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Same set of visual pointers for biological and non-biological objects in working 
memory
Xinchi Yu a,b and Ellen Lau a,b

aProgram in Neuroscience and Cognitive Science, University of Maryland, College Park, MD, USA; bDepartment of Linguistics, University of 
Maryland, College Park, MD, USA

ABSTRACT  
It has been well-established that visual working memory (VWM) is implemented by a limited set of 
∼ 3 pointers/indexicals, binding features together. Most of these studies used non-biological 
objects (e.g., shapes) as stimuli. However, two separate lines of recent work on infants and 
adults have prompted a proposal that biological objects recruit a separate set of visual pointers 
in working memory, distinct from the classical ∼ 3 pointers for non-biological objects (the 
separate set hypothesis). The alternative possibility is that biological and non-biological objects 
share the same set of pointers (the same set hypothesis). In the current paper, we provide 
evidence supporting the same set hypothesis with a series of three experiments involving 
biological motions and complex shapes, as well as arguments reconciling evidence that seemed 
to support the separate set hypothesis.
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A ball moves behind an occluder. Now a book comes 
out from behind the same occluder, before returning 
behind it. Finally the occluder is removed, but there is 
only one object there! Although perplexing to adults, 
young preverbal infants seem not to be surprised by 
this sequence of events, as measured by looking time 
(Kibbe & Leslie, 2011; F. Xu & Carey, 1996), although 
they will be surprised if no objects are there. This is 
one striking example from a broad base of infant and 
adult evidence for the idea that a set of contentless 
visual pointers (or indexicals, indexes), pointing to fea
tures, supports human visual working memory (VWM) 
and visual object tracking (Baillargeon & Carey, 2012; 
Brody, 2020; Carey & Xu, 2001; Kahneman et al., 1992; 
Leslie et al., 1998; F. Xu, 1999; Pylyshyn, 1989, 2001; 
Quilty-Dunn et al., 2022; Yu & Lau, 2023). In this case, 
the now-standard interpretation of the infants’ behav
ior is that infants represent the ball moving behind the 
occluder with an object pointer to “ball” conceptual 
features, and that when the book emerges, they rep
resent this as the “same” object by changing the 
pointed features to those of “book” (Cheng & Kibbe, 
2022; Kibbe & Leslie, 2013).

The pointers are hypothesized to be content-free 
and reassignable (Balaban et al., 2019, 2023; Thyer 

et al., 2022; Yu, 2024), i.e., that they are independent 
from the representation of features (which bind fea
tures together but do not represent features in them
selves), and that they can be “remapped” to bind 
different features to the same object, or even rep
resent different objects across time. Indeed, the exist
ence of contentless visual pointers in working 
memory has also been supported by neural evidence 
in adults (Y. Xu & Chun, 2006; Balaban et al., 2019; 
Naughtin et al., 2016; Thyer et al., 2022; Y. Xu, 2009; 
Yu & Lau, 2025; for discussion see Yu & Lau, 2023). 
For example, Xu and Chun identified subregions in 
the posterior parietal cortex demonstrating load- 
dependent, capacity-limited responses during VWM 
retention with fMRI (functional magnetic resonance 
imaging); critically, this representation was agnostic 
to the number of features. This observation was sub
sequently corroborated by MEG (magnetoencephalo
graphy) evidence of a qualitatively similar response 
over the right posterior cortex (Yu & Lau, 2025). 
Complementary to the above univariate neural 
responses, recent work has explored multivariate 
responses tracking the number of VWM pointers as 
well (Jones et al., 2024a, 2024b; Thyer et al., 2022). 
Moreover, the number of pointers is limited to 
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around 3, as suggested by numerous infant and adult 
studies using VWM or object tracking tasks (Awh et al., 
2007; Cowan, 2001; Feigenson et al., 2002; Luck & 
Vogel, 1997, 2013; Y. Xu & Chun, 2009). Apart from 
the limited capacity for pointers, the representation 
of features is also capacity-limited, as VWM is best 
modeled with a limited capacity for features and a 
limited set of pointers (Ngiam, 2023; Swan & Wyble, 
2014; Van den Berg et al., 2014; Xie & Zhang, 2017).1

An intuitive hypothesis would be that these ∼ 3 
visual pointers support the representation of all 
kinds of objects, irrespective of e.g., their animacy. 
Somewhat surprisingly, some recent studies on 
infants and adults seem to offer evidence against 
this “same set” hypothesis, prompting the proposal 
that biological objects recruit a separate set of 
visual pointers other than those for non-biological 
objects (the separate set hypothesis; Liu et al., 2019; 
Murez & Smortchkova, 2014). Relevant infant and 
adult literatures are often not integrated; therefore 
here we first provide an overview of these two lines 
of evidence. We will show that the existing results 
can be accounted for by either hypothesis, and we 
then go on to introduce our current experiments 
designed to resolve the ambiguity in the adult 
studies.

