks with
60 trials each.

The 4 conditions differed only in the movement sequence,
which was completely task-irrelevant, as the change detection
task only required participants to indicate a change in one of
the shape-halves. In the baseline Separate halves condition, each
shape-half moved independently. In the baseline Integrated con-
dition, the 4 shape-halves formed 2 compound shapes, made of
a top-bottom pair that moved as a coherent unit throughout
the movement phase. The Separating condition started like the
Integrated condition, but after 1600 ms the compound shapes
split into halves that moved away from each other. The Joining-
separating condition was identical to the Separating condition,
except for the initial 600 ms of movement, which was separate (i.e.
the halves moved toward each other for 600 ms, met and moved
together for 1000 ms, and re-separated for the remaining 400 ms).
To ensure participants’ attention to the initial movement, 10% of
the trials (25% in the first block) were catch trials, in which the
memory array ended after the initial 300 ms. These trials were
not further analyzed.

Experiments 1 and 2 were identical except for items’ (task-
irrelevant) colors, which remained unique in experiment 1, and
turned all black after 600 ms (coinciding with the meeting in the
Joining-separating condition) in experiment 2.

EEG recording and analysis

EEG was recorded inside a shielded Faraday cage, using a BioSemi
ActiveTwo system, from 32 scalp electrodes at a subset of the
extended 10-20 system, and from 2 electrodes placed on the
mastoids. EOG was recorded from 2 electrodes placed near the
external canthi, and from an electrode beneath the left eye. Data
were digitized at 256 Hz. Offline signal processing was performed
using EEGLAB Toolbox (Delorme and Makeig 2004), ERPLAB Tool-
box (Lopez and Luck 2014), and custom MATLAB (The MathWorks,
Inc.) scripts. All electrodes were referenced to mastoids average.
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Continuous data was epoched from —200 to +3200 ms from
memory onset (i.e. end of the retention interval).

Artifact detection used a sliding window peak-to-peak analysis,
with a threshold of 80 uV for EOG, and 100 pV for the analyzed
electrodes (see below), resulting in a mean rejection rate of 10%
in experiment 1, and 9.4% in experiment 2 (for evidence that eye
movements are not responsible for the CDA-drop, see Balaban and
Luria 2017; Balaban et al. 2018a, 2019a). We further conducted
an analysis targeting eye movements, calculating the average
horizontal EOG for the left and right cued trials in the analyzed
time windows (Woodman and Luck 2003). We found that on
average, eye movements were small, with a mean HEOG of 2.2 uV
in experiment 1 and 2.5 'V in experiment 2, both translating to
<0.2° of visual angle (Hillyard and Galambos 1970). We identified
3 participants (2 in experiment 1 and 1 in experiment 2) with
an average HEOG difference between left and right cued trials
exceeding 5 uV (Wang et al. 2019). Removing these participants
from the CDA analyses did not change any of the results, providing
further support to the finding that the CDA and the resetting drop
do not reflect eye movements, and are not largely affected by
them. Because including the participants with larger eye move-
ments did not change the present conclusions, we report the
results including all 16 participants in each group.

For plotting purposes, the epoched data were low-pass fil-
tered using a noncausal Butterworth filter (12 dB/oct) with a
half-amplitude cutoff point at 30 Hz. Statistical analyses were
performed on the unfiltered data, to avoid potential effects of
filtering on the observed results (Woodman 2010). Only trials with
a correct response were included in the analysis.

Epoched data were averaged separately for each condition, and
the CDA difference wave was calculated by subtracting ipsilateral
from contralateral activity (relative to the memorized side). This
subtraction ensures the CDA exclusively reflects VWM processes,
and is immune to related processes such as perception, spatial
attention, or eye-movement, as has been extensively shown in the
past (e.g. Ikkai et al. 2010; Luria et al. 2010; Kang and Woodman
2014; Feldmann-Wiistefeld et al. 2018). As was done in previous
studies (Balaban and Luria 2017; Balaban et al. 2018a, 2019a),
we report the results from the average of 3 electrode pairs (P7/8,
PO3/4, and PO7/8), but we found the same patterns of activity in
each pair separately (for an analysis of the spatial distribution of
the CDA-drop, see Balaban and Luria 2019).

To determine whether the items were integrated in VWM, we
analyzed CDA mean amplitude in 2 parts of the memory array
(for a similar approach, see Drew et al. 2011, 2012, 2013; Luria and
Vogel 2014; Peterson et al. 2015; Balaban and Luria 2016a), 600 to
1200 ms and 1200 to 1800 ms from trial onset (“early” and “late”
windows, respectively), i.e. before the separation could affect the
CDA (which takes about 200 ms to respond; Vogel et al. 2005).
Because of their previous separate movement, we expected items
of the Joining-separating condition in both experiments to be held
separately in VWM in the early window, and to become integrated
in the late window (see, e.g. Luria and Vogel 2014; Balaban and
Luria 2015). A resetting process is observed in the CDA ~200 ms
after pointer-invalidation events (here, items’ separation), while
if the VWM-to-perception mapping holds there is no drop, even
for very similar situations. As was done in previous work, we
defined the “resetting” time window as 200 to 300 ms after sep-
aration (Balaban and Luria 2017; Balaban et al. 2018a, 2019a),
and compared it with the “pre-resetting” window immediately
preceding it (100 to 200 ms after separation, i.e. comparing the
time windows 1700 to 1800 ms and 1800 to 1900 ms from trial
onset; Balaban and Luria 2017). We use this approach instead

