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A B S T R A C T

In numerical comparison experiments, participants are presented with two digits that vary in numerical and
physical size, and they select the numerically (or physically) larger (or smaller) of the two digits. Response times
are typically faster when numerical and physical size are congruent than when they are incongruent, which is
called the size congruity effect (SCE). Although numerical size is unlikely to be a guiding feature in visual search,
recent studies have nevertheless observed the SCE in the visual search paradigm. To explain this puzzling fact,
we hypothesized that the incongruity between a target's numerical and physical size affects visual search pri-
marily when an attended item is compared to the target template in visual short-term memory. In three ex-
periments, participants searched for a target whose numerical and physical size were distinct from non-target
distractors. The SCE and shallow search slopes in Experiment 1 suggest that the target's physical size captured
attention, and only then did incongruent numerical size interfere with the response. Instructing participants to
attend to physical size in Experiment 2 abolished the SCE, suggesting that participants did not analyze the
target's numerical size when they could be confident that physical size was a reliable target cue. Presenting each
of two possible target digits in blocks as in Experiment 3 enabled participants to load the visual features of shape
and physical size into their target template, and once again the SCE was abolished. The three experiments show
that the SCE in visual search can be reduced or eliminated by restricting the target template based on specific
physical features and thus discouraging participants from analyzing the target's numerical size.

1. Introduction

In traditional numerical comparison tasks (Moyer & Landauer,
1967), participants select one of two digits based on its numerical size.
Besner and Coltheart (1979) extended this technique by varying the
digits' physical size so numerical and physical size could be either
congruent (e.g., 2 and ) or incongruent (e.g., and 9). In such a task,
selecting the numerically (or physically) larger (or smaller) digit is
generally faster when the numerical and physical size are congruent
than when incongruent (Besner & Coltheart, 1979; Henik & Tzelgov,
1982). This result, called the size congruity effect (SCE), implies that a
numeral's semantic (numerical size) and perceptual (physical size)
characteristics interact mentally in a manner reminiscent of the classic
Stroop (1935) effect.

2. Stroop and reverse Stroop effects in identification and
localization

In one of Stroop's (1935) experiments, participants viewed either
color words written in ink that was incongruent with the meaning of the

word, or colored blocks. Naming the color of the ink was slower for
incongruent color words than colored blocks, which has become known
as the Stroop effect. Much less well known than the color naming ex-
periment was one in which participants read the words aloud
(MacLeod, 1991). In this experiment, word reading was no slower for
color words written in an incongruent color ink than color words
written in a neutral (i.e., black) ink. In a third experiment, Stroop
showed that incongruent ink color can interfere with word reading, but
only after several days practicing ink color naming, and this effect
promptly vanished in a follow-up task. Although Stroop found inter-
actions between a word's meaning and ink color in both color naming
and word reading tasks, the first has become known as the Stroop effect
and the second as the reverse Stroop effect.

The likely reason for this naming convention is that the Stroop effect
is so much more robust than the reverse Stroop effect. Indeed, whereas
MacLeod (1991) reviewed hundreds of articles replicating the Stroop
effect, replications of the reverse Stroop effect are comparatively rare
(Blais & Besner, 2006). This asymmetry between the Stroop and reverse
Stroop effects has traditionally been explained as the result of auto-
maticity (Besner, Stolz, & Boutilier, 1997; Blais, Harris, Guerrero, &
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Bunge, 2012). That is, participants are presumed to have had much
more experience reading words than naming colors, so incongruent
word meaning interferes with ink color naming (Stroop) more than the
other way around (reverse Stroop).

Whereas the automaticity account implies a special status for
word reading, many studies replicating the reverse Stroop effect
(e.g., Virzi & Egeth, 1985) have argued that Stroop interference
results from the need to translate mental codes between the sti-
mulus and response. Because identification of either the target's
color (Stroop) or meaning (reverse Stroop) entails a verbal re-
sponse, a visual stimulus (ink color) needs to be translated into a
verbal code in Stroop tasks, but a verbal stimulus (word meaning)
requires no such translation in reverse Stroop tasks. The translation
account implies that tasks eliciting a visual response should invert
the traditional asymmetry such that the Stroop effect should be
smaller than the reverse Stroop effect. To support this claim, Durgin
(2000; and a recent replication by Miller, Kubicki, Caffier, Kolski, &
Naveteur, 2016) presented color words that appeared in a visual
color, and instructed participants to localize one of four color pat-
ches that matched either the cue's color (Stroop) or meaning (re-
verse Stroop). The Stroop task required no translation between the
cue's color and the matching color patch, but the reverse Stroop task
did require the cue's meaning be translated into a visual code to
match the corresponding color patch. Consistent with the transla-
tion account, the Stroop effect was smaller than the reverse Stroop
effect.

