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Abstract

When responding to the identity of a visual target, nearby stimuli (flankers) that are associated with the same response as the
target cause faster and more accurate responding than flankers that are associated with different responses. Because this flanker-
congruence effect (FCE) decreases with increasing target-flanker separation, it was thought to reflect limited precision of spatial
selection mechanisms. Later studies, however, showed that FCEs are larger when the target and flankers are the same color
compared to when they are different colors. This led to the group selection hypothesis, which states that flankers are perceptually
grouped with the target and are obligatorily selected along with it, regardless of spatial separation. An alternative hypothesis, the
image segmentation hypothesis, states that feature differences facilitate the segmentation of visual information into relevant and
irrelevant parts, thereby mitigating the limitations of spatial precision of selection mechanisms. We test between these hypotheses
using a design in which targets and flankers are grouped or not grouped, while holding feature differences in the stimulus
constant. Contrary to earlier results, we found that same-colored flankers do not yield larger FCEs than different-colored flankers
when feature differences are held constant. We conclude that similarity effects on the FCE reflect differential support for image
segmentation, on which selection depends, rather than the obligatory selection of perceptually grouped flankers and targets.
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Introduction

Nearly a half century ago, C. W. Eriksen, together with many
students and colleagues, published a series of papers investi-
gating properties of spatial selective attention using what is
now referred to as the flankers task (e.g., B. A. Eriksen &
Eriksen, 1974; Eriksen & Hoffiman, 1972, 1973; Eriksen &
St. James, 1986; Eriksen & Schultz, 1979; Eriksen & Yeh,
1985). The base observation — the flanker congruence effect
(FCE) — is that responses to the identity of target stimuli that
are presented at a known location (often fixation) are influ-
enced by the identity of nearby flanking stimuli. Specifically,
responses tend to be faster and/or more accurate when flankers
are associated with the same response as the target (congruent)
compared to when they are associated with different responses
(incongruent). This is true even when the target and flankers
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are different stimuli that are associated with the same re-
sponse, suggesting that the interference impacts response-
related stages of processing in particular. Notably, when the
target and flankers are sufficiently separated in space, the FCE
is nearly eliminated (Eriksen & Hoffman, 1972; Eriksen &
Eriksen, 1974)

Eriksen and colleagues suggested that the FCE, and its
dependence on spatial separation, indicates that “...visual at-
tention is not capable of infinitely fine selectivity. Rather,
there is a minimal channel size...” such that if “...there are
other letters or stimuli present, they will be processed simul-
taneously along with the target” with the consequence that «....
2, 3, or perhaps 4 or more letters ... begin the process of
evoking responses” (Eriksen & Eriksen, 1974, p. 144). In light
of this interpretation and related findings (e.g., Posner, 1980;
Posner, Snyder, & Davidson, 1980), selective attention was
discussed using the now familiar metaphor of a spotlight,
whereby selection processes are focused on a small region of
space in anticipation of prioritizing the processing of stimuli
that appear in that location. Within this metaphor, the limita-
tion suggested by Eriksen and Eriksen’s account is that there
is a limit to how small the spotlight can be narrowed. The
modified metaphor of a zoom lens was suggested later,
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capturing the idea that observers can adopt a small focus that
is highly selective or a wider focus that captures a broader
range, but is less selective (Eriksen & St. James, 1986;
Eriksen & Yeh, 1985; LaBerge, 1983; LaBerge & Brown,
1986). For current purposes, the defining characteristic of
these explanations is that selectivity is defined on the basis
of regions of space, and that the FCE reflects a limit in how
narrow the selected region can be, or as others later character-
ized it, attentional resolution (He, Cavanagh, & Intriligator,
1996; Intriligator & Cavanagh, 2001).

Since the publication of the original wave of papers, there
has been an enormous amount of work on the FCE, ranging
from exploring it as evidence of deep processing of task-
irrelevant stimuli (a.k.a. late selection; e.g., Flowers &
Wilcox, 1982; Hagenaar & van der Heijden, 1986; Lavie &
Tsal, 1994; Miller, 1987; but see Lachter, Forster, & Ruthruff,
2004), identification of the neural substrate of the effect (e.g.,
Botvinick, Nystrom, Fissell, Carter, & Cohen, 1999; Fan,
Flombaum, McCandliss, Thomas, & Posner, 2003; Geil3ler,
Hofmann, & Frings, 2020; Hazeltine, Poldrack, & Gabrieli,
2000), to the use of the FCE as a metric of individual differ-
ences in selective attention and inhibitory control (e.g., Fan,
McCandliss, Sommer, Raz, & Posner, 2002; Liu-Ambrose,
Nagamatsu, Voss, Kahn, & Handy, 2012; Jones et al., 2016;
McDermott, Pérez-Edgar, & Fox, 2007).

In the current study, we are concerned with the early ob-
servation that FCEs are larger when the target and flankers are
the same color compared to when they are different colors
(e.g., Harms & Bundesen, 1983; Schneider, 2018; see also
Kahneman & Henik, 1981; see Fig. 1a). This is often attribut-
ed to perceptual organization of the stimuli, such as through
grouping-by-similarity processes, and is cited as evidence that
“[a]ttention can only be directed to preattentively defined per-
ceptual objects, [which] facilitates all the responses associated
with properties or elements of the selected object,” as origi-
nally articulated by Kahneman and Henik (1981, p. 181).

Under this view, when flankers are grouped with the target,
they are obligatorily selected along with it, allowing their
identity to influence response processes. In contrast, if
flankers are not grouped with the target, then they will not
be selected with it, allowing the target to determine the re-
sponse uncontaminated by flanker identities. We refer to this
as the group selection hypothesis.

An alternative explanation for why FCEs are larger when
target and flankers are the same color compared to when they
are different colors concerns the relative quality of the image
within which selection occurs under those different condi-
tions. Specifically, when target and flankers are different
colors, there are feature discontinuities that support segmen-
tation of the image into relevant and irrelevant parts that are
not there when target and flankers are the same color. Under
this view, target-flanker similarity effects reflect what is es-
sentially better visual input when target and flankers are dif-
ferent compared to when they are the same. Rather than being
about differences in how perceptual elements (i.e., the indi-
vidual letters in flankers displays) are organized into groups
under same-color versus different-color conditions, it is about
differences in how well separate representations of the units
themselves are established. Selection processes have limited
spatial precision, both in the spatial extent of the selection
channel (e.g., Eriksen & Eriksen, 1974; Eriksen & Hoffman,
1972; Intriligator & Cavanagh, 2001; Palmer & Moore, 2009;
Yigit -Elliot, Palmer, & Moore, 2011) and in the degree of
control over spatial targeting of selection mechanisms (e.g.,
Bahcall & Kowler, 1999; Palmer & Moore, 2009; Yigit-Elliot
et al., 2011), and the traditional understanding of the FCE is
that it reflects these limitations; stimuli that are too close can-
not be separately selected. In addition to the spatial limitations
of selection mechanisms themselves, however, the initial rep-
resentation of stimuli is limited in its spatial precision (e.g.,
Levi & Tripathy, 1996). The success of any spatial selection
mechanism, therefore, will be determined both by its own
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Fig. 1 (a) Illustration of flanker displays in which the target (T) and
flankers (F) are either similar (top) or different (bottom) (b) Illustration
of conditions used in Driver and Baylis (1989). They are examples of
incongruent displays in which the target (X) indicates one response, two
of the flankers (C) are associated with the alternative response and two
(H) are neutral, associated with no response. In one condition, the incon-
gruent flankers are designed to group by common fate with the target
(top), whereas in the other condition, the neutral flankers are designed

to group by common fate with the target (bottom). (¢) Illustration of the
grouping-by-similarity version of the linear-display design used in Baylis
and Driver (1992, Experiment 2) and Experiments 1, 2, and 4c of the
current study. (d) Illustration of the X-display design used by Baylis and
Driver (1992, Experiment 1) and Experiments 3b and 4b of the current
study. (e) lllustration of the control conditions used in Experiments 3a and
4a of the current study
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spatial limitations and the quality of the input, in terms of its
spatial precision, to that mechanism. We refer to this alterna-
tive explanation of similarity effects on FCEs as the image
segmentation hypothesis.

