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Visual attention prioritizes information presented at particular spatial locations. These
locations can be defined in reference frames centered on the environment or on the viewer.
This study investigates whether incidentally learned attention uses a viewer-centered or
environment-centered reference frame. Participants conducted visual search on a monitor
laid flat on a tabletop. During training, the target was more likely to appear in a ‘‘rich’’
quadrant than in other ‘‘sparse’’ quadrants. Although participants were unaware of this
manipulation, they found the target faster in the rich quadrant than in the sparse quad-
rants, showing probability cuing. In a subsequent testing phase, participants were reseated
to change their viewpoint by 90�. In addition, the target became equally likely to appear in
any quadrant. Spatial attention continued to be biased for several hundred trials. Critically,
the attentional bias moved with the participant, shifting to a previously sparse quadrant on
the screen. Incidental learning of a target’s likely locations led to a persistent, egocentric
spatial bias.

� 2012 Elsevier B.V. All rights reserved.
1. Introduction

Spatial attention is critical for selecting perceptual
information that may need to be identified and, possibly,
acted upon. What is the nature of the spatial representa-
tion underlying visual attention? For example, when an
online ad captures your attention, is the attended location
coded relative to you (e.g., in the upper right visual field) or
relative to the external environment (e.g., on the right side
of the screen)? This study investigates the spatial reference
frame that supports one type of visual attention: inciden-
tally learned attention. We examine whether incidentally
learned attention is referenced relative to the viewer or
to the environment.

Viewer-centered and environment-centered reference
frames meet different computational demands. An environ-
ment-centered reference frame provides stability in the
face of locomotion and changes in viewpoint. Yet it is com-
putationally expensive. Neurons in the visual cortex are
retinotopically mapped (Engel, Glover, & Wandell, 1997;
Gardner, Merriam, Movshon, & Heeger, 2008; Golomb &
Kanwisher, 2011; Saygin & Sereno, 2008). In the parietal
cortex, neurons code space relative to the eyes, head, or
trunk (Andersen, Snyder, Bradley, & Xing, 1997; Colby &
Goldberg, 1999). Location information that is coded in pari-
etal cortex would therefore need to be transformed to an
environmental reference frame if one is used for attentional
processes. A viewer-centered reference frame is computa-
tionally less expensive, but it is also less likely to survive
changes in viewer movement and perspective (Farah,
Brunn, Wong, Wallace, & Carpenter, 1990). For example,
when a viewer turns 90� to his right, a cup that used to be
in front of him is now to his left. Although the cup’s location
is stable in the environment, it has changed relative to the
viewer. Despite this instability, a viewer-centered repre-
sentation is often reported for spatial navigation (Wang &
Spelke, 2000; Wang et al., 2006). Viewers apparently remap
external space as they move through the environment (Far-
rell & Robertson, 1998; Mou, McNamara, Valiquette, &
Rump, 2004; Rieser, 1989; Shelton & McNamara, 2001; Si-
mons & Wang, 1998; Wang & Brockmole, 2003a, 2003b;
Wang et al., 2006).
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1.1. Attention and spatial reference frames

Empirical data offer evidence that spatial attention may
involve multiple mechanisms that utilize diverse frames of
reference. Data from patients with hemifield neglect sug-
gest that viewer-centered and environment-centered ref-
erence frames may co-exist. When these patients lie on
their sides, visual neglect is most severe in the quadrant
that is both on the left side of the patients’ body and on
the left side of the environment assuming an upright pos-
ture (Calvanio, Petrone, & Levine, 1987; Farah et al., 1990).

Studies on normal adults have also demonstrated that
attentional processes use multiple references frames (Mat-
hot & Theeuwes, 2010; Pertzov, Avidan, & Zohary, 2011).
These studies generally use a cuing paradigm in which a
cue directs attention to a particular location on the screen.
By including conditions in which the eyes move during the
brief interval between the cue and target, these studies are
able to determine whether the spatial location of the cue is
coded relative to the eyes (retinotopically) or according to
another reference frame centered on the head, body, or
external environment (spatiotopically) (Cavanagh, Hunt,
Afraz, & Rolfs, 2010; Wurtz, 2008). If the spatial bias result-
ing from cuing is retinotopically coded, it should move with
saccadic eye movements. But if it is spatiotopically centered,
the bias should remain in the same screen location after the
eyes have moved. This logic was used to study the nature of
attention involved in inhibition of return, the finding that
people are slower to respond to stimuli at recently attended
locations (Klein, 1988; Posner & Cohen, 1984; Tipper, Driver,
& Weaver, 1991). Following an eye movement, the inhibited
location does not move with the eyes, but stays at the screen
location where the cue was presented (Maylor & Hockey,
1985; Pertzov, Zohary, & Avidan, 2010; Posner & Cohen,
1984). However, inhibition of return can sometimes stay at
the retinal location of the cue, particularly when people
make an eye movement toward a target rather than a
manual, keypress response (Abrams & Pratt, 2000).

Like inhibition of return, studies examining sustained
attention have demonstrated the use of both retinotopic
and spatiotopic reference frames. For example, when
attention must be sustained at a remembered screen loca-
tion for several seconds, it stays at the retinal location of
the memory cue for a brief period of time following a sac-
cade (Golomb, Chun, & Mazer, 2008). Facilitation at the
spatiotopically-mapped location is also found when the
location is task relevant and there is sufficient time for
spatiotopy to develop (Golomb, Nguyen-Phuc, Mazer,
McCarthy, & Chun, 2010a; Golomb, Pulido, Albrecht, Chun,
& Mazer, 2010b; Golomb et al., 2008).

In sum, previous studies investigating relatively short-
lived attentional effects have found evidence for both reti-
notopic reference frames (which are viewer-centered) and
spatiotopic reference frames (which could be either view-
er- or environment-centered). The dominant form of repre-
sentation partly depends on the task (e.g., manual versus
oculomotor response) and the type of attention (transient
exogenous attention or sustained attention). These studies
suggest that both types of reference frames are important
for attentional orienting, and in some cases, they may
coexist (Golomb et al., 2010b; Mathot & Theeuwes, 2010;
Pertzov et al., 2011). However, because of the transient
nature of the cuing effects, these studies do not permit
locomotion or changes in position during the interval be-
tween the cue and the target. Therefore, they have been
unable to dissociate viewer-centered from environment-
centered reference frames.

