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Abstract

It is widely accepted that features and locations are represented independently in an initial stage of visual processing. But to what
degree are they represented separately at a later stage, after objects enter visual working memory (VWM)? In one of her last
studies on VWM, Treisman raised an open question about how people represent locations in VWM, suggesting that locations
may be remembered independently of what occupies them. Using photographs of real-world objects, we tested the independence
of location memory from object identity in a location change detection task. We introduced changes to object identities between
the encoding and test arrays, but instructed participants to treat the objects as placeholders. Three experiments showed that
location memory was disrupted when the placeholders changed shape or orientation. The disruption was more noticeable for
elongated than for round placeholders and was comparable between real-world objects and rectangles of similar aspect ratio.
These findings suggest that location representation is sensitive to the placeholders’ geometric properties. Though they contradict
the idea that objects are just placeholders in location working memory (WM), the findings support Treisman’s proposal that the

items in VWM are bound to the global configuration of the memory array.
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The visual world presents us with a myriad of information, a
subset of which is perceived, retained in memory, and acted
upon. Anne Treisman’s lifelong work, exemplified by feature
integration theory (Treisman, 1988; Treisman & Gelade, 1980),
has had a profound impact on our understanding of how people
perceive, attend to, and retain visual information. Feature inte-
gration theory makes three essential claims. First, it identifies an
initial stage, in which the visual system represents individual
features in “feature maps.” These maps contain information
about which features are present, but they do not explicitly
represent where the features are or which features belong to
the same objects. Second, feature integration theory posits that
a master map of location indexes which locations are occupied
but does not hold information about what features are at those
locations. Third, the theory notes that focal attention is needed
to bind features into a coherent object; this is accomplished by
accessing the location map and binding the features from a
given location together (Treisman, 1996, 1999).
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Though much of her work aimed to explain how people
perceive and attend to the visual world, Treisman also inves-
tigated how information is stored momentarily in working
memory. Three notable studies illustrate this line of research.
Here, we review these findings, discuss an open question that
Treisman raised in one of her last studies, and present new
experiments to address Treisman’s question on the binding of
location and features in working memory.

Treisman’s work on visual working memory

To account for the continuity of visual experience, Kahneman
and Treisman (1984) proposed that visual objects leave epi-
sodic traces known as “object files.” Much like a case file that
the police open when a crime is reported and update through-
out the investigation, to track all information pertaining to the
crime, an object file is opened when we encounter an object,
and it is updated over space and time. Updating of this file
relies primarily on tracking the object’s spatiotemporal prop-
erties, such as where it is and how it has moved (see also
Pylyshyn, 1989). When encountering an object, people may
retrospectively retrieve information about an object that was
previously presented at the same location. This process is
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known as re-viewing. To illustrate the concepts of object files
and re-viewing, Kahneman, Treisman, and Gibbs (1992) pre-
sented two to four letters briefly on a first (preview) display.
The previewed letters then disappeared, and a test letter ap-
peared after a brief interval at one of the locations used in the
preview display. The participants’ task was to identify the test
letter as quickly as possible. Identification was faster when the
test letter appearing at a particular location matched the letter
that had appeared at that location in the preview display than
when it matched a letter that had appeared in a different loca-
tion. In addition to location congruency, apparent motion or
the movement of placeholders can also link previewed and
test letters. This effect diminished rapidly as the number of
previewed letters increased from two to four, but it persisted
across a range of temporal intervals (from 100 to about 600
ms) between the previewed and test letters. These properties
suggest “the existence of at least one form of short-term visual
storage which, unlike iconic memory, is not tied to spatial
position, not subject to masking, and remains available for at
least 600 ms” (Kahneman et al., 1992, p. 190).

A consideration of the capacity limit led Treisman to inves-
tigate the binding of object properties in visual working mem-
ory (VWM). In an earlier study, Treisman and colleagues had
found that VWM does not retain features in a bound format.
Treisman, Sykes, and Gelade (1977) asked participants to
match an initial display of two colored letters with a second
display of two colored letters. When the two displays
contained the same colors and letters, but in different combi-
nations, participants often mistook the displays as being the
same. This type of binding error contradicts the later findings
that visual stimuli are represented as integrated objects in
VWM (Luck & Vogel, 1997). To examine this discrepancy,
Wheeler and Treisman (2002) first demonstrated that the ca-
pacity of VWM was constrained by the number of features
within a dimension: Participants could remember about three
to four colors, regardless of whether these were presented as
isolated color patches or bicolored compounds. Next, Wheeler
and Treisman asked participants to remember objects with two
features, such as color and shape, and tested the participants’
memory for each feature and its binding. Binding memory
was comparable to memory of individual features when the
test display contained a single probe, but binding memory was
worse if the test display contained multiple items. Wheeler
and Treisman suggested that VWM holds both individual fea-
tures and their bound representations. Binding requires fo-
cused attention and is vulnerable to interference, such as that
from additional items in the test display.

In one of her last studies, Treisman further examined the
binding of locations and features in VWM (Treisman &
Zhang, 2006). When asked to remember features or their bind-
ing, do people automatically encode locations as well? This
question is related to, but also distinct from, the general ques-
tion of whether working memory is domain-specific

(Vergauwe, Barrouillet, & Camos, 2009). Though work in
neuroimaging (e.g., Courtney, Petit, Maisog, Ungerleider, &
Haxby, 1998) and studies investigating dual-task interference
had shown partial independence between spatial and object
working memory (for a review, see Klauer & Zhao, 2004),
Treisman was interested in the way that features, location,
and feature binding of the same object interacted in VWM.
To this end, Treisman and Zhang presented participants with
an array of colored shapes and asked them to remember either
the features only (e.g., colors or shapes), or, in other experi-
ments, their binding (e.g., which color went with which
shape). Object locations might change from encoding to test,
but participants were asked to ignore changes in location and
to focus only on changes in object features or bindings.
Changes in location disrupted binding memory but not mem-
ory for individual features. This finding led to the proposal
that “attended objects are automatically bound to their loca-
tions within a spatial configuration (not to absolute locations),
and their features are integrated with each other. There is in
addition some memory for unbound features” (Treisman &
Zhang, 2006, p. 1717).

An open question

The dependence of object memory on spatial locations raises
the question of whether the reverse is also true. Does memory
for where objects are also depend on what they are? Treisman
did not pursue this question, but suggested that the relationship
between object and location memory need not be symmetrical.
At the conclusion of Treisman and Zhang (2006), they noted
that “if the task requires it, the pattern of filled locations may be
stored without the features or objects that occupy them, which
in this context would act simply as place markers” (p. 1718). In
other words, although memory for objects is bound to where
the objects are, memory for locations is largely independent of
what occupies them. This prediction is consistent with the spe-
cial status of location in feature integration theory (Treisman,
1988; Wheeler & Treisman, 2002). Treisman did not conduct
experiments to test this prediction, and evidence from other
studies, reviewed next, has been mixed.