Eriksen and Eriksen’s (1974) original account of the spatial
proximity effect on the FCE is consistent with the image seg-
mentation hypothesis. They pointed out that the longer it takes
to discriminate the target from the flankers, the longer it will
take to reach the selective stage of processing, and therefore
the greater the opportunity there will be for flankers to influ-
ence responses. Explaining the spatial proximity effect on the
FCE, they noted that “...selection is more rapid if the spatial
discrimination is easy.” Here, we add the more general asser-
tion that selection will be more rapid (and effective) if discrim-
ination, for any reason, is easier. Color differences between
target and flankers, like spatial separation between target and
flankers, facilitate the segmentation of the image into relevant
and irrelevant parts, and can thereby reduce the FCE by facil-
itating target-flanker discrimination.

These two alternative hypotheses — group selection and
image segmentation — offer different explanations for similar-
ity effects on FCEs because they begin with different under-
lying explanations for why FCEs occur under standard condi-
tions (i.e., closely spaced, identically colored stimuli).
Distinguishing between them, therefore, involves not only
an understanding of similarity effects on FCEs, but also of
the underlying cause of FCEs in the first place. To be clear,
the group selection hypothesis is based on the assertion that
flankers are obligatorily selected along with the target because
they are represented as part of the same perceptual group as
the target, and selection mechanisms act on group representa-
tions. Under standard conditions, flankers may be grouped
with targets on the basis of proximity and color similarity,
and perhaps other attributes as well (e.g., common onset
and/or alignment). In contrast, the image segmentation hy-
pothesis is based on the assertion that information from the
flankers is selected along with the target when stimulus con-
ditions are beyond the spatial precision of selection mecha-
nisms. Under standard conditions, spatial proximity and uni-
formity of stimulus attributes give rise to a relatively indistinct
representation of the target separate from the flankers com-
pared to when there are additional image-level differences
between target and flankers, and therefore constitute a greater
challenge to the limited precision of spatial selection mecha-
nisms than when there are differences.

The basic observation that dissimilar flankers and targets
yield smaller FCEs than similar flankers and targets is insuf-
ficient to distinguish between the group selection hypothesis
and the image segmentation hypothesis because it is predicted
by both. In 1989, however, Driver and Baylis published a
critical test that could distinguish between them. The innova-
tion was to measure the effects of two different, simultaneous-
ly present, sets of flankers on target processing separately, one
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that was designed to perceptually group with the target and
another that was designed to perceptually group away from
the target. The grouped flankers were spatially farther from the
target than the ungrouped flankers were, and, therefore, the
design directly contrasted the possible consequences of group-
ing by similarity with the possible consequences of limited
spatial precision. They used the motion cue of common fate
to group the two outer flankers with the target, separate from
the two inner flankers (Fig. 1b). On some of the trials, the
identities of the outer flankers were congruent or incongruent
with the target, while the inner flankers were neutral (associ-
ated with no response). On other trials, the reverse was true.
This design provided separate measures of FCEs for un-
grouped (inner) and grouped (outer) flankers. The results were
consistent with the group selection hypothesis and inconsis-
tent with the image segmentation hypothesis. Specifically, the
grouped flankers, which were farther from the target, yielded
larger FCEs than the ungrouped flankers, which were closer to
the target. These results are inconsistent with the image seg-
mentation explanation of similarity effects on FCEs because
all of the displays were identical as far as feature discontinu-
ities were concerned. They differed only in regard to the iden-
tities of individual stimuli (i.e., which were neutral and which
were associated with a response).

In a later study, Baylis and Driver (1992) replicated their
original findings using grouping by color similarity instead of
grouping by common fate (Fig. 1¢). They also introduced an
elegant variation of the design that equated both the spatial
separation from the target for the two sets of flankers and the
eccentricity of the two sets of flankers (Fig. 1d). In this new X-
display design, central targets were flanked by two diagonals
of flankers — one with flankers that were the same color as the
target and one with flankers that were a different color from
the target. On some trials, the same-color flankers were con-
gruent or incongruent while the different-color flankers were
neutral. On other trials, the reverse was true. As with the
linear-display design, they found that same-color flankers
yielded larger FCEs than different-color flankers, a result that
is consistent with the group selection hypothesis and inconsis-
tent with the image segmentation hypothesis.

The finding that similar flankers yielded larger FCEs than
dissimilar flankers, even when image-level differences are
controlled, is critical evidence. Specifically, it is consistent
with the group-selection hypothesis and inconsistent with
the image segmentation hypothesis. A complication, however,
is that soon after the first study (Driver & Baylis, 1989) was
published, two failures to replicate it appeared in the literature
(Berry & Klein, 1994; Kramer, Tham, & Yeh, 1991). And
unlike the original studies, which according to Google
Scholar at the time of this writing have been cited 911 times
with an additional 482 citations of two theoretical reviews that
were based on that work, the failures to replicate the findings
have been cited only 64 times. The relative neglect of these
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other studies may be attributed to the fact that they were fo-
cused on the original common-fate version (Driver & Baylis,
1989), which was followed up on with the color-similarity
version, and, moreover, was extended to include the X-
display design (Baylis & Driver, 1992). Addressing the
Kramer et al. (1991) failure to replicate, for example, Baylis
and Driver (1998) suggested that with small changes to the
display, grouping by proximity may come to dominate group-
ing by common fate, causing grouping by proximity to deter-
mine the FCE.

In the current study, we report seven experiments investi-
gating the effect of target-flanker color-similarity on the FCE.
Target-flanker similarity affected the FCE only when there
were feature discontinuities in the different-color conditions
and not the same-color conditions. When image-level differ-
ences were controlled, same-color flankers had no greater im-
pact on target processing than did different-color flankers.
These results are not what is predicted by the group selection
hypothesis, but are what is predicted by the image segmenta-
tion hypothesis. These findings are discussed in the context of
a broader set of related studies investigating the relationship
between object structure and attention in the General
discussion.

General method

Subjects All subjects were University of lowa undergraduate
students who received course credit toward a research-
experience requirement in an introductory psychology course.
All reported normal or corrected-to-normal visual acuity and
color vision. No individual participated in more than one of
the experiments.

Apparatus Experiments were run on a Mac Mini computer
(Mac OS X, Versions 10.9.5) driving a 23-in. EIZO
FS2434-LCD monitor with spatial resolution of 1,920 x
1,080 and a frame rate of 16.67 ms. Viewing distance was
fixed at 57 cm using a chin rest. Responses were entered on
a standard QWERTY keyboard. Experiments were pro-
grammed in MATLAB (version R2013b, 8.2, The
Mathworks Inc., Natick, MA, USA) with the Psychtoolbox
extension (version 3.0.11; Brainard, 1997; Pelli, 1997).
Experiments were conducted in individual testing rooms with
standard room lights on.

Stimuli Stimuli were green and purple letters presented at the
center of a dark background (1.5° cd/m?). The colors were set
so that they were approximately photometrically equiluminant
with each other at approximately ~23 cd/m?. The color
choices were made to match the original Baylis and Driver
(1992) studies as closely as possible. A white (~82 cd/m?)
fixation cross was presented at the center of the screen.

