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Abstract Understanding the mechanisms supporting our
comprehension of magnitude information represents a
key goal in cognitive psychology. A major phenomenon
employed in the pursuit of this goal has been the
physical size congruity effect—namely, the observation
that comparing the relative numerical sizes of two
numbers is influenced by their relative physical sizes.
The standard account of the physical size congruity
effect attributes it to the automatic influence of the
comparison of irrelevant physical magnitudes on nu-
merical judgments. Here we develop an alternative ac-
count of this effect on the basis of the operation of
attention in the typical size congruity display and the
temporal dynamics of number comparison. We also
provide a test of a number of predictions derived from
this alternative account by combining a physical size
congruity manipulation with a manipulation designed to
alter the operation of attention within the typical size
congruity display (i.e., a manipulation of the relative
onsets of the digits). This test provides evidence con-
sistent with an attentional contribution to the size con-
gruity effect. Implications for our understanding of
magnitude and the interactions between attention and
magnitude are discussed.

Keywords Space-based attention . Automaticity .

Numerical cognition

Our ability to understand magnitude information is the
bedrock upon which numerical cognition is built. Indeed,
McCloskey (1992) argued that the ability to select the larger
of two quantities is the criterion for our understanding of
number. One of the most commonly studied phenomena in
the effort to understand how the human brain processes
magnitude information is the size congruity effect (also
commonly referred to as the numerical Stroop effect;
Algom, Dekel, & Pansky, 1996; Ansari, Fugelsang, Dhital,
& Venkatraman, 2006; Besner & Coltheart, 1979;
Borgmann, Fugelsang, Ansari, & Besner, 2011; Cohen
Kadosh et al., 2007; Fitousi & Algom, 2006; Pansky &
Algom, 1999; Santens & Verguts, 2011; Schwarz &
Heinze, 1998; Schwarz & Ischebeck, 2003). In tasks used
to study the physical size congruity effect, participants are
typically presented with two simultaneously presented digits
and are asked to identify the numerically larger of the two.
Critically, the simultaneously presented digits differ not only
in their numerical magnitudes, but also in their physical
magnitudes. Thus, some trials are congruent, in which the
numerically larger stimulus is also physically larger (e.g., 2 7),
and others are incongruent, in which the numerically larger
stimulus is physically smaller (e.g., 2 7). The resulting size
congruity effect refers to the observation that participants are
faster (and more accurate) on congruent than on incongruent
trials, despite the fact that the physical size of the digits is
irrelevant to the numerical magnitude judgment. This pattern
has been widely interpreted as reflecting interference
between the processing of numerical magnitude and
the automatic comparison of irrelevant physical magni-
tudes. Although this interpretation of the size congruity
effect has considerable intuitive appeal, which has likely
contributed to its widespread acceptance, in the present
investigation we develop an alternative, attentional ac-
count of the physical size congruity effect and provide
empirical support for at least an attentional contribution
to the said effect.
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An attentional account of the size congruity effect

The attentional account of the physical size congruity effect
developed here is based on two ideas. The first is that the
structure of the display used in a typical physical size
congruity experiment, via an attentional capture effect
(Kiss & Eimer, 2011; Proulx, 2010; Proulx & Egeth, 2008;
Proulx & Green, 2011), leads to an asymmetry in the tem-
poral order with which the digits are processed. The second
idea is that in a number comparison task, an asymmetry in
the temporal order with which the digits are processed pro-
duces a temporal congruity effect that takes the same form
as that putatively produced by the automatic comparison of
irrelevant physical magnitudes (Schwarz & Stein, 1998). We
unpack these two ideas below. It should be clear at this point
that the size congruity effect that is the focus of the present
investigation deals with the influence of irrelevant physical
size on numerical magnitude judgments. The converse ef-
fect (i.e., the influence of irrelevant numerical magnitude on
physical size judgments), although interesting in its own
right, is not addressed here. We will refer to the physical
size congruity effect as the size congruity effect throughout.

Visual attention and size

In a typical experiment in which the size congruity effect is
used to study magnitude processing, participants are asked to
decide which of two digits is numerically larger. The display
consists of two digits, typically side by side, and their relative
physical sizes are manipulated. Critically, research has
suggested that this disparity in physical size could generate a
disparity in the ability of the two digits to draw attention. For
example, in a visual search task, Proulx and Egeth (2008)
demonstrated that the slope of the RT × Set Size function is
reduced when the target is physically larger than the
distractors, suggesting that the physically larger stimulus cap-
tures attention (see also Kiss & Eimer, 2011; Proulx, 2010;
Proulx &Green, 2011). This effect occurred despite size being
irrelevant to the task. Thus, attention can be influenced by the
relative size of a stimulus. Returning to the display in a typical
size congruity experiment (i.e., physically small and large
stimuli placed side by side), this size-based attentional capture
effect suggests that attention would be shifted initially toward
the physically larger digit. Given attention’s facilitative effect
on stimulus processing (e.g., Carrasco, 2006; Posner, Nissen,
& Ogden, 1978; Risko, Stolz, & Besner, 2010; Spence &
Parise, 2010), this attentional capture effect would confer a
kind of temporal advantage in processing to the physically
larger digit relative to the physically smaller digit (i.e., the
physically larger digit would begin being processed before the
physically smaller one). Taken together, this interaction be-
tween visual attention and physical size supports the first tenet

of the attentional account—specifically, that the structure of
the display used in a typical size congruity experiment, via its
influence on attention, leads to an asymmetry in the temporal
order with which the digits are processed.