This study will focus on the spatial reference frame used
by one type of attention – incidentally learned attention. In
contrast to attentional cueing, incidentally learned atten-
tion persist over long periods of time, providing a unique
opportunity to dissociate viewer-centered from environ-
ment-centered reference frames.

1.2. Incidentally learned attention

Extensive research demonstrates that people can allo-
cate spatial attention based on their previous experience,
often without any intention to learn (Chalk, Seitz, & Series,
2010; Chun & Jiang, 1998; Geng & Behrmann, 2002; Jime-
nez, 2003; Umemoto, Scolari, Vogel, & Awh, 2010). For
example, in one type of implicitly learned attention, prob-
ability cuing, attention is biased to locations that were
likely to contain a search target in the past (Geng & Behr-
mann, 2002; Jiang, Swallow, Rosenbaum, & Herzig, 2012).
Unlike other types of attentional biases, those developed
from probability cuing persist over long periods of time,
lasting as long as one week (Jiang, Swallow, Rosenbaum,
et al., 2012). They are also highly resistant to extinction.
When the target’s location becomes evenly distributed,
participants continue to prioritize the previously rich loca-
tions, even after several hundred trials of extinction train-
ing (Jiang, Swallow, & Rosenbaum, 2012; Jiang, Swallow,
Rosenbaum, et al., 2012).

Incidentally learned attention differs from more tradi-
tional forms of attention in at least two important ways.
First, unlike other forms of attention that reflect a transient
change in the environment and task, incidental learning oc-
curs over hundreds of trials and reflects stable properties of
the environment. As a result, it may be advantageous to code
learned attentional biases relative to the external world. In
addition, probability cuing exists on a much longer time
scale than do other forms of attentional cuing. Exogenous
attention peaks about 150 ms after the onset of the cue,
turning into inhibition of return after about 300 ms (Nakay-
ama & Mackeben, 1989; Posner & Cohen, 1984). Endogenous
attention is more sustained, but it critically depends on the
validity of the cue (Müller & Rabbit, 1989; Posner, 1980).
Priming of popout, the facilitation in response when targets
repeat their locations or features on successive trials, may
last several seconds (Ball, Smith, Ellison, & Schenk, 2009,
2010; Maljkovic & Nakayama, 1996). Yet it is still much
shorter than probability cuing, which persists for at least a
week after training (Jiang, Swallow, & Rosenbaum, 2012;
Jiang, Swallow, Rosenbaum, et al., 2012). Because of these
differences, probability cuing may use a different reference
frame than the more transient forms of attention.

1.3. Current study

In three experiments we investigated the spatial refer-
ence frame used in probability cuing. In contrast to most



Fig. 1. (A) Participants viewed the display from two different perspectives in the experiment. The target’s location probability was uneven during the
training phase and even during the testing phase. The numbers indicating the target’s location probability are shown here for illustrative purposes only. (B
and C). Sample search displays for Experiments 1 (panel B) and 2 (panel C). Participants searched for the T target and reported whether it was slightly red or
slightly green. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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investigations of the spatial reference frame of attention,
our study was able to take advantage of the long-term per-
sistence of probability cuing to examine the effects of
viewer rotations on attentional biases. Previous research
has shown that probability cuing makes search more effi-
cient, reducing the slope of the line that relates search
times to the number of items in the display (Jiang, Swal-
low, & Rosenbaum, 2012). Thus, probability cuing effec-
tively biases attention to a particular region in space.
However, because earlier studies did not manipulate the
participant’s viewpoint, it is unclear whether the bias
was coded in a viewer-centered (e.g. ‘‘my upper right’’)
or environment-centered (e.g., ‘‘the upper right side of
the screen’’) reference frame.

In this study, participants conducted visual search for a
T target among L distractors. The display was shown on a
computer monitor laid flat on a tabletop. Participants sat
on one side of the table during training and another side
during testing. This movement between training and test-
ing rotated the viewer-centered reference frame 90� rela-
tive to the environment-centered reference frame. In the
training phase, across multiple trials, the target was more
often found in a rich quadrant than in any of the other
quadrants. In the testing phase, the target was equally
likely to appear in any quadrant. Participants did not know
about the underlying location probability. Fig. 1 illustrates
the seating arrangement and the search displays.

Although multiple reference frames were available to
the participants when performing the search task, we
made a broad distinction between reference frames that
moved with the individual (eyes, head, body), and those
that were stable across viewpoint changes (room, table,
computer monitor, search region).
2. Experiment 1. Viewer-centered versus environment-
centered reference frames

In Experiment 1 participants performed a search task in
two phases. During the training phase the target was more
likely to appear in a rich quadrant of the display than in the
other (sparse) quadrants, leading to location probability
learning. During testing the target was equally likely to ap-
pear in any quadrant. In addition, participants sat at one
position during training and another position during test-
ing, resulting in a 90� change in their viewpoint (Fig. 1A).

If the attentional bias developed from the training
phase is environment-centered, then it should stay in the
same part of the screen after the viewpoint change. Alter-
natively, if the bias is viewer-centered and is not updated
following a viewpoint change, then it should rotate with
the viewer, pointing to a previously sparse quadrant. A
third possibility is that both biases exist: search is faster
in both the viewer-centered rich quadrant and the envi-
ronment-centered rich quadrant, relative to sparse quad-
rants. Finally, the change in perspective may ‘‘reset’’ the
attentional bias, eliminating probability cuing.
2.1. Methods

2.1.1. Participants
Participants in all experiments were volunteer students

at the University of Minnesota between 18 and 35 years
old. They participated in the study in exchange for extra
course credits or $10/h. They all had normal or corrected-
to-normal visual acuity. Normal color vision was verified
with a color blindness test. Each participant completed
one experiment.