Stimulus sizes differed across experiments. Targets werex
and Y, assigned to one response (left or right), and C and S
assigned to the other response. Neutral Flankers differed
across experiments. Target color was fixed for a given subject,
but counter-balanced across subjects.

Task For all experiments, the task was to respond to the iden-
tity of the center letter by pressing the ‘F’ or ‘J” key with the
left or right index fingers as quickly and accurately as possi-
ble. Two letters were assigned to each of the two responses
(left or right). Half of the subjects responded with a left key
press if the center letter wasx or Y and with a right key press if
the central letter was C or S. For the other half of the subjects,
the stimulus-response mapping was reversed. Instructions em-
phasized that responses should be made as quickly as possible
without making too many errors.

Procedure Subjects were tested in single individual sessions,
which took approximately 1 h to complete. Following the
consent process, a set of written instructions was provided
on the monitor, which the experimenter read aloud as the
subject followed along. Subjects then completed a single
block of practice trials to learn the stimulus-response mapping
without an emphasis on speed. This was followed by a second
practice block in which subjects were asked to make their
responses as quickly as possible, and following each correct
response, the response time in milliseconds (ms) for that trial
was displayed visually.

Following the second practice block, the experimenter left
the room and subjects completed a set of blocks on their own.
Trial-by-trial feedback was limited to indicating when an error
was made. Mean response time and accuracy for the preceding
block was provided at the end of each block. Subjects could
rest as long as they liked between blocks before self-initiating
the next one. If fewer than two errors were made across two
consecutive blocks, an additional message was provided dur-
ing the between-block period to encourage faster responding:
“You are doing great but have made very few errors over the
past two blocks. Please try going a bit faster. It is okay to make
a few errors. Thank you!” If accuracy was less then 90%
across two consecutive blocks, an additional message was
provided during the between-block period to encourage more
accurate responding: “You are doing great, but you made a
fair number of errors over the last two blocks. Please try to
slow down a little bit to make fewer errors. Thank you!” At the
end of the experiment, a message indicated that the experi-
ment was complete and that the subject could go out to the
main lab. The experimenter then asked the subject if he/she
had any questions and provided a brief explanation of the
experiment.

Individual trial events varied slightly across experiments.
But trials always began with the presentation of a white cross
at the center of the screen that subjects were asked to fixate. A
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short while later, the stimulus display was presented and a
response was recorded. Following an intertrial interval during
which the screen was blank, the fixation cross for the next trial
was presented. Specific timing of these events differed across
experiments. Incorrect responses were followed by a beep
(200 ms, 450 Hz) and a visual feedback message for 1 s. If
the error was an incorrect response, the message was “error.”
If the error was a button other than the two response alterna-
tives, the message was “not a response key.” If the error was a
time-out (no response after 2.5 s), the message was “no
response.”

Design and analyses Specific designs differed across experi-
ments, but some details were common. Following Baylis and
Driver (1992), target color was fixed for a given subject but
counterbalanced across subjects. Stimulus response mapping
was also counter-balanced across subjects. The dependent
measures were mean response time and percent error.
Analyses of error rates were conducted on their arcsin trans-
formations. Alpha was set at .05 throughout. Effect sizes are
reported as adjusted partial eta-squared (adj ﬁ; ), which is an
estimate of partial eta-squared that adjusts for the positive bias
of partial eta-squared (Mordkoff, 2019). Initial choice of num-
ber of subjects was based on the Baylis and Driver studies.
They did not provide sufficient information to conduct actual
power analyses, but we conducted analyses based on our ini-
tial experiments as best as we could; however, we were limit-
ed to basing it mainly on the FCE itself as the interaction
effects critical to the Baylis and Driver findings were consis-
tently non-significant. We generally tested substantially more
subjects than those in the original studies, and we conducted
multiple experiments as well.

Experiment 1

Experiment 1 tested the effect of grouping by color similarity
on the FCE using the linear-display design (see Fig. 1¢) used
in Experiment 2 of Baylis and Driver (1992). In addition to
displays in which flankers alternated color and the relevant
flanker set was either the inner (ungrouped) or outer
(grouped) set, where “ungrouped” means the target and
flankers were different colors and “grouped” means the target
and flankers were the same color. On half of the trials the
letters were all the target color. These homogenous displays
were not included in the original experiment (Baylis & Driver
1992, Experiment 2).

Method

Subjects Twelve subjects (11 female, one male; mean age =
18.9 years) participated in Experiment 1.
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Stimuli Stimuli were five letters (Courier font) presented
equally spaced in a horizontally aligned array at the center
of the screen. The entire array subtended 3.2° x 0.5° (degrees
of visual angle). Letters were 0.4° x 0.5° and the center-to-
center separation between them was 0.6°. The target color was
purple for half of the subjects and green for the other half. For
half of the trials in a block, all of the letters were presented in
the target color. For the other half, the target and the two outer
flankers were presented in the target color and the two inner
flankers were presented in the other color. Neutral letters were
Hand T.

Design A 2 (Display: grouped, homogenous) x 5
(Congruence: inner congruent, inner incongruent, outer con-
gruent, outer incongruent, all neutral) within-subject design
was used. All conditions were mixed within blocks of trials.
For grouped displays, the outer flankers were the same color
as the target and the inner flankers were the other color. For
the homogenous displays, all stimuli were the target color.
The target was equally likely to be X, Y, C, or S (two of which
indicated a left response and two a right response; see General
method). When the inner or outer flankers were congruent,
they were the other letter that indicated the same response as
the target. When they were incongruent, they were equally
often one of the two letters that indicated the other response.
Neutral flankers were H for half the trials and T for the other
half. For neutral trials, all of the flankers were neutral (all Ts or
all Hs, equally often across trials). Subjects completed 11
blocks of 80 trials each. The first three blocks were considered
practice and were not included in the analyses. This resulted in
64 observations per condition for each subject.

Procedure Trial events are illustrated in Fig. 2. Each trial be-
gan with a 250-ms fixation display that included a cross at the
center of the screen, followed by a 250-ms blank screen, and
then the array of letters for 200 ms. Subjects responded with a
key press. If the response was correct, it was followed by an
800-ms intertrial interval (ITT) after which the fixation cross
for the next trial was presented. If it was incorrect, it was
followed by a beep and a written “error” message for
1,000 ms before the 800-ms ITI. If no response was detected
after 2,500 ms, the trial ended with a “no response” message
followed by the 800 ms ITI.

Results and discussion

Mean Response Time (RT) Error Rates (ER) are shown in Fig.
3. Subjects’ mean RTs were submitted to a 2 (Display:
grouped, homogenous) x 2 (Relevant Flanker: inner, outer)
x 2 (Congruence: congruent incongruent) repeated-measures
analysis of variance (ANOVA). Relevant Flanker refers to
whether the inner or outer flankers had identities that were
associated with a response, rather than being neutral. The only
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until response

Fig. 2 Illustration of trial events in Experiment 1. The other experiments were the same except that specific timing varied slightly

significant effect was the main effect of Congruence, mean
difference of 14 + 3.8 ms, F(1, 11) = 15.28, p < .01, adj ﬁﬁ
=.543. Neither the main effect of Display, F(1, 11)=3.68,p =
081, adj 7j, = .183, nor the main effect of Relevant Flanker,

F(1,11)=1.27, p =284, adj ﬁ; =.022, was reliable, and none
of the interactions reached significance.

