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Abstract

In visual search tasks, observers can guide their attention towards items in the visual field that share features with the target item.
In this series of studies, we examined the time course of guidance toward a subset of items that have the same color as the target
item. Landolt Cs were placed on 16 colored disks. Fifteen distractor Cs had gaps facing up or down while one target C had a gap
facing left or right. Observers searched for the target C and reported which side contained the gap as quickly as possible. In the
absence of other information, observers must search at random through the Cs. However, during the trial, the disks changed
colors. Twelve disks were now of one color and four disks were of another color. Observers knew that the target C would always
be in the smaller color set. The experimental question was how quickly observers could guide their attention to the smaller color
set. Results indicate that observers could not make instantaneous use of color information to guide the search, even when they
knew which two colors would be appearing on every trial. In each study, it took participants 200-300 ms to fully utilize the color
information once presented. Control studies replicated the finding with more saturated colors and with colored C stimuli (rather
than Cs on colored disks). We conclude that segregation of a display by color for the purposes of guidance takes 200-300 ms to

fully develop.
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Introduction

When we search for items in the visual world, we typically use
known features of the target item to limit that search. Thus, in
a search for a banana, we would guide our attention to yellow,
curved items of banana size. There would be no point in at-
tending to the toaster, as it lacks the features of a banana.
Bringing this into the lab, Egeth, Virzi, and Garbart (1984)
measured the reaction time (RT) required to find a specific
letter in an array of other letters. If observers were told that
the target letter was red, they were able to search much more
efficiently, apparently guiding attention only to those items
that had the target color (see also Kaptein, Theeuwes, & Van
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der Heijden, 1994). This notion that attention is guided to
target features is at the heart of the Guided Search model of
Wolfe, Cave, and Franzel (1989). Guided Search has been
updated and modified over the years in several labs (Moran,
Zehetleitner, Miiller, & Usher, 2013; Schwarz & Miller, 2016;
Wolfe, 1994, 2007; for a review, see Wolfe, 2014). Key to
most versions is the idea that a limited set of attributes can
guide search. This set starts with the “preattentive” features
proposed by Treisman (1985, 1986), though it has been elab-
orated by much work in many labs over the subsequent years
(reviewed in Wolfe & Horowitz, 2017).

In this paper, we ask about the time course of guidance. If a
feature like the color of objects can guide search, how long
does it take to get some guidance started and how long does
it take for that guidance to reach its full strength once the feature
is visible? Aspects of this and related questions have been
addressed in previous work. There is an extensive literature
showing that the brain can be prepared to give preference to
stimuli showing specific features in humans (reviewed in
Scolari, Ester, & Serences, 2014) and monkeys (reviewed in
Treue, 2014). Thus, if the target is going to be red, cells that
prefer red can be boosted across the entire visual field; a neural
embodiment of guidance. Behaviorally, Olds and her col-
leagues (Olds, Cowan, & Jolicceur, 2000a, 2000b) performed
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a series of experiments in which the time course of “pop-out”
search was measured by adding distractors to a search task to
disrupt efficient search. If observers are looking for a target of
one color among distractors of another homogeneous color,
search is very efficient; the target is said to “pop out.” If there
are distractors of two colors and the target color lies on a line in
a color space between those two distractors, search is inefficient
(Bauer, Jolicceur, & Cowan, 1996). Olds et al. presented the
target and distractors of one color followed, after a stimulus
onset asynchrony (SOA), by the addition of distractors of the
other color. If the SOA was zero, this was an inefficient search.
With even 50-ms SOA, there was some benefit provided by the
period of one distractor color search. RTs continued to decline
as the SOA was increased to 1,000 ms, with the bulk of the
improvement seen within 200 ms. Further analysis led the au-
thors to conclude that RTs were a mix of trials in which atten-
tion was efficiently guided to the color singleton and trials in
which it was necessary to search randomly among items until
the target was discovered. The data suggest that the color sin-
gleton could usually guide the search to the feature when given
about 200 ms. The Olds paradigm addresses how long a feature
search takes to complete. It does not directly ask how long it
takes for the feature guidance to get going.

Olds and Fockler (2004) tried to measure the effects of pre-
cuing by features in a conjunction search. Their observers
were looking for targets defined by a conjunction of color
and orientation. They provided pre-cues in which either the
color information or the orientation information was specified
first, with the full display presented after a delay. Thus, red and
green squares might be presented initially, followed after a
delay by the offset of parts of the red and green squares to turn
them into vertical and horizontal elements. Though there were
small effects, the preview period did not substantially change
the subsequent search, perhaps because it did not provide any
more guidance than was available in the zero SOA case when
color and orientation information became available at the
same time (see also Olds, Graham, & Jones, 2009; Sobel,
Pickard, & Acklin, 2009).

Wolfe et al. (2004) cued the identity of a search target prior
to the appearance of the search display in a series of experi-
ments. In their Experiment 1, items could be big or small, red
or green, and vertical or horizontal. On any given trial, there
would be two types of distractor and, on 50% of the trials, one
unique target. As a baseline condition, that target — e.g., red
vertical — would remain consistent for an entire block of trials.
The RT for this consistent condition was compared to condi-
tions where the target changed on each trial. On those trials,
observers got a verbal or picture cue of the target at some SOA
prior to the appearance of the search display. Picture cues were
more effective than word cues. Picture cues were fully effec-
tive within 200 ms. Word cues continued to become more
effective over 800 ms. For both cues, very substantial effects
were seen within 50-100 ms.
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Note that the comparison in the Wolfe et al. (2004) article is
to a consistent baseline condition. However, even in that con-
sistent condition, there is a time course of interest. Even if you
know that you are looking for “red,” for example, you cannot
start guiding to red on this trial until you see where the red
items are located. The cueing experiments answer the question
“How long does it take to convert information about target
identity into effective guidance?” It does not quite answer the
question “How long does it take guidance to get going?”