of comparing the resetting window between different conditions
to avoid the potential effects of the recently reported “resetting
mode” (Friedman and Luria 2022), whereby the resetting effect
might leak into the control conditions. For statistical tests, we
performed analyses of variance, followed by planned comparisons
(contrasts), the results of which are reported, for simplicity.

Results

Experiment 1: grouping

All conditions of our shape change detection task included 4
shape-halves, differing only in their movement sequence (see
Fig. 2A). We monitored the CDA (Vogel and Machizawa 2004; Luria
etal. 2016; Adam et al. 2018), an ERP index of VWM that can reveal
different aspects of online processing. First, the CDA’s amplitude
is higher when more VWM-units are held, meaning that any
type of integration leads to a lower amplitude as the information
is compressed into a smaller number of active representations
(e.g. Luria and Vogel 2011; Peterson et al. 2015). The CDA also
reflects the dynamics of the pointer system. The presence of a
drop in CDA amplitude ~200 ms after a certain event reveals a
resetting process (Balaban and Luria 2017; Balaban et al. 2018a,
2019a; Park et al. 2020; Friedman and Luria 2022). Conversely, if
the number of represented units increases or decreases without
invalidating the pointer system mapping, the CDA amplitude
would steadily change across time to indicate an updating process
(e.g. Drew et al. 2012; Luria and Vogel 2014; Balaban and Luria
2015, 201643, 2016b). These different ways of examining the CDA
have been replicated and validated in many studies (for reviews,
see Luria et al. 2016; Balaban and Luria 2019). Here, the 2 baseline
conditions included fully independent (the Separate condition) or
fully joint (Integrated condition) movement. The Separating con-
dition moved from separate to joint, and the Joining-separating
condition started separately, joined, and then re-separated. Each
shape half had a unique distinct color throughout the trial, which
enables establishing distinct pointers for each half even when
items move together (Balaban et al. 2018a). Therefore, we pre-
dicted a lower CDA amplitude during items’ joint movement, indi-
cating integration, but because of the independent pointers held
in grouping, we predicted that the separation of the compound
shapes is followed by an updating process, with a steadily rising
CDA amplitude (i.e. no drop). The results of experiment 1, as can
be seen in Fig. 2B, confirmed this prediction.

We first verified that integration indeed occurred following the
joint movement. In both the early and late parts of the items’
movement, both the Integrated and the Separating conditions had
a lower CDA amplitude than the Separate halves condition (all
Fs> 10, all Ps <0.007, all Cohen’s ds > 0.7), despite all conditions
including the same 4 shape-halves. This shows that the com-
mon fate Gestalt cue caused items to be compressed in VWM,
consuming less capacity, as has been previously shown (Luria
and Vogel 2014; Balaban and Luria 20163, 2016b). The Integrated
and Separating conditions did not significantly differ during these
times (both Fs < 1.7, both Ps > 0.2, both ds < 0.4), which is expected
given that they were identical until a late stage of the movement.

Our focus was on items’ separation: If each half can still be
accessed using its independent pointer, VWM should be able
to update post-separation, and individuated the representations
without a CDA-drop in the previously defined resetting time win-
dow (Balaban and Luria 2017; Balaban et al. 2018a, 2019a). Indeed,
the CDA in the Separating condition did not significantly differ
between the pre-resetting and resetting time windows (F <1),
suggesting the representations easily became unintegrated after

€202 1290190 9 uo Jasn (1 ||\) ABojouyos | jo aynnsu| spasnyoessel Aq 9691 0€//8/EPBYG/I00190/€601 "0 /IOP/[0IIB-80UBADPE/I02182/W00 dNO"oIWapeo.//:sdny WoJj papeojumoq



A

Balaban et al.

300-500 ms SOA Memory Array Retention Test Array
1
Joining- — - = Y L (R + -u
separating — - = ° A é:"“ -'¢‘ .'..'.‘
200 ms 600 ms 1000 ms 400 ms 300 ms 900 ms
t
—_ - || T || Wy /= -
Separating + ! + ! " | P dll N | + | by N
—_ AN A - a =1
o o e™| i
—_— g g T, -, -,
] _+» 1 + «A- + «A H +«A H A H + H +~ =
| o 9 | o o L
- - - A -
Separate — L, 4 1 wll = - = . - =
halves — ™ (| ol | ”
o Al Y A ([ Ya | m Ya - Y .