This pattern of results is not what was predicted by the
group selection hypothesis. Outer flankers, which were the
same color as the target, did not yield larger FCEs than inner
flankers, which were a different color. If anything, inner
flankers yielded larger FCEs than outer flankers for both
grouped and homogenous displays, although this pattern
was not confirmed statistically as the Relevant Flanker x
Congruence interaction did not reach significance, F(1, 11)

=3.08, p = .108, adj ﬁf, = .147. There was also no evidence
of any differences in FCEs between the grouped and homog-
enous displays, as one would expect there to be if grouping
were a key determinant of the FCE; neither the Display x
Relevant Flanker x Congruence interaction, F(1, 11) = .049,
p =.830, adj ﬁ; = -.086 nor the Display x Relevant Flanker
interaction, F(1, 11) = 511, p = .108, adj 7j, = -.042" was
significant.

Finally, RTs on neutral trials did not differ across the
grouped and homogenous conditions, #11) = 1.45, ns, adj ﬁ;
=.084.

We conducted all of the same analyses on the arcsin trans-
formations of the error rates and found no significant effects
that were different from what was obtained for the RTs.

The results of this modified version of Baylis and Driver
(1992, Experiment 2) did not yield results consistent with the
group selection hypothesis as their study did. In contrast, the

! Adjusted partial eta squared will be negative whenever the value of F is less
than 1 and should not be rounded up to 0 (Okada, 2017).

results are what is predicted by the image segmentation hy-
pothesis. Because the target was no better defined in terms of
the stimulus when the outer flankers were relevant compared
to when the inner flankers were relevant — every display
consisted of letters in alternating colors — no difference in
FCE due to color match is expected under the image segmen-
tation hypothesis. The design of the current experiment, how-
ever, was different from that of Baylis and Driver (1992,
Experiment 2) in that it included homogeneous displays
mixed in with grouped displays, and they only included
grouped displays. It is possible that the inclusion of homoge-
nous displays somehow diluted the impact of color grouping.

Before turning to Experiment 2 in which we test the possi-
bility that it was the addition of homogeneous displays that
altered the results, we offer a comment on the magnitude of
the FCEs observed in this experiment, which may appear
small. They are, however, nearly identical to those reported
by Baylis and Driver (1992, Experiment 2), suggesting that
our conditions are generally well matched. Whereas they re-
ported an FCE of 23 ms for far (grouped) flankers and 11 ms
for near (ungrouped) flankers, we found nearly the same ef-
fects, but in the reverse direction: an FCE of 8 ms for far
(grouped) flankers and 22 ms FCE for near (ungrouped)
flankers. FCEs are probably small in general because in each
congruent and incongruent display, half of the flankers were
neutral.

Experiment 2

Experiment 2 tested the possibility that the inclusion of ho-
mogenous displays in Experiment 1 disrupted the influence of
grouping by color similarity on the FCE. If this is the case,
then it is something that needs to be incorporated into our
understanding of grouping effects on FCEs. We therefore de-
signed Experiment 2 such that the first half of the blocks
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Fig. 3 Results from Experiment 1. Error bars are within-subject standard errors (Cousineau, 2005; Morey, 2008)

included only grouped displays (pure blocks), and the second
half included both grouped and homogenous displays like
Experiment 1 (mixed blocks). This allowed us to test a more
direct replication of Baylis and Driver (1992, Experiment 2)
and, at the same time, test the effect of mixing in homogenous
displays with grouped displays.

Method

Subjects Twenty-four subjects (seven female, 17 male; mean
age = 18.9 years) completed Experiment 2. Two additional
subjects were tested, but their data were lost due to experi-
menter error.

Stimuli Stimuli were five letters (Lucida font) presented equal-
ly spaced in a horizontally aligned array at the center of the
screen. The sizes of the stimuli were slightly different for the
first 16 and the last 10 subjects tested. For the first 16 subjects,
the stimulus and array sizes were identical to Experiment 1.
For the last 10 subjects tested, the array subtended 6.2° x 1.0°
(degrees of visual angle). Letters were 0.7° x 1.0° and the
center-to-center separation between them was by 1.2°. Size
was included as a between-subject variable in preliminary
analyses to confirm that it had no impact on the pattern of
results, which it did not. Otherwise, the stimuli were the same
as in Experiment 1. For grouped displays, the outer flankers
were the same color as the target (purple or green) and the
inner flankers were the other color. For homogenous displays,
all of the flankers were the same color as the target. Neutral
letters were again H and T.
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Design A nested design was used. For the first six blocks of
trials, all trials were grouped displays (pure blocks). For the
last six blocks, a random half of the trials were grouped dis-
plays and the other half were homogenous displays (mixed
blocks). The first pure block and the first mixed block were
considered practice and were not included in the analyses. For
the pure blocks, Congruence (inner congruent, inner incon-
gruent, outer congruent, outer incongruent, all neutral) was
the only variable. For the mixed block, a 2 (Display: grouped,
homogenous) x 5 (Congruence: inner congruent, inner incon-
gruent, outer congruent, outer incongruent, all neutral) design
was used. Blocks were 80 trials each, which resulted in a total
of 80 observations per condition in the pure design and a total
of 40 observations per condition in the mixed design.

Procedure The session structure and trials events were identi-
cal to those in Experiment 1.

Results and discussion

Mean RTs and ERs are shown in Fig. 4. Figure 4a shows the
results from pure blocks that included only Grouped displays.
Figure 4b and ¢ shows the results from the grouped and ho-
mogenous displays, respectively, from the mixed blocks.

Comparing blocked versus mixed conditions for grouped
displays

We first consider just grouped displays. We conducted an
initial 2 (Size: small, large) x 2 (Mixing: pure, mixed) X 2
(Relevant Flanker: inner, outer) x 2 (Congruence: congruent
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incongruent) repeated-measures mixed ANOVA, with size as
a between-subject variable and the others within-subject var-
iables. Mixing refers to whether the trials, which were all
grouped displays, occurred within the context of pure blocks
or mixed blocks. Size was included to confirm that the small
size difference in stimuli across subjects had no impact on the
pattern of results. There was no main effect of Size, F' < 1, nor
were any of the interactions with Size significant. Size is not
considered further.

The results were again not what is predicted by the group
selection hypothesis. The only significant main effect was of
Congruence, mean difference of 12 £ 3.7 ms, F(1, 23) = 13.0,

p < .01, adj ﬁ; = .333. The main effect of Relevant Flanker
was not significant, F(1, 23) = .049, p = .826, adj ﬁ; =-.04,
nor was the main effect of Mixing, F(1, 22) =.005, p = .942,
adj ﬁlz, = .043. The interaction between Relevant Flanker and
Congruence was significant, F(1,23) =5.81, p <.05, adj ﬁ; =
.167. However, the direction of the difference was in the op-
posite direction of that predicted by the group selection hy-

pothesis. Specifically, collapsing across blocked and mixed
contexts, the FCE for inner (i.e., different color) flankers, 19

+5.2 ms, t(23) = 3.74, p < .01, adj /ﬁf) =.351, was larger than

the FCE for outer (i.e., same color) flankers, which was not
reliably different from 0, 6 = 3.6 ms, t(23) = 1.83, p = .08, ,

adj ﬁi = .089. This finding is consistent with a spatial limita-

tion on selection. Finally, the three-way interaction, Mixing x
Relevant Flanker x Congruence was not significant, F(1, 23)

=298, p =.097, adj ﬁ; = .076, meaning that there is no

evidence that mixing grouped trials in with homogenous trials
caused an effect of grouping to be diluted or eliminated. In
order to compare our results more directly to those of the
original study (Baylis & Driver, 1992, Experiment 2) howev-
er, we nonetheless conducted a post hoc analysis that was
limited to just the blocked grouped displays, because this is
the condition that most closely matches that experiment.
Again, only the main effect of congruence was significant,
with a mean difference of 14 £ 4.6 ms, F(1,23)=14.31,p =

< .01, adj ﬁﬁ = .357. Neither the main effect of Relevant
Flanker, F(1,23) = 0.53, p = 475, adj 7}, = -.020 nor, critical-
ly, the interaction between Relevant Flanker and Congruence,
F(1, 23) = 0.463, p = .503, adj ﬁ; = -.023, was significant.