There were 24 participants in Experiment 1 (8 males
and 16 females), with a mean age of 19.5 years.
2.1.2. Equipment
Participants were tested individually in a room with

dim lights. They sat at one side of a rectangular table. A
1900, rectangular LCD monitor (1024 � 768 pixels) laid flat
on the table, with its long edge parallel to the long edge
of the table. Participants held the keyboard on their lap
with one hand and the mouse on the table with the other
hand. They looked down at the monitor to perform visual
search. After completing two-thirds of the experiment par-
ticipants moved their chair to an adjacent side of the table.
The table and the monitor remained in the same place. The
direction of viewer rotation was either clockwise or coun-
terclockwise, counterbalanced across participants. Viewing
distance partly depended on the height of the participant
but was estimated to be between 35 and 55 cm, which
did not change following the change in sitting position.
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Due to variability in viewing distance across participants,
we provide stimulus size in units of pixels rather than vi-
sual angles. Experiments were programmed with Psych-
toolbox (Brainard, 1997; Pelli, 1997), implemented in
MATLAB (www.mathworks.com).

2.1.3. Materials
Participants conducted visual search for a T target pre-

sented among L distractors. There were 1 T and 11 Ls on
each trial. The 12 items were presented in randomly se-
lected locations from 100 possible locations (10 � 10) in-
side an outline square (600 � 600 pixels). The outline
square was constantly on the screen, framing the search
region (Fig. 1B). Although the search region was a square,
the computer monitor and the table were rectangular. In
addition, the room itself had many environmental cues
(e.g., a door, a file cabinet, dividers, other furniture) that
could support the construction of an environmental refer-
ence frame, or aid spatial updating after the viewpoint
change. There were always three items in each visual
quadrant. Each item was 40 � 40 pixels in size. To ensure
that the items did not change their appearance after a
viewpoint change, the T was randomly selected to be up-
right, upside-down, leftward, or rightward. The 11 Ls were
heterogeneous in their orientation, selected randomly
from the four canonical orientations (0�, 90�, 180�, or 270�).

Items were placed against a black background. All items
were predominantly white with a slight red or green tint.
Participants’ task was to find the T and press ‘1’ if it was
slightly red or ‘2’ if it was slightly green. We used a color
task because it was unaffected by viewpoint change. To en-
sure that participants would not search from only one set
of items (e.g., red items), we used colors that did not pro-
duce obvious perceptual segregation. The RGB values for
the two colors were [255 245 245] for red and [230 250
230] for green.

2.1.4. Design
Participants were told at the beginning of the experi-

ment that they would be reseated partway through the
experiment, but no cover story was provided about this
change. Participants performed 10 practice trials, during
which the target’s quadrant was randomly selected. They
were then seated at one side of the table (the exact side
was counterbalanced across participants) and completed
384 visual search trials, which will be referred to as the
training phase. An experimenter then asked participants
to move their chair to an adjacent side of the table, produc-
ing a 90� clockwise or counterclockwise rotation (counter-
balanced across participants). Participants completed 192
trials from the new perspective (testing phase). At the
end of the experiment, we asked participants whether they
thought the target was evenly distributed. Regardless of
their answer, they were then asked to click on the part of
the screen where the target was most often found
(recognition). Because the first recognition question was
vulnerable to demand characteristics, we focused on
forced-choice recognition accuracy in the results.

In the training phase, the target was unevenly distrib-
uted across the screen. It appeared in a randomly selected
‘‘rich’’ quadrant on 50% of the trials, and in each of the
other three ‘‘sparse’’ quadrants on 16.7% of the trials.
Which quadrant was ‘‘rich’’ was counterbalanced across
participants, but remained the same for a given participant
throughout training. In the testing phase, the target was
evenly distributed, appearing in each quadrant on 25% of
the trials. Participants were not informed of the target’s
spatial distribution, nor were they alerted to a possible
change in it. They were simply asked to find the T and re-
port its color as accurately and as quickly as they could.

2.1.5. Procedure
Each trial started with a small fixation square (10 � 10

pixels) presented at a randomly selected location within
the central 60 � 60 pixel region. Participants clicked on
the square to initiate a trial. The mouse click required
eye-hand coordination and ensured that eye positions re-
turned to the approximate center of the screen. Two hun-
dred milliseconds after the mouse click the search array
was displayed until a response was made. Participants
pressed one of two keys to report whether the target was
slightly red or slightly green. Three short chirps lasting a
total of 300 ms followed each correct response. A buzz
and a 2 s timeout followed each incorrect response.

2.2. Results

2.2.1. Training phase
Participants were equally accurate when the target was

in the rich quadrant (M = 97.4%) and the sparse quadrants
(M = 97.0%), p > .30. We calculated mean RT for each partic-
ipant, excluding incorrect trials and trials with an RT long-
er than 10,000 ms. Fig. 2 shows the group mean.

To examine the progression of location probability
learning, we divided the training phase into 32 blocks of
12 trials each and performed an ANOVA using target quad-
rant (rich or sparse) and training blocks (1–32) as factors.
Search RT (Fig. 2A) was faster when the target was in the
rich quadrant than in the sparse quadrants, demonstrating
probability cuing, F(1,23) = 64.20, p < .001, g2

p = .74. RT also
improved as the experiment progressed, leading to a sig-
nificant main effect of block, F(31,713) = 7.58, p < .001,
g2

p = .25. The two factors did not interact, F < 1. A linear
trend analysis on the interaction between target quadrant
and block was also not significant, F < 1.