Other lines of experimentation have asked about how long
it takes to begin to make use of information about the location
of items. There is a vast literature on cues to target location,
much of it rooted in the work of Posner (Posner, 1980; Posner
& Cohen, 1984; Posner & Rothbart, 2007). Cues of various
sorts can indicate the location of the target. This literature
makes an important distinction between endogenous and ex-
ogenous cues (Klein, 2009). Valid exogenous cues are typi-
cally located at the location of the target. Endogenous cues are
typically symbolic or linguistic cues, located at fixation; e.g.,
the word “left” to indicate a target at the left side target loca-
tion. When time course has been studied (as reviewed in Luck
& Vecera, 2002), exogenous cues have their effects within
about 100 ms. By contrast, endogenous cues take longer
(250-300 ms) to become fully effective. An invalid cue can
still attract attention. After attention is directed elsewhere, the
originally cued location will be inhibited. The inhibitory effect
reaches its peak 300400 ms after the onset of the invalid cue
(Dukewich & Klein, 2015; Klein, 1988).

In a search for a conjunction of two features, it is possible
to get a cueing benefit by informing the observer about
items that will not be the target. This can be done by show-
ing one of two sets of distractors before the other. Thus, in
Watson and Humphrey’s (1997) preview search experi-
ments, observers might be looking for a blue H among green
H and blue A distractors. If the set of green Hs is shown
first, the observer somehow discounts those items, making
the eventual search equivalent to a much more efficient
search for a blue H among blue As. Observers may be
inhibiting the old items, “visual marking” (Watson &
Humphreys, 1997), prioritizing the new items (Donk &
Theeuwes, 2003), or using the temporal offset to segregate
new items from old (Jiang, Chun, & Marks, 2002). For
present purposes, it is worth noting that preview search re-
quires a significant amount of time. It takes about 400 ms of
preview to effectively mark the old set in visual marking.

In the present experiments, we are trying to address a
question that is somewhat different from the questions ad-
dressed in prior work. Suppose that you know something
about what you are looking for. For instance, suppose you
are looking for a valuable US penny. Unlike other US coins,
pennies are copper colored, not silver. If a handful of coins
is tossed before you, how quickly can you restrict your
search to the copper-colored subset?
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Experiment 1

The basic strategy of these experiments is cartooned in Fig. 1.
Observers are asked to do an inefficient search for a Landolt C
target (Vlaskamp, Over, & Hooge, 2005). One C is facing left
or right and the observer needs to identify that direction. All
other Cs open at top or bottom. In the absence of guidance,
observers will need to deploy attention to item after item until
they stumble upon the target (note that unguided search
displays are depicted in the bottom of Fig. 3 but not depicted
in Fig. 1). We can establish average RTs for this inefficient
search for set sizes of four and 16. On guided trials, at some
point, before or after the onset of the Cs, guiding color infor-
mation will be made available, marking four of 16 items as
possible targets. If guidance is perfect, the RT for a guided, set
size 16 trial should be the same as the RT for the unguided,
baseline set size 4. By measuring RT for a variety of SOAs, we
can map the time course of guidance by mapping the transition
from no guidance (RT equivalent to unguided 16) to full guid-
ance (RT equivalent to unguided 4).

Simulation

To visualize the expected pattern of data from this experimen-
tal design, consider this simple simulation. On each trial of the
simulation, there are 16 items. One of these is a target. Four
items, including the target, are in the guiding subset (equiva-
lent to the smaller subset of colors in the actual experiment).
There is an SOA between the onset of the items and the onset
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Fig. 1 Either the Landolt C search display appeared before the colored
circles (top row, negative SOAs) or the colored circles appeared before
the search display (bottom row, positive SOAs). A 0-ms SOA condition
was also tested in which both the search display and the colored circles
appeared at the same time

of the color. If the SOA is negative, items appear before the
color. If the SOA is positive, colors appear before the items (as
in Fig. 1). Guidance starts with some delay after the onset of
the color. An unguided search is a search through 16 items. A
guided search is a search through the four items of the correct
color.

On each simulated deployment of attention, an item is se-
lected at random from the effective set size; 16 if guidance is
not in place, four if it is in place. We present two versions of
the simulation. In Fig. 2a, items are selected without
replacement assuming perfect “inhibition of return” (Klein,
2000). However, as can be seen in Fig. 2b, the basic pattern
of results does not change if we assume sampling with
replacement (Horowitz & Wolfe, 1998), assuming no inhibi-
tion of return (Klein, 2000). In this paper, we do not want to
debate the question of memory for rejected distractors. We ran
the simulation both ways in order to illustrate that, in this case
at least, the question of memory for rejected distractors does
not matter much. The RT for each trial is the number of de-
ployments of attention needed before the target is found.

Results are shown in Fig. 2. Dashed lines show the average
number of deployments required for unguided searches
through set sizes four and 16. The curves show how RT chang-
es as a function of SOA for three different guidance delays (all
time measurements are in units of deployments of attention).
Notice that the simulation predicts guidance benefits for neg-
ative SOAs; those cases where the color appears after the
search items appear. This occurs because some searches that
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Fig. 2 Speed of guidance simulation. (a) Search with replacement. (b)
Search without replacement. Times are expressed as number of
attentional deployments. Dashed lines show unguided searches through
four or 16 items. Solid lines show RT as a function of the SOA between
the onset of search items and guiding colors (negative SOA indicates
search items appear first). The parameter is the time to begin guidance.
As SOA increases, search becomes more guided. Search is perfectly
guided when the SOA is longer than the time required to begin
guidance. Simulated data from 50,000 trials per data point
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begin in an achromatic state last until after the colors have
appeared and guidance has started. Unsurprisingly, as can be
seen in the figure, these curves reach the perfectly guided set
size 4 floor when the SOA is equal to the time required to
begin guidance. This intercept can be used to derive an esti-
mate of the time to guide from the actual data. Changes in the
assumptions — e.g., assuming inhibition of return or making
the transition from unguided to guided gradual, rather than
abrupt — do not change the interpretation of the data. The
estimate derived from the SOA intercept is the estimate of
the time required to get guidance going.

Method

Participants Seven males and eight females, average age
32.13 (SD: 10.36) years, from the Brigham & Women’s
Hospital Visual Attention Laboratory’s paid subject pool par-
ticipated in the experiment and received US$10 per hour com-
pensation. All observers provided informed consent, passed
an Ishihara Color Test, had 20/25 or better vision (with cor-
rection, if necessary), and reported no history of eye disease or
muscle disorders. In this and the following experiments, we
included 13 or 15 participants since similar experiments in this
field typically employ sample sizes of 10—15 participants
(e.g., Wolfe, et al., 2004; Palmer, Horowitz, Torralba, &
Wolfe, 2011; Wolfe & Van Wert, 2010). It is not immediately
clear how one calculates power for an experiment where one
is collecting many RTs at multiple SOAs. At a crude level,
mean RTs have a standard deviation of about 400 ms. With 15
participants, we can detect a mean RT difference of about
400 ms (half the difference between set size 4 and set size
16 baselines) with a power of 0.8 and an alpha of 0.05, but
this is a very conservative estimate.