The temporal congruity effect

In the previous section, we introduced the notion that the
typical display in a size congruity experiment could create
an asymmetry in the temporal order with which the digits
are processed. Critically, this notion has important implica-
tions for the mechanism underlying the size congruity ef-
fect. This occurs because the influence of that asymmetry on
performance could mimic the putative effect of the automat-
ic comparison of irrelevant physical magnitudes. Schwarz
and Stein (1998) provided evidence for this idea in an
investigation of the temporal dynamics of digit comparison.
In this series of experiments, they presented participants
with two numbers that differed in numerical magnitude but
not in physical magnitude and asked the participants to
identify the numerically larger digit (i.e., a typical number
comparison task). Importantly, they manipulated the tempo-
ral order (ranging from 0- to 210-ms interstimulus intervals)
with which the two digits were presented. For the present
purposes, the critical point was that under “select larger”
instructions, participants responded faster when the digit
that was presented first was the numerically larger digit than
when the digit presented first was the numerically smaller
digit. Thus, in the display “8–2,” responses were faster when
the “8” rather than the “2” was presented first. Schwarz and
Stein referred to this effect as a temporal congruity effect.
Simply put, when the digit that corresponded with the re-
sponse was presented first, responses were faster than when
that digit was presented second.

The existence of a temporal congruity effect is important
in the present context because it demonstrates that a manip-
ulation that influences the temporal order with which the
digits are processed will, in and of itself, produce a form of
congruity effect. In other words, in a typical size congruity
experiment, if the numerically larger digit is processed first,
responses will then be faster than if the numerically smaller
digit is processed first. Critically, through the influence of
physical size on attention, this is just what would happen
given the typical display in a size congruity experiment. On
congruent trials (e.g., 2 7), the numerically larger digit
should be processed first because it is the physically larger
digit, and, as described above, the physically larger digit
should be more effective at capturing attention than the
physically smaller digit. The same logic leads to the con-
clusion that on incongruent trials (e.g., 2 7), the numerically
smaller digit should be processed first. Thus, on congruent
trials the numerically larger digit is processed first, and on
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incongruent trials the numerically smaller digit is processed
first, which matches the conditions that Schwarz and Stein
(1998) demonstrated produce a temporal congruity effect
(i.e., participants should be faster in the former than in the
latter condition). This suggests that the size congruity effect
could be a product (in full or in part) of an attention-based
temporal congruity effect rather than the automatic com-
parison of physical magnitudes. We provide a strong
test of this account here.

Before describing the present experiment, it is important to
note that the attentional account has difficulty explaining one
important result: The size congruity effect is observed when a
digit is presented in isolation (Santens & Verguts, 2011;
Schwarz & Heinze, 1998; Schwarz & Ischebeck, 2003;
Tzelgov, Meyer, & Henik, 1992). For example, Schwarz and
Heinze had participants compare a single digit to a fixed
standard (a value of 5) and manipulated the digit’s physical
size. Participants responded faster when the digit’s numerical
and physical sizes (relative to the standard) were congruent
than when the digit’s numerical and physical sizes were in-
congruent. In other words, they found a size congruity effect.
Assuming that this effect is the same as the one generated
when the digits are presented simultaneously, which should
not necessarily be assumed (see Maloney, Risko, Preston,
Ansari, & Fugelsang, 2010), this result would be difficult for
an attentional account to explain. This is because there would
be no opportunity for a size-based attentional capture effect to
produce a bias in the temporal order with which the digits
would be processed, and hence no attention-based temporal
congruity effect. Interestingly, the magnitude of the size con-
gruity effect in studies that have used the single-digit design
appears, on visual inspection, to be much smaller than the size
congruity effect observed using the simultaneous-digit design.
For example, in Santens and Verguts’s study, the size congru-
ity effect was about 40 ms using a simultaneous-digit design,
but less than 20 ms using a single-digit design (see also
Schwarz & Heinze, 1998; Schwarz & Ischebeck, 2003, for
similar magnitude size congruity effects in single-digit condi-
tions). This pattern of results raises the possibility that the size
congruity effect in the simultaneous condition could be the
result of two mechanisms—the automatic comparison of ir-
relevant magnitudes, along with an attentional contribution.

Present investigation

In the present investigation, participants were presented with
two digits side by side that differed in both numerical and
physical size, and theywere instructed to select the numerically
larger digit. Recall that according to the attentional account, the
size congruity effect is the result of an asymmetry in the
temporal order with which the digits are processed. Thus, a
critical prediction of the attentional account is that a

manipulation that produces an offsetting asymmetry should
reduce themagnitude of the size congruity effect. In the present
investigation, we achieved this by combining the physical size
manipulation with a manipulation of the actual physical onset
times of the two digits (as in Schwarz & Stein, 1998). We used
three onset conditions: (1) physically smaller first: the physi-
cally smaller digit appeared 100ms before the physically larger
digit; (2) physically larger first: the physically larger digit
appeared 100 ms before the physically smaller digit; and (3)
simultaneous: both digits appeared at the same time.
According to the attentional account, when the physically
smaller digit is presented first, the magnitude of the size
congruity effect should be reduced (or eliminated) relative to
when the two digits are presented at the same time. This is
because in the physically smaller first condition, the processing
order induced by the physical onsets (i.e., physically smaller
digit, then physically larger digit) opposes the processing order
induced by attention (i.e., physically larger digit, then physi-
cally smaller digit), and as a result should reduce any contri-
bution of an attention-based temporal congruity effect.