S

3

® 21

o 7

= . :

ol : :

S ; E

o : :

) I ! I ; I ! I T ! I I I I ; T I I I I I I ! ! I I ! I I I 1
1,000 . 2,000 3,000
time (ms)
Integrated Separating Joining-separating  Separate halves
“A “an—SA SAYA-TA oI

S

2

@ -2

©

=

=

=

(4

5

Fig. 2. A) The trial sequence in the different conditions of experiment 1. Participants monitored moving shapes for a change-detection task. Each shape-
half had a unique color throughout the trial. Black arrows indicated the relevant side for the upcoming trial. Movement direction indicated by gray arrows
that were not visible. Only a single shape-half could change, regardless of the condition. Color and movement were task-irrelevant. B) Experiment 1’s

CDA results (negative is up). The baseline conditions (separate halves and integrated) are presented in both panels, for easier comparisons with the
separating (top panel) and joining-separating (bottom) conditions. Dashed lines show when items met in the joining-separating condition (left bar in
each panel) and separated in separating and joining-separating conditions (right bars). Colored rectangles depict analyzed time windows (from early to
late): early presentation (green), late presentation (orange), pre-resetting (gray), and resetting (yellow), where there was no significant CDA-drop in any

condition.
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separation. We argue that this is because during the joint move-
ment, the halves in each compound shape were held in the
same VWM-unit (as shown by the low CDA amplitude), but each
half still maintained its own independent pointer. Despite the
representations beingintegrated (grouped) when moving together,
the separate pointers allowed VWM to easily access each half
and separate their representations when the integration cues
changed.

To verify the independent status of the pointers in grouping,
we examined the Joining-separating condition. In the early part of
the items’ presentation, immediately after the shape-halves met,
the Joining-separating condition was still not integrated, produc-
ing a CDA amplitude higher than the Integrated condition (F(1,
15)=47.43,P <0.001, d = 1.72) and not significantly different from
the Separate halves condition (F(1, 15)=1.60, P =0.225, d =0.32).
This shows that the halves’ initial separate movement led each
of them to be represented separately in VWM, presumably with
independent pointers. After a period of joint movement, in the
later part of their presentation, the Joining-separating condition
was successfully integrated, producing a CDA amplitude lower
than the Separate halves condition (F(1, 15)=5.45, P =0.034,
d =0.58), and not significantly different from the Integrated con-
dition (F(1, 15)=1.31, P =0.270, d =0.29). Importantly, we claim
that even though the representations were now successfully inte-
grated, i.e. compressed into one VWM-unit, the pointers still held
their independent status. This was supported by the lack of a
CDA-drop, such that the amplitude during the resetting time
window was not significantly different from the pre-resetting time
window (F(1, 15)=1.48, P =0.243, d =0.30). This suggests that in
the Joining-separating condition, as well as in the Separating con-
dition, despite the integration of the representations (as shown by
the low amplitude before the separation), the pointers were still
independently accessible because of the distinct colors, allowing
VWM to update following the separation without the need to
reset. Thus, the results demonstrate that in grouping, distinct
objects are combined into a single VWM representation while still
maintaining separate pointers.

Experiment 2: object-unification

In experiment 2, the items’ unique colors turned black during
their movement (after 600 ms, corresponding to when halves met
in the Joining-separating condition), in all conditions (see Fig. 3A).
This caused the 2 halves in each compound shape to be perceived
as a single object, which should prevent maintaining the inde-
pendent pointers initially associated with each object. Instead,
each compound shape should now support a single pointer, as
we claim occurs in object-unification. Therefore, during the joint
movement, we expected a lower CDA amplitude, similarly to
experiment 1, but here this integration relies on a single pointer,
so when a compound shape separates, we predicted a resetting
process and a CDA-drop. The results of experiment 2 confirmed
this prediction, as can be seen in Fig. 3B.

Items were again successfully integrated in VWM, resulting in
lower CDA amplitudes in the Integrated and Separating condi-
tions than the Separate halves condition, already during items’
early presentation (both Fs > 5, both Ps < 0.04, both ds > 0.5). The
integration of the Joining-separating condition took longer to
complete, because of the initial independent movement phase.
The shape-halves in this condition were initially represented sep-
arately in VWM, with a CDA amplitude not significantly different
from the Separate halves condition in the early time window
(F < 1), but eventually became integrated, with a late CDA ampli-
tude not significantly different from the Integrated condition (F(1,

15)=1.80, P =0.199, d =0.34). Thus, the joint movement was
successful in integrating the representations in VWM. Notably,
if simply any change in pointer distribution causes a resetting
process, we would expect to find a CDA-drop also 200 ms after
the items meet and turn black, because the pointer system pre-
sumably moves from holding two pointers to a single one. Instead,
the resetting process is specific to events that create a correspon-
dence problem, and in pointer-merging there is no such problem
(one can think of the asymmetry between adding 1 and 1, which
gives another integer, and dividing 1 by 2, which is no longer an
integer), which is why the CDA did not drop after joining but only
after separation.