Blais and Besner (2007) argued that a localization task such as the
one used by Durgin (2000) should have been sufficient to elicit a re-
verse Stroop effect even without any need for translation. That is, lo-
calization tasks are more strongly associated with perceptual processing
than semantic processing, so attending to the target's semantic feature
(word meaning) in a localization task should elicit more interference
than attending to its perceptual feature (color). In contrast, the tradi-
tional Stroop task is identification, which is more strongly associated
with semantic processing. According to the strength-of-association ac-
count, this is why attending to the target's perceptual feature (color) in
traditional Stroop tasks elicits more interference than attending to the
target's semantic feature (word meaning) in reverse Stroop tasks. Blais
and Besner (and a recent replication by Yamamoto, Incera, &
McLennan, 2016) adapted Durgin's task by replacing the color patches
with color words so no translation was required between the meaning
of the cue and the meaning of the matching color word. Consistent with
the strength-of-association account, they observed a reverse Stroop ef-
fect even though no translation was required.

Sobel, Puri, and Faulkenberry (2016) recently extended the size
congruity paradigm to a visual search localization task (as Blais and
Besner (2007) did for Stroop). This study included both a reverse
Stroop task, in which participants localized the item with a unique
numerical (semantic) size (Experiment 1), and a Stroop task in which
they localized the item with a unique physical (perceptual) size
(Experiment 2). In both experiments, every display contained one
item that was both numerically and physically unique; the only dif-
ference between experiments was that participants were instructed
to attend to numerical size in Experiment 1 and physical size in
Experiment 2. In both experiments, RTs were faster for congruent
targets than incongruent targets, but this SCE was significantly
greater in Experiment 1 (reverse Stroop) than Experiment 2 (Stroop).
Experiments 4 and 5 were also analogous to a reverse Stroop and
Stroop task, respectively, but targets and distractors were three-digit
numerals. Because salience of visual features increases with display
density (Bravo & Nakayama, 1992; Sobel, Pickard, & Acklin, 2009;
Todd & Kramer, 1994), packing more items into the same size display
was intended to boost the salience of the target's physical size,
thereby reducing the role of numerical size. As expected, the sig-
nificant SCE in Experiment 4 (reverse Stroop) was not just reduced,
but completely abolished, in Experiment 5 (Stroop).

3. The presence of the SCE in visual search is surprising

A larger SCE when participants attended to a target's numerical size
rather than its physical size accords well with the strength-of-associa-
tion prediction that reverse Stroop should be larger than Stroop effects
for localization tasks, and yet the mere presence of the SCE in visual
search is somewhat surprising. One obstacle to observing the SCE in
visual search is that manipulating a search item's semantic associations
typically also entails manipulating its shape (e.g., 9 is numerically
larger than 2, but also has a different shape), so it is difficult to dis-
entangle the effect of numerical size from the effect of shape (Krueger,
1984; Wolfe & Horowitz, 2004). Nevertheless, researchers have re-
cently developed an assortment of techniques to control for an alpha-
numeric character's shape in visual search, enabling them to reveal the
influence of the character's meaning on visual search (Godwin, Hout, &
Menneer, 2014; Krause, Bekkering, Pratt, & Lindemann, 2017; Lupyan,
2008; Lupyan & Spivey, 2008; Schwarz & Eiselt, 2012; Sobel, Puri, &
Hogan, 2015).

Whereas these studies tamed the confound between a target char-
acter's shape and meaning, a second obstacle to observing the SCE in
visual search concerns the dubious status of numerical size as a guiding
feature in visual search (Sobel, Puri, Faulkenberry, & Dague, 2017). A
guiding feature is defined by its ability to limit the range of items
through which search proceeds (Wolfe & Horowitz, 2004). If numerical
size is not a guiding feature, how does it exert any influence on visual
search? We believe that the target first captures attention due to its
unique physical size (undoubtedly a guiding feature according to Wolfe
& Horowitz), then, only after attention is directed to the physical size
singleton, does its numerical size have the opportunity to interfere with
the participant's decision to report that the attended item is the target.
This echoes Risko, Maloney, and Fugelsang (2013), who argued that in
traditional size congruity experiments with just two numbers to com-
pare, one number captures attention, and only then does incongruent
numerical size interfere with the participant's decision. However, Arend
and Henik (2015) identified two methodological limitations that they
claimed undermined the validity of Risko et al.'s conclusions: partici-
pants selected the numerically larger item, but were never asked to
select the numerically smaller item, nor were they ever asked to attend
to the items' physical size. To extend on Risko et al. while seeking to
overcome the methodological limitations identified by Arend and
Henik, in our experiments we included four conditions: participants
searched for the numerically small, numerically large, physically small,
and physically large item.

4. The role of the target template

Our attentional-capture-then-interference model of the SCE in visual
search relies heavily on the role of the target template in visual short-
term memory (VSTM). When participants search for a single item of
interest from among several non-target distractors, they maintain a
target template in VSTM for comparison with target candidates (Beck,
Hollingworth, & Luck, 2011; Olivers, Peters, Houtkamp, & Roelfsema,
2011). The precision of the target template affects both attentional
guidance and decision-making (Hout & Goldinger, 2015).