Visual search performance in this task is sensitive to
both short-term and long-term effects of an unevenly dis-
tributed target (Geng & Behrmann, 2005; Walthew & Gil-
christ, 2006). Long-term effects reflect learning the
target’s likely location. Short-term effects reflect the fact
that search RT is faster when a target appears in the same
location on consecutive trials (Hillstrom, 2000; Maljkovic
& Nakayama, 1996; Rabbitt, Cumming, & Vyas, 1979). Be-
cause immediate repetitions of the target’s location are
more likely for the rich quadrant than the sparse quad-
rants, trial sequence effects may facilitate search in the rich
quadrant. To separate the contributions of long-term
learning from short-term trial sequence effects, for each
trial we coded whether the target appeared in the rich or
sparse quadrant and whether the target quadrant was
the same as the preceding trial. Fig. 2B shows the results
from this analysis. RT was faster in the rich than sparse

http://www.mathworks.com


Fig. 2. Results from Experiment 1’s training phase. (A) Search RT as a
function of training block (each block had 12 trials) and target quadrant.
(B) Search RT as a function of whether the target was in the rich or sparse
quadrant, and whether the target quadrant on the current trial was the
same as that on the preceding trial. Error bars show ±1 S.E. of the mean.
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quadrants, F(1,23) = 41.62, p < .001, g2
p = .64. In addition,

RT was faster when the target quadrant repeated across
trials, F(1,23) = 29.34, p < .002, g2

p = .56. Importantly, how-
ever, these two factors did not interact, F < 1. Across the
entire training phase, search RT was faster in the rich quad-
rant than sparse quadrants, even on trials when the tar-
get’s quadrant did not repeat, t(23) = 7.63, p < .001, effect
size r = 0.85.

In the first two blocks of trials RT was marginally faster
in the rich than in the sparse quadrants, t(23) = 1.83, p =
.081. In these blocks, RT difference between the rich and
sparse quadrants was driven primarily by trials in which
the target’s quadrant repeated (M = 2044 ms in the rich
quadrant, versus M = 2444 ms in the sparse quadrants),
compared with trials when the target’s quadrant did not
repeat (M = 2327 ms in the rich quadrant, versus
M = 2213 ms in the sparse quadrants). Similar results on
trial-sequence effects were found in all subsequent exper-
iments and will not be presented further.

2.2.2. Testing phase
Because the target was evenly distributed in space, trial

sequence effects were equated for all quadrants during
testing. Any residual spatial bias would reflect only the
long-term persistence of probability cuing (Jiang, Swallow,
Rosenbaum, et al., 2012).

There were three target quadrant conditions: (1) Envi-
ronment-centered rich quadrant was the region of the
screen that frequently contained the target during training.
(2) Viewer-centered rich quadrant was the target-rich region
of the screen that had the same spatial relationship with
the viewer across changes in perspective. (3) The Sparse
quadrants were the other two quadrants. For example, sup-
pose the viewer sat at position 1 during training, and the
target was frequently found in the lower right quadrant
relative to the viewer. Now suppose the viewer sat at posi-
tion 2, 90� clockwise during testing. The viewer-centered
rich quadrant would still be on the participant’s lower
right from the new perspective. The environment-centered
rich quadrant would now be on the participant’s upper
right. The sparse quadrants would be the other two quad-
rants (Fig. 1A). The environment- and viewer-centered rich
quadrants were as likely to contain a target as a sparse
quadrant during the testing phase.

Accuracy in the testing phase was 96.0% in the environ-
ment-centered rich quadrant, 96.9% in the viewer-centered
rich quadrant, and 96.8% in the sparse quadrants. These
differences were not statistically different, F < 1. Mean RT,
excluding incorrect trials and trials whose RT exceeded
10,000 ms, is shown in Fig. 3.

Even though the target was evenly distributed in the
testing phase, RT differed significantly across the different
quadrant conditions (Fig. 3A), F(2,46) = 12.40, p < .001,
g2

p = .35. Follow-up tests showed that RT was significantly
faster in the viewer-centered rich quadrant than both the
sparse quadrants, t(23) = 4.86, p < .001, effect size r = 0.71,
and the environment-centered rich quadrant, t(23) = 3.00,
p < .006, effect size r = .53. The difference between the
environment-centered rich quadrant and the sparse quad-
rants was not significant, t(23) = 1.61, p > .12.

To examine the time course of probability cuing in the
testing phase, we divided testing data into 8 blocks of 24
trials (there were 6 trials in each of the two rich quadrants
and 12 trials in the sparse quadrants). Fig. 3B shows the re-
sults. An ANOVA comparing viewer-centered rich quadrant
and sparse quadrants showed that RT was significantly fas-
ter in the former, F(1,23) = 23.43, p < .001, g2

p = .51, and this
effect did not interact with testing block, F < 1. Thus, the
spatial bias toward the viewer-centered rich quadrant
was sustained in the testing phase. In contrast, an ANOVA
comparing environment-centered rich quadrant and
sparse quadrants showed no significant difference,
F(1,23) = 2.59, p > .12, and this factor did not significantly
interact with block, F(7,161) = 1.05, p > .35.

The egocentric bias observed in Experiment 1 was con-
sistent across variations of several factors, including partic-
ipants’ gender (male or female), target-rich visual quadrant
(upper left, upper right, lower left, lower right), and the vi-
sual field arrangement between the viewer-centered and
environment-centered rich quadrants (bilateral or unilate-
ral). None of these factors interacted significantly with tar-
get quadrant, largest F = 1.13, p > .30.

2.2.3. Recognition
Due to the relatively small number of participants, we

could not conduct a meaningful statistical analysis on the
recognition data for individual experiments. An analysis
on the combined data from all three experiments is re-
ported in a later section. Here we describe the recognition



Fig. 3. Results from the testing phase of Experiment 1. (A) Average across
the entire testing phase. (B) Data across eight testing blocks for each
condition. Error bars show ±1 S.E. of the mean.
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results for Experiment 1. When asked to click on where
they thought the target was most often found, 7 partici-
pants clicked on the environment-centered rich quadrant,
7 clicked on the viewer-centered rich quadrant, and the
other 10 clicked on a sparse quadrant.

2.3. Discussion

During training, the target had a higher probability of
appearing in certain locations of the screen and an atten-
tional bias developed toward the rich locations. This bias
persisted after a change in the viewer’s perspective and
for almost 200 trials after the target’s location probability
became even. Surprisingly, however, the attentional bias
moved with the participant. When the viewer’s perspec-
tive changed by 90� the attentional bias also rotated 90�,
moving to a region of the screen that was previously unli-
kely to contain a target. Thus, the attentional bias that
developed during training was coded relative to the view-
er, and was not updated during the viewpoint change.