Critically, we claim that once the shape-halves moved as a
uniform object (all black), VWM would integrate not only their
representation but also their pointers. The lack of access to the
original independent pointers in object-unification necessitates a
resetting process before separate representations can again form
(Balaban and Luria 2017; Balaban et al. 2018a, 2019a). Indeed, we
found that for both the Separating and Joining-separating condi-
tions, the amplitude in the resetting time window significantly
dropped compared with the pre-resetting window (both Fs> 6,
both Ps <0.03, both ds>0.6). Notably, the CDA in the present
experiment does not drop all the way to baseline, a result that
has been replicated many times for relatively familiar shapes (e.g.
Balaban et al. 2019a). This could be either because there is a larger
percentage of trials or participants for which there is no drop at
all (while for others, the CDA drops all the way to 0), or because
the re-encoding or re-individuation stages of the post-separation
representations is easier (Balaban and Luria 2019; these ideas are
not mutually exclusive). The lower CDA amplitude indicates a loss
of information from VWM, in line with the hypothesis that the
separation caused a correspondence problem, meaning the pre-
separation representations of the integrated compound shapes
had to be removed from VWM and replaced by new independent
representations of each shape-half. This suggests that in object-
unification, unlike in grouping, integration involves not only the
representations but the pointers.

Comparing grouping and object-unification

To establish the difference between our two experiments, we com-
pared the resetting effect between them, and found a significant
interaction (F(3, 30)=3.16, P =0.029, n*> =0.07), driven by a larger
resetting effect in the Separation and Joining-separating condi-
tions of experiment 2 (both Fs>5, both Ps <0.04, both ds > 0.8).
This corroborates our claim that to undo object-unification VWM
must reset, whereas grouping can be undone without a resetting
process.

For completeness, we also analyzed participants’ accuracy.
However, accuracy in our task cannot reveal the ongoing
dynamics of integration, because it is measured after the items
stop and disappear for the retention interval, i.e. long after the
online movement cues (for a behavioral investigation of online
pointer-system processes using a different task, see Balaban and
Luria 2017; Balaban et al. 2018a, 2018b). We predicted a behavioral
benefit for both types of integration, but did not expect to find a
difference between them. This is because any stronger integration-
benefit for object-unification over grouping could be balanced
by an opposite task-benefit for the uniquely colored stimuli in
the grouping experiment, given that the task is performed on
individual halves and these stimuli are easier to individuate and
compare during the test. Both types of integration produced
a behavioral benefit, with higher accuracy in the Integrated
condition (mean=0.76 in both experiments) than in all of the
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Fig. 3. A) The trial sequence in the different conditions of experiment 2. Participants monitored moving shapes for a change-detection task. Each
shape-half started in a unique color, and all turned black after 600 ms. Black arrows indicated the relevant side for the upcoming trial. Movement
direction indicated by gray arrows that were not visible. Only a single shape-half could change, regardless of the condition. Color and movement
were task-irrelevant. B) Experiment 2’s CDA results (negative is up). The baseline conditions (separate halves and integrated) are presented in both
panels, for easier comparisons with the separating (top panel) and joining-separating (bottom) conditions. Dashed lines show when items met in the
joining-separating condition (left bar in each panel) and separated in separating and joining-separating conditions (right bars). Colored rectangles depict
analyzed time windows (from early to late): early presentation (green), late presentation (orange), pre-resetting (gray), and resetting (yellow), where there

was a significant CDA-drop in the separating and joining-separating conditions.
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other conditions (means raging between 0.69 and 0.73; all Fs > 8,
all Ps <0.015, all ds>0.7), despite all conditions including the
same 4 shape-halves, with the task involving detecting a change
in a single half. The two experiments did not differ in their
behavioral effects (F <1), most likely because of the task used,
which tested each shape-half separately, and therefore privileged
the uniquely colored stimuli of experiment 1. Importantly, many
past studies have already established the presence of incomplete
behavioral benefits with grouping in different contexts (e.g.
Wheeler and Treisman 2002; see also the Discussion).

Discussion

The goal of this study was to offer a theoretical distinction
between 2 types of VWM integration (grouping and object-
unification), relying on different mechanisms, and to provide
empirical support for this claim from two EEG experiments.

At the conceptual level, we suggest that the two integration
processes operate on different levels: Object-unification com-
bines several object-parts into a single coherent object, and group-
ing compresses several distinct objects into one ensemble. To
illustrate, grouping helps processing the trajectory of many people
that cross a street together, because of their uniform motion,
whereas object-unification enables tracking the trajectory of one
car as a single whole, without separately computing how each of
its part moves. At the mechanistic level, despite the fact that both
processes involve holding more information in a single VWM-
unit, we argue that grouping and object-unification fundamen-
tally differ in the item-to-representation mapping they involve. In
grouping, the representations are integrated, while still retaining
their independent pointers. This allows VWM to access each
object separately and, when appropriate, update the representa-
tion to become separate. On the other hand, in object-unification,
not only the representations but also the pointers are merged,
such that the entire object supports only a single pointer, and
consequentially there is no access to the parts in an independent
manner. Therefore, if the parts are to be separately held in VWM,
a resetting process is necessary, i.e. removing the existing whole-
object representation, and encoding new representations of each
separate part.