One set of experiments tested the dependence between ob-
ject and location memory in VWM for color and for shape
(Jiang, Olson, & Chun, 2000). Participants encoded an array
of colored squares in memory. One second later, a test con-
taining another array of colored squares was presented. Color
change detection was impaired if the locations of the colors
differed between the encoding and test arrays, suggesting that
colors were bound to their locations in VWM. There was one
exception: Color memory was intact if the global configura-
tion was maintained, even though each item changed its loca-
tion (e.g., through an expansion or contraction of the config-
uration). Another study, though, did not reveal strong
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dependence of object memory on spatial configuration
(Woodman, Vogel, & Luck, 2012). Treisman and Zhang
(2006) did find evidence that memory for object features
was tied to the objects’ locations. In addition, the dependence
was stronger at shorter memory intervals, suggesting that with
time, object memory may become independent from location.
More recent evidence for the integration of location and object
memory came from the discovery of a spatial-congruency
effect. In Golomb, Kupitz, and Thiemann (2014), participants
made a same—different judgment on two novel shapes present-
ed successively across a 1-s interval. Even though the task
only required judgment of the object shapes, participants were
biased toward reporting “same” if the two objects occupied
the same location across the encoding and testing displays.
These findings support Treisman and Zhang’s idea that objects
are initially bound to their locations in VWM.

Are the reciprocal influences of location memory and ob-
ject memory asymmetric, as Treisman predicted? Some evi-
dence suggests that they are. The spatial congruency effect, for
example, is unidirectional: Whereas mismatches in location
affect people’s willingness to endorse two identical shapes
as the same, mismatches in shape do not affect people’s judg-
ments of whether two objects occupy the same location
(Golomb et al., 2014). This is an example in which location
affects identity judgment, but identity does not affect location
judgment. In addition, participants’ sensitivity to location
change was unaffected by color change when they were asked
to remember the locations but not the colors of an array of
colored squares (Jiang et al., 2000). These findings support
Treisman’s proposal that if the task requires it, location mem-
ory may be independent of what occupies the locations.

Other work, however, has raised doubts about the indepen-
dence of location memory from object identity. Contrary to
earlier findings using colored squares or simple geometric
shapes, when line segments are used, location memory is im-
paired when each line changes orientation from the encoding
to the test display. The impairment is found even when the
location of the center of each line is marked with a circle
(Jiang, Chun, & Olson, 2004). Thus, the center locations of
line segments cannot be accurately remembered without a
consideration of their orientations. However, line segments
are unique in this regard. Changing the shape of circular blobs
or the orientation of circular gratings does not disrupt location
memory (Jiang et al., 2004).

More recent work on spatial context learning has presented
additional challenges to the independence of location memory
from object identity. Using photographs of real-world objects
as stimuli, Makovski (2018,) asked participants to search for a
target object (such as a backpack) in displays containing mul-
tiple objects. The search task was divided into several blocks
of'trials. Unbeknownst to participants, the displays used in one
block could repeat in subsequent blocks. In one condition, the
entire display, including the identities and locations of objects,
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repeated (both-repeat trials). In another condition, only the
locations of the objects repeated; the objects that occupied
those locations changed across blocks (location-repeat trials).
Search times were faster on both-repeat trials than on new
displays, demonstrating contextual cueing. However, partici-
pants failed to acquire contextual cueing on location-repeat
trials, suggesting that object identities are bound to their spa-
tial context during learning. However, these findings may not
be directly applicable to theories of VWM, because contextual
cueing involves long-term visual memory (Chun & Jiang,
2003) rather than working memory. Given that the binding
of identity and location changes over time (Treisman &
Zhang, 2006), Makovski’s (2016, 2018) findings cannot dis-
count the possibility that location WM operates largely inde-
pendently of object identity.

These experimental findings aside, there is no doubt that
the independence of location WM from object identity cannot
be absolute. The more realistic the stimuli are, the more likely
it is that their representation will be sensitive to prior statistical
learning about which objects are likely to appear at which
locations (Biederman, Mezzanotte, & Rabinowitz, 1982;
Draschkow & V&, 2017; Ohlschliger & V&, 2017). We note
that Treisman herself was a champion of statistical learning
and would have welcomed this caveat (Chong & Treisman,
2003; Treisman, 2006). The question, as Treisman noted, is
whether, “if the task requires it,” people can remember spatial
locations independent of what occupies them. We provided
such a test in this study.

Experiment 1

To test the effect of changing object identity on location WM,
we administered a location change detection task using pho-
tographs of real-world objects. These stimuli are rich in se-
mantics, diverse in features, and more representative of what
people commonly encounter than are colored squares or geo-
metric shapes. We asked participants to treat the objects as
placeholders and to detect a change in location while ignoring
the identities of the objects.

Figure 1 illustrates four conditions tested in Experiment 1.
In the same-identity condition, the placeholders did not change
identity from the encoding to the test array. In the new-category
condition, the placeholders changed into new objects drawn
from categories not shown in the encoding array. In the
same-category condition, each placeholder changed into a
new exemplar drawn from the same basic-level category as
the encoding placeholder. Finally, in the swapped condition,
the same placeholders shown in the encoding display were
presented again, but they swapped locations with each other.
Participants evaluated whether the objects in the test display
occupied the same locations as those in the encoding display,
or whether one object had moved to a previously empty spot.
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Fig. 1 Schematic illustration of the four conditions tested in Experiment 1. The items are not drawn to scale. Participants were asked to treat the objects as

placeholders and to perform a location change detection task

This design tested the effects of several different kinds of
changes in object identity on location working memory.
What effects might we expect to observe? Feature integra-
tion theory and other of Triesman’s findings offer several pre-
dictions. First, a straightforward reading of the original feature
integration theory (Treisman, 1988) suggests that locations are
represented in a master map of location, separate from the
feature maps that code object identity. It follows that location
WM might be unaffected by changes in placeholder identity
(location—identity independence account). Second, consider-
ation of Treisman’s later work suggests that identity and loca-
tion are bound in VWM under some conditions (Treisman &
Zhang, 2006; Wheeler & Treisman, 2002). Even when the task
requires participants to remember just locations, binding of
identity and location may have already occurred by the point
at which memory is tested. To unbind identity from location,
participants would have to engage in an additional stage of
processing. This may introduce errors and slow down re-
sponses (location—identity binding account). Between these
two predictions lies a third possibility: Location memory
may depend on object identity under restricted conditions.
Specifically, Treisman and Zhang proposed that “attended ob-
jects are automatically bound to their locations within a spatial
configuration (not absolute locations)” (p. 1717). Because spa-
tial configuration is an integral component of location WM,
participants may rely on configuration change to perform lo-
cation change detection (Simons, 1996). In most circum-
stances, configuration change occurs as a result of one object
moving to a previously unoccupied location. However, some
types of identity change may induce a change in global

configuration, even when the objects do not move, such as
when line segments change orientation (Jiang et al., 2004).
To the degree that the spatial configuration of an array of ob-
jects is, in part, determined by certain geometric properties of
the objects, location WM may not be entirely independent of
object identity (spatial-configuration account).