As a first step to probe the influence of the target template on the
SCE in visual search, we noted that in our previous study when parti-
cipants were instructed to search for the digit with a unique numerical
size (Sobel et al., 2016, Experiment 1), the target's physical size varied
randomly across trials. Because of this inter-trial interference, partici-
pants were prevented from developing a template that specified the
target's physical size. What if each participant were exposed to ex-
clusively congruent or incongruent targets?

It is well known that the Stroop effect is sensitive to the ratio of the
frequency of congruent and incongruent trials (Blais et al., 2012;
Jiménez & Méndez, 2013), but in our experiments we wanted to see if
presenting exclusively congruent or incongruent targets would
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encourage participants to load the target template with the target's
visual features. For that reason we looked to Stroop experiments in
which congruent and incongruent trials were presented in blocks to
gain some idea of what to expect. One problem with blocking congruent
trials in Stroop tasks is that participants who are told to identify the
target's visual color may actually rely on word reading rather than color
naming (Algom & Fitousi, 2016). Because localization is more strongly
associated with perceptual processing, the strength-of-association ac-
count predicts that participants in a localization task who are instructed
to attend to the target's numerical size may instead rely on attending to
the target's physical size. This is what we expected in congruent trials,
but what about incongruent trials? If the target has a unique physical
size in every trial, we expected that participants who view exclusively
incongruent targets may also have an incentive to attend to physical
size because the physical size singleton will always be the target.

In the experiments described below, we eliminated inter-trial
interference of the target's physical size by manipulating physical
size between subjects. As a result, the target's physical size was not
just predictably unique, but also remained the same (either larger
or smaller than distractors) throughout the experiment. This pro-
vided participants with an incentive to adopt a top-down strategy of
loading a particular physical size into their target template, thereby
making search more efficient (Kiss & Eimer, 2011). Furthermore, if
participants explicitly noticed that the target always had a parti-
cular physical size, they could be expected to skip checking the
physical size singleton's numerical size (because it always matched
the target's numerical size), thereby abolishing, or at least severely
curtailing, the SCE in visual search.

In Experiment 1, we manipulated numerical and physical size
between subjects in a numerical comparison visual search task in
order to test two hypotheses. First, that the target's unique physical
size would capture attention, and only then would incongruent nu-
merical size interfere with selecting the attended item. And second,
that upon initially localizing the target, participants would be less
likely to check whether the physical size singleton's numerical size
matched the target's numerical size than when the target's physical
size varied across trials.

5. Experiment 1: Search for a numerical size singleton

5.1. Method

5.1.1. Participants
We obtained permission to carry out all three experiments from the

University of Central Arkansas Institutional Review Board, and treated
participants in accordance with the ethical guidelines stipulated by the
American Psychological Association (2017). In light of recent studies
that have revealed a size congruity effect in visual search (Krause et al.,
2017; Sobel et al., 2016), an effect with a similarly large d=1.25
would require a minimum of 14 participants to achieve 80% power at
an alpha of .05 (Bausell & Li, 2002). A total of 56 undergraduate stu-
dents (4 groups of 14) from the University of Central Arkansas vo-
lunteered for the experiment in exchange for class credit.

5.1.2. Apparatus
All experiments were conducted on a Macbook computer connected

to a CRT monitor with a screen resolution of 1024×768 pixels.
Programs written in Xojo Basic presented stimulus arrays to the monitor
and gathered responses from the keyboard.

5.1.3. Stimuli
When selecting digits to use as targets and distractors, we wanted

digits that would encourage participants to create a target template that
was as simple as possible. Because a target template containing digits
that are adjacent on the number line is simpler than when the target
digits are separated (Sobel et al., 2015), we tried to find two pairs of
adjacent digits that have similar shapes. Godwin et al. (2014) used
multidimensional scaling to create a similarity map for the shapes of the
ten digits in a Verdana font, but in their similarity map, none of the
pairs of digits that are nearby in similarity space are adjacent on the
number line. To boost the similarity of the ten digits, we rendered the
digits out of line segments as on the faces of digital clocks (Sobel et al.,
2015, and as can be seen in the screenshots in Fig. 1), then used a
metric developed by Cohen (2009) to calculate the similarity between
each pair of adjacent digits. According to Cohen's metric, the physical
similarity (P) between any two digits in a “clockface” font=O/D,

Fig. 1. Stimulus arrays containing seven items (one target and six
distractors) in each of four conditions. The numerical and physical
size of the target were congruent in the upper left and lower right
displays, incongruent in the lower left and upper right displays.
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where O is the number of line segments that two digits share and D is
the number of non-shared line segments. The only adjacent digit pairs
with a P greater than one (i.e., with more line segments that overlap
than line segments that differ) are 2 and 3 (P= 2), 5 and 6 (P=5), and
8 and 9 (P= 6). Because we wanted digit pairs that were numerically
small and numerically large (i.e., less than or greater than 5), we se-
lected 2 and 3 as numerically small digits, and 8 and 9 as numerically
large digits.