The two EEG experiments presented here harnessed the CDA to
support this novel theoretical suggestion. Experiment 1 included
easy-to-individuate (uniquely colored) objects forming groups,
and indeed we found a steady change in CDA amplitude follow-
ing separation, in line with an updating process that relied on
the accessibility of independent pointers. Importantly, we would
predict similar results with other manipulations that make the
halves easy to individuate, and hence encourage holding on to
independent pointers, such as keeping the halves slightly apart
during their joint movement phase, using figure-ground stimuli,
or even clearly defining separate objects by presenting familiar
objects in spatial relationships (e.g. placing a mug on top of
a table). Experiment 2 presented hard-to-individuate (uniformly
colored) parts forming objects, and their separation triggered a
resetting process, with a sharp drop in CDA amplitude before
the parts could be individuated again. It is important to note
that the fact we could find a CDA-drop even for the Joining-
Separating condition of experiment 2 rules out an interpretation
of this effect as reflecting some general surprise signal. The study
did notinclude a condition where items just met and did not later
separate, making the re-separation perfectly predictable. Still,
the fact that the object split apart, despite being completely not
surprising, breaks the correspondence between VWM and ongoing

perception. This corroborates the interpretation of the CDA-drop
as a specific index of pointer system disruption.

The distinction between compressing only the representations
(in grouping) or also the pointers (in object-unification) can
explain the seeming discrepancy in VWM integration studies.
While some studies reported a complete integration, others found
it to be imperfect or costly, resulting in researchers in the field
holding contrasting views about the efficiency of integration. For
example, color-color conjunction stimuli produce incomplete
integration (Olson and Jiang 2002; Wheeler and Treisman 2002;
Delvenne and Bruyer 2004; Luria and Vogel 2011, 2014; Parra et al.
2011; although see Luck and Vogel 1997; Vogel et al. 2001), leading
many researchers to argue for limited integration in items with
features from the same dimension. A similar pattern was also
observed with two colors organized by uniform connectedness
(Peterson et al. 2015) and two orientations forming a Kanizsa
shape (Gao et al. 2016). However, our current findings suggest
an alternative explanation, such that the critical factor is not
whether features belong to the same dimension or to different
ones, but whether they belong to the same object or to different
ones. This would classify all of the weak-integration studies
mentioned above (e.g. with Kanizsa shapes) as grouping, because
the parts are easily individuated, meaning the reason for the
incomplete integration could be the separate pointers each object
maintains.

A prediction that arises from the present theoretical and
empirical distinction is that regardless of the dimensions
included, object-unification is more efficient than grouping.
While few studies examined the integration of two different-
dimension objects in a group (e.g. a tilted bar on top of a
colored circle), those that did demonstrated behavioral and
neural costs that were even more pronounced than for color-
color conjunctions (Xu 2002a, 2002b; Delvenne and Bruyer 2006;
Balaban and Luria 2016b). As a mirror image along similar lines,
same-dimension object parts are perfectly integrated: Two shape-
halves forming a whole shape produce the same CDA amplitude
as a single shape-half (Balaban and Luria 2015). In short, we
argue that past inconsistencies regarding the efficiency of VWM
integration are because of the use of two types of integration,
one of which (object-unification) is more complete than the other
(grouping). This opens up fascinating questions for future studies,
such as the time-course of each integration process, which can
now be tackled in a clearer way, with respect to the distinction
we suggest here between the two integration processes. Another
interesting issue that can be targeted is how grouping and
object-unification operate in complex real-world items, whose
objecthood is supported not only by visual cues as used here, but
also by semantic meaning.

The present results go further than dividing past mixed
results in a theoretically coherent way, by suggesting and
demonstrating distinct underlying mechanisms to explain the
different behavioral and neural patterns. Namely, in grouping,
the pointers remain separate, whereas in object-unification, they
are merged. Merging pointers results in perfect integration, but
comes with a potential cost, as was demonstrated here, because
the integration cannot be undone without a resetting process.
Previous studies have demonstrated that resetting even creates
a behavioral cost: Changes in an object’s parts are missed if they
coincide with it splitting in two, in line with the claim that there is
no access to the individual parts (Balaban and Luria 2017; Balaban
etal. 2018a, 2018b). Importantly, in most everyday cases, resetting
is not expected to be very common (e.g. coherent objects do not
tend to split in two for no reason), and this process should be
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present only in situations such as when some kind of change
leads us to drastically change our interpretation of objects or
events, similar to the feeling arising during a magic show. This
rarity of resetting means that object-unification remains highly
efficient, but the existence of resetting does provide a very useful
tool for establishing the limits of the pointer system.