Infant studies. In Xu and Carey’s (1996) exper
iments, infants showed insensitivity to changes in 
the object behind an occluder, just as adults asked 
to visually track an object in motion are not disrupted 
by some featural changes (Zhou et al., 2010). 
However, the stimuli used in these infant studies 
were mostly inanimate. Subsequent studies observed 
that infants in a similar age range (or earlier) were sur
prised when the feature change is between biological 
and non-biological objects (Bonatti et al., 2002; 
Decarli et al., 2020; Kibbe & Leslie, 2019; Surian & 
Caldi, 2010). For example, Kibbe and Leslie observed 
a longer looking time when an inanimate ball 
changed into a doll head (or vice versa), compared 
to when the feature change did not change 
animacy status. This type of observation led Murez 
and Smortchkova (2014) to propose that biological 
objects recruit a separate set of object pointers (i.e., 
object files) from non-biological objects.

However, such evidence is not necessarily incon
sistent with the same set hypothesis; one can simply 
assume that some kinds of object changes prompt a 
“reset” of visual pointers while others do not, and 

that these pointer resetting parameters are subject 
to change across the course of development. For 
example, in adult multiple object tracking studies, it 
has been found that some feature changes do not 
affect behavioral accuracy (suggesting the same 
pointer represents the object before and after the 
feature change), while other feature changes do 
hurt accuracy (Lyu et al., 2015; Zhao et al., 2020; 
Zhou et al., 2010). The process of pointer resetting is 
associated with a disruption in CDA (contralateral 
delay activity) in EEG (electroencephalography) 
which tracks the number of visual pointers in VWM 
(Balaban et al., 2023, 2024). In sum, infant evidence, 
although previously argued to support the separate 
set hypothesis, is in fact equally consistent with the 
same set hypothesis.

Adult studies. A different way to evaluate these 
hypotheses in adults is to examine whether the 
working memory capacity for non-biological objects 
is shared with the capacity for biological objects, as 
predicted by the same set hypothesis. A number of 
studies using the delay-match-to-sample paradigm 
have observed that holding more biological motions 
(BMs) in working memory does not appear to inter
fere with the capacity limit for non-biological 
objects in working memory, which might seem to 
support the separate set hypothesis. We note, 
however, that several of these studies presented the 
sample objects sequentially at the same location 
(Liu et al., 2019, Experiment 4-5; Wood, 2007, 2011). 
Continuity of location is a strong cue for the objective 
continuation of the same object across time, and thus 
against pointer resetting (Bapat et al., 2017; Golomb 
et al., 2014). Therefore, sequential, same-location 
presentation may encourage participants to represent 
the input as feature change within a single object 
pointer, rather than as multiple distinct objects. In 
keeping with this, fMRI work has shown that 
responses associated with pointer maintenance only 
minimally increase with set size in sequential, same- 
location presentation, compared to simultaneous 
different-location presentation (Harrison et al., 2010; 
Y. Xu & Chun, 2006).

Perhaps the strongest current evidence for the sep
arate-set hypothesis comes from two experiments by 
Liu et al. (2019) which used simultaneous different- 
location presentation (Exp. 2 and 3). In these two 
experiments, Liu and colleagues found that memoriz
ing more BMs does not affect the capacity for color- 
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shape bindings and vice versa. This result is consistent 
with the hypothesis that biological objects recruit a 
separate set of pointers from non-biological objects. 
However, another property of the experiment 
design provides an alternative explanation. In these 
experiments, the “foil” memory probes always used 
an object that had not appeared anywhere in the 
sample display (“object-change trials”) rather than 
using an “old” object that had been in the sample 
display but that was probed in the wrong location 
(“location-change” trials). This leaves open the possi
bility that participants could succeed at rejecting 
the foil trials without binding the BM features to 
object pointers at all, but simply by noting whether 
the probe’s BM feature had been detected recently 
(cf. Oberauer, 2017). In other words, in order to cor
rectly respond to object-change trials, one does not 
need to represent BMs as bound objects, but just as 
a conceptual feature. And as the point-light displays 
(BMs) and color-shape bindings recruit very different 
feature spaces, confusion between the features them
selves would be unlikely.