Materials Stimuli were presented and responses gathered on
an Apple Macintosh G4 450 MHz computer driving a 20-in.
(diagonal) CRT monitor at a resolution of 1,024 x 768 pixels.
Matlab 5.2.1 and the Psychophysics Toolbox (Brainard, 1997,
Pelli, 1997) were used to control the presentation and timing
of the stimuli.

At the viewing distance of 57.4 c¢m, the display area was a
square measuring 22.5 x 22.5° visual angle. This region was
divided into an invisible 4 x 4 array of cells with each cell
subtending approximately 5.63 x 5.63°. Circles containing the
Landolt C stimuli were 3.75 % 3.75° and randomly jittered
both vertically and horizontally by up to = 1° from the center
of each cell.

Procedure Participants were seated in a darkened room in
front of the testing computer. Instructions were delivered on
the computer screen as part of the testing protocol.
Participants completed a practice block of 26 trials, which
was not included in the analyses. Following the practice block,
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participants completed nine blocks of 160 trials each, with
time for a break between each block. Total testing time was
approximately 1.5-2 h and was completed in a single session.

Design Participants searched displays consisting of four or 16
colored circles, each containing a Landolt C stimulus (i.e., an
outline circle with a small gap; Figs. 1 and 3). All Cs had gaps
on the top or bottom except for the target stimulus, which had
a gap on either the left or right. Participants indicated as quick-
ly as possible whether the target C’s gap was on the left or the
right by pressing either the <A> key (left gap) or <”> key
(right gap). Targets were present on every trial.

Initially, all 16 circles in the display were gray (R: 219, G:
222, B: 226) placeholders that appeared on a white back-
ground (R: 255, G: 255, B: 255). During the trial, two sources
of information were provided to the observer, and the timing
of when this information replaced the placeholder stimuli was
of critical interest for the study. One piece of information was
the appearance of the Landolt C search stimuli. Once the Cs
appeared, the observer could begin to search for the target.
RTs for each trial were measured from the time the Landolt
C stimuli appeared until the participant made a key press.

Another source of information was the color of the circles.
At some point during the trial, the gray placeholder circles
were replaced with colored circles. On the majority of trials,
visual attention could be guided by color since 12 of the cir-
cles were one color and the remaining four circles were an-
other color. Color combinations used were blue (R: 177, G:
209, B: 237) and green (R: 188, G: 221, B: 199), purple (R:
235, G: 214, B: 224) and red (R: 230, G: 192, B: 192), and
orange (R: 243, G: 218, B: 192) and yellow (R: 242, G: 232,
B: 197). Participants knew that the black (R: 35, G: 31, B: 32)
target C would always reside in the smaller set of colored
circles in these situations. (Note that colors used in this exper-
iment were not equiluminant.)

© ©WOOO

Fig. 3 Five sample displays illustrating the colored stimuli used in
Experiment 1. In the top row displays support guided search since
observers knew that the target resided in the smaller, four-item color
subset. The bottom row of unguided search stimuli shows baseline
conditions with set sizes four and 16 but no guiding color information
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The remaining unguided baseline search displays had
circles all of a single color, which provided no informa-
tion to the observer about the location of the target.
Baseline displays either contained four or 16 brown (R:
108, G: 87, B: 53) circles, representing “best-case” and
“worse-case” baseline conditions for the search. Color in
the baseline conditions was revealed in the same manner
as the guidance conditions, except that participants only
ever saw four or 16 Landolt Cs and they were all the
same color (brown). Thus, for example, a set size 4
baseline condition with a negative SOA first had four
gray placeholders appear, and then the Landolt C stimuli
on a gray background, then the backgrounds turned
brown. For a set size 4 baseline condition with a positive
SOA, first four gray placeholders appeared, then the
placeholders turned brown, then the Landolt Cs ap-
peared. In other words, the timing of appearance of the
background colors and Landolt Cs was the same as the
guidance conditions, but all pedestals had the same color,
meaning that no guiding information was available.

The SOA between the appearance of the colored cir-
cles and Landolt Cs was the critical manipulation in this
study. As indicated in Fig. 1, negative SOAs indicate that
the Landolt Cs were displayed before the colored circles,
positive SOAs indicate that colored circles were present-
ed before the Landolt C stimuli appeared. An SOA of
0 ms means that both the Landolt Cs and the colored
circles appeared at exactly the same time. SOAs for the
single-color baseline condition were: -800, -360, 0, 360,
and 800. SOAs for the multiple color conditions were: -
800, -600, -480, -360, -240, -120, 0, 120, 240, 360, 480,
600, and 800. Each baseline display and SOA combina-
tion was tested 27 times, spread randomly throughout the
nine experimental blocks. The multiple color conditions
were each tested 30 times per block.

Figure 4 depicts three types of block structure used in
this experiment for guided search displays. Blocks of
consistent, mixed, or interference conditions consisted
of 160 trials, including 30 baseline search displays (four
or 16 brown circles) randomly intermixed. Consistent
blocks had the same color scheme for all guidance trials
in a block (e.g., four red circles and 12 purple circles, on
every two-color trial). In mixed blocks, the colors pre-
sented varied from trial to trial, but the assignment of
color to either the large or small set of circles was con-
sistent during the entire block (i.e., targets were always
red among purple, blue among green, or orange among
yellow). Interference blocks also had color sets that var-
ied from trial to trial, but the assignment of color to the
large or small set of circles reversed every time those
colors appeared (i.e., red among purple, then purple
among red, then red among purple, with other color pairs
interspersed and also reversing upon every presentation).
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Fig. 4 Within a block of 160 trials, one of three types of structure was
present for displays supporting guided search. In the consistent condition
(top row), the same color stimuli were used on each trial and they were
consistently mapped. In the mixed condition (middle row), colors varied
randomly from trial to trial, but a target subset color (e.g., red) remained a
target color for the whole block. In the interference condition (bottom
row), colors varied randomly and a target color on one trial became the
distractor color on its next appearance