In contrast to object-unification, grouping allows each item to
retain some level of independence even after integration, via the
separate pointers. This independency makes grouping not only
less efficient, but also more flexible: Instead of being mandatory,
this type of integration depends on factors like task demands or
the context offered by the other conditions in the task (Balaban
and Luria 2016a, 2016b). Considering this, it is interesting that
grouping indeed happened in the Joining-separating condition of
experiment 1, where re-separation was fully predictable. In the
past, we found that a fully predictable joining-separating condi-
tion did allow participants to hold independent representations
and avoid resetting, even when the two halves had the same
color throughout (Balaban and Luria 2017), but this was true
only for a very short joint movement phase. The present finding
that a longer movement phase induced integration despite a
fully predictable future separation, and specifically for items that
are visually distinct, points to the extent to which our cognitive
system relies on VWM integration, a process that in our everyday
lives serves as an important tool alleviating the strict capacity
limit of VWM (Cowan 2001). We see great value in the future pur-
suit of perusing questions such as how mandatory are different
types of integration, and what kinds of cues are most important
for the fate (integrated or separate) of representations. We believe
that the present unified framework of VWM integration provides
new hints to these lines of research.

An interesting question is whether and how binding—the inte-
gration of an object’s different features (e.g. a bar’s color and ori-
entation)—maps onto our suggested distinction between grouping
and object-unification. Binding has been heavily studied in the
VWM literature, and most studies reported a highly efficient
process, with robust (although not necessarily perfect) behavioral
benefits and full CDA-reductions (e.g. Luck and Vogel 1997; Vogel
et al. 2001; Luria and Vogel 2011), suggesting an object consumes
similar VWM capacity regardless of the number of features it
has. Binding thus seems very similar to object-unification, with
all of an object’s features being supported by a single pointer,
which future research could directly test. In line with this, recent
evidence shows that pointers are assigned to coherent objects,
meaning that the pointer system is object-based (Balaban et al.
2019a), and not spatiotemporal as was previously suggested (e.g.
Thyer et al. 2022).

Our results also provide strong evidence for a dissociation
between VWM's representations and their supporting point-
ers. Specifically, in the Joining-separating conditions of both
experiments, representations transformed from independent to
integrated to independent (4 VWM-units to 2 and back to 4), but
the pointers followed a different pattern in each experiment.
Note that simply comparing the CDA amplitude of two conditions
cannot reveal the hidden pointers, because several pointers can
be associated with a single representation. This is the reason
why grouping and object-unification led to similar reductions
in CDA during items’ joint movement. Exposing the differential
pointer structure was made possible only by changing items’
status (here, the integration cues) during the trial, and measuring
a specific pointer system marker to test whether the mapping
was invalidated by this change. In experiment 1, the updating
process following separation indicated that the pointers remained
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independent even when the grouping integration took place,
because of the unique colors. Contrarywise, in experiment
2, the resetting process, which was necessary before the
representations could become separate again, suggests that the
pointers themselves became merged when the compound shapes
turned uniformly black. In line with previous theoretical con-
ceptualizations (Pylyshyn 2000), pointers can be seen as indices
of individuation that do not carry the actual representational
content (e.g. object features). The present results show that the
extra level of pointers, connecting the ongoing perceptual input
and the dynamic VWM representations, is indeed necessary to
explain the complete pattern of online dynamics.

Conclusion

In this paper, we suggested and experimentally demonstrated a
new framework of integration in VWM (i.e., chunking items or
features together), revolving around the pointer system - a set
of unique mappings that connect perception and VWM repre-
sentations. We put forward a distinction between two integration
processes, namely grouping and object-unification. In grouping,
unique objects are compressed into one VWM-unit, but maintain
independent pointers, and hence integration can be easily undone
via an updating process (experiment 1). In object-unification, the
parts of a single object are merged, and their pointers are fused
into one, meaning that now VWM is accessing the object as a
single whole and a resetting process is required before the parts
can be re-individuated (experiment 2). We argue this distinc-
tion between grouping and object-unification explains seemingly-
inconsistent past results, as well as establishes the importance
of the construct of pointer system mapping as distinct from the
contents of VWM representations.

Author contributions

Halely Balaban (Conceptualization, Data curation, Formal anal-
ysis, Writing—original draft, Writing—review & editing), Trafton
Drew (Conceptualization, Writing—review & editing), and Roy
Luria (Conceptualization, Writing—review & editing)

Funding

A Binational Science Foundation (grant number 2015301 to RL and
TD); an Israel Science Foundation (grant number 1589/23 to RL);
an Azrieli Fellowship to HB, while at Tel Aviv University.

Conflict of interest statement: None declared.

Data availability
All data and code are available at https://osf.io/4w8jx.

References

Adam KCS, Robison MK, Vogel EK. Contralateral delay activity tracks
fluctuations in working memory performance. ] Cogn Neurosci.
2018:30(9):1229-1240.

Ankaoua M, Luria R. One turn at a time: behavioral and ERP evidence
for two types of rotations in the classical mental rotation task.
Psychophysiology. 2022:60(4):e14213.

Baddeley AD, Hitch G. Working memory. In: Bower GA, editor. Psychol-
ogy of learning and motivation. New York: Elsevier; 1974. pp. 47-89.