All four digits were used in all conditions. At a viewing distance of
56 cm, the component line segments for the physically large digits
spanned 0.92° of visual angle so each digit was 0.92° wide× 1.8° tall,
and line segments for the physically small digits spanned 0.61° so each
digit was 0.61° wide×1.2° tall. Each visual array contained one target
digit and either four, six, or eight distractor digits. The search items
(target plus distractors) were arranged on an imaginary circle with a
radius of 5.9° and centered on a fixation cross consisting of two or-
thogonal line segments each 1.0° long. The fixation mark and digits
were white against a black background. The target digit was positioned
in one of four quadrant locations: upper right, lower right, lower left, or
upper left. The participants' task in each trial was to indicate which side
of the display contained the target. To ensure that the position of the
target was readily distinguishable from the vertical meridian, targets
were always placed at least 30° of arc away from vertical; i.e., in terms
of a clock face, targets in the upper right quadrant were placed at a
randomly determined location between 1 o'clock and 3 o'clock, in the
lower right quadrant between 3 o'clock and 5 o'clock, in the lower left
quadrant between 7 o'clock and 9 o'clock, and in the upper left quad-
rant between 9 o'clock and 11 o'clock.

5.1.4. Procedure
Participants were randomly assigned to one of two numerical size

conditions (numerically small target and numerically large target) and
two physical size conditions (physically small target and physically
large target), resulting in four between-subjects conditions. In the two
numerically small conditions participants searched for a target that was
either a 2 or a 3 among distractors that were 8 s and 9 s, and vice versa
for participants in the numerically large conditions.

The experiment began by presenting a series of instructional win-
dows that participants could read at their own pace then click a button
labeled ‘Next’ to advance to the next window. The instructions directed
participants to search for a number either< 5 or>5 (depending on
condition), but did not mention that the target digit would have a un-
ique physical size in all displays. Each trial began with the onset of the
stimulus array, which remained visible until participants responded by
pressing either the ‘z’ key to indicate that the target appeared on the left

side of the display or the ‘/’ key to indicate that the target appeared on
the right side of the display.

The time between the onset of the stimulus array and the keypress
was recorded for each trial. If the correct response was given, the sti-
mulus array disappeared, leaving only the fixation cross on the screen
for 750ms, followed by the stimulus array for the next trial. When
participants made an error, a white screen with the word ‘Incorrect’ in
the middle appeared for 750ms, followed by the screen containing just
the fixation mark for 750ms until the stimulus array for the next trial
appeared. Each participant completed 14 replications of every combi-
nation of target quadrant (4 levels), target digit (2 levels), and number
of display items (3 levels), for a total of 336 experimental trials. After
completing half of the trials participants were invited to take a short
break. The first six trials overall and the first six trials after the break
were considered practice so participants carried out a total of 348 (336
experimental+ 12 practice) trials, lasting approximately 20min.
Results from error and practice trials were excluded from analysis.

5.2. Results

Error rates were submitted to a four-way Analysis of Variance
(ANOVA) with numerical size and physical size as between-subjects
factors, and number of display items and target digit as within-subjects
factors. Accuracy was>97% in all conditions. None of the main effects
and none of the interactions were significant, all ps > .05. Perhaps the
consistent null effects of error rates are attributable to our using loca-
lization tasks, for which error rates tend to be low and flat across
varying numbers of display items compared to the more commonly
used detection task in visual search (Dukewich & Klein, 2009).

Mean correct RTs (depicted in Fig. 2) were submitted to a four-way
ANOVA with numerical size and physical size as between-subjects
factors, and number of display items and target digit as within-subjects
factors. As is common in visual search experiments, RTs increased with
the number of display items, F(2, 104)= 27.5, MSE=15,847.43,
p < .001, ηp2= .35. Nevertheless, the mean slope of RT as a function
of number of display items (5.89ms per item) was shallower here than
the conventional criterion for visual search (< 20ms per item, Wolfe,
1998) indicating that the target popped out from the distractors. The
main effects of numerical and physical size were not significant (both
Fs < 1), but their interaction, F(1, 52)= 4.58, MSE=166,739.00,
p= .037, ηp2= .086, indicates that search was slower when numerical
and physical size were incongruent than when they were congruent.
None of the other effects were significant, all ps > .05.

If search in the incongruent conditions was slower because of a
processing cost per search item, then the RT slopes from the incon-
gruent conditions should be steeper than the congruent conditions. If,
however, as we hypothesized, interference from incongruent physical
size induced a fixed cost after the physical size singleton captured at-
tention, RTs should be slower but no steeper for the incongruent con-
ditions than the congruent conditions. To distinguish between these
two possibilities, we submitted the RT slopes to a two-way ANOVA with
numerical size and physical size as between-subjects factors. The two
main effects and their interaction were not significant, all Fs < 1.

5.3. Discussion

The interaction between numerical and physical size revealed the
presence of the SCE in visual search, replicating previous studies
(Krause et al., 2017; Sobel et al., 2016), so it seems that manipulating
numerical and physical size between subjects reduced, but did not
abolish, the SCE. As we discovered in Sobel et al. (2016), the SCE in
visual search is surprisingly tough to kill.