We conducted all of the same analyses on the arcsin trans-
forms of the error rates. There were no significant patterns that
were different from what was found in the RTs, except that the
main effect of mixing was significant, mean difference 1.4 +
0.59 percentage points, F(1,23)=5.12, p <.05, adj ﬁf, =.147.
This could reflect a practice effect, rather than an effect of
mixing per se, because the blocked condition had to be run
before the mixed condition, and it did not interact with either
Relevant Flanker or Congruence.

Grouped versus homogenous displays under mixed
conditions

We next analyzed the data from the mixed blocks. Subjects’
mean RTs were submitted to an initial 2 (Size: small, large) x
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Fig. 4 Results from Experiment 2. Error bars are within-subject standard errors (Cousineau, 2005; Morey, 2008)
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2 (Display: grouped, homogenous) x 2 (Relevant Flanker:
inner, outer) x 2 (Congruence: congruent, incongruent) mixed
ANOVA, with Size as a between-subject variable and the
others as within-subject variables. The main effect of Size
was not significant, F' < 1, nor did Size interact significantly
with any of the other variables in any way that would impact
the hypotheses being tested. Size is not considered further.
The results from the main design showed the same pattern
as Experiment 1. The only significant effect was the main
effect of Congruence, mean difference of 12 + 3.7 ms, F(1,

23)=11.01, p < .01, adj ﬁ; =.294. Neither the main effect of
Display, F(1,23)=.623, p=.438, adj ﬁf, =-.016, nor the main
effect of Relevant Flanker, F(1, 23) = 1.52, p = .231, adj ﬁ; =
.021, was reliable. The Relevant Flanker x Congruence inter-

action, approached significance F(1, 23) = 4.24, p = .051, adj

ﬁi = .119. Collapsed across grouped and homogenous dis-

plays, the FCE was numerically larger for inner flankers,
mean difference 18 & 4.3 ms than for outer flankers, 6 + 4.9
ms. The Display Type x Relevant Flanker x Congruence in-
teraction was not significant, (1, 23) = 1.87, p = .185, adj ﬁ;
=.035, meaning that there was no evidence that the pattern of
influence for inner and outer flankers was different for the
grouped displays than for homogenous displays, as would
be expected under the group selection hypothesis.

We conducted the same analyses on the arcsin transforma-
tions of the ERs. The only effect that was different from the
pattern observed in the RTs was that the Display x Relevant
Flanker x Congruence effect was significant, (1, 23) =4.561,
p<.05,adj ﬁﬁ =.129. The form of the interaction, however, is
contrary to the predictions of the group selection hypothesis,
as can be seen in Fig. 4b.

Finally, we conducted a one-way repeated-measures
ANOVA on the neutral conditions (Neutral Context: Pure
Grouped, Mixed Grouped, Mixed Homogenous). There were
no significant differences between the three neutral conditions
across experimental context for either the RTs, F(2, 46) =
991, p = .379, adj ﬁf} =.000, or the ERs, F(2, 46) = .437, p
=648, adj 7, = -.024.

In summary, the results of Experiment 2 were not what was
predicted by the group selection hypothesis, but were what is
predicted by the image segmentation hypothesis. Same-color
flankers did not impact target processing any more than dif-
ferent color flankers did, regardless of whether they were
mixed within blocks with homogenous displays or not. In
contrast, spatial separation did impact the FCE. Inner flankers
yielded larger FCEs than outer flankers. This pattern of results
is what is expected under the image segmentation hypothesis.
Flankers that are closer to the target present a greater challenge
to the limitations of spatial selection mechanisms, and there-
fore yield larger FCEs. But because same-color and different-
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color displays were matched in terms of image-level charac-
teristics, color match had no additional impact on the FCE.

Experiment 3

The linear-display design is especially conservative with re-
gard to testing the group selection hypothesis because it puts
grouping by color similarity in competition with target-flanker
proximity. The X-display design (Fig. 1d) is a more balanced
test in that target-flanker proximity is held constant while still
providing a separate measure of the influence of grouping. In
Experiment 3, we sought evidence that grouped flankers in-
fluence targets more than ungrouped flankers using the X-
display design as reported by Baylis and Driver (1992,
Experiment 1). We first confirmed that we would obtain the
base effect of color similarity on the FCE (e.g., Harms &
Bundesen, 1983) using our stimuli in diagonally configured
displays (Experiment 3a). These displays are illustrated in Fig.
le. Notice that there are feature discontinuities in the different-
color display (lower) that define the target relative to the
distractor that are not present in the same-color display (up-
per). The image segmentation hypothesis, like the group se-
lection hypothesis, therefore predicts larger FCEs for same-
color than different-color flankers for these displays. We then
added flankers to the second diagonal to form the X displays
(Fig. 1d) in order to test the effect of grouping by similarity
separate from differential feature discontinuities (Experiment
3b).

Method

Subjects Twenty-six subjects participated in Experiment 3a
(11 female, 15 male; mean age = 18.8 years) and 26 different
subjects (four female, 22 male; mean age = 18.3 years) partic-
ipated in Experiment 3b.

Stimuli Stimuli were arrays of letters arranged in an X pattern
with a target letter (C S X or Y) in the middle position, flanked
by two letters each along the positive and negative diagonal.
Letters were 0.7° x 1.0° and the center-to-center separation
between them, both vertically and horizontally, was 1.2°. This
resulted in a center-to-center separation between target and
flankers along the diagonal of 1.7°. The target was centered
within the array, which was presented at the center of the
screen. Neutral letters were H, T, N, E, D, V, L, or P. In
Experiment 3a, the letters along one of the two diagonals were
drawn in the background color so that it was analogous to a
standard flanker task (one target with two flankers) arranged
along a diagonal across fixation.

Design A 2 (Relevant Diagonal: positive, negative) x 2
(Group: same color, different color) x 3 (Congruence:
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congruent, neutral, incongruent) within-subject design was
used in both experiments. Relevant Diagonal referred to
whether the flankers in the positive (right tilted) or negative
(left tilted) diagonal were ones that were relevant to measuring
the FCE. In Experiment 3a, this was the only visible diagonal.
For analyses, data were collapsed across positive and negative
diagonal conditions. Congruence was defined by the identity
of the flankers in the relevant diagonal. They could be con-
gruent, in which case they were the other stimulus that indi-
cated the same response as the target. They could be incon-
gruent, in which case they were (equally often) one of the two
letters that indicated the opposite response from the target. Or
they could be neutral, in which case they were (equally often)
H or T, which were not associated with a response. Flankers in
the other diagonal were also neutral, but were selected from
among one set (N E D) for one of the two targets that indicated
a given response (e.g., left) and from a second set (V L P) for
the other target that indicated that response. Group referred to
whether the flankers in the relevant diagonal were the same
color as the target or a different color. In Experiment 3a, there
were no flankers in the non-relevant diagonal. In Experiment
3b, the flankers along the non-relevant diagonal were the op-
posite color to those in the relevant diagonal such that every
display had one diagonal with same-color flankers and one
with different-color flankers.