The attentional account also makes an interesting prediction
regarding the physically larger first condition. Note that when
the physically larger digit is presented first, the processing
orders induced by the physical onsets and by attention corre-
spond with one another. Thus, one might argue that the size
congruity effect in the physically larger first condition should
increase in magnitude. Although this result would not be
inconsistent with an attentional account, a more constraining
prediction can be derived on the basis of the assumption that
presenting the stimuli one digit at a time would reduce (or
eliminate) the influence of the structure of the display on
attention. This is because the physical onsets themselves will
influence the distribution of attention. For example, when the
physically larger digit is presented first, its onset will attract
attention, and as a result, the attention-grabbing nature of its
relative size would be rendered ineffectual (i.e., the onset will
have already drawn attention to the physically larger digit
before the relative size would have an opportunity to do the
same; see Risko, Lanthier, & Besner, 2011, for application of a
similar logic in a different domain). According to this argu-
ment, the size congruity effect in the physically larger first
condition should be equivalent to the size congruity effect in
the simultaneous condition, or at least the latter difference
should be smaller in magnitude than that observed between
the physically smaller first and simultaneous conditions.

The last prediction tested here addresses one of the under-
lying assumptions of the attentional account—specifically,
that in the displays used in a typical (i.e., “select larger”) size
congruity experiment, the physically larger digit captures
attention. In the present investigation, participants’ eyes were
monitored during performance of the numerical comparison
task. The attentional account does not require that individuals
overtly attend (i.e., move their eyes) to the physically larger
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digit. Indeed, this would be unlikely, given that the physically
smaller stimulus is more difficult to resolve, and hence more
likely to attract eye movements. However, we can use char-
acteristics of the eye movements that are made to the digits to
provide clues regarding the extents to which they captured
attention. Specifically, if the physically larger digit captures
attention first, the time between display onset and the initiation
of the first saccade toward a digit (i.e., the saccadic initiation
time) should be shorter when the saccade is made toward the
physically larger digit than when the saccade is made toward
the physically smaller digit. This prediction is based on work
investigating oculomotor capture (e.g., Theeuwes, Kramer,
Hahn, Irwin, & Zelinsky, 1999), which has demonstrated that
erroneous saccades to salient distractors are typically initiated
more quickly than correct saccades to targets. The explanation
is that the salient distractor initially captures covert attention
and, on some trials, a saccade follows. On the remaining trials
(i.e., when no saccade is made to the distractor), covert atten-
tion is redirected to the target, and a saccade is executed.
Critically, when comparing the two saccades, the one made
to the salient distractor is faster (i.e., it follows the initial shift
of attention) than the one made to the target (i.e., it follows the
redirection of covert attention from the distractor to the target).
Thus, the relative speeds with which saccades are initiated can
act as a proxy for the capture of attention. On the basis of this
logic, in the present context if the saccades made to the
physically larger stimulus were systematically faster than
those made to the physically smaller stimulus, this would
support the hypothesis that the physically larger stimulus is
initially capturing attention.

Thus, three different predictions are tested here: (1)
Presenting the physically smaller digit first will reduce the
magnitude of the size congruity effect, (2) presenting the
physically larger digit first will not influence the magnitude
of this effect (or at least will influence it less than presenting
the physically smaller digit first), and (3) saccades to the
physically larger digit in the simultaneous condition will be
faster than saccades to the physically smaller digit.

Method

Participants

Forty two students from Arizona State University partici-
pated for either class credit or a payment of $5.

Apparatus

Experiment Builder experimental software (SR Research
Ltd.) controlled the timing and presentation of stimuli and
logged responses and the response times (RTs). A
responsePixx button box was used for collecting manual

responses. An SR Research EyeLink 1000 desk-mounted
eyetracking system recording at 1000 Hz was used to record
eye movements. The stimuli were presented to participants
on a 19-in. monitor with its resolution set at 1,024 × 768.
The stimuli, along with eye position, were also presented to
the experimenter on a second monitor so that real-time
feedback could be given about system accuracy.

Stimuli

A fixation cross (+) and the digits, presented to the left and
right of fixation, were presented in white on a black back-
ground. The digits 1, 2, 7, and 8 were used and were
presented in Courier font. The use of these four digits
followed recent work by Santens and Verguts (2011).
When the digit was small, 16-point font was used, and when
the digit was large, 64-point font was used. Each digit pair
(i.e., all combinations of digits, sides, onsets, and sizes) was
presented equally often. Thus, six digit pairs were possible:
[1, 2], [1, 7], [1, 8], [2, 7], [2, 8], and [7, 8], which were
presented equal numbers of times with the lower digit on the
left and on the right, equal numbers of times with the
physically smaller digit on the left and on the right, and
equal numbers of times in the smaller first, simultaneous,
and larger first conditions. Together, this resulted in 72
unique displays, and each was presented four times, for a
total of 288 trials (144 in each of two blocks, with trial order
randomly selected within blocks).

Procedure

Participants went through a nine-point calibration of the
eyetracker to begin. Another nine-point calibration was
administrated at the halfway point, and also as needed
throughout the experiment. Participants were instructed that
on each trial two digits would be presented and that they
were to hit the button on the same side as the numerically
larger digit. Each trial began with the presentation of the
fixation cross for 500 ms. In the physically smaller first and
physically larger first conditions, the physically
smaller/larger stimulus was presented for 100 ms, followed
by the physically larger/smaller stimulus. In the simulta-
neous-onset condition, on half the trials the two digits
appeared at the offset of the fixation (early onset), and on
the other half they appeared 100 ms after the offset of the
fixation (late onset). This was done so as not to confound
onset with condition. Returning to the structure of the stim-
ulus set, this meant that of the four repetitions of each
unique display in the simultaneous condition (described in
the Stimuli section), two were early onset and two were late
onset. The digits remained on the screen until a response
was made. Calculation of RTs began at the onset of the
second digit when they were successive, at the onset of the
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two digits in the late-onset condition, and 100 ms after the
onset of the two digits in the early-onset condition (i.e., the
timer began at the same point in the trial across conditions).