Fortunately, the use of location-change trials pro
vides a straightforward way of probing the pointers 
for binding. If the probe is an old object (present in 
the sample) but at a wrong location previously 

occupied by another object (“location-change trials” 
hereafter), one cannot respond to these probes cor
rectly by the conceptual features only; rather, 
correct response for location-change probes relies 
on the representation of conceptual feature-location 
bindings. The same set hypothesis predicts an interfer
ence effect when examining these location-change 
trials. In the current study, we put this to the test. In 
Experiment 1, we conceptually replicated the results 
of Liu et al. (2019) with another set of inanimate 
bound objects, complex shapes. In Experiment 2 
and Experiment 3 (a replication), we introduced 
location-change trials to provide the crucial compari
son. If biological and non-biological object represen
tation relies on the same set of pointers, memory 
interference effects should be observed in these 
trials; the separate set hypothesis again predicts no 
interference.

Results

In Experiment 1 (Figure 1), we aimed to replicate pre
vious results on biological and non-biological object 
maintenance using another set of bound inanimate 
objects: complex (multi-featured) shapes. Here we 
used the same object-change probes as previous 

Figure 1. Illustration of a trial in Experiments 1-3.

VISUAL COGNITION 3



experiments, but rather than asking participants to 
“judge whether the probe had appeared in the 
memory array” (Liu et al., 2019), we asked them to 
judge whether the probe matched the object that 
had been presented at that location, in order to 
encourage the representation of bound objects 
rather than free features.

Experiment 1

Subjects reached ceiling at the digit task (mean accu
racy = 98%). In terms of Cowan’s K, we observed a sig
nificant difference in KACT across the two conditions, 
W = 0, z = −4.3, p < 0.001 (KACT for 3OBJ + 1ACT: M ±  
SE = 0.83 ± 0.04; KACT for 3OBJ + 3ACT: M ± SE = 1.75  
± 0.10). The difference in KOBJ across the two con
ditions was only marginally significant, W = 184.5, z  
= 1.8, p = 0.06 (KOBJ for 3OBJ + 1ACT: M ± SE = 1.39 ±  
0.16; KOBJ for 3OBJ + 3ACT: M ± SE = 1.16 ± 0.17). See 
Figure 2.

In Experiment 1 we replicated Liu et al.’s (2019) 
observation of a non-interference effect, i.e., an 

increase in the Cowan’s K for BMs held in working 
memory does not significantly discount the 
Cowan’s K for complex shapes. However, this result 
may be driven by the fact that in both our Exper
iment 1 and Liu et al. (2019), the probe was always 
a new object (an object that was not in the 
sample). Although multi-featured complex shapes 
(our Experiment 1) and color-shape bindings (Liu 
et al., 2019) would be represented as bound 
objects, meaningful BMs can be represented as a 
conceptual feature only (action type, e.g., JUMPING, 
WAVING), without recruiting the pointers to bind 
multiple features together. Therefore, in Experiment 
2 and Experiment 3, we added trials in which the 
probe is an old object presented at a wrong location 
previously occupied by another object (Figure 3). 
These trials cannot be correctly responded to by 
just holding the conceptual feature, enabling us to 
examine the Cowan’s K for conceptual feature- 
location bindings. Note that the marginally significant 
effect for KOBJ may reflect a true effect but with a 
small effect size. This is in line with our argument 
that biological and non-biological objects share the 
same set of VWM pointers.

Experiments 2 and 3 were very similar, both includ
ing the crucial location-change trials; Experiment 3 
was essentially a replication of Experiment 2. The 
only difference between these experiments was the 
number of trials allocated to each condition, as 
described below.