Although Experiment 1 produced no evidence for an
environment-centered spatial bias, it is possible that prob-
ability cuing is stronger when the viewer-centered and
environment-centered rich quadrants are aligned. To test
this possibility, 12 participants completed the task as in
Experiment 1, except that they remained in the same posi-
tion during training and testing. The viewer-centered and
environment-centered rich quadrants were therefore
aligned during testing. Search RT was 1660 ms (SE =
122 ms) in the rich quadrant and 1997 ms (SE = 99 ms) in
the sparse quadrants, and the difference between these
was comparable to Experiment 1’s egocentric bias (sparse
versus viewer-centered quadrants), F < 1 in the interaction
between experiment and target quadrant. Thus, when the
environment and viewer-centered reference frames were
aligned during testing, the size of the bias was similar to
the viewer-centered bias observed when they were not
aligned.

The long-term persistence of probability cuing bears
similarity to reward-driven attention (Anderson, Laurent,
& Yantis, 2011; Hickey, Chelazzi, & Theeuwes, 2010), such
as value-driven attentional capture. However, several fea-
tures distinguish reward-driven attention from probability
cuing. These include what is learned (what to attend to vs.
where to attend), the involvement of money (monetary re-
ward vs. none), and the size of the effect (�3% for value-
driven attentional capture, versus up to 25% for probability
cuing; see Jiang, Swallow, Rosenbaum, et al., 2012 for a dis-
cussion). Nonetheless, like reward-driven attention, these
findings demonstrate that some forms of attentional biases
are highly resistant to extinction.
3. Experiment 2. Landmark

Experiment 2 examined the role of a salient landmark in
modulating the spatial reference frame for probability cu-
ing. Instead of a uniformly white square enclosing the
search region, one side of the square was red. This side re-
mained constant throughout the experiment. Thus, a visual
quadrant could be represented not only as the upper left
quadrant on the monitor, but also in reference to the
‘‘red wall’’ landmark (Fig. 1C). Adults are able to use salient
landmarks such as the presence of a red wall to help them
navigate in a room (Hermer-Vazquez, Spelke, & Katsnelson,
1999). Adding a salient ‘‘red wall’’ to the search region in
Experiment 2 should therefore facilitate the use of an envi-
ronment-centered spatial representation. In addition, it
could facilitate spatial updating, allowing the viewer to re-
map the relative spatial relationship between themselves
and the rich quadrant. Would the added landmark change
the reference frame used in probability cuing?

3.1. Methods

3.1.1. Participants
Twelve participants (8 males and 4 females) completed

Experiment 2. Their mean age was 20 years.

3.1.2. Procedure and design
This experiment was identical to Experiment 1 except

that we changed the square that framed the visual search
region. One side of the outline square was red, whereas



Fig. 5. Results from the testing phase of Experiment 2. (A) Average across
the entire testing phase. (B) Data across eight testing blocks for each
condition. Error bars show ±1 S.E. of the mean.
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the other sides were white (Fig. 1). The red side remained
constant throughout the experiment to provide a reliable
environmental landmark. Other aspects of the experiment
were the same as those of Experiment 1.

3.2. Results

3.2.1. Training phase
Search accuracy in the rich condition (97.5%) was simi-

lar to that in the sparse condition (97.1%), p > .40.
As shown in Fig. 4, search RT was faster when the target

was in the rich quadrant rather than the sparse quadrants,
F(1,11) = 93.09, p < .001, g2

p = .89. In addition, RT became
faster as training progressed, F(31,341) = 3.45, p < .001,
g2

p = .24. The two factors did not show a significant interac-
tion, F(31,341) = 1.18, p > .24. A linear trend analysis of the
difference between rich and sparse conditions indicated
that it increased as training progressed, F(1,11) = 4.81,
p = .05, g2

p = .30.

3.2.2. Testing phase
Testing phase accuracy was unaffected by target quad-

rant (M = 96.7% in the sparse quadrants, M = 97.4% in the
viewer-centered rich quadrant, and M = 96.9% in the envi-
ronment-centered rich quadrant), F < 1. As shown in Fig. 5,
RT data from the testing phase replicated Experiment 1,
suggesting that the ‘‘red wall’’ landmark did not increase
participants’ use of an environment-centered reference
frame.

Across the entire testing phase (Fig. 5A), we observed a
significant main effect of target quadrant, F(2,22) = 10.14,
p < .001, g2

p = .48. Follow-up tests showed that RT was fas-
ter in the viewer-centered rich quadrant than both the
sparse quadrants, t(11) = 3.32, p < .007, effect size r = .71,
and the environment-centered rich quadrant, t(11) = 4.78,
p < .001, effect size r = .82. No RT advantage was found in
the environment-centered rich quadrant relative to the
sparse quadrants, t(11) = �0.51, p > .50.

Breaking the testing phase down into smaller blocks re-
vealed persistent probability cuing to the viewer-centered
rich quadrant (Fig. 5B). Responses were faster in the view-
er-centered rich quadrant than in the sparse quadrants,
F(1,11) = 10.70, p < .007, g2

p = .49. The bias was sustained
throughout the testing phase, resulting in a lack of an
Fig. 4. Results from the training phase of Experiment 2. Error bars show
±1 S.E. of the mean.
interaction between testing block and quadrant,
F(7,77) = 1.27, p > .25. In contrast, no benefit was found
in the environment-centered rich quadrant, F < 1 com-
pared with the sparse quadrants, and this was the case
throughout the testing phase, F < 1 for the interaction be-
tween block and quadrant.
3.2.3. Recognition
When asked to click on the region where the target was

most often found, 5 of the 12 participants selected the
environment-centered rich quadrant, 2 selected the view-
er-centered rich quadrant, and the other 5 selected a
sparse quadrant.
3.3. Discussion

Experiment 2 replicated and extended the findings of
Experiment 1. Even the presence of a salient landmark –
a ‘‘red wall’’ marking the visual search region – was insuf-
ficient to produce an attentional bias toward the environ-
ment-centered rich quadrant. Although our experimental
design was capable of measuring simultaneous biases to
both the environment-centered and viewer-centered refer-
ence frames, only the viewer-centered reference frame ap-
peared to be used. Future research is needed to examine
whether an environment-centered attentional bias
emerges with stronger manipulations of the environment
context. However, preliminary data from our lab suggests
that, even when the search display is overlaid on a scene
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that remains stable throughout the experiment, inciden-
tally learned attentional biases are coded relative to the
viewer.
Fig. 6. Results from the training phase of Experiment 3. Error bars show
±1 S.E. of the mean.