Results and discussion
Data analysis methods Figure 5 shows mean RTs, averaged

over participants for each combination of SOA, block type,
and display type. The dense sampling of SOAs in the three

Experiment 1
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Fig. 5 Mean response time after Landolt C appearance as a function of
Landolt C — Colored Circle SOA in Experiment 1. The three guidance
conditions were tested against the one-color baseline 16 and one-color
baseline 4 conditions at SOAs of -800, -360, 0, 360, and 800. Data points
from the guidance conditions are significantly different than the baseline
conditions unless circled. All data points within a circle have BF scores
less than 3 and are statistically indistinguishable from the respective
baseline conditions. Error bars indicate within-subjects confidence
intervals (Cousineau, 2005; Morey, 2008)
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guidance conditions allows us to visualize the whole SOA
function. The primary messages to take from these data are
that guidance develops gradually over many hundreds of mil-
liseconds and that it is not fully available when the guiding
signal and the Landolt Cs appear simultaneously (SOA 0 ms).
Full guidance is available only when the guiding signal is
made available hundreds of milliseconds before the onset of
the Cs. At that point, guidance to a subset of four items looks
like search through a set of four items.

Since the baseline conditions used a subset of the SOAs,
we confined our formal statistical analysis to those conditions
where data were collected for the three guidance and two
baseline conditions (i.e., -800, -360, 0, 360, and 800 ms
SOA). Significant effects from the ANOVA are examined
with t-tests, employing a Bonferroni correction for multiple
comparisons to help avoid type I errors. Since some of the
theoretical arguments we are making rely on determining at
which SOAs the guidance conditions differ (or not) from the
baseline conditions, we also performed Bayes factor (BF) cal-
culations with default priors (Morey & Rouder, 2015; Rouder,
Speckman, Sun, Morey, & Overson, 2009) for every planned
comparison using the JASP software package (JASP Team,
2018). Critically, such BF calculations provide relative evi-
dence in favor of or against rejecting the null hypothesis, with
BFs less than one providing evidence for accepting the null
hypothesis (Jeffreys, 1961; Kass & Raftery, 1995). In visual
depictions of the data set, within-subject confidence intervals
were created for all data points using the Cousineau (2005)
method with the Morey (2008) correction.

We conducted a 5 x 5 (Display x SOA) repeated measures
ANOVA on the mean RTs from each participant in both the
baseline conditions and the three guidance conditions with
matching SOAs. Mauchley’s test of sphericity revealed signif-
icant effects for both display, x*(9)= 64.39, p < .001, and
SOA, X2(9): 21.26, p < .05, therefore degrees of freedom
were corrected using Greenhouse-Geisser values for spheric-
ity (¢ = .32 and € = .52, respectively). The ANOVA revealed
main effects of both display, F(1.27,17.88) = 37.67, p < .001,
1, = .73, and SOA, F(2.07,28.99) = 95.60, p < .001, n,” =
.87, as well as a significant display x SOA interaction,
F(6.05,84.64) = 16.53, p < .001, np2 =.54.

With regard to the main effect of display, planned compar-
isons of the mean RTs for the five display conditions (with a
Bonferroni correction, alpha = .005) revealed that latencies in
the interference condition were longer than in the mixed, #(14)
=3.79, p<.005, d = .59, two-tailed, BF = 21.56, or consistent
conditions, #14) = 4.17, p < .001, d = .62, two-tailed, BF =
41.00. The slower RTs in the interference condition probably
reflect the negative effects of priming. It is known that the
target features of the current trial prime those features for the
next trial (Kristjansson, 2006; Kruijne & Meeter, 2015;
Maljkovic & Nakayama, 1994). In the interference condition,
those primed features can turn out to be the features of the
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distractor on the next trial, weakening guidance and slowing
search. The mixed and consistent conditions were not reliably
different from each other using frequentist statistics, #(14) =
0.36, p = .72, and the BF score of 0.28 provides “positive”
evidence for the null hypothesis under a Bayesian perspective
(Jeffreys, 1961; Kass & Raftery, 1995).

With regard to the main effect of SOA, RTs generally de-
creased as SOA increased, presumably driven by more efficient
guided search performance at longer SOAs in all three guidance
conditions. Planned t-tests and BF calculations established that
all pairwise differences between SOAs were reliably different, all
#(14)>5.13, all p <.0002, all d > .30, two-tailed, all BF >193.30
except for the comparison of +360 versus +800 ms SOA, #14) =
145, p = .17, d = .06, two-tailed, BF = .64. The BF score
indicates modest support for the null hypothesis model of no
difference between the +360 and +800 ms SOA conditions
(Kass & Raftery, 1995), by which point the RTs have reached
an asymptote at roughly the level of the set size 4 baseline.

Our particular interest in this study is reflected in the sig-
nificant interaction of display x SOA, in which we are focused
on when the three guidance conditions diverged from the
baseline 16 condition (start of guidance) and when they con-
verged with the baseline 4 condition (guidance reaches max-
imum). These trends were examined through planned compar-
isons of the three guidance conditions against each of the
baseline conditions (set sizes four and 16) using both t-tests
and BF calculations, employing a Bonferroni correction to
guard against type I error (alpha = .0017) for the t-tests. T-
tests and BF results are presented in Table 1a and b, separately
for the set size 4 and 16 baseline conditions. In Fig. 5, data
points that are circled failed to register as significantly differ-
ent from each other under frequentist statistics, all p > .05, and
had BF scores < 3, indicating differences “not worth more
than a bare mention” (Kass & Raftery, 1995). Uncircled data
points are significantly different from each other, all p <.0017,
two-tailed, all BFs > 3.

Figure 5 shows guidance developing over several hundred
milliseconds. Starting at the left, when the Landolt Cs appear
before the guiding color information, unguided search through
the Cs begins. The difference between each of the guided con-
ditions and the baseline 16 average becomes significant for
SOAs of -360 ms and later (Table 1a). Most of the value of
color guidance is in place when color and Cs appear at the same
time (SOA 0), though having the color appear first (positive
SOA) does provide more guidance than is available at SOA 0.
The consistent condition is statistically distinguishable from the
baseline 4 condition until +360 ms SOA, and both the consis-
tent and mixed conditions are statistically distinguishable from
the baseline 4 condition until +800 ms SOA (Table 1b).