Experiment 2

Subjects reached ceiling at the digit task (mean accu
racy = 99%). For the match trials and the object- 
change trials, there was a significant difference 
between the KACT across the two conditions, W = 18, 
z = −3.8, p < 0.001 (KACT for 3OBJ + 1ACT: M ± SE =  
0.79 ± 0.05; KACT for 3OBJ + 3ACT: M ± SE = 1.37 ±  
0.12). Meanwhile, there wasn’t a significant difference 
between the KOBJ across the two conditions, W = 169, 
z = 1.4, p = 0.17 (KOBJ for 3OBJ + 1ACT: M ± SE = 1.28 ±  
0.11; KOBJ for 3OBJ + 3ACT: M ± SE = 1.08 ± 0.15). See 
Figure 4.

For the match trials and the location-change trials, 
there was a significant difference between the KACT 

across the two conditions, W = 3, z = −4.2, p < 0.001 
(KACT for 3OBJ + 1ACT: M ± SE = 0.91 ± 0.04; KACT for 
3OBJ + 3ACT: M ± SE = 1.93 ± 0.13). There was also a 

Figure 2. The results for our Experiment 1. KACT is the Cowan’s K 
for BMs, and KOBJ is the Cowan’s K for static shapes. 3OBJ + 1ACT 
is the condition where 3 static shapes and 1 BM were in the 
sample, and 3OBJ + 3ACT is the condition where 3 static 
shapes and 3 BMs were in the sample. *: p ≤ 0.05. Error bars 
stand for standard error.
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significant difference between the KOBJ across the two 
conditions, W = 206, z = 2.6, p = 0.01 (KOBJ for 3OBJ +  
1ACT: M ± SE = 1.90 ± 0.10; KOBJ for 3OBJ + 3ACT: M  
± SE = 1.61 ± 0.14). See Figure 4.

Experiment 3

Subjects reached ceiling at the digit task (mean accu
racy = 98%). For the match trials and the object- 
change trials, there was a significant difference in 
KACT across the two conditions, W = 21.5, z = −3.7, p  
< 0.001 (KACT for 3OBJ + 1ACT: M ± SE = 0.80 ± 0.03; 

KACT for 3OBJ + 3ACT: M ± SE = 1.33 ± 0.12). Mean
while, there was no significant difference in KOBJ 

across the two conditions, W = 155.5, z = 1.4, p = 0.17 
(KOBJ for 3OBJ + 1ACT: M ± SE = 1.07 ± 0.12; KOBJ for 
3OBJ + 3ACT: M ± SE = 0.91 ± 0.12). See Figure 5.

For match trials and location-change trials, there 
was a significant difference in KACT across the two 
conditions, W = 9, z = 4.0, p < 0.001 (KACT for 3OBJ +  
1ACT: M ± SE = 0.86 ± 0.03; KACT for 3OBJ + 3ACT: M  
± SE = 1.72 ± 0.12). There was also a significant differ
ence in KOBJ across the two conditions, W = 202, z =  
1.9, p = 0.05 (KOBJ for 3OBJ + 1ACT: M ± SE = 1.50 ±  

Figure 3. Illustration of the difference between an object-change trial and a location-change trial. In an object-change trial, the probe 
was a new object that didn’t appear in the sample; in a location-change trials, the probe as an old object at a wrong location pre
viously occupied by another sample object.

Figure 4. The results for our Experiment 2. *: p ≤ 0.05. Error bars stand for standard error.
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0.16; KOBJ for 3OBJ + 3ACT: M ± SE = 1.25 ± 0.14). See 
Figure 5.

GLME analysis for experiments 2 and 3

In order to implement a direct comparison between 
the significant and non-significant effects observed 
in Experiments 2 and 3 for KOBJ, we then implemented 
a generalized linear mixed-effect (GLME) model (cf. Yu 
et al., 2024) for trial-by-trial results from Experiments 2 
and 3, testing whether there was an interaction effect 
between the trial type and BM load on accuracy. 
Indeed, this interaction effect was statistically signifi
cant (β = −0.33, SE = 0.13, Z = −2.52, p = 0.012). The 
main effect of trial type was significant (β = 1.10, SE  
= 0.13, Z = 8.22, p < 0.001), and the main effect of 
the number of BMs was not (β = −0.01, SE = 0.05, Z  
= −0.21, p = 0.83). Based on the interaction effect, 
we separately analyzed object-change trials and 
location-change trials. We found that a main effect 
of BM load only manifested in location-change trials 
(β = −0.38, SE = 0.13, Z = −3.13, p = 0.004), but not in 
object-change trials (β = −0.01, SE = 0.05, Z = −0.22, 
p = 0.83). The overall accuracies for complex shapes 
across all conditions were 75.4% (1 BM, object- 
change trials), 75.1% (3 BM, object-change trials), 
92.0% (1 BM, location-change trials), and 85.7% (3 

BM, location-change trials). This complementary 
analysis strengthened the case that the interference 
across BMs and complex shapes was more pro
nounced for location-change trials than object- 
change trials.