The four conditions tested in Experiment 1 differed in their
degrees of semantic, featural, and configuration changes.
Configuration change can occur when an elongated object
changes into another with a different orientation (Jiang et al.,
2004). Semantic change occurs when objects change category,
in either the new-category condition or the swapped condition.
Featural change occurs when new visual features appear, such
as a green apple changing into a red one. Because within-
category exemplars tend to be similar in their elongation or
orientation, semantics, and features, same-category changes
were likely to be less disruptive than the new-category or
swapped conditions on all fronts. By including all three
sources of potential interference in Experiment 1, we aimed
to maximize the effect of identity change on location memory.
Subsequent experiments would narrow down the most plau-
sible source of interference. To foreshadow our results, the
experiments presented here are most consistent with the third
prediction—the spatial-configuration account.

Method
Sample size determination We aimed to test 16 participants in

each experiment. This falls within the same range as the sample
sizes of Treisman and Zhang (2006; 613 participants in each
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experiment) and Jiang et al. (2004; 617 participants per exper-
iment). Statistical power exceeded .80, based on the estimates
of effect sizes from similar designs (Cohen’s d = 2.23 in Exp. 1
of Treisman & Zhang, 2006, which examined effects of loca-
tion change on identity memory; Cohen’s d = 2.27 in Exp. 2 of
Jiang et al., 2004, which examined effects of line orientation
change on location memory). Some of the experimental manip-
ulations used in our study were new and did not have prior
effect sizes for power estimation. When justified, we pooled
our data across experiments to increase statistical power.

Participants The participants in this study were college stu-
dents between 18 and 35 years of age. All participants had
normal or corrected-to-normal vision and normal color vision,
and were naive to the purpose of the study. Participants pro-
vided informed consent prior to participation and received
extra course credit.

Experiment 1 consisted of two versions that differed in
whether objects were placed against an empty background
(Exp. 1A) or inside a visible grid (Exp. 1B). The visible grid
was added in Experiment 1B in order to reduce possible am-
biguities in the objects’ locations. The 16 participants in
Experiment 1A included six males and ten females, with a
mean age of 20 years (SD = 1.3). The data from an additional
participant were excluded due to chance-level memory perfor-
mance (52%). Sixteen other participants completed
Experiment 1B, including two males and 14 females, with a
mean age of 20 years (SD = 1.2).

Materials Participants were tested individually in a room with
normal interior lighting. The stimuli were generated using
Psychtoolbox (Brainard, 1997; Pelli, 1997), implemented in
MATLAB (www.mathworks.com), and were displayed on a
17-in. CRT monitor (1,024 x 768 pixels, 75 Hz). Viewing
distance was unconstrained.

The photographs of real-world objects we used came from
Brady, Konkle, Alvarez, and Oliva (2008; http://timbrady.org/
stimuli.html). There were 310 unique categories at the basic
level, and each category included two exemplars, for a total of
620 objects. Each image subtended 4.5° x 4.5° and was
presented against a white background (see Fig. 1), with
(Exp. 1B) or without (Exp. 1A) a visible grid.

Procedures Participants encoded the locations of objects to
memory and performed a change detection task on the locations.
An experimenter read aloud written instructions on the screen,
which explicitly required participants to treat the objects as
placeholders and to ignore their identity. The instructions stated:

On each trial, you will see several objects placed at
random locations on the screen. Try your best to remem-
ber where they are. This memory display will appear for
a second and then disappear. A test display will appear a
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second later. This test display may or may not contain
the same objects as before (e.g., a book may become a
cat), but this should not distract you from detecting their
locations. Sometimes, the objects on the test display
may occupy the same locations as on the memory dis-
play. Sometimes, one of the objects may move to a pre-
viously empty spot. Again, please ignore what the ob-
jects look like, just remember where they are on the
screen.

Participants were asked to press the “s” key if they thought
the locations of the objects remained the same, or the “d” key
if they detected a location change. To ensure that participants
fully understood the instructions, we administered eight prac-
tice trials and provided accuracy feedback after each trial.

Following practice, each participant completed 320 exper-
imental trials that were divided into eight blocks of 40 trials
each. Participants initiated each trial by clicking on a central
fixation square. Next, an encoding display of eight objects
was presented. These objects were randomly selected from
the object database, with the constraint that they were all from
unique categories. The objects occupied randomly selected
cells within either an invisible (Exp. 1A) or a visible (Exp.
1B) 8 x 6 matrix (approximately 44° x 33°). To avoid collin-
earity, the center location of each object was jittered by a
random value ranging from 0° to 0.76° relative to the cell
center. The amounts of jitter were identical for the encoding
and test displays. The encoding display lasted 1 s, followed by
a 1-s blank interval and the test display. The test display also
contained eight objects from unique categories. The objects
could occupy the same locations (defined by the center posi-
tion of each image) as before, or one object might have moved
to a previously unoccupied cell. Participants’ task was to in-
dicate whether the locations of the objects matched between
the two displays. The test display remained visible until par-
ticipants had responded. A chirp followed each correct re-
sponse, and a low buzz followed each incorrect response.

Design We manipulated two factors orthogonally: identity
match and location change. Across the encoding and test dis-
plays, the identities of the objects could change. In the same-
identity condition, the same objects remained at their previous
locations. In the same-category condition, the object in each
location changed into its different-exemplar counterpart. In
the swapped condition, the same eight objects used in the
encoding display were presented again, but they swapped lo-
cations with one another. Finally, in the new-category condi-
tion, the test display contained eight objects from different
categories drawn from the database. In all conditions, the lo-
cations were the same across encoding and testing on half of
the trials, and differed in one location on the other half of the
trials (with one object moved to a previously unoccupied cell).
The 40 trials in each of the eight blocks were divided
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randomly and evenly between the two location change types
and the four identity-match conditions. The experiment took
about 40 minutes to complete.

Data analysis To compute memory sensitivity, we coded trials
in which participants correctly detected a location change as
“hits” and trials in which participants falsely reported a
change in location as “false alarms.” We computed memory
sensitivity (d’) and response criterion (c) according to signal
detection theory (Macmillan & Creelman, 2005). Following
Macmillan and Creelman’s suggestion to avoid extreme z
scores, when calculating the z scores for d' and ¢, values in
hits and false alarms that exceeded 99% were treated as 99%,
and values lower than 1% were treated as 1%. We also com-
puted the mean response times (RTs) for “hit” trials and
“correct-rejection” trials (when participants correctly reported
no change in location), excluding trials with RTs longer than
5 s (less than 0.1% of the trials in this and the subsequent
experiments). Among the three dependent measures, a reduc-
tion in d" arguably provides the strongest evidence for inter-
ference. However, previous studies on the binding of identity
and location have relied on both RTs (e.g., Kahneman et al.,
1992) and ¢ (e.g., Golomb et al., 2014) as evidence. Here we
present data from all three measures. Inferential statistics were
computed in SPSS.

Results

The two versions of the experiment differed in the presence or
absence of a visible background grid. In both cases, identity
change significantly influenced participants’ performance in
the location memory task (Table 1).

d' In d' (Fig. 2), an ANOVA using identity condition and
grid visibility as factors revealed a significant main effect of
identity condition, F(3, 90) = 16.10, p < .001, np2 =.35. The
presence or absence of a grid did not affect d’, F < 1, nor did it
interact with identity condition, F' < 1.