Results

The first 32 trials in the first block were considered practice
and not analyzed (leaving 112 of the 144 trials in the first
block considered as experimental trials). Only correct trials
were used in the RT analysis. Outliers in RTs (2.1%) were
defined as those greater than 2.5 standard deviations above
or below the participant’s cell mean and were removed. A
“cell” in this instance refers to the 4 (onset: physically
smaller first vs. simultaneous early onset vs. simultaneous
late onset vs. physically larger first) × 2 (size congruity:
congruent vs. incongruent) design. Preliminary analysis
showed no difference in the size congruity effects across
the early- and late-onset simultaneous conditions. As such,
we collapsed across onsets in that condition.1 A 3 (onset:
physically smaller first vs. simultaneous vs. physically larg-
er first) × 2 (size congruity: congruent vs. incongruent)
analysis of variance (ANOVA) was performed on the mean
RT and percentage-of-error data. Effect size estimates (par-
tial eta squared) are provided. All of the ANOVAs were
repeated measures ANOVAs. When interpreting the per-
centage error data, it should be kept in mind that very few
errors were made in the task (i.e., most cell means were 0).
The results are presented in Fig. 1.

In RTs, we found no main effect of onset, but there was a
significant effect of size congruity, F(1, 41) = 107.00,MSE =
1,234.03, p < .05, ηp

2 = .72, and an interaction between onset
and size congruity, F(2, 82) = 21.86, MSE = 604.72, p < .05,
ηp

2 = .35. Critically, the magnitude of the size congruity effect
(incongruent – congruent) was significantly smaller in the
physically smaller first condition (18 ms) than in both the
simultaneous condition (54 ms), t(41) = 5.71, SED = 6.37, p <
.05, and the physically larger first condition (66 ms), t(41) =
5.45, SED = 8.83, p < .05. No difference was apparent
between the simultaneous condition and the physically larger
first condition, t(41) = 1.60, SED = 7.36, p > .05. Furthermore,
the magnitude of the reduction in the size congruity effect on
the physically smaller first trials relative to the simultaneous
trials (36 ms) was significantly larger than the increase in the
size congruity effect on the physically larger first trials relative

to the simultaneous trials (12 ms), t(41) = 2.32, SED = 10.55,
p < .05. All of the size congruity effects were signifi-
cant, t(41) = 3.06, p < .05; t(41) = 10.00, p < .05; and
t(41) = 8.94, p < .05, for the smaller first, simultaneous,
and larger first conditions, respectively.

In errors, nomain effect of onset emerged, but we did find a
significant effect of size congruity, F(1, 41) = 21.42, MSE =
4.13, p < .05, ηp

2 = .34, and an interaction between onset and
size congruity, F(2, 82) = 6.70,MSE = 2.26, p < .05, ηp

2 = .14.
Consistent with the RT analyses, the magnitude of the size
congruity effect was significantly smaller in the physically
smaller first condition (0.24%) than in both the simultaneous
condition (1.43%), t(41) = 3.34, SED = 0.49, p < .05, and the
physically larger first condition (1.89%), t(41) = 2.49, SED =
0.48, p < .05. We observed no difference between the simul-
taneous condition and the physically larger first condition,
t(41) = 1.10, SED = 0.42, p > .05. A parallel set of compar-
isons using a Wilcoxon signed ranks test (nonparametric)
yielded the same pattern (physically smaller first vs. simulta-
neous, Z = 1.98, p < .05; physically smaller first vs. physically
larger first, Z = 2.97, p < .05; simultaneous vs. physically
larger first, Z = 1.01, p = .3).

Distance effects

Numerous researchers have demonstrated that performance
in number comparison tasks is influenced by the numeric
distance between the to-be-compared digits (Moyer &
Landauer, 1967). As such, we conducted a 4 (distance: 1,
5, 6, 7) × 3 (onset: physically smaller first vs. simultaneous
vs. physically larger first) × 2 (size congruity: congruent
vs. incongruent) repeated measures ANOVA on RTs and
percentages of error.

With respect to the influence of numeric distance on RT,
we observed a main effect, F(3, 123) = 115.06, MSE =

1 When only the late-onset simultaneous condition was included in the
reported analyzes (i.e., the simultaneous condition wherein RT was
timed from stimulus onset), the results were qualitatively similar. The
major difference between this analysis and the one reported in the text
is a main effect of onset, such that responses were slower overall in the
simultaneous condition. This was likely a result of the fact that in the
nonsimultaneous conditions, participants got a 100-ms head start pro-
cessing one of the digits.