Discussion

Across three experiments using a new set of complex 
shapes, we replicated the pattern observed pre
viously: in object-change trials, the number of BMs 
to be remembered does not affect memory capacity 
for inanimate objects. However, under these con
ditions the task can be solved without using the 
limited set of pointers to bind BMs, by instead just 
coding the motions as unbound features of the 
scene (e.g., JUMPING, WAVING). Crucially, when we 
used location-change trials in Experiments 2 and 3 
that preclude this solution by requiring feature- 
location bindings, we now observed an interference 
effect between the number of BMs and inanimate 
objects, exactly as the same set hypothesis would 
predict. A task-based explanation of the previous 
results can also help explain why some previous 
behavioral studies have observed interference 
between biological and non-biological objects, if vari
ations in task parameters encourage binding vs. 

Figure 5. The results for our Experiment 3. *: p ≤ 0.05. Error bars stand for standard error.
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feature-based coding to different degrees (Li et al., 
2023; Lu et al., 2019; Shen et al., 2014). Apart from 
task parameters (e.g., types of probes, and the pro
portion of trials with different types of probe), other 
factors including task instructions and individual pre
ferences may also affect the extent to which binding 
is encouraged (Cao & Deouell, 2023; Qian et al., 2019; 
Vergauwe & Cowan, 2015); the contributions of these 
factors and their interactions remain to be fully estab
lished in the future.

In sum, the current results provide novel support 
for the hypothesis that biological and non-biological 
objects recruit the same set of visual pointers in 
working memory. This allows a simpler VWM architec
ture in which a single set of pointers can be used to 
bind and track visual objects regardless of their 
content.

Implications for shared and distinct 
representations for biological vs. non-biological 
objects

Our observation that a shared set of VWM pointers 
support the representation for both biological and 
non-biological objects is in interesting contrast with 
a line of research suggesting that biological and 
non-biological objects recruit rather different neural 
substrates. For example, it has recently been pro
posed that biological stimuli recruit a separate 
visual pathway (Küçük et al., 2024; Pitcher & Ungerlei
der, 2021), compared to non-biological ones. Our 
findings is not at odds with this line of research, 
since the features for biological and non-biological 
objects could indeed be represented by very 
different neural bases, given that these features 
appear to occupy rather different sub-spaces in the 
feature space, across visual and more conceptual fea
tures (Capitani et al., 2003; Carlson et al., 2013; Groots
wagers et al., 2019; Hebart et al., 2020; Long et al., 
2017; Spriet et al., 2022; R. Wang et al., 2022). In this 
context, the shared pointers allow for flexible 
binding of very distinct features to the same object: 
For example, if an object resembling a plane is 
approaching, and at a certain point as it comes 
closer you realize that it is actually Superman (Kahne
man et al., 1992), one would be able to bind INANI
MATE and ANIMATE sequentially to the same 
pointer without the need to treat the later-recognized 
animate object as a brand new object.

Connections with prior literature on feature 
binding

Our current study is consistent with prior obser
vations suggesting that dual-task cost for working 
memory performance is more pronounced when 
feature binding instead of only the representation 
of features was probed (Wheeler & Treisman, 2002). 
For example, holding visual and auditory features 
simultaneously in VWM induces little inference with 
each other, while a more pronounced interference is 
observed when probing the capacity for bindings 
across visual/auditory features and location (Fougnie 
et al., 2015; Fougnie & Marois, 2011). Taken together, 
although the representation of features may be 
largely domain-specific and thus take up non-overlap
ping working memory resources (Fougnie et al., 2015; 
B. Wang et al., 2017), a domain-general binding 
resource (i.e., pointers) may bind features from a 
variety of representational systems. Whether or not 
we only have one set of pointers, and what each set 
of pointers covers (in terms of the types of features) 
remains to be fully charted (Yu, 2024; Yu & Lau, 
2023). Our current study represents one attempt in 
this line.