The finding that the consistent, mixed, and interference con-
ditions were all significantly different than the baseline 4 condi-
tion at 0 ms SOA (with BF scores > 1,497) means that partici-
pants were not able to make full use of guiding information in the
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Table 1

A and B T-test t-values (top), p-values (middle, italicized), and Bayes factor values (bottom) from planned comparisons of the three guidance

conditions against the baseline 16 (Table 2A) and baseline 4 (Table 2B) conditions in Experiment 1

Table 1A

Baseline 16

-800

-360 0

360

800

t-value: 3.23
p-value: | 0.0061
BF: 8.39

Consistent

4.85
0.0003
124.69

t-value: 3.19
p-value: | 0.0066
BF: 7.84
t-value:

p-value:
BF:

Mixed

Interference

Table 1B

4.66
0.0004
91.81

Baseline 4

-800

t-value:
p-value:
BF:
t-value:
p-value:
BF:
t-value:

p-value:
BF:

Consistent

Mixed

Interference

-360 0 360 800

White squares indicate evidence in favor of the null hypothesis, gray squares indicate an effect difference “not worth more than a bare mention,” light
green squares indicate “positive” evidence of a difference, medium green squares indicate a “strong” difference, and dark green squares indicate a “very

strong” difference (Kass & Raftery, 1995)

displays immediately on its appearance. In other words, a search
set with four targets of one color and 12 distractors of another
color is not searched as efficiently as a display with just four
items, when all items are presented simultaneously. This effect
held, even for the consistent mapping condition, in which partic-
ipants saw the same color mappings (e.g., red among purple) for
over a hundred trials within a single block.

It is possible that the baseline 4 condition gains some ad-
vantage because it is less crowded than 16-element displays.
That effect would be roughly constant so its magnitude cannot
be much bigger than the small difference between baseline 4
and subset conditions at large SOAs. Moreover, color differ-
ences tend to weaken crowding effects (Kooi et al., 1994; Fox;
1998), suggesting the small subset should be relatively
protected from crowding effects.

It is worth noting that the guided conditions are faster than
the baseline 16 condition, even at an SOA of -800 ms (color
appears 800 ms after Cs.). This is not statistically reliable
under our conservative Bonferroni correction but the BF evi-
dence for a difference is “substantial” for the consistent and

mixed conditions albeit only “barely worth mentioning™ for
the interference condition (Jeffreys, 1961). These modest dif-
ferences are suggestive and make theoretical sense. The RTs
for an unguided search through 16 items average about 1,600
ms. That means that, even if the color appears 800 ms after the
Cs and guidance is not complete for another few hundred
milliseconds after that, there is still time left for guidance to
help — and it probably does.

Taken together, these results suggest that color guidance is
not fully effective immediately on color onset. It appears to be
fully engaged after several hundred milliseconds of display
time. This is consistent with other estimates, discussed in the
introduction, that showed guidance developing over time be-
fore reaching full effectiveness.

Experiment 2 - more vivid colors

In Experiment 1, while color information was not completely
effective immediately, it could be objected that the colors were
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rather desaturated and similar in hue. Perhaps the apparent
sluggishness of guidance was due the use of weak colors.
Accordingly, Experiment 2 replicates Experiment 1 using
stimuli with stronger color contrast. Figure 6 depicts the stim-
uli used in this study. Colors are more saturated and color pairs
were highly dissimilar. Finally, the Landolt Cs were white,
with a thin black outline to heighten contrast against the more
saturated colors.

Methods

A sample of four males and nine females, average age 27.85
(SD: 9.45) years, from the Brigham & Women’s Hospital
Visual Attention Laboratory’s paid subject pool participated
in the experiment. Placeholder stimuli were gray (R: 128, G:
128, B: 128) and baseline stimuli were brown (R: 149, G: 121,
B: 102). The vivid color pairs were orange (R:247, G:148,
B:30) and blue (R: 51, G: 59, B: 151), cyan (R: 0, G: 183,
B: 241) and red (R: 237, G: 28, B: 36), or purple (R: 143, G:
53, B: 140) and green (R: 0, G: 170, B: 79). Landolt Cs were
white (R: 255, G: 255, B: 255) with a thin black outline (R: 35,
G: 31, B: 32). Mecthods were otherwise identical to those in
Experiment 1.

Results and discussion

Mean RTs as a function of SOA are shown in Fig. 7. A5 x 5
(Display x SOA) repeated measures ANOVA was conducted
on the mean RTs in both the baseline conditions and the three
guidance conditions with matching SOAs. Mauchley’s test of
sphericity revealed significant effects for both display, x*(9)=
40.73, p < .001, and SOA, X2(9)= 27.65, p < .01, therefore
degrees of freedom were corrected using Greenhouse-Geisser
values for sphericity (e = .42 and ¢ = .48, respectively).

As in Experiment 1, the ANOVA revealed a main effect of
display, F(1.68,20.24) = 39.49, p < .001, 771,2 = .77, and both
Bonferroni-corrected t-tests and BF calculations revealed that

Rt oo
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©

Fig. 6 Five sample displays from Experiment 2. Stimuli in this
experiment had more saturated colors, stronger color contrast, and
higher contrast Landolt Cs than the stimuli used in Experiment 1
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Fig. 7 Mean response time after Landolt C appearance as a function of
Landolt C — Colored Circle SOA for 13 observers in Experiment 2. The
three guidance conditions were tested against the one-color baseline 16
and baseline 4 conditions at SOAs of -800, -360, 0, 360, and 800. Data
points from the guidance conditions are significantly different than the
baseline conditions unless circled. All data points within a circle have BF
scores less than 3 and are statistically indistinguishable from the
respective baseline conditions. Error bars indicate within-subjects
confidence intervals (Cousineau, 2005; Morey, 2008).

average RTs in the baseline 4 and baseline 16 conditions were
significantly different than all other conditions, all t(12) >
4.76, all p <.0005, all d > 1.06, two-tailed, all BFs > 76.87.
None of the three guidance display conditions (consistent,
mixed, and interference) were different from each other, all
t(12)<2.38, all p>.035, all d < .66, two-tailed, all BFs <2.13.
This means that, unlike Experiment 1, the interference condi-
tion did not yield significantly slower RTs in the aggregate
than the consistent and mixed conditions. In fact, the BF anal-
ysis yielded some evidence in favor of the null hypothesis for
the comparison of the mixed and interference conditions, #(12)
=1.00, p = .34, d = .28, two-tailed, BF = 0.42.