Pairwise comparisons showed that the same-identity con-
dition yielded higher d's than all other conditions: #s(31) =
3.60, 6.61, and 5.24, when contrasted with the same-category,
new-category, and swapped conditions, respectively, all p-
values < .001. When the same-identity condition was exclud-
ed from the analysis, the remaining three conditions also dif-
fered, F(2, 60) = 3.64, p < .032, npz = .11. Follow-up tests
showed that the same-category condition yielded higher d's
than the new-category conditions, #31) = 2.45, p < .02. The
other pairwise comparisons were not significant (ps > .11).!

! To give the readers a direct sense of the data strength, the p values reported in
the pairwise comparisons were uncorrected for multiple comparisons. The
conclusion remains the same with an adjustment for multiple comparisons:
Within-category changes caused some disruption relative to the same-identity
condition, and between-category changes and swapped locations caused more
disruption.

Response criterion (c) Response criterion also varied across
the four identity change conditions (Fig. 2). In the same-
identity condition, ¢ was positive, meaning that participants
were more willing to report that the locations were the same
than that they were different. The values for ¢ were near zero
in the swapped and new-category condition, which means that
participants were just as willing to report a “change” in loca-
tion as they were to report “no change.” An analysis of vari-
ance (ANOVA) on identity conditions and grid visibility re-
vealed a significant main effect of identity condition, F(3, 90)
= 38.80, p <.001, 1,> = .56. Grid visibility did not affect the
mean response bias, F' < 1, though it did interact with identity
condition, F(3, 90) = 4.18, p < .008, npz = .12. This interac-
tion, however, was more quantitative than qualitative. In both
versions, ¢ progressed from positive to near zero across con-
ditions: from same-identity, to same-category, to both
swapped and new-category (p values < .01). The pattern was
the same, but the magnitude of the effect was smaller, with a
visible grid than without.

As with d', the same-identity condition differed significant-
ly from all other conditions for ¢, #s(31) = 3.20, 7.71, and 8.10,
respectively, when contrasted with the same-category, new-
category, and swapped conditions, all p values < .003. The
effects of identity condition remained significant when the
same-identity condition was excluded, F(2, 60) = 21.38, p <
.001, 77p2 = .42. The same-category condition differed from
both the new-category [#31) = 5.73] and swapped [#31) =
5.54] conditions, ps < .001. The latter two conditions did not
differ, #(31) = 0.38, p = .71.

Response time (RT) Hit and correct-rejection trials produced
qualitatively different results for RTs (Fig. 3). We observed a
significant interaction between trial type (hit vs. correct rejec-
tion) and identity condition in RTs, F(3, 90) = 24.28, p < .001,
np2 =.42. On “hit” trials (location change present), RTs were
comparable across the four identity change conditions: An
ANOVA on identity condition and grid visibility showed no
effect of identity condition, F'< 1, or grid visibility, F < 1, and
no interaction, (3, 90) = 1.11, p = .35. This finding suggests
that a location change, with or without identity changes, is
sufficient for change detection. In contrast, on “correct-
rejection” trials (no location change), RTs differed across
identity conditions in an order consistent with the d’ finding.
An ANOVA on identity condition and grid visibility, restricted
to the correct-rejection trials, showed a significant main effect
of identity condition, F(3, 90) = 43.61, p < .001, 77p2 =.59.
There was no effect of grid visibility, F(1, 30) = 1.75, p = .20,
and the interaction was not significant, (3, 90) = 2.29, p =
.083, 77p2 =.071. Pairwise comparisons showed that the same-
identity condition was faster than the other three, 1s(31)=7.11,
7.87, and 8.73, respectively, when contrasted with the same-
category, new-category, and swapped conditions, all p values
< .001. The same-category condition produced intermediate
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Table1 Mean d’, response criterion, and response time (RT) for Experiments 1A (no grid in the background) and 1B (visible grid in the background)
Measure Experiment Same Identity Same Category New Category Swapped
d' 1A 246 2.13 1.78 1.89

1B 243 2.03 1.92 1.98
Response criterion 1A 51 24 —-.05 -.07

1B .36 27 .08 .07
RT (change present) 1A 938 961 932 957

1B 887 869 890 898
RT (change absent) 1A 815 899 1,010 1,011

1B 766 830 899 886

RTs, faster than those in the new-category [#31) = 4.61] and
swapped [#(31) = 5.42] conditions, p values < .001. The latter
two conditions did not differ, #31) = 0.36, p = .72. This find-
ing suggests that identity changes induced a sense of location
change, and extra processing was needed to correctly reject
these signals.

Thus, when locations did not change, identity mismatch
lengthened RTs. The greater the identity mismatch, the slower
participants were in correctly reporting that there was not a
change in location.

Discussion

Experiment 1 showed that, even when the task required par-
ticipants to treat objects as place markers, they were unable to
ignore object identity entirely. The effect was, in part, due to a
change in response criterion. More salient identity changes,
such as when objects swapped locations or were replaced by
new objects from an entirely different category, led to a greater
willingness to report location change than when the objects
were identical or similar. The effect was also reflected in mem-
ory sensitivity—d' declined with increasing mismatches in
object identity—and RTs on “correct-rejection” trials in-
creased when identity changed. The finding held even when
a visible grid was present to reduce location ambiguity.

4
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s ) A
1 B | \
0
Same Same New Swapped
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These data are inconsistent with the location—identity inde-
pendent account that one might derive from a simplistic read-
ing of feature integration theory. Instead, they support
Treisman’s findings from VWM that in some conditions, lo-
cation memory is not entirely independent from object mem-
ory (Treisman & Zhang, 2006). However, Experiment 1 does
not inform us as to where that dependence comes from.
Between-category changes yield greater interference than
within-category changes, but this difference could be attribut-
ed to several factors. In addition to a change in semantics,
objects from different categories are likely to contain different
features, and their shapes also tend to differ in elongation and
orientation. Experiment 1°s data might suggest that location
and identity are always bound in VWM and that the unbinding
causes interference (the location—identity dependent account).
However, this account does not explain why changes in object
color, or changes in the orientation of circular gratings, did
little to interfere with location WM (Jiang et al., 2004).

Instead, Experiment 1, as well as previous work, raised the
possibility that location WM is partially affected by changes in
display configuration as a result of certain geometric changes
in the objects (the spatial-configuration account). Although
location change is the most direct way to alter the global
spatial configuration, changes in objects’ geometric properties
can also induce configuration changes. Geometric properties
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Fig. 2 Results for d'and response bias from Experiment 1. (Left) Memory sensitivity (d"). (Right) Response criterion (c). Error bars show the +£1 within-

subjects SEs (Cousineau, 2005)
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of objects include elongation, orientation, and contour, which
are distinct from surface features such as color, luminance, or
texture. Geometric properties may be an integral component
of locations, especially when multiple objects are present. For
example, two people in their normal upright orientation form
parallel tracks along the vertical dimension. But if one person
is standing and the other is lying down, they would form an
“L,” altering the spatial configuration. The objects used in our
study were diverse in geometric properties. A change in object
identity might inadvertently alter the configuration of the dis-
play. According to this account, the interference observed in
Experiment 1 did not occur because location memory depends
on coding of the surface features or semantics related to object
identity. Rather, it occurred because the spatial configuration
marked by objects of different geometric properties were per-
ceived as different. Adding a grid was ineffective because any
configuration change would induce a sense of location
change, even if those objects occupied the same grid cells.
This possibility is consistent with Treisman’s idea that
“attended objects are automatically bound to their locations
within a spatial configuration.”