Limitations and future directions

One limitation of our current study is that, for 
location-change trials, the interference effect across 
BMs and complex shapes may be explained by a 
limited VWM capacity for locations, instead of poin
ters. This in fact touches on two competing con
ceptions of the nature of VWM pointers. One 
conception is that VWM pointers are just locations 
(Treisman, 1998). The other conception is that VWM 
pointers are truly content-free, such that location is 
not qualitatively different from other features such 
as color and orientation, in the sense that they are 
all represented independently from pointers (Swan 
& Wyble, 2014; Wei et al., 2024; Yu, 2024).

While some studies have attempted to dissociate 
the contributions of location load and object load in 
VWM on neural responses (Jones et al., 2024a; Thyer 
et al., 2022; Y. Xu & Chun, 2006), this endeavor 
remains challenging given that location is perhaps 
one of the strongest cues toward objecthood. For 
example, flashing two objects sequentially at the 
same location (Jones et al., 2024a) could be mentally 

VISUAL COGNITION 7



interpreted as one single object changing its features, 
or as one object replacing another. In the real world, 
an object at a certain location can indeed change its 
other features while remaining the same object 
(e.g., the same chameleon changing its color), or 
one object can take the place of another at the 
same location (e.g., the chameleon goes away and a 
parrot took its place). Therefore, whether two or one 
pointers are recruited when two objects are pre
sented sequentially, likely depends on e.g., task par
ameters, including the type and extent of feature 
change (Park et al., 2020; Zhou et al., 2010), as well 
as individual differences.

Materials and methods

Experiment 1

Participants
24 subjects (17 female; age 18-30, M ± SD = 21.5 ± 3.7) 
participated in Experiment 1, matching the sample 
size in Liu et al. (2019). All subjects reported having 
normal or corrected-to-normal vision. Informed 
consent was obtained from all participants and they 
received monetary reimbursement for their partici
pation. Procedures were approved by the UMCP IRB 
Office.

Stimuli
Following Liu et al. (2019), 7 point-light BMs from 
Vanrie and Verfaillie (2004) were used (waving, 
walking, spading, painting, jumping, cycling, chop
ping); the points were in black. For inanimate 
bound objects, 9 black complex shapes similar to 
those in Y. Xu and Chun (2006) were used.

Procedure
Each subject saw 168 trials in the main experiment. In 
80 trials, the item sample consisted of 3 static shapes 
and 1 BM (3OBJ + 1ACT). In another 80 trials, the item 
sample consisted of 3 static shapes and 3 BMs (3OBJ  
+ 1ACT). Of the 80 trials in each condition, 20 trials 
were probed with a static shape at the same location 
as in the sample (match), 20 trials were probed with a 
static shape not in the item sample (non-match), 20 
trials were probed with a BM at the same location 
as in the sample (match), and 20 trials were probed 
with a BM not in the item sample (non-match). Non- 
match shape probes replaced the location of 

another static shape, and non-match biological 
probes replaced the location of another BM. An 
additional 8 filler trials consisted of 3 static shapes 
and 2 BMs. Each subject went through at least 12 
practice trials before the experiment.

The experiment was run in MATLAB 2020b with 
Psychtoolbox 3 (Brainard, 1997; Kleiner et al., 2007) 
using customized script on a 13-inch MacBook Pro. 
Like Liu et al. (2019), we included a digit task to 
occupy participants’ phonological loop. At trial 
onset, a fixation cross was centrally presented 
center for 200 ms on a gray background. Then, two 
digits randomly sampled from 1 to 9 were centrally 
presented for 500 ms. Subjects were instructed to 
repeat the two digits aloud until a line of asterisks 
indicated the end of a trial. After another 400 ms 
fixation screen, the item sample appeared. Eight 
light grey squares (each 1°×1°) were equally distribu
ted at 0°, 45°, 90°, … , 315° around an invisible circle 
with a radius of 1.5° centered on the screen. The 
squares were employed to separate the objects and 
discourage visual grouping. The static shapes and 
BMs were presented at the center of the squares, 
within an visual angle of 0.9°×0.9°. Following Liu 
et al. (2019) the duration of item sample was 1000 
ms × N (the number of items) in order to ensure 
enough encoding time. Thus for the 3OBJ + 1ACT 
condition, the item sample was presented for 4000 
ms; for the 3OBJ + 3ACT condition, the item sample 
was presented for 6000 ms. The BMs were presented 
on a loop with 12 frames across 1s. In a few rare trials 
(<0.5% of all experimental trials), a technical glitch 
resulted in an inaccurate duration of the item 
sample; these trials were excluded from further analy
sis. After a 1000 ms delay, a probe item (also within 
the range of 0.9°×0.9°) appeared. Subjects were 
asked to respond whether the probe item matched 
with the item presented before at the same location, 
by pressing m (match) or n (non-match) using their 
right hand. Feedback on their response (correct/incor
rect) was presented for 400 ms. Then, a digit probe 
was presented at the center of the screen and partici
pants responded whether it matched with one of the 
two digits presented before (50% possibility), press
ing m (match) or n (non-match) using their right 
hand. Response feedback was then presented for 
400 ms. A line of asterisks ended the trial; subjects 
pressed the space bar to proceed to the next trial. 
Note that neither the response to the item probe 
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nor the digit probe was time-constrained, different 
from Liu et al. (2019). This is because the formula for 
Cowan’s K does not take into account no-response 
trials (Cowan, 2001; Rouder et al., 2011). See Figure 
1 for a schematic trial illustration.