520 

540 

560 

580 

600 

620 

640 

Congruent 

Incongruent 

R
T

(m
s)

Onset 

(0.45) (0.69) (0.16) (1.59) (0.05) (1.94) 

Physically Smaller
First 

Simultaneous Physically Larger
First 

Fig. 1 Mean response times (RTs, in milliseconds) and percentages of
error (in parentheses) as a function of onset and size congruity, with
95% confidence intervals (Masson & Loftus, 2003)
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3,201.49, p < .05, ηp
2 = .74, such that RTs became shorter as

distance increased (615, 618, 565, and 540 ms, respective-
ly). In addition, distance interacted with size congruity, F(3,
123) = 2.95, MSE = 2,179.11, p < .05, ηp

2 = .07, such that
the influence of the latter decreased as the former increased
(59, 45, 36, and 41 ms, respectively). Critically, distance did
not interact with onset, F(6, 246) = 1.53, MSE =
1,825.19, p = .17, ηp

2 = .04, nor did it modulate the
Size Congruity × Onset interaction, F(6, 246) = 0.58,
MSE = 1,639.51, p = .75, ηp

2 = .01.
In percentages of error, the pattern mirrored that in the RTs,

in that we found a main effect of distance, F(3, 123) = 11.60,
MSE = 13.29, p < .05, ηp

2 = .22, such that individuals’
accuracy increased as distance increased (1.5%, 1.4%,
0.19%, and 0.05% errors, respectively); distance interacted
with size congruity, F(3, 123) = 5.63, MSE = 13.50, p < .05,
ηp

2 = .12, such that the influence of the latter decreased as the
former increased (2.4%, 1.5%, 0.3%, and 0.1% errors, respec-
tively); and critically, distance did not modulate the Size
Congruity × Onset interaction, F(6, 246) = 1.03, MSE =
9.20, p = .40, ηp

2 = .02. A parallel analysis using Friedman’s
test (nonparametric) yielded the same pattern. There was a
significant distance effect, χ2(3) = 29.93, p < .05; the size
congruity effect was modulated by distance, χ2(3) = 8.05,
p < .05; and the Size Congruity × Onset interaction, using
the smaller-first versus larger-first difference as a function of
onset, was not modulated by distance, χ2(3) = 2.4, p = .489.

End digits

In numerical comparison tasks that include sequential com-
parisons, the first digit presented can, in some cases, deter-
mine the response independent of the presentation of the
second digit (Schwarz & Stein, 1998; Sekuler, Rubin, &
Armstrong, 1971). For example, in the present design, when
one of the digits at either extreme (i.e., 1, 8) was presented,
participants could in principle respond without seeing the
second stimulus. Such circumstances have been shown to
influence performance in sequential numerical comparison
tasks (Schwarz & Stein, 1998; Sekuler et al., 1971). In order
to investigate the influence of whether or not the initial digit
on nonsimultaneous trials influenced performance, we
conducted a post-hoc analysis separating trials beginning
with the digits 1, 8 (i.e., end digits) and 2, 7 (i.e., non-end
digits) into separate conditions. A 2 (end digit first) × 2
(onset) × 2 (congruity) within-subjects ANOVA was
performed on both RTs and percentages of error.

In RTs, a main effect of end digit first emerged, F(1, 41) =
118.03,MSE = 1,189.38, p < .05, ηp

2 = .74, such that trials on
which the first digit was 1 or 8 (566 ms) were faster than trials
on which the first digit was a 2 or 7 (607 ms). We found no
interaction between end digit first and congruity, F(1, 41) =
0.41, MSE = 1,174.31, p < .05, ηp

2 = .01, but there was a

marginally significant interaction between end digit first and
onset, F(1, 41) = 3.91, MSE = 1,237.00, p = .06, ηp

2 = .09.
Lastly, we observed a significant three-way interaction be-
tween end digit first, onset, and congruity, F(1, 41) = 5.16,
MSE = 1,495.72, p < .05, ηp

2 = .11, such that the Onset ×
Congruity interaction (size congruity effect on smaller first
trials < size congruity effect on larger first trials) was larger
when the first digit was a 2 or 7 (67 ms) than when the first
digit was a 1 or 8 (30 ms). Critically, the Onset × Congruity
interaction was significant both when the first digit was a 2 or
a 7, F(1, 41) = 32.34,MSE = 1,470.40, p < .05, ηp

2 = .44, and
when the first digit was a 1 or an 8, F(1, 41) = 5.52, MSE =
1,592.97, p < .05, ηp

2 = .12.
In percentages of error, we also found a main effect of end

digit first, F(1, 41) = 26.75, MSE = 3.96, p < .05, ηp
2 = .39,

such that trials on which the first digit was 1 or 8 (0.2%) were
more accurate than trials on which the first digit was 2 or 7
(1.3%). In addition, a significant End Digit First × Congruity
interaction was apparent, F(1, 41) = 11.24, MSE = 3.95, p <
.05, ηp

2 = .21, such that the effect of congruity was larger when
the first digit was 2 or 7 (1.8%) than when the first digit was 1
or 8 (0.33%). The End Digit First × Onset interaction, as in
RTs, was marginal, F(1, 41) = 3.26,MSE = 4.66, p = .08, ηp

2 =
.07, and a significant interaction emerged between end digit
first, onset, and congruity, F(1, 41) = 8.50, MSE = 5.03, p <
.05, ηp

2 = .17, such that the Onset × Congruity interaction was
larger when the first digit was 2 or 7 (3.1%) than when the first
digit was 1 or 8 (0.21%). Note that the small size of the latter
effect likely results from a floor effect (i.e., there was a small
congruity effect when the first digit was a 1 or an 8; see above).
A parallel set of comparisons using a Wilcoxon signed ranks
test (nonparametric) yielded the same pattern (fewer errors
when 1 or 8 appeared first than when 2 or 7 appeared first,
Z = 4.07, p < .05; congruity effect smaller when 1 or 8 appeared
first than when 2 or 7 appeared first, Z = 3.03, p < .05; and a
smaller Onset × Congruity interaction when 1 or 8 appeared
first than when 2 or 7 appeared first, Z = 2.56, p < .05).