The ANOVA also detected a main effect of SOA,
F(1.91,22.89) = 55.69, p < .001, np2 = .82, reflecting the fact
that, overall, RTs decreased as SOA increased. Secondary
analyses with t-tests and BF calculations revealed that all
pair-wise combinations of SOAs were reliably different than
each other, all t(12) >4.46, all p <.001, all d > .34 two-tailed,
all BFs > 48.69 except for the comparison of SOAs +360
versus +800, t(12) = 1.38, p = .19, d = .14, two-tailed, BF =
.61, which had some evidence in favor of the null hypothesis
for that comparison.

The main effects were accompanied by a significant display
x SOA interaction, F(5.33,63.90) = 8.80, p < .001, np2 = .42,
which was the primary statistic of interest for this study.
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Planned comparisons examining the three guidance conditions
against each of the baseline conditions (set sizes 4 and 16)
employed a Bonferroni correction to guard against type I error
(alpha = .0017). T-test and BF results are presented in Table 2a
and b, separately for the set size 4 and 16 baseline conditions.
In Fig. 7, data points that are circled failed to register as signif-
icantly different using both frequentist (all p > .05) and
Bayesian (BF scores < 3) statistical approaches, while uncircled
data points are significantly different from each other under the
traditional statistical approach (each p <.0017, two-tailed), and
had “positive evidence” for a difference (Kass & Raftery,
1995) under the Bayesian approach (each BF' > 3).
Importantly, all three guidance conditions were signif-
icantly different than the baseline 4 condition at 0 ms
SOA, but were statistically indistinguishable by +360 ms
SOA. Consistent with Experiment 1, color guidance took
several hundred milliseconds to develop fully in displays
with four targets and 12 distractors, to the point when

Table2 A and B T-test t-values (top), p-values (middle, italicized), and
Bayes factor values (bottom) from planned comparisons of the three

those displays were searched as quickly as displays with
just four targets. By +360 ms, guidance appeared to be
fully effective in the current study.

Overall, the major findings from Experiment 1 were
replicated in Experiment 2. Participants were not able to
fully use color guidance information immediately upon
presentation (i.e., 0 ms SOA) but were able to by
+360 ms SOA for the consistent display condition, despite
the fact that the colors in this study were more saturated
and salient than the colors used in the previous study. We
take this to indicate the apparently slow time course of
color guidance in Experiment 1 was not due to weak color
signals. Stimuli with stronger color signals in Experiment
2 did not yield more rapid color guidance in this visual
search task. For the consistent and mixed conditions at the
-800 SOA value, it again seems that guidance was avail-
able toward the end of the average search, even when the
colors appeared 800 ms after the Landolt Cs.

guidance conditions against the baseline 16 (Table 2A) and baseline 4
(Table 2B) conditions in EXé)eriment 2

Table 2A Baseline 1
-800 -360 0 360 800
t-value: 3.18 4.65
Consistent p-value: | 0.0080 0.0006
BEF: 6.98 64.78
t-value: 3.24 3.96
Mixed p-value: | 0.0071 0.0019
BF: 7.66 23.05
t-value: 2.43 4.17
Interference p-value: | 0.0316 0.0013
BF: 2.30 31.64
Table 2B Baseline 4
-800 -360 360 800
t-value: 1.61 2.17
Consistent p-value: 0.1340 | 0.0510
BF: 0.78 1.59
t-value: 3.53 3.34
Mixed p-value: 0.0130 | 0.0059
BF: 11.95 8.99
t-value: 2.91 3.50
Interference  p-value: 0.0130 | 0.0044
BEF: 4.68 11.44

White squares indicate evidence in favor of the null hypothesis, gray squares indicate an effect difference “not worth more than a bare mention,” light
green squares indicate “positive” evidence of a difference, medium green squares indicate a “strong” difference, and dark green squares indicate a “very

strong” difference (Kass & Raftery, 1995)
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Experiment 3 - colored Landolt Cs

The results of the first two experiments show that attentional
selection is not immediately effective once guiding color in-
formation denoting the relevant subset of items with the target
becomes available. However, in the previous two studies, the
Landolt C stimuli were displayed on top of colored circles that
provided the guiding information. Perhaps identifying the
subset of circles containing the correct color information need-
ed for guidance and then switching attention to the Landolt C
stimuli inside took some extra time. That is, the color guidance
information was near the target items but was not a part of the
target items themselves.

To test this hypothesis, the stimuli in Experiment 3
were redesigned such that the target Landolt C stimuli
were themselves colored (Fig. 8). We used the higher
contrast colors introduced in Experiment 2. The stimuli
all started out as complete circles and then a chunk of
the circles disappeared at the appropriate time to turn
them into Landolt C stimuli. Again, this sort of feature
deletion from an object does not interrupt endogenous
visual attention (Olds & Fockler, 2004; Theeuwes,
1991). If this experiment also shows that guidance takes
time to develop, then we can be confident that the delay
in the availability of guidance is not attributable to atten-
tion in having to switch between the colored circles used
for guidance and the Landolt C target stimuli they con-
tain. In this case, the Landolt C stimuli themselves con-
tain the guiding color information so there needs to be
no attentional switching between objects. One might ask
why these stimuli were not used from the outset. These
stimuli have the potential drawback that the color change
would represent a change in the objects themselves,
which might render them “new” objects at SOA 0. So

vOvnNnjLOYNLvALL
AL NN NVINVLOY
VONUVIILVNCUL|l VLN
VO VLIIVLONOIDLVNN

VIVLOIO
n. [Qououn
c |[Quuv
0oV NN

Fig. 8 Sample stimuli used in Experiment 3. The Landolt C stimuli were
redesigned to be larger and incorporate the saturated colors introduced in
Experiment 2. In this experiment, the guiding color information is part of
the search stimuli themselves, potentially eliminating an extra attentional
selection step
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each stimulus set has advantages and disadvantages.
However, as we show below, they all produce essentially
the same results, giving us converging evidence for the
conclusion that guidance takes time to develop after
search stimuli become visible.