Experiment 2

To test the prediction that changes in surface features are less
important than changes in geometric properties, in Experiment
2 we introduced two new identity change conditions (Fig. 4).
In the rotated condition, each object remained in the same
location but was rotated 90°. This condition preserved the
surface features of the objects, but much as the rotation of
lines does, the rotation of elongated objects introduces config-
uration change. Thus, the spatial-configuration account pre-
dicts that location WM would be disrupted in the rotated con-
dition. In a second condition—the distorted condition—each
object remained in the same location as before, but the objects
were distorted to disrupt their recognition. We used the same
distortion method used by Makovski (8), in which each object
was split into left and right halves, and one of the halves was

inverted. The distortion preserved most of the objects’ features
and the display configuration, but altered the objects’ semantic
identities. Because the global spatial configuration was largely
preserved in the distorted condition, the spatial-configuration
account predicts little interference with location WM.

Method

Participants Sixteen new participants completed Experiment
2: eight males and eight females, with a mean age of 20 years
(SD =1.7).

Design Experiment 2 was similar to Experiment 1A, except
that there were five, rather than four, identity conditions. In
addition to the same-identity, same-category, and swapped
conditions, we introduced two new conditions: rotated and
distorted (Fig. 4). In the rotated condition, each object was
rotated 90° in the 2-D plane (clockwise or counterclockwise,
randomly determined) while maintaining its center location.
In the distorted condition, an object was split into left and right
halves, and one of these (randomly selected) flipped upside-
down. The experiment included 400 trials, divided into eight
blocks of 50 trials. In each block, trials were randomly and
evenly divided into two location change conditions and five
identity-match conditions. Other aspects of the experiment
were the same as in Experiment 1A.

Results

Rotated condition The results from the rotated condition
conformed to the predictions of the spatial-configuration ac-
count (Fig. 5). This condition disrupted location WM. As
compared with the same-identity baseline, the rotated condi-
tion yielded a significantly lower d', #15) = 2.95, p = .01, a
nonsignificant decline in ¢, #(15) = 1.64, p = .12, and a signif-
icantly longer RT on correct-rejection trials, #15) = 5.72, p <
.001 [the RT was not significantly longer on hit trials, #15) =
1.96, p = .069]. The pattern of results from the rotated condi-
tion is thus similar to that from the introduction of new object
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Fig. 4 Sample displays used in Experiment 2: (Top row) The rotated condition. (Bottom row) The distorted condition

categories. In fact, the rotated condition was no better than the
swapped condition in terms of either d', #(15) = 0.13, p = .90,
or correct-rejection RT, #15) = 1.70, p = .11; it only differed in
¢, t(15) = 4.20, p < .001. Thus, even though object identity
was preserved, the rotated and swapped conditions interfered
with location WM to similar degrees.

Distorted condition When the orientation of the objects was
maintained, as in the distorted condition, location WM was
largely preserved, even though the distortion made the objects
difficult to identify. As compared with the same-identity base-
line, the distorted condition showed a comparable d’, #(15) =
1.50, p =.15, and correct-rejection RT, #(15) = 1.47, p = .16 [as
well as hit RT, #(15) = 1.58, p = .13], as well as a nonsignif-
icant reduction in ¢, #(15) =2.03, p =.061. Visual inspection of
Fig. 5 suggests that there may have been some interference
from the distorted condition. Some disruption was perhaps to
be expected—the distortion did produce small changes in
elongation in some instances. This, in addition to a change
in the objects’ contours, could have had a small effect on the
global display configuration.

@ Springer

Other conditions The analysis above focused on the two new
conditions for which a priori predictions were made.
Experiment 2 also included two conditions tested in
Experiment 1, same-category and swapped conditions. The
data from these conditions were largely consistent with those
of Experiment 1: larger disruption from the swapped than
from the same-category condition, resulting in a significant
main effect, F(4, 60) = 3.61, p = .011, np2 =.19. To achieve
optimal statistical power, we performed an internal meta-
analysis (Lakens & Etz, 2017) across all 48 participants from
the first two experiments on the three common conditions.
Table 2 presents the mean d’, response criterion, and RT.

The statistical results were consistent across all measures:
d' declined, ¢ was less conservative, and the correct-rejection
RT increased from the same-identity, to same-category, to
swapped conditions. All pairwise comparisons were signifi-
cant (ps < .012).

Discussion

Experiment 2 showed that changes in the orientation of indi-
vidual objects were disruptive to location WM, even though
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the objects did not change identity. The disruption was less
noticeable when the objects were distorted but their orienta-
tion did not change. This finding is consistent with the spatial-
configuration account. As objects change into new ones or
rotate in space, the orientation of the major axes also changes,
yielding a new display configuration. Thus, instead of
reflecting identity-to-location binding, the interference ob-
served in many of our conditions suggests that certain geo-
metric properties of the objects may contribute to the forma-
tion of a global spatial configuration, which in turn affects
location representation in VWM.

If changes in object identities affect location memory via
changes in the display configuration, it follows that the dis-
ruption should be greater for elongated than for round objects.

In addition, if location memory is largely independent of se-
mantics and other surface features, then removing the seman-
tics of the objects should yield results similar to those found
when the real objects are used. Experiment 3 tested these two
predictions of the configural account.

Experiment 3

We administered two experiments. Experiment 3A used pho-
tographs of objects, as before, and Experiment 3B used rect-
angles of orientation and aspect ratio comparable to those of
the objects.

Table 2 Mean d', response criterion, and response time (RT) in the internal meta-analysis on the three conditions tested across Experiments 1 and 2
Same Identity Same Category Swapped p Value
d' 2.30 (0.05) 2.07 (0.04) 1.85 (0.04) <.001
Response criterion 46 (.03) 28 (.03) .03 (.02) <.001
Hit RT (location change present) 912 (7) 932 (7) 934 (8) 18
Correct-rejection RT (location change absent) 794 (10) 874 (6) 966 (11) <.001

Within-subjects SE of the mean is shown in parentheses. The rightmost column shows ANOVA results for the main effect of identity
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In Experiment 3A, we divided the stimulus set into two
types: Elongated objects were defined as having a large aspect
ratio between the length and width of the objects. Roundish
objects were defined as objects with a small aspect ratio. The
experimental trials were of two types: all elongated objects or
all roundish objects. We manipulated identity match across the
encoding and test displays. Objects across the two arrays
maintained their identity (same-identity), rotated 90° (rotated),
or changed into new exemplars either within the same catego-
ry (same-category) or from a new category (new-category).
We examined whether elongation modulated the interference
with location memory from identity change.