Eye movements

The saccadic initiation times (time between display onset
and the initiation of the first saccade toward a digit) were
compared for the first eye movement toward either the
physically larger or physically smaller digit on simultaneous
trials. In order to determine whether a saccade was made
toward a digit, interest areas were drawn around each digit
(these interest areas were the same size for all digits). As in
the RT and error analyses, practice trials were removed. In
addition, trials on which participants did not begin the trial
in the fixation interest area or on which the saccadic initia-
tion time was less than 50 ms were removed. Three partic-
ipants were excluded from the analysis because they had at
least one empty cell. The final analysis consisted of 1,630
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individual eye movements, with an average of 40 per par-
ticipant and a range between 2 and 76. The low number per
participant reflects the restriction to the simultaneous con-
dition and the fact that eye movements were not required in
order to complete the task. A one-factor repeated measures
ANOVA with two levels (physically larger vs. physically
smaller) was conducted. We found a significant effect of
size, F(1, 38) = 13.76, MSE = 2,073.31, p < .05, ηp

2 = .26,
such that eye movements toward the physically larger stim-
ulus (277 ms) were faster than eye movements toward the
physically smaller digit (315 ms).

To provide a further test of the notion that “fast” eye move-
ments were directed toward the physically larger stimulus, we
divided the saccadic initiation times into four bins (quartiles)
from fastest to slowest for each participant and calculated the
proportion of saccades directed toward the physically larger
stimulus in each bin. This analysis provided an assessment of
the likelihood of making a saccade to the physically larger digit
as a function of saccadic initiation time. Three participants were
excluded from the analysis because they had at least one empty
cell. A one-factor repeated measures ANOVAwith four levels
was conducted.We found a significant effect of bin,F(3, 114) =
9.57,MSE = 0.04, p < .05, ηp

2 = .20, such that the proportion of
saccades that went to the physically larger digit increased as
saccadic initiation time decreased. A parallel analysis using a
Friedman (nonparametric) test also revealed a significant effect
of bin, χ2(2, N = 39) = 27.8, p < .01. In other words, the faster
the saccade was initiated, the more likely it was to go to the
physically larger digit.

As is evident from Fig. 2, overall, participants were more
likely to move their eyes to the smaller digit. This is consistent

with the fact that the physically smaller digit would be harder
to resolve without an eye movement than was the physically
larger digit. Note that this is not inconsistent with the
attentional account, given that covert shifts of attention can
occur independently of an overt shift of attention (i.e., an eye
movement), and the analysis above is consistent with covert
attention initially shifting to the physically larger digit.

Discussion

In the introduction, we derived three predictions from the
attentional account of the size congruity effect: (1)
presenting the physically smaller digit first will reduce the
magnitude of the size congruity effect, (2) presenting the
physically larger digit first will not influence the magnitude
of the size congruity effect (or at least will influence it less
than presenting the physically smaller digit first), and (3) in
the simultaneous condition, saccades to the physically larger
digit will be faster than saccades to the physically smaller
digit. All three predictions were supported. When the phys-
ically smaller digit was presented before the physically
larger digit, the magnitude of the size congruity effect was
significantly reduced relative to when the digits were
presented simultaneously. In other words, when the digits
were presented in a manner that would counteract the influ-
ence of the attentional bias toward the physically larger
stimulus, the size congruity effect was reduced. The fact
that the size congruity effect was reduced, but not eliminat-
ed, is also important, as it suggests that the attention-based
account likely explains a portion (albeit a potentially large
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portion) of the physical size congruity effect, but not all of
it. This issue is discussed further below. Consistent with the
second prediction, we observed limited influence of
presenting the larger stimulus first, relative to the simulta-
neous condition: The size congruity effect in the physically
larger first condition was statistically equivalent to the
effect in the simultaneous condition. Critically, the reduction
in the physically smaller first condition was also statistically
larger than the increase in the physically larger first condi-
tion (both relative to the simultaneous condition), providing
further support for the asymmetrical influence of the onset
manipulation as a function of whether the smaller or larger
stimulus was the first to be attended. As we noted in the
introduction, this pattern is consistent with the notion that
the onset of the larger digit attracts attention on some trials,
and as a result, the impact of the larger digit’s tendency to
attract attention is weakened (i.e., attention is already at the
location of the larger digit). Finally, the analysis of eye
movements also provided converging evidence consistent
with the attentional account. Specifically, on simultaneous
trials, first saccades toward the physically larger digit were
significantly faster than first saccades toward the physically
smaller stimulus. Furthermore, the faster the saccadic
initiation time, the more likely the eye movement was
to be headed toward the physically larger stimulus.
Both of these results are consistent with the notion that
the physically larger stimulus initially captures covert
attention when the display is presented. Thus, all three
predictions were supported.

Taken together, the present results provide a strong case
for an attentional contribution to the physical size congruity
effect, and in so doing present a novel and important chal-
lenge to the standard automatic-comparison-of-irrelevant-
magnitudes account as an explanation for the entire physical
size congruity effect. This account has rarely been chal-
lenged. However, this fact appears to be more a result of
the lack of viable alternatives than of this account defeating
them (see Risko, Blais, Stolz, & Besner, 2008a, b, for a
similar observation in the case of strategic effects in selec-
tive attention tasks). In the following section, we discuss
challenges to an attentional account and explore the idea that
the typical size congruity effect is a product of both the
automatic comparison of irrelevant magnitudes and an
attention-based temporal congruity effect.