5.3.1. Alternative explanations for the observed SCE
Because manipulating numerical size entails a confounding manip-

ulation of visual features (Wolfe & Horowitz, 2004), researchers who

Fig. 2. Response time as a function of number of display items in Experiment 1. The letter
in parentheses indicates whether numerical and physical size were congruent (C) or in-
congruent (I). Error bars represent standard error of the mean.
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find an effect of numerical size on visual search need to discount al-
ternative explanations based on visual features such as brightness and
shape (Godwin et al., 2014; Schwarz & Eiselt, 2012; Sobel et al., 2015).
The brightness of the digits used in Experiment 1 increased with the
number of line segments each digit contained, as well as the line seg-
ments' lengths. Each of the numerically smaller digits (2 and 3) con-
tained five line segments, so they were dimmer than the 8, which
contained seven line segments, and the 9, which contained six line
segments. Against a dark background, brighter items capture attention
more than dimmer items (Braun, 1994; Nothdurft, 2006) so numeri-
cally large (more line segments) and physically large (longer line seg-
ments) targets had a brightness advantage. If this advantage affected
search times, numerically and physically large targets should have
elicited the fastest RTs and numerically and physically small targets the
slowest. While an advantage for brightness can explain fast responses in
the physically and numerically large target condition, it cannot explain
fast responses in the physically and numerically small target condition.
Another possible explanation for the SCE is that the target's physical
size interacted with its shape.

In the similarity map developed by Godwin et al. (2014), 3 and 8 are
near each other, but they are distant from both 2 and 9, which are
distant from each other. However, their similarity map was based on
digits presented in a standard (Verdana) font, whereas our “digital
clock” digits built from line segments are probably more similar in
shape to each other, which may explain the lack of any effect of target
digit. By discounting explanations based on brightness and shape, we
feel confident that the SCE indicates that physical size interacted with
numerical size rather than any visual feature confounded with numer-
ical size.

5.3.2. Support for our hypotheses
The results from Experiment 1 supported our first hypothesis that

the physical size singleton would capture attention. First, the shallow
slopes were characteristic of visual search for a singleton distinguished
by a unique guiding feature. Second, although search was significantly
slower in the incongruent conditions than the congruent conditions, RT
slopes were not steeper. This shows that the slower RTs for the incon-
gruent condition cannot be attributed to a processing cost per search
item, as would be expected if incongruent numerical size interfered
with the search process per se. Instead, the target's physical size cap-
tured attention, and only then did incongruent numerical size interfere
with selecting the attended item as the target. This supports the account
proposed by Risko et al. (2013). By asking participants to select both
numerically large and small targets, we overcame the methodological
limitations in Risko et al. identified by Arend and Henik (2015).

The results also support our second hypothesis that eliminating
inter-trial variations in physical size would discourage participants
from checking the numerical size of the physical size singleton because
the item with a particular physical size was always the target. The
numerical and physical sizes in Experiment 1 were the same as in
Experiment 1 in Sobel et al., so if the SCE were driven exclusively by
interference within a display, the effect size of the interaction between
numerical and physical size should be the same here as in Sobel et al.
While we acknowledge that caution is warranted when comparing ef-
fect sizes between data sets, here the effect size of the SCE (ηp2= .086)
was nearly an order of magnitude smaller than in Sobel et al.
(ηp2= .72). Of course, here we manipulated numerical and physical
size between subjects, so the resulting analysis is subject to between-
subjects variance that would be disregarded in a within-subjects ana-
lysis, as in Sobel et al. As a result, it is impossible to isolate the effects of
different treatments (i.e., exposing participants to just one level of
physical size as we did here as opposed to both levels as in Sobel et al.)
from different analyses, but we believe that at least some of the order of
magnitude reduction in effect size can be attributed to the treatment in
the present experiment. Furthermore, the preliminary support for the
second hypothesis provided by Experiment 1 is supplemented by the

results from Experiment 2.
Experiment 2 included the same stimuli as Experiment 1, but par-

ticipants were instructed to attend to physical size, rather than nu-
merical size. We had three reasons to expect that doing so would reduce
the SCE. First, the presence of an SCE even when the target had a
predictable physical size, as in Experiment 1, suggests that even though
participants might have noticed that the physical size singleton was
always the target, they seemed to retain some suspicion that the dis-
plays might switch, so they needed to check the physical size singleton's
numerical size just to be certain it was the target. If participants had
instead been reassured that the physical size singleton was always the
target, they might have felt comfortable ignoring the physical size
singleton's numerical size. Second, in Sobel et al. (2016), instructing
participants to attend to physical size in Experiment 2 reduced the SCE.
And third, the strength-of-association account (Blais & Besner, 2007)
predicts that in localization tasks, Stroop effects (attend to the per-
ceptual feature, as in Experiment 2) should be smaller than reverse
Stroop effects (attend to the semantic feature, as in Experiment 1).

6. Experiment 2: Search for a physical size singleton

6.1. Method

6.1.1. Participants
A total of 56 undergraduate students (4 groups of 14) from the

University of Central Arkansas volunteered for the experiment in ex-
change for class credit. None had participated in Experiment 1.