In Experiment 3B, we created rectangles to represent cer-
tain aspects of the objects’ geometric properties. We reran
Experiment 3A, but this time each object was replaced by a
rectangle with the same aspect ratio, length, width, and orien-
tation as the object it represented. Because the rectangles were
devoid of semantics, any interference observed could only be
attributed to changes in geometric properties. As in
Experiment 3A, the trials were of two types, elongated and
roundish, and the rectangles changed into other rectangles
across encoding and test. We investigated whether the pattern
of results obtained when using objects as the placeholders
would be preserved when rectangles were used instead.

Method

Participants A group of 32 new participants completed this
experiment. The 16 participants in Experiment 3A included 14
females and two males, with a mean age of 20 years (SD = 1.6).
The 16 participants in Experiment 3B included 13 females and
three males, also with a mean age of 20 years (SD = 1.1).

Stimuli Experiment 3A used photographs of objects as place
markers in the location change detection task. Experiment 3B
used rectangles as the place markers.

In Experiment 3A, we sorted the 310 categories of objects
(each with two exemplars) into two types: elongated and
roundish. To achieve this, two raters were shown each of the
620 objects, one at a time. They clicked the two endpoints on
the long dimension of each object and the two endpoints that
marked the orthogonal, shorter dimension of the object. The
ratio of the length and width of each object was then computed
for each rater. The 620 objects were sorted into “elongated”
and “roundish” types using a median split of the objects’
aspect ratios. Interrater consistency in the categorizations of
objects into “elongated” or “roundish” types was .82.
Specifically, 57 of the 620 objects were inconsistently sorted
between the two raters. A third rater independently judged the
endpoints of these 57 objects, and the rating from the outlier
rater was discarded. The data from the remaining two raters
were averaged in order to compute each object’s aspect ratio.
The median split used for the final categorization of objects
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into “elongated” and “roundish” types was conducted on these
averages. On the basis of the raters’ identifications of the end-
points, we also calculated the orientation of each object’s main
axis. The interrater consistencies in object orientation were .76
for roundish objects and .99 for elongated objects.

The 620 objects belonged to 310 categories. For a given
category, the two exemplars were typically consistent in how
they were sorted (e.g., both elongated or both round).
However, the objects from 40 categories were inconsistently
sorted, meaning that one exemplar was sorted into the
“elongated” type and the other was sorted into the “roundish”
type. These 40 categories of objects were discarded from the
stimulus set. The final stimulus set comprised 135 categories
(270 objects) in the elongated type and 135 categories (270
objects) in the roundish type. The average aspect ratios were
4.2 for the elongated type (SD = 3.6) and 1.26 for the roundish
type (SD = 0.2). Note that even the “roundish” objects were
not actually round; they were just less elongated than the ob-
jects classified as “clongated.”

In Experiment 3B, we created rectangles to substitute for
the objects used in Experiment 3A. For each object used in
Experiment 3A, we created a gray rectangle (RGB: [127 127
127]) that had the same length, width, and orientation as that
object. In total, there were 135 “categories” (270 rectangles)
in the elongated type and 135 “categories” (270 rectangles) in
the “roundish” type.

Design The participants in Experiment 3A completed eight
blocks of 48 trials each. Half of the trials in each block
contained elongated objects, and the other half contained
roundish objects. In addition, half of the trials in each object
type included a location change, and the other half did not
include a location change. Finally, the identities of the objects
could be maintained (same-identity), changed into a new exem-
plar within the same category (same-category) or a new cate-
gory (new-category), or rotated 90° clockwise or counterclock-
wise (rotated). Within a block, trials were randomly and evenly
divided among these three factors—object type (elongated or
round), location change (same or different), and identity match.

Experiment 3B was identical to Experiment 3A, except that
instead of objects, we used the corresponding rectangles as
place markers in the encoding and test displays. Because the
rectangles were devoid of semantics, the terms “categories”
and “exemplars” referred to the objects from which the rect-
angles had been derived.

Results
Experiment 3A: Objects
Figure 6 displays the results from Experiment 3A. The follow-

ing analysis focused on an ANOVA that included object type
and identity mismatch as factors. Because Experiments 1-3 all
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showed greater interference from between-category changes
and rotation than from within-category changes, here the fac-
tor “identity match” included four conditions that varied in
their degrees of mismatch, from the same-identity condition at
one end, to same-category changes in the middle, and the
different-category and rotated conditions at the other end.
Treating identity match as arranged along a continuum
allowed us to conduct a trend analysis, thus bypassing the
problem of multiple comparisons across eight conditions.
Readers interested in the pairwise comparisons can find the
statistics in the Appendix, Table 3.

Elongated Round

Identity condition

change-present trials (left) and location-change-absent trials (right).
Error bars show the 1 within-subjects SEs of the means

d' For d', an ANOVA on object type (elongated or round-
ish) and the degree of identity mismatch (same identity, same
category, different category, and rotated) showed that d' was
higher for round than for elongated objects, F(1, 15)=5.48, p
=.033, 77p2 = .27.2 Mismatches in identity disrupted d', pro-
ducing a main effect of identity match, F(3, 45) = 14.62, p <

2 Even though d'was on average lower for elongated than for roundish objects,
this difference was driven mainly by the rotated condition. The same-identity
condition yielded similar d's for elongated and roundish objects (p = .77).
Therefore, the data did not warrant an adjustment for baseline ¢’ differences.
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.001, npz =.49. The interaction between object type and iden-
tity match was not significant, F(3, 45) = 1.51, p = .226.
Because identity match varied in degrees, we were able to
perform a trend analysis that was more sensitive than an om-
nibus F test. This analysis showed a significant linear trend in
the interaction term between the degree of identity mismatch
and object type, F(1, 15) = 4.46, p = .05, 77p2 = .23, revealing
differences in the exact patterns of disruption between elon-
gated and round objects. Post-hoc exploratory comparisons
showed that the difference between elongated and roundish
objects was driven by the rotated condition. Rotating roundish
objects produced significantly less disruption than rotating
elongated objects, F(1, 15) =5.49, p = .033, 77p2 = .27, in the
interaction between elongation and orientation.

Response criterion (c) Elongation interacted with identity con-
dition for c. An ANOVA on object type (elongated vs. round)
and the degree of identity match revealed a significant inter-
action, F(3,45)=4.02, p <.013, 7, = 21. As is shown in Fig.
6, the pattern of results for elongated objects was similar to
those from the earlier experiments. Changes in both category
and orientation made participants more willing to report a
“change” in location. For roundish objects, identity mismatch
did not influence ¢, FF < 1.

Response time (RT) Elongation also interacted with the degree
of identity match for correct-rejection RTs, when a location
change was absent, F(3, 45) = 11.27, p < .001, np2 = 43.
Identity mismatch disrupted correct-rejection RTs in the same
way we had found previously—Ilarger disruption from a chang-
es in either category or orientation than for within-category
changes alone. This effect was observed for both elongated
[F(3, 45) = 28.38, p < .001, np2 =.65] and roundish [F(3, 45)
=7.19,p <.001, np2 = .32] objects, but was significantly stron-
ger for elongated objects, as indicated by the interaction be-
tween identity condition and elongation. Elongation did not
interact with identity condition for hit RTs, when a location
change was present, F(3, 45) = 2.00, p = .13.