Challenges to an attentional account

Given the support for the standard account of the size
congruity effect, it is important at present to address some
potential challenges to the proposed attentional account.
One nonattentional explanation of the present results is that
two independent effects exist—a temporal congruity effect
and a size congruity effect—and, on trials in which the

smaller digit appeared first, these effects were simply put
in opposition, thus partially canceling each other out. For
example, this could potentially explain the reduction in the
size congruity effect in the physically smaller first condition.
The problem with this alternative account is that it predicts
that on physically larger first trials, the size congruity effect
should have increased in magnitude as much as it decreased
in the physically smaller first condition. That is, the tempo-
ral congruity effect (resulting from the different onsets) and
size congruity effect (resulting from the automatic compar-
ison of irrelevant magnitudes) should have added together,
leading to a larger overall effect. The fact that this was not
the case is difficult to explain if one were to favor this
alternative account. In a similar vein, an account in which
attention (somehow) modulates the automatic comparison
of irrelevant magnitudes would fail (at least without further
explication of the potential mechanism). Finally, the
nonattentional alternative account would leave unexplained
the evidence for orienting toward the physically larger stim-
ulus (or at least have to argue that this orienting has no
influence on number comparison).

Another potential issue with the attentional account is
that the size congruity effect can be observed with the
standard “select larger” instructions and the less used “select
smaller” instructions (Santens & Verguts, 2011). This is
important because the temporal congruity effect (Schwarz
& Stein, 1998) reverses under the “select smaller” instruc-
tion. That is, under “select smaller” instructions, participants
responded faster when the digit presented first is the numer-
ically smaller digit than when the digit presented first is the
numerically larger digit. This observation is problematic for
an attentional account if the physically larger digit is always
the first to be attended. This is because the attentional bias
under “select smaller” instructions would still lead individ-
uals to process the physically larger stimulus first, and hence
there would be no temporal congruity effect (i.e., for a
temporal congruity effect to emerge under the “select small-
er” instructions, the physically smaller digit would have to
be processed first). As we noted above, this challenge is
problematic if the attentional bias toward physically larger
stimuli is fixed. However, this might not be the case. Rather,
attentional capture by relative size could represent a form of
contingent capture (Folk, Remington, & Johnston, 1992).
Contingent capture represents a form of attentional capture
that is dependent on the task set of the individual (e.g., “if I
am looking for an onset, then an onset will capture my
attention”). Evidence for this idea has been provided recent-
ly by Kiss and Eimer (2011), who demonstrated that when
participants are looking for a small stimulus, attention is
more likely to be captured by a small singleton (i.e., a
physically small stimulus amongst medium-sized stimuli),
and when participants are looking for a large stimulus,
attention is more likely to be captured by a large singleton
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(i.e., a physically large stimulus amongst medium sized
stimuli; Kiss & Eimer, 2011). Thus, it is possible that the
instruction to “select larger” or “select smaller” is what
drives the form of the attentional bias, rather than a more
basic aspect of the stimulus. According to these results,
under the “select smaller” instructions the physically smaller
digit would capture attention, and as a result produce a
temporal congruity effect. A direct test of this idea in the
specific context of numbers and number comparison has not
been attempted, to our knowledge. It is important to note
that whereas the contingent-capture account provides a
mechanism through which an attention-based account could
explain a size congruity effect under the “select smaller”
instructions, it does so while at the same time making the
prediction that under such instructions, evidence for the
reverse of the attention bias observed here (i.e., the eye
movement analysis) should be found. In other words, if
the posited direction of the attentional bias is influenced
by instructions, then this should be demonstrable indepen-
dent of the magnitude of the size congruity effect itself.

It is also important to note that even in the attentional
account posited here, there exists a kind of “comparison” of
irrelevant magnitude/size occurring, in the sense that relative
magnitude/size contributes to an attention shift. Nonetheless,
according to the attentional account, the size congruity effect
results (at least partly) from the attentional shift induced by that
preshift comparison, and not from the preshift comparison
competing with the comparison of the relevant magnitudes.
The present data support such a conclusion. In addition, it is
unclear whether the “comparison” that leads to the attention
shift should be considered the same kind of comparison that
leads to facilitation/interference on the automatic-comparison-
of-irrelevant-magnitudes account. For example, according to
saliency-based accounts, attentional selection represents the
result of a competition between locations on the basis of their
relative saliencies (which is determined by low-level properties
of the stimulus; e.g., Itti & Koch, 2001), wherein the output of
such a computation would bemore akin to “attend here” than to
“the right digit is larger.” The latter would seem to be required
to interfere with the computations made on the relevant dimen-
sion. That said, this issue deserves further investigation.

Another important result to consider in this light was
reported by Goldfarb and Tzelgov (2005). Using a back-
ground image with built-in distance cues, Goldfarb and
Tzelgov were able to manipulate the perceived size of the
digits while keeping the physical size similar (i.e., if two
digits are equal in physical size, but one is perceived as
being farther away, it will also be perceived as larger).
Critically they found a significant size congruity effect.
This result suggests that the orienting of covert attention,
hypothesized to be contributing to the size congruity effect,
must be operating on the perceived size of the stimuli rather
than on the actual size. Evidence consistent with this notion

was provided earlier by Robertson and Kim (1999), who
demonstrated, using displays similar to those of Goldfarb
and Tzelgov, that object-based cueing effects (Egly, Driver,
& Rafal, 1994) were modulated by the perceived size of the
object, as opposed to the physical size of the object. Even
stronger evidence for this notion was provided by Proulx
and Green (2011), who demonstrated, also using visual
illusions, that the size-based attentional capture effect
reviewed above is based on perceived size rather than actual
size. Thus, the attentional account can explain the Goldfarb
and Tzelgov results.