6.1.2. Procedure
The stimuli and conditions were the same as in Experiment 1. The

only difference was that participants were instructed to search for the
physically small item in two conditions and the physically large item in
the other two conditions. The instructions did not mention that the
target had a unique numerical size.

6.2. Results

Mean error rates were submitted to a four-way ANOVA with nu-
merical size and physical size as between-subjects factors, and number
of display items and target digit as within-subjects factors. Accuracy
was> 98% in all conditions. None of the main effects and none of the
interactions were significant, all ps > .05.

Mean correct RTs (depicted in Fig. 3) were submitted to a four-way
ANOVA with numerical size and physical size as between-subjects
factors, and number of display items and target digit as within-subjects
factors. As in Experiment 1, RTs increased with the number of display

Fig. 3. Response time as a function of number of display items in Experiment 2. Error bars
represent standard error of the mean.
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items, F(2, 104)= 16.3, MSE=4116.75, p < .001, ηp2= .24. The ef-
fect size of the number of display items was smaller than in Experiment
1 (ηp2= .35), and the mean slopes of RT as a function of number of
display items (3.02ms per item) were shallower than in Experiment 1
(5.89 ms per item), indicating that in both experiments, the target
popped out from the distractors.

None of the main effects or two-way interactions were significant,
all ps > .05, but some unexpected three-way interactions were sig-
nificant. An interaction between numerical size, physical size, and
target digit, F(1, 52)= 11.50, MSE=2060.59, p= .001, ηp2= .18,
indicates that responses were faster for target digits 3, 8, and 9 when
they were physically large than when physically small, but for target
digit 2, RTs were the same when it was physically large as when phy-
sically small. This effect appears to underlie two additional three-way
interactions, one between numerical size, number of display items, and
target digit, F(2, 104)= 5.41, MSE=1121.00, p= .006, ηp2= .094,
and another between numerical size, physical size, and number of
display items, F(2, 104)= 3.78, MSE=948.86, p= .026, ηp2= .068.
As can be seen in Fig. 3, RTs increase with the number of display items
for both numerically large conditions, but for the numerically small
conditions, RTs were flatter for the physically large condition than the
physically small condition, because RTs increased with number of dis-
play items for numerically large targets (8 and 9), and also for the
numerically small target when it was 3, but remained flat when it was
2.

As mentioned above, all of these three-way interactions were un-
expected, and as they seem to be driven by a single anomaly (i.e., RTs
did not vary with physical size for target digit 2 but did for all the other
target digits), they are not particularly interesting in and of themselves.
What may be interesting, however, is the possibility that the target's
shape influenced search behavior in Experiment 2. This does fit with our
expectation that instructing participants to attend to physical size, a
perceptual attribute, discouraged them from checking the target's nu-
merical size. That is, these interactions with target digit as a factor
suggest that participants processed the target digit as a shape rather
than as a symbol associated with some numerical size.

6.3. Discussion

We hypothesized that if participants were reassured that the phy-
sical size singleton was always the target, they would feel comfortable
responding to it without bothering to check its numerical size. This
hypothesis was supported by the results from Experiment 2, in which
participants were instructed to find the target with a specific physical
size, thereby abolishing the SCE. Furthermore, the three-way interac-
tions with target digit as a factor were unexpected, but they suggest that
participants viewed the search items as abstract shapes rather than as
symbols associated with some numerical size. The presence of the SCE
when participants were instructed to attend to numerical size, as in
Experiment 1, coupled with the lack of the SCE when participants were
instructed to attend to physical size, as in Experiment 2, replicates the
same pattern from Experiments 4 and 5 in Sobel et al. (2016). Fur-
thermore, this pattern is consistent with a reverse Stroop effect (attend
to semantic feature) that is larger than a Stroop effect (attend to per-
ceptual feature) in localization (Blais & Besner, 2007).

Although the combined results from Experiments 1 and 2 are con-
sistent with previous studies, the null SCE in Experiment 2 itself ap-
pears, at least initially, to be a failure to replicate the SCE in Krause
et al. (2017). In that study, participants were instructed to attend to
physical size, and searched for a physical size singleton that had either a
congruent or incongruent numerical size. Although there were several
differences in the apparatus and stimuli between their experiment and
ours, we do not believe that these implementation-level differences can
explain our apparent failure to replicate their SCE. After all, in Sobel
et al. (2016, Experiment 2) we used the same apparatus, stimuli, and
instructions (attend to physical size) as we did here, and yet we

obtained a robust SCE in that experiment. We believe that the relevant
difference is that in Krause et al. (as well as Sobel et al., 2016), con-
gruent trials were randomly interleaved with incongruent trials. Ex-
tending the results from our Experiments 1 and 2 to Krause et al. im-
plies that 1) if they had included a condition in which they instructed
participants to attend to numerical size, the resulting SCE would be
larger than the one they observed in their experiment, in which they
instructed participants to attend to physical size, and 2) if they had
included conditions in which they manipulated congruence between
subjects, the SCE should be smaller in both instruction conditions than
in their experiment, in which they manipulated congruence within
subjects.