€202 1290190 9 uo Jasn (1 ||\) ABojouyos | jo aynnsu| spasnyoessel Aq 9691 0€//8/EPBYG/I00190/€601 "0 /IOP/[0IIB-80UBADPE/I02182/W00 dNO"oIWapeo.//:sdny WoJj papeojumoq


https://osf.io/4w8jx

10 | Cerebral Cortex, 2023

Balaban H, Luria R. The number of objects determines visual work-
ing memory capacity allocation for complex items. NeuroImage.
2015:119:54-62.

Balaban H, Luria R. Object representations in visual working memory
change according to the task context. Cortex. 2016a:81:1-13.

Balaban H, Luria R. Integration of distinct objects in visual working
memory depends on strong objecthood cues even for different-
dimension conjunctions. Cereb Cortex. 2016b:26(5):2093-2104.

Balaban H, Luria R. Neural and behavioral evidence for an online
resetting process in visual working memory.J Neurosci. 2017:37(5):
1225-1239.

Balaban H, Luria R. Using the contralateral delay activity to study
online processing of items still within view. In: Pollmann S,
editors. Spatial learning and attention guidance. Neuromethods. New
York, NY: Springer; 2019. pp. 107-128.

Balaban H, Drew T, Luria R. Delineating resetting and updating in
visual working memory based on the object-to-representation
correspondence. Neuropsychologia. 2018a:113:85-94.

Balaban H, Drew T, Luria R. Visual working memory can selectively
reset a subset of its representations. Psychon Bull Rev. 2018b:25(5):
1877-1883.

Balaban H, Drew T, Luria R. Neural evidence for an object-based
pointer system underlying working memory. Cortex. 2019a:119:
362-372.

Balaban H, Fukuda K, Luria R. What can half a million change
detection trials tell us about visual working memory? Cognition.
2019b:191:103984.

Blaser E, Pylyshyn ZW, Holcombe AO. Tracking an object through
feature space. Nature. 2000:408(6809):196-199.

Chen H, Wyble B. Amnesia for object attributes: failure to report
attended information that had just reached conscious aware-
ness. Psychol Sci. 2015:26(2):203-210.

Cowan N. The magical number 4 in short-term memory: a recon-
sideration of mental storage capacity. Behav Brain Sci. 2001:24(1):
87-114.

Delorme A, Makeig S. EEGLAB: an open source toolbox for analysis
of single-trial EEG dynamics including independent component
analysis. ] Neurosci Methods. 2004:134(1):9-21.

Delvenne J-F, Bruyer R. Does visual short-term memory store bound
features? Vis Cogn. 2004:11(1):1-27.

Delvenne J-F, Bruyer R. A configural effect in visual short-term
memory for features from different parts of an object. Q J Exp
Psychol. 2006:59(9):1567-1580.

Drew T, Vogel EK. Neural measures of individual differences
in selecting and tracking multiple moving objects. J Neurosci.
2008:28(16):4183-4191.

Drew T, Horowitz TS, Wolfe M, Vogel EK. Delineating the neural sig-
natures of tracking spatial position and working memory during
attentive tracking. J Neurosci. 2011:31(2):659-668.

Drew T, Horowitz TS, Wolfe JM, Vogel EK. Neural measures of
dynamic changes in attentive tracking load. ] Cogn Neurosci.
2012:24(2):440-450.

Drew T, Horowitz TS, Vogel EK. Swapping or dropping? Electrophys-
iological measures of difficulty during multiple object tracking.
Cognition. 2013:126(2):213-223.

Feldmann-Wiustefeld T, Vogel EK, Awh E. Contralateral delay activity
indexes working memory storage, not the current focus of spatial
attention. ] Cogn Neurosci. 2018:30(8):1185-1196.

Friedman S, Luria R. Visual working memory adaptability: what more
can we learn about updating and resetting of visual working
memory representations? J Vis. 2022:22:3465-3465.

Gao Z, Gao Q, Tang N, Shui R, Shen M. Organization principles
in visual working memory: evidence from sequential stimulus
display. Cognition. 2016:146:277-288.

Hillyard SA, Galambos R. Eye movement artifact in the CNV. Elec-
troencephalogr Clin Neurophysiol. 1970:28:173-182.

Hollingworth A. Object-position binding in visual memory for nat-
ural scenes and object arrays. J Exp Psychol Hum Percept Perform.
2007:33(1):31-47.

Ikkai A, McCollough AW, Vogel EK. Contralateral delay activ-
ity provides a neural measure of the number of represen-
tations in visual working memory. J Neurophysiol. 2010:103(4):
1963-1968.

Kahneman D, Treisman A, Gibbs BJ. The reviewing of object
files: object-specific integration of information. Cognit Psychol.
1992:24(2):175-219.

Kang M-S, Woodman GF. The neurophysiological index of visual
working memory maintenance is not due to load dependent eye
movements. Neuropsychologia. 2014:56:63-72.

Levillain F, Flombaum JI. Correspondence problems cause reposi-
tioning costs in visual working memory. Vis Cogn. 2012:20(6):
669-695.