The attentional account is also consistent with results
demonstrating that the magnitude of the physical size con-
gruity effect (i.e., irrelevant physical size influencing num-
ber comparison) is directly related to the discriminability of
the physical size dimension (Fitousi & Algom, 2006;
Pansky & Algom, 1999). Specifically, as the discriminabil-
ity of the physical size dimension increases, the magnitude
of the facilitation/interference from the irrelevant size di-
mension increases. This critical result is also consistent with
the attentional account put forward here, in that increasing
the difference between the physical sizes of the two digits
would be expected to increase the likelihood of an atten-
tional asymmetry emerging. For example, a large difference
in saliency between two stimuli would be expected to lead
to less competition for attention (i.e., a clearer “winner” will
emerge; Itti & Koch, 2001).

A tale of two mechanisms

As was noted in the introduction, the attentional account of
the size congruity effect has difficulty explaining the pres-
ence of a size congruity effect when a digit is presented in
isolation (Santens & Verguts, 2011; Schwarz & Heinze,
1998; Schwarz & Ischebeck, 2003; Tzelgov et al., 1992),
because in such a display there would be no opportunity for
a size-based attentional capture effect to produce a bias in
the temporal order with which the digits are processed. This
is only an issue for the attentional account if we assume that
the size congruity effects in the single-digit and two-
simultaneous-digit variants are one and the same. Recent
research has suggested that such an assumption should not
be taken lightly. Maloney et al. (2010) demonstrated little
correlation between the distance effects observed in the
single-digit and two-simultaneous-digit variants of numeric
comparison tasks. A further reason for skepticism is the fact
that the size congruity effects in studies that have used the
single-digit design appear to be much smaller than the size
congruity effects observed using the simultaneous-digit de-
sign. Taken together, a parsimonious suggestion is that the
size congruity effect in the simultaneous condition reflects
two contributions—one from the automatic comparison of
irrelevant magnitudes, and one from an attention-based
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temporal congruity effect. Consistent with this notion is the
observation, in the present experiment, that a significant 18-
ms size congruity effect remained, even with a 100-ms head
start for the physically smaller stimulus. The magnitude of
this leftover size congruity effect is similar to the magnitude
of the size congruity effects in single-digit designs (Santens
& Verguts, 2011; Schwarz & Heinze, 1998; Schwarz &
Ischebeck, 2003), where the putative attentional contribu-
tion would be neutralized.

Attention and magnitude

Beyond the size congruity effect, the present investigation
highlights the potential utility of investigating further in-
teractions between attention and magnitude. To date, re-
search investigating such interactions has been surprisingly
sparse beyond, for example, numerical magnitude’s associ-
ation with space (Ashkenazi, Rubinsten, & Henik, 2009;
Casarotti, Michielin, Zorzi, & Umiltà, 2007; Cohen
Kadosh & Henik 2006; Fischer, Castel, Dodd, & Pratt,
2003; Ranzini, Dehaene, Piazza, & Hubbard, 2009; Ristic,
Wright, & Kingstone 2006). The latter work has demon-
strated that numerical magnitude can produce shifts in at-
tention. For example, Fischer et al. demonstrated that small
numbers produced a shift of covert attention to the left, and
larger numbers produced a shift of covert attention to the
right. Thus, magnitude clearly influences attention, and the
present investigation at least suggests that attention can
influence magnitude judgments. Nevertheless, a host of
interesting questions exist concerning the interactions be-
tween attention and magnitude that remain unresolved. For
example, one influential theory of magnitude representation
posits a common code for ostensibly different types of
magnitude (Bueti & Walsh, 2009; Walsh, 2003). Given this
shared representation of magnitude, one might expect that
attentional control settings (Folk et al., 1992) held to bias
attention to one type of magnitude (e.g., numerical) could
produce a bias to attend to similar dimensions of other types
of magnitude (e.g., physical). For example, looking for
larger numbers might bias individuals to attend to large
objects, and looking for larger objects might bias one to
attend to large numbers. Exploring the attentional conse-
quences of shared magnitude representations represents one
of many potential future directions in this area.

Conclusion

The size congruity effect reflects a benchmark phenomenon
in the numerical cognition literature as a result of its role as
an index of the automatic comparison of irrelevant physical
magnitudes. We have developed an alternative mechanism
to explain the size congruity effect on the basis of existing

knowledge about attentional function (Kiss & Eimer, 2011;
Proulx, 2010; Proulx & Egeth, 2008; Proulx & Green, 2011)
and the temporal dynamics of number comparison (Schwarz
& Stein, 1998). We provided the first tests of this mecha-
nism and the first clear demonstration of an attentional
contribution to the size congruity effect. As such, this new
account (and the data supporting it) suggests that the dom-
inant automatic-comparison-of-irrelevant-magnitudes theo-
ry is likely not a complete explanation of the size congruity
effect. At present, a dual-mechanism account appears most
plausible as an explanation of the typical size congruity
effect. Beyond the size congruity effect, the present research
highlights the potential value in investigating the relation
between attention and various representations of magnitude,
in particular, and other cognitive phenomena, in general.
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