Subjects completed 15 blocks of 48 trials each, the first five
of which were considered practice and not included in the
analyses. Collapsing over the positive and negative Relevant
Diagonal conditions, this resulted in 80 observations per con-
dition of the main design for each subject.

Procedure The session structure and trial events were identical
to those in Experiments 1 and 2 except that the fixation display
was 300 ms, followed by a 200-ms blank interval, and then by
the stimulus display for 200 ms.

Results and discussion

Mean RTs and ERs for Experiments 3a and 3b are shown in
Fig. 5a and b, respectively.

Experiment 3a There was a standard FCE in Experiment 3a that
was modulated by target-flanker color similarity as previous
work has shown (Harms & Bundesen, 1983). Mean RTs were
submitted to a 2 (Color: same, different) x 3 (Congruence:
congruent, neutral, incongruent) repeated-measures ANOVA.
The main effect of Congruence was significant, F(2, 50) =

14.59, p < .01, adj ﬁ; = .343, as was the interaction between
Color and Congruence, F(2, 46) = 3.60, p < .05, adj ﬁz =.091.
The main effect of Color was not significant, F(1,23) = 1.90, p
=.181, adj ﬁ; =.033. The same analyses were conducted on the
arcsin transformation of the ERs and no significant effects that

differed from those in the RTs were found. These results con-
firm that our stimuli and the diagonal configuration are suffi-
cient to generate a standard FCE, and to show the effect of
similarity on the FCE that has been reported in previous work.
Specifically, when the target was defined not only by its loca-
tion and position within the string, but also by an additional
feature discontinuity, the FCE was reduced.

Experiment 3b The same analyses were conducted on the data
from Experiment 3b in which flankers were present in both di-
agonals, one with flankers the same color as the target and one
with flankers a different color, thereby controlling for differences
in feature discontinuities across the same-color and different-
color conditions. This experiment yielded a very different pattern
of results. Although the main effect of Congruence was signifi-
cant for the ERs, mean difference 1.5 = 0.54 percentage points,
F(2,50)=6.06,p < .01, adj /ﬁ; =.195, it was not reliable in RT,
F(2,50) = 1.76, p = .182, adj ﬁﬁ = .028. Moreover, for neither
dependent measure was the main effect of Color, RT: F{(1, 25) =
241, p = .088, adj ﬁf, =.051, ER: F(1,25) =191, p =179, adj
ﬁf, =.034, or critically the Color X Congruence interaction, RT:
F(2,50)=.795,p =457, adj ﬁi =-.008, ER: F(2,46)=.322,p=
7726, adj 7j, = -.027, significant .

These results are not what is predicted by the group selec-
tion hypothesis, but they are what is predicted by the image
segmentation hypothesis. Same-color flankers yielded no
larger FCEs than different-color flankers when differential
feature discontinuities were controlled for.

While the FCEs in Experiment 3b were small in magnitude
and reliable only in the ERs, the FCEs in Experiment 3a were
nearly exactly the same magnitudes as those reported for the
corresponding experiment in Baylis and Driver (1992,
Experiment 1). Whereas they found an FCE of 20 ms for same-
color flankers and 4 ms for different-color flankers, we found an
FCE of 24 ms for same-color flankers and 7 ms for different-color
flankers. Critically, however, we found this difference only when
there was no additional diagonal of flankers controlling for the
feature discontinuity created by the color difference.

Experiment 4

We have sought evidence for the group selection hypothesis in
three experiments by testing whether same color flankers yield
larger FCEs than different color flankers when image-level
characteristics of the displays are controlled for, and we have
consistently failed to find it. In contrast, consistent with the
image segmentation hypothesis, when additional feature dis-
continuities define the target relative to the flanker, different-
color flankers did yield smaller FCEs than same-color
flankers. To confirm these findings, given contrary results in
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Fig. 5 Results from Experiments 3a and 3b. Error bars are within-subject standard errors (Cousineau, 2005; Morey, 2008)

the literature (Baylis & Driver, 1992; Driver & Baylis, 1989),
we re-ran each of the main designs — the control single-
diagonal (Experiment 4a), the X-display design (Experiment
4b), and the linear-display design (Experiment 4c) — in a set of
matched experiments with new groups of subjects. By way of
preview, the same pattern of results as the previous versions of
these experiments attained. There was a clear impact of target-
flanker color match on the FCE when there were differential
feature discontinuities across conditions (Experiment 4a), but
no impact of target-flanker color match on the FCE when
stimulus differences were controlled using the X-display de-
sign (Experiment 4b) or the linear-display design (Experiment
4c).

Method

Subjects Thirty subjects participated in each of the three ex-
periments, 4a (19 female, 11 male; mean age = 19.4 years), 4b
(22 female, eight male; mean age = 18.9 years), 4c (18 female,
12 male; mean age = 19.1 years). No individual participated in
more than one experiment.

Stimuli Stimuli in Experiments 4a and 4b were identical to
those of Experiments 3a and 3b, respectively. Stimuli in
Experiment 4c were created using the same letter stimuli (size,
font, and colors) as those in Experiments 4a and 4b. However,
they were instead aligned linearly, as in the grouped condi-
tions of Experiments 1 and 2, with the target letter (C, S, X, or
Y) at the center, and an outer set of flankers in the same color
as the target and an inner set of flankers in the other color. The
entire array subtended 6.2° x 1.0°. Letters were 0.7° x 1.0°
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and the center-to-center separation between them was by 1.2°.
Neutral letters were H and T.

Design The designs of Experiments 4a and 4b were the same
as Experiments 3a and 3b, respectively, except that subjects
completed a total of 13 blocks of 48 trials each, the first four of
which were considered practice and not included in analyses,
resulting in a total of 72 observations per condition. The de-
sign of Experiment 4c was the same as the pure blocks of
Experiment 2 except that subjects completed a total of 13
blocks of 40 trials each, the first four of which were treated
as practice, for a total of 72 observations per condition.

Procedure The session structure and trial events were identical
to those in previous experiments except that the fixation dis-
play was 500 ms, and was followed immediately by the stim-
ulus display for 200 ms.

Results and discussion

Mean RTs and ERs from Experiments 4a—4c are shown in
Fig. 6a—c, respectively. Generally, the three experiments
yielded the same pattern of results as each of their respective
previous versions did. The control experiment (4a) yielded an
FCE that was reduced when a single set of flankers was a
different color than the target compared to when all the stimuli
were the same color. However, when the second diagonal was
added such that all displays included one diagonal of same-
colored flankers and one diagonal of different-colored
flankers, thereby controlling for differences in feature discon-
tinuities across conditions, the FCE was unaffected by the
color-match of the relevant flankers (Experiment 4b).
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Finally, controlling for differences in feature discontinuities
across conditions using the line-display design also eliminated
the effect of color match on the magnitude of the FCE
(Experiment 4c).

Experiment 4a Mean RTs were submitted to a 2 (Color:
same, different) x 3 (Congruence: congruent, neutral, in-
congruent) repeated-measures ANOVA. The main effect
of Congruence was significant, F(2, 58) = 10.02, p < .01,

adj ﬁ; = .231. And although the main effect of Color was
not significant, F(1, 29) = 915, p = .347, adj ﬁf, = -.003,
the Color x Congruence interaction was, F(2, 58) = 7.00,
p < .01, adj ﬁf, = .167. Separate one-way ANOVAs with
Congruence as the factor for the same-color and different-
color conditions, respectively, confirmed that the main
effect of Congruence was significant when the target
and flanker were the same color, F(2, 58) = 13.12, p <
.01, adj ﬁ; = .288, but not when they were different

colors, F(2, 58) = 1.82, p = .172, adj ﬁ; = .027. The same
analyses conducted on the arcsin transforms of the ERs
yielded no significant effects that were different from
those observed in the RTs. This is the same pattern of
results obtained in Experiment 3a, and confirms that our
stimuli and color differences were sufficient to yield a
standard FCE that is modulated by color similarity when
it gives rise to a feature discontinuity that provides for
better target definition.