Lopez-Calderon J, Luck SJ. ERPLAB: an open-source toolbox for the
analysis of event-related potentials. Front Hum Neurosci. 2014:8.
https://doi.org/10.3389/fnhum.2014.00213.

Luck SJ, Vogel EK. The capacity of visual working memory for fea-
tures and conjunctions. Nature. 1997:390(6657):279-281.

Luria R, Vogel EK. Shape and color conjunction stimuli are repre-
sented as bound objects in visual working memory. Neuropsycholo-
gia. 2011:49:1632-1639.

Luria R, Vogel EK. Come together, right now: dynamic overwriting
of an object’s history through common fate. ] Cogn Neurosci.
2014:26(8):1819-1828.

Luria R, Sessa P, Gotler A, Jolicceur P, Dell’Acqua R. Visual short-term
memory capacity for simple and complex objects. ] Cogn Neurosci.
2010:22(3):496-512.

Luria R, Balaban H, Awh E, Vogel EK. The contralateral delay activity
as a neural measure of visual working memory. Neurosci Biobehav
Rev. 2016:62:100-108.

Nassar MR, Helmers JC, Frank MJ. Chunking as a rational strategy for
lossy data compression in visual working memory. Psychol Rev.
2018:125(4):486-511.

Olson IR, Jiang Y. Is visual short-term memory object based?
Rejection of the “strong-object” hypothesis. Percept Psychophys.
2002:64(7):1055-1067.

Park B, Walther D, Fukuda K. Dynamic representations in visual
working memory. J Vis. 2020:20(11):900.

Parra MA, Sala SD, Abrahams S, Logie RH, Méndez LG, Lopera
F. Specific deficit of colour-colour short-term memory binding
in sporadic and familial Alzheimer’s disease. Neuropsychologia.
2011:49(7):1943-1952.

Peterson DJ, Gézenman F, Arciniega H, Berryhill ME. Contralateral
delay activity tracks the influence of Gestalt grouping principles
on active visual working memory representations. Atten Percept
Psychophys. 2015:77(7):2270-2283.

Pylyshyn ZW. Situating vision in the world. Trends Cogn Sci. 2000:4(5):
197-207.

Pylyshyn ZW. Visual indexes, preconceptual objects, and situated
vision. Cognition. 2001:80(1-2):127-158.

Thyer W, Adam KCS, Diaz GK, Velazquez Sanchez IN, Vogel EK,
Awh E. Storage in visual working memory recruits a content-
independent pointer system. Psychol Sci. 2022:33(10):1680-1694.

Vogel EK, Machizawa MG. Neural activity predicts individual differ-
ences in visual working memory capacity. Nature. 2004:428(6984):
748-751.

Vogel EK, Woodman GF, Luck §J. Storage of features, conjunctions,
and objects in visual working memory. J Exp Psychol Hum Percept
Perform. 2001:27(1):92-114.

€202 1290190 9 uo Jasn (1 ||\) ABojouyos | jo aynnsu| spasnyoessel Aq 9691 0€//8/EPBYG/I00190/€601 "0 /IOP/[0IIB-80UBADPE/I02182/W00 dNO"oIWapeo.//:sdny WoJj papeojumoq


https://doi.org/10.3389/fnhum.2014.00213

Vogel EK, McCollough AW, Machizawa MG. Neural measures reveal
individual differences in controlling access to working memory.
Nature. 2005:438(7067):500-503.

Wang S, Rajsic ], Woodman GF. The Contralateral Delay Activity
Tracks the Sequential Loading of Objects into Visual Working
Memory, Unlike Lateralized Alpha Oscillations. ] Cogn Neurosci.
2019:31:1689-1698.

Wheeler ME, Treisman AM. Binding in short-term visual memory.
J Exp Psychol Gen. 2002:131(1):48-64.

Woodman GF. A brief introduction to the use of event-related
potentials in studies of perception and attention. Atten Percept
Psychophys. 2010:72(8):2031-2046.

Balabanetal. | 11

Woodman GF, Vecera SP, Luck §J. Perceptual organization influ-
ences visual working memory. Psychon Bull Rev. 2003:10(1):
80-87.

Woodman GF, Luck SJ. Serial deployment of attention during
visual search. J Exp Psychol Hum Percept Perform. 2003:29:
121-138.

Xu Y. Encoding color and shape from different parts of an object
in visual short-term memory. Percept Psychophys. 2002a:64(8):
1260-1280.

Xu Y. Limitations of object-based feature encoding in visual short-
term memory. ] Exp Psychol Hum Percept Perform. 2002b:28(2):
458-468.

€202 1290190 9 uo Jasn (1 ||\) ABojouyos | jo aynnsu| spasnyoessel Aq 9691 0€//8/EPBYG/I00190/€601 "0 /IOP/[0IIB-80UBADPE/I02182/W00 dNO"oIWapeo.//:sdny WoJj papeojumoq



	 Dissociable online integration processes in visual working memory
	 Introduction  
	 Materials and methods
	 Results
	 Discussion
	 Conclusion
	 Author contributions
	 Funding
	 Data availability