Methods

A sample of seven males and eight females, average age
28.80 (SD: 9.75) years, from the Brigham & Women’s
Hospital Visual Attention Laboratory’s paid subject pool
participated in the experiment. Colors used in Experiment
3 were the same as those used in Experiment 2; however,
the Landolt C stimuli themselves were colored rather than
being located within a colored circle (Fig. 8). Initially, the
search stimuli were all gray outline circles (i.e., donut
shaped). When the time came to reveal the Landolt C
search stimuli, the appropriate chunk of each circle disap-
peared. This sort of stimulus offset does not interrupt en-
dogenous visual attention (Theeuwes, 1991). Methods
were otherwise identical to those in Experiments 1 and 2.

Results and discussion

Results are shown in Fig. 9 and are clearly similar to those of
Experiments 1 and 2. Mean RT data in both the baseline con-
ditions and the three guidance conditions with matching
SOAs were submitted to a 5 x 5 (Display X SOA) repeated
measures ANOVA. Mauchley’s test of sphericity revealed sig-
nificant effects for both display, x*(9)= 52.79, p < .001, and
SOA, X2(9)= 38.21, p < .01, therefore degrees of freedom
were corrected using Greenhouse-Geisser values for spheric-
ity (¢ = .38 and ¢ = .41, respectively). As in the previous
studies, the ANOVA revealed main effects of both display,
F(1.53,21.35) = 34.54, p < .001, 77!,2 = .71, and SOA,
F(1.64,23.00) = 49.74, p < .001, , 77,,2 = .78, as well as a
significant display x SOA interaction, F(4.82,67.42) =
10.18, p < .001, n,” = .42.

The main effect of display was driven by all three of the
guidance conditions (consistent, mixed, and interference) be-
ing significantly different than the baseline 16 condition, all
ts(14)>4.89, all ps <.0002, all ds > 1.26, two-tailed, all BFs >
134.80, and the baseline 4 condition, ts(14) > 6.52, all ps <
.0001, all ds > 1.27, two-tailed, all BFs > 1673.50. There were
no significant differences in overall RTs for the three guiding
conditions in this experiment, all t(14) <2.74, all p > .016, all
d < .41, all BFs < 3.86, and actually the Bayesian analyses
provided some evidence in support of accepting the null hy-
pothesis for the comparison of mixed versus interference dis-
plays (BF = 0.56) and mixed versus consistent displays (BF =
0.85). As in Experiment 2 but not Experiment 1, the interfer-
ence condition did not have significantly slower overall RTs
than the consistent and mixed conditions.
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Experiment 3

2000

—d— Baseline 16
—@— Interference
—4— Mixed
~#— Consistent
—¥— Baseline 4

15001

1000

Response Time after Cs Appear (ms)

L L L
-800 -360 0 360 800

o
o
o

Landolt C —» Colored Cs SOA (ms)

0000)] (LNL V] (VAL L 0000 [0000| (VAL L
0000| |NLOY| |NLOY 0000 (0000 PLOY
0000 |[NVvLN| |NLLN 0000| |0000| | NLLN
0000/ DLuNNn| DLVOHN 0000 0000 PLN

TIME TIME

Negative SOAs Positive SOAs

Fig. 9 Mean response time after Landolt C appearance as a function of
Landolt C — Colored C SOA for 15 observers in Experiment 3. The three
guidance conditions were tested against the one-color baseline 16 and
baseline 4 conditions at SOAs of -800, -360, 0, 360, and 800. Data
points from the guidance conditions are reliably different than the
baseline conditions unless circled. All data points within a circle have
BF scores less than 3 and are statistically indistinguishable from the
respective baseline conditions. Error bars indicate within-subjects
confidence intervals (Cousineau, 2005; Morey, 2008).

To interpret the main effect of SOA, we used Bonferroni-
corrected t-tests and BF analyses to evaluate all pairwise com-
parisons. These planned comparisons revealed that the -800
and -360 SOA conditions were significantly different than all
other SOA conditions, all #(14) > 4.19, all p < .001, all d >
1.08, two-tailed, all BFs > 42.31, but the +360 and +800 ms
SOA conditions were not significantly different than the 0
SOA condition or each other, all #14) < 2.08, all p > .058,
all d < .19, two-tailed, all BFs < 1.40. Furthermore, the
Bayesian analyses provided evidence in favor of the null hy-
pothesis for the 0 versus +360 (BF = 0.89) and +360 versus
+800 (BF = 0.35) comparisons.

To better understand the significant display x SOA interac-
tion, BF calculations and t-tests compared the three guidance
conditions of the baseline conditions against each other (set
sizes 4 and 16), employing a Bonferroni correction to guard
against type I error (alpha = .0017). These planned compari-
sons are presented in Table 3a and b, separately for the set size
4 and 16 baseline conditions. The three guidance conditions
become significantly different than the baseline 16 condition
by -360 ms SOA for the consistent condition and 0 ms SOA
for all conditions. The consistent condition does not become
statistically indistinguishable from the baseline 4 condition
until +360 ms SOA while the mixed and interference

conditions never become indistinguishable from baseline 4
condition under a Bayesian perspective, even at +800 ms
SOA. As in the previous two experiments, guidance is not
fully effective immediately (0 ms SOA) and takes time to
develop (by +360 ms SOA for the consistent). In Fig. 9, cir-
cled data points are those that failed to register as significantly
different from the baseline conditions under the frequentist
statistical approach (all p > .05) and have a BF score of 3 or
less from the Bayesian perspective. Uncircled data points are
significantly different from baseline, each p <.0017, each d >
.69, and each BF > 3, which indicates “positive evidence” ofa
difference (Kass & Raftery, 1995). Note that, in this experi-
ment, there is less evidence of any guidance at an SOA of -
800. Note also that the average RT is markedly faster in the 16
baseline condition of Experiment 3 than in the same condition
in Experiments 1 and 2. Here, when the colors appear 800 ms
after the Cs, the search is almost done and guidance cannot
help very much, especially if it takes another 200-400 ms to
reach full strength.

The results of this study are largely consistent with the
previous two studies. Fully effective color guidance is not
available at 0 ms SOA. It develops over several hundred mil-
liseconds, becoming fully effective by +360 ms SOA for the
consistent display condition. In the stimuli used in this exper-
iment, color is a property of the Cs, not of the background.
Therefore, the SOA functions of Experiments 1 and 2 were
not a side effect of the need to switch attention between ob-
jects and their backgrounds.