The lack of the SCE in Experiment 2 suggests that the target's nu-
merical size did not intrude on the participants' decision to respond to
the physical size singleton as the target. Is it possible to prevent se-
mantic processing of the physical size singleton even when participants
are instructed to attend to numerical size, as in Experiment 1? To an-
swer this, consider the results from Experiment 1 in light of Wolfe's
(2012) claim that search for multiple targets is a kind of hybrid search,
because it entails both a search through the visual field as well as
through the target template. In visual searches for multiple targets,
once a visual item is attended, the participant must then search through
the target template to determine if the attended item matches any of the
target items. Because numbers are commonly presumed to be arranged
along a mental number line (Feigenson, Dehaene, & Spelke, 2004;
Pinhas, Pothos, & Tzelgov, 2013), visual search for digits is faster and
more efficient when the targets are adjacent to each other on the
number line than when they are separated (Sobel et al., 2015). Thus, by
instructing participants to search for multiple target digits, we believe
participants in Experiment 1 encoded the target digits' number line
positions in their target templates. If participants had instead searched
for a single target digit, a template containing the target's shape might
be simpler than a template containing the target's number line position.
To test this hypothesis, in Experiment 3, participants were instructed to
attend to numerical size as in Experiment 1, but the presentation of the
target digits (i.e., 2 and 3 in the small numerical size conditions, 8 and 9
in the large numerical size conditions) was blocked, so just one of the
two possible target digits appeared in each half of the experiment.

7. Experiment 3: Search for a numerical size singleton with
blocked trial order

7.1. Method

7.1.1. Participants
A total of 56 undergraduate students (4 groups of 14) from the

University of Central Arkansas volunteered for the experiment in ex-
change for class credit. None had participated in Experiments 1 or 2.

7.1.2. Procedure
The stimuli, conditions, and instructions were the same as in

Experiment 1. The only difference was that the presentation of each of
the two possible target digits in each numerical size condition was
blocked rather than randomly interleaved. Thus, throughout the first
half of the experiment, half of the participants in the numerically small
target condition were presented with displays in which the target was
always the digit 2, then in the second half of the experiment the target
was always the digit 3. Block order was counterbalanced across parti-
cipants. The same was true for target digits 8 and 9 in the numerically
large conditions.

7.2. Results

Mean error rates were submitted to a five-way ANOVA with nu-
merical size, physical size, and block order as between-subjects factors,
and number of display items and target digit as within-subjects factors.
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Accuracy was> 98% in all conditions. The interaction between block
order and target digit, F(1, 48)= 4.63, MSE=7.44, p= .036,
ηp2= .088, is evidence of a practice effect; error rates were higher for
the target digit viewed in the first block than for the target digit viewed
in the second block. None of the other effects were significant, all
ps > .05.

Mean correct RTs (depicted in Fig. 4) were submitted to a five-way
mixed ANOVA with numerical size, physical size, and block order as
between-subjects factors, and number of display items and target digit
as within-subjects factors. As in the previous experiments, RTs in-
creased with the number of display items, F(2, 104)= 30.6, p < .001,
ηp2= .37. The effect size of the number of display items was about the
same as in Experiment 1 (ηp2= .35), and the mean slopes of RT as a
function of the number of display items (4.76 ms per item) were also
about the same as in Experiment 1 (5.89ms per item). None of the other
effects were significant, all ps > .05.

7.3. Discussion

As expected, repeatedly presenting the same target digit throughout
an entire block of trials encouraged participants to load the target
template with the target's shape rather than its numerical value or
position on the number line, thereby abolishing the interaction between
numerical and physical size. The unexpected three-way interactions in
Experiment 2 suggested that participants who were instructed to attend
to physical size may have processed the target digits as abstract shapes
rather than as symbols associated with some numerical size. If so, then
effects with target digit as a factor could have been expected in this
experiment, because blocking the presentation of the target digit en-
couraged participants to load the target digit's shape into their target
template. The lack of any such effects in Experiment 3 suggests that the
three-way interactions in Experiment 2 were merely anomalous.

8. General discussion

Early attempts to discover how an alphanumeric character's
meaning can influence visual search yielded mixed results. For ex-
ample, Jonides and Gleitman (1972) found that search for an ‘O’ target
was affected by whether participants thought the target was the letter
(oh) or the number (zero), but Duncan (1983) failed to replicate this
effect. Krueger (1984) argued that the role of a character's meaning in
visual search could be explained more parsimoniously in terms of its
shape, which led to a two decade dry spell that ended only when
Lupyan (2008; Lupyan & Spivey, 2008) met Krueger's challenge by
carefully controlling characters' shapes. This opened the door for other
researchers to develop their own techniques to show how a character's

meaning influences visual search (Godwin et al., 2014; Schwarz &
Eiselt, 2012; Sobel et al., 2015). After Risko et al. (2013) showed that
visual attention plays a key role in the SCE in traditional numerical
comparison tasks, it was only a matter of time before the numerical
comparison task was adapted to a visual search paradigm (Krause et al.,
2017; Sobel et al., 2016). Notwithstanding the results from these stu-
dies which revealed an SCE in visual search, the presence of the SCE in
visual search is surprising, in light of the claim that numerical size is not
a guiding feature in visual search (Sobel et al., 2017; Wolfe & Horowitz,
2004).