Experiment 4b Subject mean RTs were submitted to a 2
(Color: same, different) x 3 (Congruence: congruent, neutral,
incongruent) repeated-measures ANOVA. The main effect of
Congruence was significant, F(2, 58) =7.97, p < .01, adj ﬁ; =
.189, but neither Color, F(1, 29) = .065, p = .347, adj ﬁ; =
-.032, nor the Color x Congruence interaction, F(2, 58) =
.050, p = .951, adj ﬁi = -.033, was significant. The same

analysis conducted on the ERs showed the identical pattern.
As in Experiment 3b, when feature discontinuities were held
constant across conditions, the FCE, which was reliable in
both RT and ER, was unaffected by whether flankers were
the same or a different color to the target.

Experiment 4c Subject mean RTs were submitted to a 2
(Relevant Flanker: inner, outer) x 2 (Congruence: congruent
incongruent) repeated-measures ANOVA. The main effect of
Congruence was reliable, F(1, 29) = 16.63, p < .01, adj ﬁ; =
.343 with a mean difference of 15.16 + 3.78 ms. Although the
main effect of Relevant Flanker approached significance, F(1,
29) = 3.88, p = .059, adj /77127 = .088, the Relevant Flanker x

Congruence interaction did not, F(1, 29) =.949, p = .338, adj

ﬁ; = -.002. The same analysis conducted on the arcsin trans-

forms of the ERs yielded the same pattern of results. Once
again, when feature discontinuities were held constant across
conditions, in this case using the line-display design, the FCE
was unaffected by whether flankers were the same or a differ-
ent color to the target.

In summary, this matched-set of experiments confirmed
the findings from the previous experiments reported here. A
reliable FCE was modulated by target-flanker color similarity
when color provided a feature discontinuity that better defined
the target (Experiment 4a). When stimulus-level factors were
controlled using either the X-display design (Experiment 4b)
or the line-display design (Experiment 4b), however, there
was no difference in FCE for same-color and different-color
flankers.

General discussion

We have presented results from seven separate experiments
collectively aimed at testing whether target-flanker similarity
effects on the FCE reflects an impact of perceptual grouping
on selection (group selection hypothesis) or a consequence of
differential image quality (image segmentation hypothesis).
We found no evidence for the group selection hypothesis,
and all of the results were consistent with predictions of the
image segmentation hypothesis.

Rather than perceptual grouping of targets and flankers that
are similar forcing an obligatory selection of grouped flankers
along with the target, we conclude that displays in which
targets are differently colored (or otherwise featurely dissim-
ilar) from some flankers constitute better input to spatially
limited selection mechanisms. Specifically, it is input that is
more easily segmented into relevant and irrelevant parts. Non-
target stimuli that share attributes of target stimuli could fur-
ther impact selection through guidance processes that priori-
tize stimuli with attributes that match current task goals (e.g.,
Egeth, Virzi, & Garbart, 1984; Folk, Remington, & Johnston,
1992; Kaptein, Theeuwes, & van der Heijden, 1995; Kim &
Cave, 2001; Moore & Egeth,1998; Treisman, 1982). But even
prior to such attentional guidance, we argue, featural discon-
tinuities can mitigate the effects of limited spatial precision of
selection mechanisms (Intriligator & Cavanagh, 2001) by pro-
viding better defined input representations to those
mechanisms.

The results of the present study are reminiscent of findings
from the attentional walk task, which was introduced by
Intriligator and Cavanagh (2001) as a method of measuring
what they referred to as attentional resolution (see also He,
Cavanagh, & Intriligator, 1996). In the version of the atten-
tional walk task that we have used in our lab, displays
consisted of circular arrays of disks with varying densities
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Fig. 6 Results from Experiments 4a, 4b, and 4c. Error bars are within-subject standard errors (Cousineau, 2005; Morey, 2008)

(Fig. 7a). Subjects were asked to fixate a point at the center of
the array, and remain fixated throughout a trial as eye position
was monitored. Once fixation was established, a single disk
changed color, cueing observers to covertly attend to that disk.
A series of high and low tones then indicated to subjects to
covertly shift their attention by one disk in a clockwise or
counterclockwise direction, respectively, so that they were
covertly navigating through the array. At the end of the “at-
tentional walk,” observers indicated on which disk they end-
ed. Attentional walks varied from five to seven “steps.” We
also included a “zero-step” condition in which immediately
after the colored cue disappeared, observers were asked to
indicate where the cue was. This provided confirmation that
the beginning of the walk was reliable. The consistent finding
from this task is that performance decreases as the density of
the disk array increases. But the densities at which perfor-
mance reaches chance levels are still sufficiently low that ob-
servers can easily perceive that there are separate disks. That
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is, they can see the individual items, they just cannot reliably
select individual items. It is in this sense that attentional reso-
lution was characterized as being a distinct limitation from
perceptual resolution (He et al., 1996; Intriligator &
Cavanagh, 2001).

Results from the attentional walk task reveal limitations of
the spatial precision of selection mechanisms. Notice, howev-
er, that even with the highest density arrays, for which walk
performance was at chance levels, observers could reliably
report the location of the uniquely colored cue in the zero-
step condition. We found this to be true across many different
experiments and variations of the task (Hein & Moore, 2009,
2010; Moore, Hein, Grosjean, & Rinkenauer, 2009; Moore,
Lanagan-Leitzel, Chen, Halterman, & Fine, 2007; Moore,
Lanagan-Leitzel, & Fine, 2008). The uniquely colored-disk
cue constitutes a strong feature discontinuity that, we contend
here, mitigates limitations of spatial precision of selection
mechanisms by providing input in which the target of
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Fig. 7 (A) Illustration of the attentional walk task adapted from
Intriligator and Cavanagh (2001). (B) Illustration of the logic of Moore
et al. (2009) in which a variation of the group selection hypothesis was
tested and rejected in the context of the attentional walk task

selection is better defined than when there are no feature dis-
continuities. Consistent with this conclusion, one of the first
findings that we reported with the attentional walk task was
that threshold density for successful attentional walks was
reduced when the arrays in which the walk was executed were
heterogeneously colored rather than homogenous (Moore
etal., 2007).

While the limitations of selection revealed in the attentional
walk task can be mitigated by providing better defined input,
we looked for but found no evidence that perceptual organi-
zation of the display can be used to mitigate the limited spatial
precision of selection mechanisms (Moore et al., 2009).
Inspired by the results reported by Driver and Baylis (1989)
and Baylis and Driver (1992), we tested the hypothesis that
observers would be able to functionally reduce the density of
displays within which they attentionally navigated if they
were grouped into separate subsets of items. Figure 7b illus-
trates the logic. Homogenous displays that were beyond the
limits of spatial resolution were adapted so that every other

disc was one color and the rest another color, and observers
were instructed to shift their attention between disks of the
same color. If observers could establish grouped representa-
tions and navigate within a group, then the effective density of
the array within which they were navigating should have been
reduced by half. Contrary to this prediction, however, subjects
were no better with the grouped arrays than they were with the
homogenous arrays. This finding is consistent with the obser-
vations and conclusions drawn from the work reported in the
current paper. Feature discontinuities can facilitate selection
by mitigating the limited spatial precision of those mecha-
nisms through better defined input to them, but when the
discontinuities are controlled or minimized, there are no fur-
ther advantages (or disadvantages) afforded by potential orga-
nization of the image into grouped representations.