Data analysis
Cowan’s K. Memory task performance was quantified 
with Cowan’s K (Cowan, 2001; Rouder et al., 2011), an 
indicator of the number of items held in working 
memory. The accuracy for the digit task was calcu
lated as the proportion of correct responses among 
the rest of the 160 trials. Then for each subject, four 
Cowan’s Ks were calculated: the Cowan’s K for static 
shapes (KOBJ) in the 3OBJ + 1ACT condition, the 
Cowan’s K for BMs (KACT) in the 3OBJ + 1ACT con
dition, the KOBJ in the 3OBJ + 3ACT condition, and 
the KACT in the 3OBJ + 3ACT condition. The Cowan’s 
K formula for single probe experiments is K = N × (H- 
F), where N is the number of sample items, H is the 
hit rate for detecting the change in the probe on 
non-match trials, and F is the false alarm rate (erro
neously “hallucinating” a change in the probe on 
match trials). For example, KOBJ for the 3OBJ + 1ACT 
condition was calculated using shape-probe trials 
which had 3 static shapes in the sample. Thus, N = 3, 
H is the proportion of “non-match” responses 
among non-match trials, and F is the proportion of 
“non-match” responses in match trials. KACT for the 
3OBJ + 1ACT condition was calculated using motion- 
probe trials which had 1 BM in the sample. Thus, N  
= 1, H is the proportion of “non-match” responses 
among non-match trials, and F is the proportion of 
“non-match” responses in match trials. The other 
two Ks were similarly calculated. Planned two-tailed 
paired-sample t tests were administered between 
the KOBJ across the two conditions (i.e., 3OBJ + 1ACT 
vs. 3OBJ + 3ACT) and the KACT across the two con
ditions. Wilcoxon signed-rank tests were run in JASP 
0.16.1 (JASP Team, 2022); a non-parametric test was 
employed because one distribution only marginally 
passed the Shapiro–Wilk normality test in this exper
iment (p = 0.1).

Experiments 2 and 3

Participants
Another 24 subjects (18 female; age 18-29, M ± SD =  
20.9 ± 3.1) participated in Experiment 2; yet another 

24 subjects (14 female, age 18-27, M ± SD = 20.2 ±  
2.4) participated in Experiment 3. The sample size of 
Experiment 3 was sufficient to detect the KOBJ differ
ence for location-change trials observed in Exper
iment 2 with > 80% power (α = 0.05; G*Power 3.1, 
Faul et al., 2007). All subjects reported having 
normal or corrected-to-normal vision. Informed 
consent was obtained from all participants and they 
received monetary reimbursement or course credit 
for participation. Procedures were approved by the 
UMCP IRB Office.

Stimuli
Same as Experiment 1.

Procedure
In addition to the 168 trials in Experiment 1, we added 
80 non-match trials where the probe had appeared in 
the sample but in a different location (40 trials in each 
sample condition; half shape probes and half motion 
probes). The only other change from Experiment 1 
was that this time our instructions explicitly requested 
subjects to use the digit task to help them avoid verb
ally labeling and rehearsing the items, in order to 
further reduce the contribution of the articulatory 
loop.