To explain the presence of the SCE in visual search given the du-
bious status of numerical size as a guiding feature, we developed a
hypothesis that extended on Risko et al. (2013): when searching for a
target that is distinct from distractors due to its unique numerical and
physical size, the target's physical size first captures attention, and only
then does incongruent numerical size interfere with deciding whether
the attended item is the target. Here we sought to explore the role of the
target template in determining whether congruity between a target's
numerical and physical size affects visual search.

In a previous study that instructed participants to attend to the
target's numerical size in one experiment and its physical size in an-
other (Sobel et al., 2016), physical size varied randomly between trials.
The resulting inter-trial interference precluded participants from
creating a target template in which the target's physical size could be
precisely defined. In Experiment 1 here, the target's numerical and
physical size were manipulated between subjects so each participant
was exposed to just one numerical size and one physical size condition.
Search slopes were shallow and no different between congruent and
incongruent conditions, indicating that the target's physical size cap-
tured attention, and the interference from incongruent numerical size
was a fixed cost rather than a processing cost per search item. The SCE
in Experiment 1 replicated Experiment 1 in Sobel et al. (2016), and as
expected, the effect size was smaller than when numerical and physical
size were manipulated within subjects as in Sobel et al. Although some
of the reduction in effect size could be attributed to variability between
subjects, it nevertheless lent preliminary support to our hypothesis that
a target with a predictable physical size should reduce participants'
incentive to check the attended item's numerical size to make certain it
is the target. Supplementary support for this hypothesis was provided
by the results from Experiment 2.

In Experiment 2, instructing participants to attend to the target's
physical size eliminated the SCE. A larger SCE when participants at-
tended to numerical size rather than physical size replicates Sobel et al.,
and is broadly consistent with reverse Stroop effects (attend to semantic
meaning) that are larger than Stroop effects (attend to perceptual color)
in localization tasks (Blais & Besner, 2007). We hypothesized that the
SCE was abolished in Experiment 2 because participants didn't submit
the physical size singleton to semantic processing, and wondered if
semantic processing could be prevented even when participants were
instructed to attend to numerical size, as in Experiment 1.

To find out, participants in Experiment 3 were instructed to attend
to the target's numerical size as in Experiment 1, but the presentation
order of the two target digits (i.e., 2 and 3 in the small numerical size
conditions, 8 and 9 in the large numerical size conditions) was blocked
rather than randomly interleaved across trials. Because the target's
physical size and shape were predictable, participants could load the
target template with the two purely visual features of size and shape.
The lack of an SCE in Experiment 3 suggests that visual search for
multiple digits requires participants to load the target template with the
targets' number line position, but search for a single digit allows par-
ticipants to load the target template with the target's shape.

Here we must acknowledge a possible alternative reason that the
target digits may have been divorced from their meaning in Experiment
3. A common experience when people verbally repeat any meaningful
word several times is that the word eventually seems to lose its
meaning, an effect called semantic satiation (see Balota & Black, 1997,

Fig. 4. Response time as a function of number of display items in Experiment 3. Error bars
represent standard error of the mean.
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for a brief review). Experiment 3 was intended to show that visual
search for a single digit throughout the block encourages participant to
load the target template with the target's shape independent of its
meaning, but the repeated presentation of one target digit could also
have disconnected it from its meaning due to semantic satiation. Al-
though semantic satiation is a possible explanation for why digits were
divorced from their semantic associations, we don't believe that se-
mantic satiation as an alternative hypothesis is particularly devastating
to the conclusions we draw from Experiment 3. First of all, semantic
satiation is primarily an auditory phenomenon whereas our experi-
ments were visual. And second, even if semantic satiation does extend
into the visual realm, it is not mutually exclusive with our claim that
repeated exposure to the same digit encouraged participants to load the
target digit's shape rather than its meaning into the target template. The
current findings do not allow us to distinguish between the two ex-
planations, but future studies could be designed to address this issue.

9. Conclusions

Along with Wolfe and Horowitz (2004), we have long doubted that
semantic associations could influence visual search. For that reason, we
never expected to find the SCE in visual search, and were shocked when
we did (Experiment 1 in Sobel et al., 2016). In a series of four follow-up
experiments, we sought to abolish the SCE in visual search by empha-
sizing the target's physical size within each search display. The SCE in
visual search proved to be surprisingly robust, as we failed to abolish
the SCE in two out of the four follow-up experiments. Here we extended
on those experiments by looking at whether variability across, rather
than within, trials influences the precision of the target template. In
Experiment 1, we eliminated the inter-trial variability from Sobel et al.
(2016) by manipulating the four target size conditions between sub-
jects. This reduced, but did not abolish the SCE in visual search. In
Experiments 2 and 3, we exposed participants to conditions that we
expected to discourage them from submitting the physical size singleton
to semantic processing. Would the SCE be larger if we exposed parti-
cipants to conditions intended to encourage semantic processing? We
look forward to investigating this question in the future.
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