While there is consistency across these different lines of
work, it is important to be clear about what we are not arguing
here. First, we are not suggesting that grouping by similarity
and other forms of perceptual organization do not occur. They
clearly do, and they lead to critical mid-level visual represen-
tations of the structure of scenes (e.g., see Kimchi, Behrmann,
& Olson, 2003; Palmer & Rock, 1994; Pomerantz & Portillo,
2011; Wagemans et al., 2012, for reviews). Rather, we are
suggesting that the same attributes of the proximal stimulus
(i.e., the retinal image), such as color similarity/dissimilarity,
that support the perceptual organization of it into representa-
tions of the objects in the world that produced it can also,
separately, impact selection by presenting less of a challenge
to selection mechanisms in the first place. In this case in par-
ticular, we assert that a color difference between target and
flankers creates an image-level discontinuity that for a task
that requires responding to one part of the image rather than
another, essentially constitutes a better input stimulus than
when target and flankers are the same color. In terms of per-
ceptual organization, we suggest that the color-similarity ef-
fect on FCEs is one of differential image segmentation, rather
than an effect of target and flankers being grouped together
followed by an obligatory selection of everything in a group.
This distinction matters because the two alternatives — better
input versus group selection — are very different assertions
about what the relationship between perceptual organization
and selection here is. Starting with Kahneman and Henik’s
(1981) original demonstration, these color-similarity effects
have been interpreted as evidence of obligatory group selec-
tion; but as argued here, there are simpler explanations. Chen
and Cave (2019) made a similar argument concerning the two-
rectangles paradigm of Egly, Driver, and Rafal (1994), anoth-
er source of canonical results in the object-based attention
literature. They argue that what appear to be object-specific
effects may, more simply, reflect a set interacting spatial
biases.

A second point that we want to make clear is that we are not
arguing that object and scene structure do not impact
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selection. They clearly do. For example, there is compelling
evidence that multiple attributes of stimuli are selected more
efficiently when they are instantiated in a single object than
when they appear in different objects (e.g., Duncan, 1984;
Duncan & Nimmo-Smith, 1996; O’Craven, Downing, &
Kanwisher, 1999; but see Brummerloh, Gundlach, &
Miiller, 2019; Han, Dosher, & Lu, 2003; Xu, 2010, for qual-
ifications). Moreover, identical, and nearly identical, stimuli
that are perceptually organized differently can lead to different
effects of selection (e.g., Baylis & Driver, 1993; Behrmann,
Zemel, & Mozer, 1998; Chen, 1998; He & Nakayama, 1992;
Mitroff, Scholl, & Wynn, 2005; Moore & Fulton, 2005;
Mordkoff & Danek, 2011). A full understanding of attention,
object based or otherwise, however, requires that we distin-
guish the level of impact of different effects, recognizing that
while some may reflect perceptually organized object struc-
ture, others may reflect simpler influences on the success or
failure of selection processes.

Finally, the findings and conclusions from the present work
may help to understand some mixed results in the literature
regarding the role of object structure (distinct from group
structure) on flanker interference. For some displays, present-
ing a target on a different object to the flankers reduces the
FCE (e.g., Cosman & Vecera, 2012; Kramer & Jacobson,
1991; Luo & Proctor, 2016; Richard, Lee, & Vecera, 2008),
and for others there is little or no effect of object structure on
the FCE (e.g., Ho, 2011; Luo & Proctor, 2016; Richard et al.,
2008; Shomstein & Yantis, 2002; Zhao, Kong, & Wang,
2013). Two competing hypotheses are the spreading activa-
tion hypothesis, according to which selecting one part of an
object causes the impact of selection to spread within the
boundaries of that object (e.g., Richard et al., 2008), and the
spatial prioritization hypothesis, according to which under
conditions of spatial uncertainty, locations within an object
that shares an initially attended location are prioritized over
locations in other objects (e.g., Shomstein & Yantis, 2002).
We believe that at least some of the inconsistencies in results
in this literature may be attributed to displays differing in the
extent to which they provide image-based support for
distinguishing targets from flankers. Generally, those displays
with the greatest image-level differences defining targets and
distractors are the ones that yielded an effect on the FCE. It
would be right to point out that image-structure is what the
system uses to define object structure. However, the best test
of the hypothesis that it is the mid-level object representations,
in particular — i.e., those that have been abstracted from the
image to represent the structure of the scene that produced the
image — that mediate the influence of selection, is one that
minimizes image differences while retaining object-structure
differences. Figure 8 illustrates examples of displays from a
set of experiments that are closely matched in the logic that
they used to measure the effect of object structure on the FCE,
and yet obtained different results. The same- versus different-
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object displays shown in Fig. 8b are only minimally different
at an image level, and they have consistently yielded little or
no effect of object-structure on the FCE (Ho, 201 1; Shomstein
& Yantis, 2002; Zhao et al., 2013). The same-object and
different-object displays shown in Fig. 8a include large
image-level differences, and yielded a large effect on the
FCE (Kramer & Jakobson, 1991). The different-object dis-
plays shown in Fig. 8f, which did not reduce the FCE relative
to the same-object condition, lack the shape discontinuity that
is present in the different-object displays shown in Fig. 8g,
which did reduce the FCE (Luo & Proctor, 2016). Similarly,
the different-object displays in Fig. 8c and e, which yielded no
reduction of the FCE, lack the shape discontinuity that is pres-
ent in Fig. 8d, which did reduce the FCE (Richard et al.,
2008). A strong case regarding this pattern of effects in these
terms would depend on comparing quantifications of image-
feature discontinuities output by an image analysis, but infor-
mally, and in combination with the results reported in the
current study, it seems clear that image-level differences can
impact the FCE, and therefore, must be taken into account
when drawing conclusions about the impact of mid-level rep-
resentations of scene structure.

In summary, we have presented evidence that target-
flanker similarity effects on the FCE reflect differential
image-level support for segmentation of the image into rele-
vant and irrelevant parts, rather than obligatory selection of
flankers that have been perceptually grouped with the target.
When image-level differences that could differentially support
image segmentation were controlled, same-color and
different-color flankers had similar effects on target process-
ing. Visual processing absolutely includes the perceptual

FCE
Same Object Different Object Difference?

HEE HEE

Kramer & Jakobson (1991) A E %’:| Yes
IR HEEE

Shomstein & Yantis (2002) B FTF No

¢ NG No

Richard etal. (2008) D “ . H - Yes

L =N No

Lou and Proctor (2016) o o G No

G @G OHO Yes

Fig. 8 Illustration of displays used in a set of studies that used similar
logic for measuring the effect of object structure on the FCE and yielded
different answers. In each case, a forced choice response was made to an
attribute of the stimulus in the center most position. For panels B, C, F,
and G, “T” and “F” to indicate letter targets and flankers. For panel A, the
task was to report the quality of the pen stroke of the central line (dotted or
dashed), and for Panels in D and E, the task was to report the shape of the
central notch or patch (square or round)
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organization of stimuli on the basis of feature similarity and
other attributes. However, feature similarity versus dissimilar-
ity also gives rise to image-level differences that can affect
processing separately from any downstream consequences of
perceptual grouping there may be. And in the case of the FCE,
we conclude that target-feature dissimilarity mitigates the im-
pact of limitations in the precision of selection mechanisms by
providing better input to those mechanisms.
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