Fig. 7. Results from the testing phase of Experiment 3. (A) Average across
the entire testing phase. (B) Data across eight testing blocks for each
condition. Error bars showed ±1 S.E. of the mean.
4. Experiment 3. Brief presentation

In the previous two experiments, participants were free
to move their eyes during visual search. Could probability
cuing have originated from the overt, rather than covert
orienting of attention? Perhaps people learned to move
their eyes in certain directions (e.g., to the upper left).
Although probability cuing occurs even when eye fixation
is enforced with an eye tracker (e.g., Geng & Behrmann,
2005), the persistence and the egocentric nature of proba-
bility cuing could originate from oculomotor learning. To
address this possibility, we repeated Experiment 1 with
an important modification: the search display was pre-
sented briefly for 180 ms, which was not enough time to
plan and execute a saccadic eye movement. We examined
whether limiting saccadic eye movements weakened the
use of a viewer-centered reference frame and enhanced
the use of an environment-centered reference frame.

4.1. Methods

4.1.1. Participants
Twenty-one college students (12 males and 9 females)

completed Experiment 3. Their mean age was 20.5 years
old. They all had normal or corrected-to-normal visual acu-
ity and normal color vision.

4.1.2. Procedure and design
This experiment was modified from Experiment 1 with

the following changes. First, the search display was re-
moved from the screen after 180 ms rather than after a re-
sponse. At this duration it was not possible to discriminate
the slightly red/green colors used in Experiment 1. A sec-
ond change therefore was the random assignment of
canonical colors (red, green, blue, or yellow) to each search
item. Participants were asked to find the T target and press
‘r’, ‘g’, ‘b’, or ‘y’ to report the target’s color. Only accuracy
was emphasized in this experiment. This task was difficult.
Six of the 21 participants made errors on more than 50% of
the trials in the training phase, resulting in too few oppor-
tunities to sample the target’s location probability. Because
persistence of cuing depended on acquiring an attentional
bias, we did not include these 6 participants’ data. The final
sample included 15 participants. As was the case in Exper-
iment 1, participants clicked on a fixation square to initiate
a trial. This procedure ensured that eye positions were at
fixation when the trial started.

4.2. Results

4.2.1. Training phase
Visual search was more accurate when the target was in

the rich quadrant rather than the sparse quadrants (Fig. 6),
showing probability cuing, F(1,14) = 47.95, p < .001,
g2

p = .77. Accuracy also improved as training progressed,
F(31,434) = 3.31, p < .001, g2

p = .19. The two factors did
not interact, F < 1. A linear trend analysis on the interaction
between target quadrant and block also did not reveal a
significant effect, F < 1.
4.2.2. Testing phase
Probability cuing persisted in the testing phase. During

the testing phase (Fig. 7A), accuracy significantly differed
across target quadrant conditions, F(2,28) = 4.75, p < .02,
g2

p = .25. Planned t-tests showed that accuracy was signifi-
cantly higher in the viewer-centered rich quadrant than
both the sparse quadrants, t(14) = 2.74, p < .016, effect size
r = .59, and the environment-centered rich quadrant,



Table 1
Search RT in the testing phase of Experiments 1 and 2, separately for participants who made different recognition responses. Standard error in parentheses.

Recognition response N Target quadrant

Sparse Viewer-centered rich Environment-centered rich

Sparse 15 1949 (99) 1733 (117) 1922 (124)
Viewer-centered rich 9 1944 (106) 1662 (47) 1850 (103)
Environment-centered rich 12 2005 (94) 1545 (85) 1981 (95)
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t(14) = 3.01, p < .009, effect size = .63. No advantage was
found in the environment-centered rich quadrant com-
pared with the sparse quadrants, t(14) = 0.63, p > .50.

Block-by-block data (Fig. 7B) confirmed the long-term
persistence of probability cuing in the viewer-centered
rich quadrant. Accuracy was higher in the viewer-centered
rich quadrant than in the other two quadrants,
F(2,28) = 4.75, p < .017, g2

p = .25, and this factor did not sig-
nificantly interact with testing block, F < 1.

Because responses in this experiment were unspeeded
and accuracy was relatively low, RT was not a valid or sen-
sitive measure of search performance. Nonetheless, we
examined RT for correct trials to verify consistency across
experiments. In the training phase, RT was significantly
faster in the rich quadrant than the sparse quadrants (a
gain of 90 ms, SE = 18 ms), t(14) = 4.93, p < .001. In the test-
ing phase, RT was comparable among the three conditions,
F(2,28) = 1.31, p > .25. An advantage of 33 ms in the view-
er-rich quadrant compared with the sparse quadrants ap-
proached significance, t(14) = 1.71, p = .055 (one-tailed).
These data rule out a speed-accuracy tradeoff in Experi-
ment 3.
4.2.3. Recognition
In Experiment 3, recognition split evenly into the three

types of quadrants: 5 participants chose the environment-
centered rich quadrant, 5 the viewer-centered rich quad-
rant, and 5 a sparse quadrant.

Across all 51 participants tested in this study, 17 se-
lected the environment-centered rich quadrant, 14 the
viewer-centered rich quadrant, and 20 a sparse quadrant.
The number of participants choosing the viewer-centered
rich quadrant (14) was not statistically higher than what
would be expected by chance (12.75; z = 0.40 on a bino-
mial test). In addition, even though probability cuing was
biased toward the viewer-centered rich quadrant, partici-
pants were no more likely to choose that quadrant as the
rich quadrant than to choose the environment-centered
rich quadrant.

To further examine whether awareness might have con-
tributed to the egocentric bias of probability cuing, we
combined data from Experiments 1 and 2 (N = 36) and di-
vided participants into three groups according to their rec-
ognition response (sparse, viewer-centered rich, or
environment-centered rich). Data from the testing phase
were examined in an ANOVA that used target quadrant
(sparse, viewer-centered rich quadrant, or environment-
centered rich quadrant) and recognition group as factors.
This analysis did not produce a significant recognition
group by target quadrant interaction, F(4,66) = 1.63,
p > .18. Table 1 shows mean RT in the three testing condi-
tions, separately for the three recognition groups. The ego-
centric attentional bias was observed in all recognition
groups.