General discussion

Looking at any of the data figures in this paper, we can narrate
the time course of a search for the Landolt C, placed in the
smaller, four-item color subset in a set of 16 items. If a display
of four red and 12 blue items appears on the screen, it is quite
clear from other work that the existence of that subset is avail-
able very rapidly. Work on ensemble processing (Alvarez,
2011; Ariely, 2001; Chong & Treisman, 2003), rapid scene
processing (Brady, Shafer-Skelton, & Alvarez, 2017; Greene,
2013; VanRullen & Thorpe, 2001), or enumeration (Watson &
Maylor, 2006) tell us that information about the color of sets
of items is available within the first 100 ms. However, the first
deployments of attention are imperfectly guided by color. If
the guidance were perfect, the RTs for finding the target C in
the subset of four items would be the same as the RT for
finding the target C when only four items are on the screen.
Given the RTs for the baseline 4 and baseline 16 conditions,
we can calculate the cost of each additional item in this Landolt C
task by calculating the slope of the RT x set size function. For
Experiments 1 and 2, it is approximately 67 ms/item. For
Experiment 3, it is about 40 ms/item. In Experiments 1 and 2,
the difference between the mixed and consistent conditions and
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Table 3

A and B T-test t-values (top), p-values (middle, italicized), and Bayes factor values (bottom) from planned comparisons of the three guidance

conditions against the baseline 16 (Table 3A) and baseline 4 (Table 3B) conditions in Experiment 3

Table 3A Baseline 16
-800 -360 0 360 800
t-value: 1.93 3.89
Consistent p-value: | 0.0745 | 0.0016
BF: 1.13 25.55
t-value: 1.68 2.72
Mixed p-value: | 0.1139 | 0.0167
BF: .83 3.66
t-value: 1.58 2.73
Interference p-value: | 0.1367 | 0.0163
BF: 73 3.74
Table 3B Baseline 4
-800 -360 0 360 800
t-value: 4.23 1.39 2.01
Consistent p-value: 0.0009 0.1868 | 0.0645
BF: 44.08 .59 1.26
t-value: 3.59 4.71
Mixed p-value: 0.0104 | 0.0003
BF: 15.69 98.67
t-value: 2.95 3.96
Interference p-value: 0.0104 | 0.0014
BF: 5.38 28.61

White squares indicate evidence in favor of the null hypothesis, gray squares indicate an effect difference “not worth more than a bare mention,” light
green squares indicate “positive” evidence of a difference, medium green squares indicate a “strong” difference, and dark green squares indicate a “very

strong” difference (Kass & Raftery, 1995)

the baseline 4 condition is about 200 ms at an SOA of 0 ms. This
is the equivalent of adding 200/67 = 3 items to the set size. For
Experiment 3, the difference between the mixed and consistent
conditions and the baseline 4 condition is about 100 ms. This is
the equivalent of adding 100/40 = 2.5 items. Thus, we can say
that, when color and form appear at the same time, a set of four
red and 12 blue items would behave like a set of six or seven red
items. In the simulation shown earlier, this effective set size
would arise because the first few selections of items would be
randomly picked from all 16 items, leaving only a 25% chance
that they would be drawn from the correct subset of four. Only
after guidance became fully effective would attention be consis-
tently directed to the appropriate subset of items. By 360 ms after
the onset of the color, observers appear to be able to restrict
search to that subset.

The longer a search goes on, the more effectively it will be
guided to the correct subset of items. Thus, if the Cs come on,
for example, 800 ms before the colors (SOA —800), the fastest
searches will be unguided. The observer will simply have
been lucky in his or her initial selection of Cs. After the colors
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appear, the search will become increasingly guided so that we
can assume that the last few selections of a long RT search will
be almost entirely restricted to the correct color subset. This is
seen more clearly in Experiments 1 and 2 because those tasks
are harder, producing more long RTs that allow for the full
development of guidance during the course of the search.
Guidance in these experiments can be seen as a cue that
points to several locations at the same time. Cues that point to
single locations (or objects) come in two forms, endogenous
and exogenous (Klein, 2009). Exogenous cues like light on-
sets at the location of the target operate very quickly (~50 ms;
Cheal & Lyon, 1991). Endogenous cues (e.g., semantic cues at
fixation) take longer — perhaps, several hundred milliseconds
(Horowitz et al., 2009; Nakayama & Mackeben, 1989).
While a color subset might be thought to be like an exogenous
cue, a set of markers at the possible locations of the target, color
guidance has a time course more like an endogenous cue.
Interestingly, our lab has used various cues in search that are like
classic endogenous cues including pictures of the target, present-
ed at fixation. Generalizing over many experiments, these
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seemingly endogenous cues seem to take no longer to reach their
full potency than does the seemingly exogenous cue of color
guidance (Wolfe, et al., 2004). In fact, it is probably a mistake
to think of the color subset as either an endogenous or an exog-
enous cue. Cues direct focal attention to a location, guidance
biases the deployment of attention. In the case of a color subset,
that bias can be distributed to multiple locations in the display. It
is probably more accurate to say that guidance happens to have a
time course like an endogenous cue rather than to propose that
they share an underlying mechanism, but this issue would require
further investigation.

The current data indicate that guidance is not fully effective
immediately at 0 ms SOA but is in place by +360 ms SOA.
Why does it take as long as it does to get guidance fully
engaged? Especially when the color of the subset is known,
guidance could be implemented as a filter sitting athwart the
feed-forward flow of information through the visual path-
ways. We know that this feed forward pathway is capable of
accomplishing complicated acts of scene and object recogni-
tion in 100 ms or less (Fei-Fei, Iyer, Koch, & Perona, 2007;
Serre, Oliva, & Poggio, 2007). There is also electrophysiolog-
ical evidence for some color-based attention becoming effec-
tive within 100 ms of stimulus onset (Zhang & Luck, 2009).
Other studies show signs of guidance that appear at about
250 ms (e.g., Berggren & Eimer, 2016). It is possible that
the full implementation of guidance requires feedback from
high cortical areas, as proposed in models like the Reverse
Hierarchy Theory of Ahissar and Hochstein (Ahissar &
Hochstein, 2004; Hochstein & Ahissar, 2002) or the re-
entrant account of Di Lollo et al. (2000). We could hypothe-
size that guidance has a fast, feed-forward component and a
slower component that requires feedback, but clear evidence
for such a hypothesis awaits further research.
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