The only difference between Experiment 2 and 3 is 
the allocation of different types of trials within the 80 
non-match trials. In Experiment 2, 40 non-match 
probes were old biological action, and 40 were old 
complex shape, presented at an old but wrong 
location. Because we selected that wrong location 
randomly, and because in the 1ACT + 3OBJ condition 
there were more object locations than action 
locations, the number of cross-category location- 
change trials to calculate KACT varied between 2 and 
10 for the 1ACT + 3OBJ condition; for three subjects 
there were only a few (2 or 3) cross-category 
location-change trials with which to calculate KACT 

for the 1ACT + 3OBJ condition.2 Therefore, in Exper
iment 3 we replicated Experiment 2 but this time 
fixed the number of different types of trials based 
on the expectancy for random swapping. For the 
1ACT + 3OBJ condition, the number of location- 
change trials from a complex shape to a biological 
action was 10, the number of location-change trials 
from a biological action to a complex shape was 10, 
and the number of within-category location-change 
trials for complex shapes was 20. For the 3ACT +  
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3OBJ condition, the number of location-change trials 
from a complex shape to a biological action condition 
was 12, the number of location-change trials from a 
biological action to a complex shape was 12, the 
number of within-category location-change trials for 
complex shapes was 8, and the number of within-cat
egory location-change trials for BMs was 8.

Data analysis: experiment 2
Cowan’s K. As in Experiment 1, we excluded from 
analysis a small number of trials with inaccurate 
timing (<0.5% experimental trials across the entire 
dataset). For Cowan’s K, we first calculated KACT and 
KOCT with the match trials and the object-change 
trials as in Experiment 1. Then, we calculated KACT 

and KOCT with the match trials and the newly-added 
location-change trials. The absolute value of Cowan’s 
K can be affected by the similarity between the 
objects before and after change (Awh et al., 2007; 
Brady & Alvarez, 2015; Fukuda et al., 2010; Gao et al., 
2013); therefore, in order to match for this across Ks, 
we only used location-change trials where the 
change is cross-category (i.e., a BM changing into a 
complex shape or vice versa). KOBJ was calculated 
with match trials where the probe was a complex 
shape, and location-change trials where a complex 
shape changed to a BM (3OBJ + 1ACT: 20 trials/ 
subject; 3OBJ + 3ACT: on average 11.8 trials/subject). 
KACT was calculated with match trials where the 
probe was a BM, and location-change trials where a 
BM changed to a complex shape (3OBJ + 1ACT: 6.2 
trials/subject; 3OBJ + 3ACT: 11.7 trials/subject).

GLME (generalized linear mixed-effect) model 
analysis. Complementarily, we used a GLME model 
to fit trial-level data to predict participants’ trial-by- 
trial VWM performance (coded 1 for correct, and 0 
for incorrect responses), for data in Experiments 2 
and 3 (where both object-change trials and 
location-change trials were present) collectively. In 
this model, participants’ overall likelihood of recog
nition success () across trials can be directly 
modeled based on a linear combination of trial-level 
predictors with a logistic link,

ln
Psuccess

1 − Psuccess

􏼒 􏼓

≏ b0 + btrial type + bBM load

+ btrial type×BM load

+ 1|(subject:experiment) 

where btrial type captures the variance accounted for 
by trial type (object-change trial vs. location-change 
trial), bBM load captures the variance accounted for 
by BM load (1 or 3). btrial type×BM load stands for the 
interaction between trial type and BM load. Subject 
and Experiment (Experiment 2 vs. Experiment 3) 
were treated as random effects. This analysis was per
formed on the same trials that entered the Cowan’s K 
analyses. BM load was standardized before regression. 
Based on the significant interaction effect between 
trial type and BM load, we conducted separate 
regression analyses for data from each trial type (i.e., 
object-change trials and location change trials). Stat
istical significance was evaluated using Wald’s Z 
test, and all reported p-values are two-tailed.

Data analysis: experiment 3
Cowan’s K. Same as Experiment 2. As in Experiments 
1 and 2, we excluded from analysis a small number of 
trials with inaccurate timing (0.5% experimental trials 
across the entire dataset).

GLME model analysis. Detailed in the previous 
section.

Notes

1. This isn’t to say that this pointer system is the only 
format of VWM; evidence also suggests a complemen
tary system for numerosity estimation and summary 
statistics (Feigenson, 2011; Odic & Starr, 2018; Knowlton 
& Gomes, 2022; Kutter et al., 2023).

2. Removing these three subjects did not qualitatively 
change the results.
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