The recognition test was administered after the testing
session in order to avoid compromising the interpretation
of those data. However, because the target was evenly dis-
tributed during testing, it is possible that the test underes-
timated awareness of the uneven distribution during
training. However, it is important to note that greater
awareness following training cannot account for the ego-
centric attentional bias observed during testing. Suppose
that participants had become aware of the target’s rich
quadrant during training. For explicit recognition to fall
to chance after testing would mean that participants either
forgot about where the target was likely to occur or
decided that the probability had changed. Both possibili-
ties predict that an explicit attentional bias acquired dur-
ing training will dissipate during testing. The bias should
have been strong at the beginning of testing, but weak or
absent toward the end. Our data provided no evidence to
support this prediction.
4.3. Discussion

Experiment 3 used an accuracy procedure to measure
probability cuing. The contribution of oculomotor learning
was minimized by the brief display, which provided insuf-
ficient time for a saccadic eye movement to the target’s
location. Despite the limited contributions of oculomotor
movements, probability cuing was observed during train-
ing and persisted through the testing phase. Importantly,
as in Experiments 1 and 2, a viewer-centered reference
frame was used to code the resulting attentional bias. To-
gether, the three experiments provide strong evidence that
probability cuing relies on a viewer-centered reference
frame and no evidence for the use of an environment-cen-
tered reference frame.

Although largely consistent, there were differences in
the effect of target quadrant conditions across the three
experiments. In Experiments 1 and 2, a viewer-centered
spatial bias was observed in the first testing block. In
Experiment 3, no spatial bias was evident in the first test-
ing block though the viewer-centered bias reappeared
shortly after that. Because there were no significant inter-
actions between quadrant condition and block in any of
the experiments, it is unclear whether the data from the
start of the testing phase were true experimental effects
or statistical noise. They could be caused by the brief dis-
ruption in the task that occurred between the two phases,
during which the participant talked to an experimenter
and physically moved to a new seating position.



Y.V. Jiang, K.M. Swallow / Cognition 126 (2013) 378–390 387
5. General discussion

This study presents strong evidence for the use of a
viewer-centered reference frame in a task measuring one
type of spatial attention – incidentally learned attention.
Three experiments demonstrated that after acquiring a
spatial bias toward a rich quadrant, participants continued
to prioritize one visual quadrant after they moved to a new
seat at the table, resulting in a 90� change in viewpoint.
Despite reflecting regularities in the external environment,
location probability learning results in a bias that moves
with the viewer. Rather than being directed toward the
portion of the screen that was likely to contain the target
during training, the bias was directed to the same portion
of the viewer’s visual field. It moved to a region where tar-
gets were rarely found during training. In addition to a
strong bias toward the viewer-centered rich quadrant,
there was no apparent bias toward the environment-cen-
tered rich quadrant. These data suggest that probability cu-
ing relies on a viewer-centered reference frame. In
addition, the spatial bias fails to remap with viewer
movements.
5.1. Relationship with previous studies on learning

Two previous studies demonstrated evidence of viewer-
centered representation in a phenomenon known as
contextual cuing (Chun, 2000). In contextual cuing, partic-
ipants become faster at finding search targets on displays
that occasionally repeat, even though they are unaware
of the repetitions (Chun & Jiang, 1998). Chua and Chun
(2003) asked participants to search in a virtual 3-D display.
Some search displays were repeated during training
whereas others were novel. Subsequently, the experiment-
ers rotated the search display by various angles. Chua and
Chun (2003) found that contextual cuing did not transfer
to repeated displays that were rotated by 30� or more.
These data are consistent with the observation from the
present study that probability cuing uses an egocentric ref-
erence frame. However, Chua and Chun rotated the search
display rather than the viewer, making it more difficult for
the viewer to update the spatial representation and
increasing the likelihood that they used a viewpoint-
specific representation (Rieser, 1989; Simons & Wang,
1998; Wang & Simons, 1999).

Brockmole and Henderson (2006) investigated the spa-
tial reference frame used in scene-based contextual cuing.
During training participants searched for a small target
embedded in a natural scene. After a scene repeated sev-
eral times, participants acquired explicit knowledge of
the target’s location within it. Brockmole and Henderson
(2006) then mirror reversed the entire search array, such
that the target was in the same location relative to the
scene, but in a different location relative to the viewer.
Consistent with the use of a viewer-centered reference
frame, participants tended to first saccade to the old target
location relative to the viewer early in testing. Upon failing
to find the target there, participants then made the correct
eye movement toward the old target’s location relative to
the scene. However, it is important to note that the egocen-
tric reference frame was aligned with the environment-
based reference frame (e.g., the computer monitor), mak-
ing it unclear which reference frame the initial saccade
was coded in. In addition, the egocentric bias was tran-
sient. Participants soon learned to prefer the mirror-re-
versed target location (Brockmole & Henderson, 2006).

Using a large-scale foraging task in which observers
searched for a hidden target in a room, Smith, Hood, and
Gilchrist (2010) reported evidence that people may code
some environmental statistics in an environmentally cen-
tered reference frame. In that study the hidden target
was more likely to be in one side of the room (80%) than
the other (20%). Participants found a target faster in the
rich side of the room when (i) their starting position was
fixed and the search configuration was fixed, or (ii) the
starting position was variable but the rich side had a fixed
color. The latter data suggest that under some conditions,
environment-centered rich locations could be learned.
However, due to the extended nature of a search trial
and the highly uneven probability manipulation, learning
in Smith et al.’s study was largely explicit. More than 50%
of participants spontaneously reported that they relied
on the uneven distribution to find the target. Many of the
remaining participants were able to identify the rich side
of the room when prompted to. In contrast to the current
study, Smith et al.’s study demonstrated some use of an
environment-centered reference frame when participants
were aware of the target’s distribution. The role of explicit
awareness in regulating the spatial reference frame of
attention requires further investigation.