In sum, when objects were used as the place markers, lo-
cation WM was sensitive to a mismatch in object identity.
Both a change to a completely new category or a 90° rotation
of the objects produced large disruptions. Within-category
changes produced smaller, though still significant, disruption.
These effects were more pronounced with elongated than with
roundish objects.

Experiment 3B: Rectangles

When rectangles were used to substitute for objects in
Experiment 3B, we obtained results that were similar to those
from Experiment 3A (Fig. 7; Appendix, Table 4).

d' For d', an ANOVA on elongation and the degree of
identity match showed a main effect of elongation, F(1, 15)
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=39.31,p<.001, np2 = .72, with higher accuracy for roundish
objects. The main effect of identity match was significant,
F(3,45)=19.23, p<.001, r]pz =.56. The interaction between
the two factors was not significant, (3, 45) = 2.02, p = .12,
and trend analysis did not show a significant linear trend in the
interaction between the degree of identity mismatch and ob-
ject type, F(1, 15)=3.22, p=.09, 77p2 =.18.

Response criterion (c) and response time (RT) Interactions
between elongation and identity condition were found for both
¢, F(3,45) =5.89, p <.002, np2 = .28, and correct-rejection
RTs, F(3, 45) = 19.11, p < .001, npz = .56 [hit RTs did not
show an interaction, F(3, 45) = 1.69, p = .18]. As is shown in
Fig. 7, identity mismatch disrupted location WM, and the
effect was more pronounced for elongated objects.

Experiment 3 combined results In a final analysis, we directly
compared the data from Experiments 3A and 3B. Specifically,
for each dependent measure, we conducted an ANOVA with
elongation and the degree of identity match as within-subjects
factors, and experiment as a between-subjects factor. This
analysis produced a large number of effects. From a theoreti-
cal perspective, the most important effects were (i) whether
elongation interacted with identity match and (ii) whether the
elongation-by-identity interactions were similar for objects
and rectangles (three-way interaction). In all three measures,
we found significant elongation-by-identity interactions: F(3,
90)=3.02, p =.034, r]pz =.09,ind"; F(3,90)=9.82, p < .001,
ny = .25, in ¢; and F(3, 90) = 26.15, p < .001, n,> = .47, in
correct-rejection RTs [there was also a small interaction effect
in hit RTs, F(3, 90) = 3.03, p = .033, npz =.092], suggesting
that elongation exacerbated the effects of identity mismatch.
The three-way interaction was not significant for d', F < 1, or
¢, F < 1, but it just reached significance for correct-rejection
RTs, F(3,90)=2.72,p = .05, npz =.083, though this difference
appeared to be quantitative rather than qualitative. These data
showed that the disruption caused by identity mismatch was
greater for elongated than for roundish objects, and that this
pattern held for both objects and rectangles.

Discussion

Experiment 3 supports the spatial-configuration account of
location WM. As in our earlier experiments, changes in object
identity disrupted location WM. In addition, by separating
elongated from roundish objects, we showed that the disrup-
tion from identity mismatch was more pronounced for elon-
gated objects. Substituting rectangles for objects of the same
orientation and aspect ratio led to similar results. Because
rectangles are devoid of semantic meaning and are homoge-
neous in terms of their surface features, the similarity between
objects and rectangles suggests that much of the identity dis-
ruption comes from geometric properties, rather than from the
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objects’ semantic meaning or surface features. Thus, consis-
tent with Treisman’s proposal, many featural and semantic
aspects of the place markers can be discarded from location
memory.

Although the disruption from identity mismatch was more
pronounced for elongated than for roundish objects, signifi-
cant disruption was still observed for roundish objects. Two
reasons might explain this disruption. First, the “roundish”
objects used in our study were not, strictly speaking, round.
The average aspect ratio was 1.26, but changes in orientation
and elongation were clearly a factor even for these objects.

Elongated
Identity condition

change-present trials (left) and location-change-absent trials (right).
Error bars show the 1 within-subjects SEs of the means

Second, the geometric properties of objects may go beyond
just aspect ratio and orientation. For example, the contour of
an object may influence the global configuration of the dis-
play. Experiment 3 only probed aspect ratio, and therefore did
not fully capture other potentially relevant factors.

General discussion

Motivated by Treisman’s work on VWM, in this study we
examined the dependence of location working memory on
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placeholder identity. We used photographs of real-world ob-
jects, a type of stimuli frequently encountered in daily life.
Because the shapes of these objects were irregular and diverse,
it is unclear how their locations were represented in WM. Here
we showed that people are unable to treat the objects simply as
place markers: A change in object identity from the encoding
to test displays disrupted spatial WM.

This study’s inclusion of several types of identity changes
provides clues as to the source of the interference. First,
changing the objects to unrelated new objects (new category)
produced as much interference as swapping the locations of
the encoded objects (swapped). The swapped condition
disrupted the binding of objects to locations, a factor not pres-
ent in the new-category condition. Nonetheless, performance
in the swapped condition was no worse than that in the new-
category condition, suggesting that interference does not come
from binding errors.

Second, within-category changes produce less interference
than between-category changes. This is perhaps not surpris-
ing, given that the objects within a category are similar in
shape. However, preservation of the shape itself is not suffi-
cient to eliminate interference. Rotating the objects was still
deleterious to location WM.

Finally, our comparison between more and less elongated
objects, and between objects and rectangles of comparable
geometric properties, suggests that spatial WM is sensitive
to the geometric properties of the place markers; surface fea-
tures and semantics are not obligatorily bound to the locations.
Instead, geometric properties, such as an object’s orientation
and elongation, cannot be entirely discarded in a location WM
task. The degree of change in the long axis of each object was
likely larger in the new-category, swapped, and rotated condi-
tions than in the distorted or within-category conditions. Even
the within-category condition was not immune to changes in
the objects’ elongation, since the stimulus set contained ob-
jects of various orientations. This might explain some of the
observed interference.

Although these findings were observed with photographs
of objects or rectangles of similar sizes and aspect ratios, the
results are likely generalizable to other stimuli. In fact, other
studies that have used line segments and small gratings pro-
duced findings consistent with those from the present study
(Jiang et al., 2004). The findings are also likely to generalize
to paradigms in which the initial encoding display terminates
with a visual mask, owing to the relative insensitivity of
VWM to masking (Kahneman et al., 1992; Sun & Gordon,
2010; Woodman & Vogel, 2008).

Our study takes an important step toward answering the
open question that Treisman raised in one of her last studies
on VWM. At first blush, the data may seem inconsistent with
Treisman’s prediction that, when the task requires it, location
memory can be independent of object features. However, the
underlying reason for the interference observed in our study
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does not contradict Treisman’s proposal. The apparent depen-
dence of spatial WM on identity occurs not because surface
features are part of the spatial representation, but because
shape is a spatial property that in some situations may be an
integral part of a location representation. The connection be-
tween object identity and location comes from the formation
of a spatial configuration from an array of objects. Geometric
properties such as elongation, orientation, and contour may
influence how objects are perceptually grouped and may alter
the perceived display configuration. The set of experiments
here provides clear evidence that this is the case. Together,
these experiments validate two proposals that Treisman made:
Location memory depends on the spatial configuration
formed by all objects, and location memory is independent
of features that do not alter the spatial configuration, such as
the color (Jiang et al., 2000) and semantics (the present study)
of the objects.