5.2. Relationship with previous studies on attention

Because the attentional biases that result from endoge-
nous and exogenous cues are relatively short-lived it was
not possible to separate viewer-centered from environ-
ment-centered reference frames in earlier studies of atten-
tion (Abrams & Pratt, 2000; Golomb et al., 2008, 2010a,
2010b; Maylor & Hockey, 1985; Pertzov et al., 2010,
2011; Posner & Cohen, 1984). In addition, the studies that
examined the reference frame of contextual cuing involved
transformations of the display (Brockmole & Henderson,
2006; Chua & Chun, 2003), rather than a change in the par-
ticipants’ location. Thus, the finding that an attentional
bias moved with the participant is unique and provides
the strongest evidence, to date, for the use of a viewer-cen-
tered reference frame in attention.

The data from the current study can be distinguished
from other findings regarding exogenous and endogenous
attention in several other ways. First, the attentional bias
observed here occurred over nearly 200 trials of extinction
training, with no evidence of abating. This is in contrast to
the brief facilitation associated with exogenous attention
(e.g., 150 ms), its subsequent inhibition of return (e.g.,
500–1000 ms), endogenous attention (several hundred
milliseconds), and priming of popout (several seconds).
Second, the size of the attentional cuing effect of probabil-
ity learning was very large. Probability cuing enhanced
performance by 300–500 ms, or an approximate 20% de-
crease in RT. In contrast, cuing effects in previous studies
generally ranged from 5 ms (Abrams & Pratt, 2000) to
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20 ms (e.g., Golomb et al., 2008), corresponding to a change
of 5% or less. These differences suggest that it is important
to recognize incidentally learned attention as a unique
drive of spatial attention, separate from the more estab-
lished forms of exogenous and endogenous attention.

5.3. Validity of an egocentric attentional system

One presumed function of incidental learning is to ac-
quire environmental statistical regularities. Yet our study
showed that participants learned the visual statistics of
the environment in a manner that invalidates the bias
when the person moves. These findings are counter-intui-
tive and raise doubts about the utility of probability cuing
in everyday tasks. Although many real-world navigation
tasks involve the same viewer perspective (e.g., arriving
at a supermarket from the same route), variability in view-
point is also common. The inconsistency between the com-
putational problem (achieving a world-centered
representation) and the apparent solution (egocentric
attentional bias) raise two important questions: why is
probability cuing egocentric, and what functional role does
it serve?

Insights about these questions can be gained from
empirical data on probability cuing and theories of human
vision. Although probability cuing is robust across changes
in viewpoint, preliminary data show that it exhibits strik-
ing task specificity. Probability cuing does not transfer
when people were trained in visual search (find ‘T’ among
‘L’s) and tested in treasure hunt (click on a box to discover
hidden treasure), or vice versa. It does not transfer be-
tween conjunction search and feature search. These dem-
onstrations of task specificity suggest that probability
cuing does not change the priority given to particular spa-
tial locations. Instead, it changes how visual attention
moves through space in the process of conducting a partic-
ular task.

Task specificity and long-term persistence qualify prob-
ability cuing as habit learning (Graybiel, 2008). They
strongly suggest that implicit learning affects how spatial
attention moves through space. Its impact can be con-
trasted with endogenous, goal-driven attention, which dic-
tates where in space attention should be deployed. The
distinction of how versus where of attention is reminiscent
of Goodale and Milner (1995)’s two-stream view of vision.
According to Goodale and Milner, vision evolved not only
for perceiving the environment, but also for guiding visuo-
motor actions. The what system computes shapes in an ob-
ject-centered manner and supporting conscious awareness
of the perceptual environment (Bridgeman, Kirch, & Sper-
ling, 1981). The how system computes shapes for the pur-
pose of planning and executing visuomotor actions, is not
available to consciousness, and is intrinsically egocentric
(Goodale & Haffenden, 1998). Probability cuing does not
involve explicit visuomotor actions toward the target (see
Experiment 3). Nonetheless, it exhibits task specificity
and is inaccessible to conscious awareness. These features
may account for the egocentric nature of the attentional
bias.

What functional role could an egocentric attentional
bias serve? Such a bias is clearly useful in environments
with a stable viewer perspective. Egocentric reference
frames become less useful when viewpoints are highly var-
iable. However, observers may prefer to approach a new
environment from specific viewpoints, allowing an ego-
centric attentional bias to guide performance. In fact, when
observers were required to approach a new environment
from randomly changing locations, they had great diffi-
culty learning the environment-centered rich locations
(Smith et al., 2010). A truly world-centered attentional bias
may only develop with explicit awareness, when partici-
pants can rely on endogenous attention to prioritize pro-
cessing. Until then, an implicit, egocentric attentional
bias may dominate in the early phases of learning before
awareness takes control of attentional allocation.

5.4. Future questions

As previously mentioned, conscious awareness may
play an important role in determining the spatial reference
frame of attention. We believe that the viewer-centered
bias could be overridden when participants acquire expli-
cit knowledge of the target’s spatial distribution. For exam-
ple, in spatial navigation, spatial updating of the locations
of explicitly encoded objects happens effortlessly as
observers move through space (Farrell & Robertson,
1998). Had we informed participants of the rich quadrant,
it would have been trivial for them to report the location of
the rich quadrant from the new perspective. How the spa-
tial reference frame of probability cuing interacts with con-
scious awareness is a fascinating topic to explore in the
future.

It is important to note that, because eye-, head-, and
body-centered reference frames were aligned in our study,
it was unclear which one was the main basis for egocentric
representation used in probability cuing. In preliminary
studies we found robust probability cuing when the initial
fixation position was completely random, placing the rich
quadrant at diverse retinal locations. This suggests that
probability cuing may not be retinotopic, a possibility that
should be tested further.
6. Conclusion

A long-lasting attentional bias results from incidental
learning of a target’s location probability. The cuing effect
persists after a change in viewpoint, but is directed to loca-
tions that maintain the same spatial relationship with the
viewer. We suggest that incidentally learned attention is
coded egocentrically, and that this spatial bias fails to re-
map with locomotion. Our study strengthens the idea that
incidentally learned attention is a separate form of atten-
tion than endogenous attention.
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