The sensitivity of location WM to identity change may ex-
plain, in part, the failure of spatial-context learning when ob-
jects change across repeated spatial locations (Makovski,
2016). Though the center location of each object is maintained,
the use of different place markers likely makes it more difficult
to establish correspondence across repeated presentations of
the locations. Nonetheless, we note that the participants in
our study were, for the most part, successful in ignoring iden-
tity changes. Even the new-category condition was associated
with 80% accuracy, which was only about 5% lower than in
the same-identity condition. A disruption of spatial correspon-
dence may reduce spatial context learning. Yet Makovski
(2016) found no contextual cueing whatsoever when objects
changed across spatial repetitions. In addition to differences
between WM and long-term memory, the discrepancy might
be attributed to a difference in task demands. Our study explic-
itly required people to downplay object identity, whereas
Makovski’s visual search task required people to identify ob-
ject shapes in order to find the target object. Identity may have
played a larger role in that task because of its relevance.

Our study raises intriguing questions about the nature of the
“location map” in feature integration theory. In nearly all
graph depictions of this theory, activation on the location
map is represented by circular blobs. This is intended to illus-
trate the notion that the location map contains no information
about the identity (e.g., shape) of the objects (Treisman &
Gelade, 1980). The neat separation of location and feature
maps is an important concept in perception and attention re-
search. Yet, if the findings here are not restricted to VWM but
are broadly applicable to mental representations of an array of
objects, then the depiction of the location map as comprising
uniform or shapeless blobs may be inaccurate. Perhaps the
location map is richer than was originally conceived by
Treisman. In addition to the locations of individual objects,
the location map may also represent the global spatial proper-
ties of the entire array, such as the spatial configuration of the
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Fig.8 Illustrations of the location map when viewing a display of objects.
(Left) The original feature integration theory represents each location as a
circular blob, signaling which locations are occupied. (Right) The spatial-

ensemble. This proposal is consistent with the findings (in-
cluding Treisman’s) that people readily extract global statisti-
cal information from a display and that such global statistics
may guide spatial selection (Treisman, 2006; Wolfe, 2012).

Incorporating global configural information into the loca-
tion map does not fundamentally challenge the idea that fea-
tures and locations are coded separately in an initial stage of
processing. But it begins to blur the boundary between what
and where. Because configuration is formed not just by loca-
tion (as in a star constellation), but also by the geometric
properties of objects, the location map may not be entirely
agnostic to what the objects are. Conversely, because certain
geometric properties contribute to both individual object
shapes and the global configuration, the feature maps may
not be entirely blind to the spatial relationships among objects.

Figure 8 is a cartoonish illustration of the location map. The
original feature integration theory depicts the location map as
circular blobs. Evidence suggests, however, that the global
spatial configuration may be part of the location map.
According to the spatial configuration account, the location
map represents not just individual locations, but also the glob-
al spatial configuration, retaining coarse information about
objects’ long axes as part of the configuration.
Computationally, this may be achieved by projecting coarse
information, such as object contours, onto the location map.
Fine information such as colors and other visual features
would be excluded.

The use of the global configuration is likely influenced by
stimulus and task factors. For example, one cannot speak of a
global configuration when the display contains just a single
object. In that case, the location representation is likely to be
independent of object shape, and that is indeed what Golomb
et al. (2014) found. When multiple objects are presented, the
degree of configuration representation will be influenced by
task demands, such that tasks entailing serial search may be
less sensitive to global configuration than are tasks requiring

Configural location map

/ -

.i 3:#

o Y.

configuration account represents not just individual locations but also the
global spatial configuration, retaining coarse information about the ob-
jects’ long axes as part of the configuration

global representation. This proposal is consistent with previ-
ous findings using contextual cueing: Whereas serial search
tasks uncover evidence of spatial learning for individual loca-
tions, change detection of a spatial array produces mainly
learning of the global configuration (Jiang & Song, 2005).
Finally, it is likely that the global configuration comprises
mainly task-relevant objects; irrelevant objects are not part
of the global configuration (Jiang et al., 2000; Yantis, 1992).
The extraction of global configuration likely depends on an
initial parallel analysis of the scene, akin to Wolfe’s nonselec-
tive pathway (Wolfe, Vo, Evans, & Greene, 2011) and
Treisman’s global statistical representation (Treisman, 2006).

Conclusion

In addressing the question that Treisman left to the field of
VWM, our study underscores an important concept that
Treisman introduced: Object identity and locations can, to
some degree, be represented separately. Nonetheless, as ob-
jects are selected and stored in VWM, these properties are also
partially bound. Individual objects are initially bound to the
spatial configuration of the display, and owing to their irregu-
lar shapes, object identity also affects the coding of their loca-
tions. Our study joins recent findings from neuroscience in
demonstrating both a partial independence between what
and where, and the integration of this information in the brain
(Deco & Lee, 2004; Golomb & Kanwisher, 2012; Kravitz,
Saleem, Baker, Ungerleider, & Mishkin, 2013; Rao, Rainer,
& Miller, 1997).
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Appendix

Table 3 Statistical significance from pairwise comparisons of conditions tested in Experiment 3A

Conditions Exp. 3A

Elongated Roundish

vs. same identity Vs. same category vs. rotated vs. same identity Vvs. same category vs. rotated

d ¢ RT RT d' ¢ RT RT d' ¢ RT RT d' ¢ RT RT d' ¢ RT RT d' ¢ RT RT

H) (CR) H) (CR) (H) (CR) (H) (CR) (H) (CR) H) (CR)
Same identity
Same category * ns. ns. **¥ * s, FFY o ons.
Rotated wREE ns. F¥E Rk g opns. FEE * ns. ¥ *##%  ns. NS, NS, NS,
New category *** #% —png =~ kkk ok kg kRE g ops. ons. * *#koopg, ¥E ¥R g ons. ns. F ns. ns. ns. ns.

RT (H) = response time on location-change-present (hit) trials; RT (CR) = RT on location-change-absent (correct-rejection) trials; *p < .05; **p < .01;
*##%p < .001; n.s. = not significant

Table 4  Statistical significance from pairwise comparisons of conditions tested in Experiment 3B

Conditions Exp. 3B

Elongated Roundish

vs. same identity Vvs. same category vs. rotated vs. same identity Vvs. same category vs. rotated

d ¢ RT RT d ¢ RIT RT d ¢ RI RT d ¢ RT RT d ¢ RIT RT d ¢ RT RT

H) (CR) H) (CR) H) (CR) H) (CR) H) (CR) H) (CR)
Same identity
Samecategory n.s. *  ns.  ¥*¥ * s, ns.
Rotated FEEEEE g, RERE kR kR g HEE ** ns. ns. ¥ ns. ns. ns. ns.

New category ##% #¥k png kel ko Rk g FEE psons. ns. ns. FFons. ns. ns. ns. ns. NS NS NS ns. INs.

RT (H) = response time on location-change-present (hit) trials; RT (CR) = RT on location-change-absent (correct-rejection) trials; *p < .05; **p < .01;
##%p < .001; n.s. = not significant
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