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Abstract
Our lab recently found evidence that efficient visual search (with a fixed target) is characterized by logarithmic Reaction Time
(RT) × Set Size functions whose steepness is modulated by the similarity between target and distractors. To determine whether
this pattern of results was based on low-level visual factors uncontrolled by previous experiments, we minimized the possibility
of crowding effects in the display, compensated for the cortical magnification factor by magnifying search items based on their
eccentricity, and compared search performance on such displays to performance on displays without magnification compensa-
tion. In both cases, the RT × Set Size functions were found to be logarithmic, and the modulation of the log slopes by target–
distractor similarity was replicated. Consistent with previous results in the literature, cortical magnification compensation
eliminated most target eccentricity effects. We conclude that the log functions and their modulation by target–distractor similarity
relations reflect a parallel exhaustive processing architecture for early vision.
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The visual-search paradigm has been widely used to study
human visual attention. Most theories of visual search assume
two stages of processing: an early, parallel stage and a later,
serial stage (Desimone & Duncan, 1995; Itti & Koch, 2001;
Theeuwes, 2010; Treisman & Gelade, 1980; Wolfe, 1994).
The first stage performs basic functions like extraction of sim-
ple features and segmentation of objects from the background.
In the second stage, focused attention compares one or a few
items at a time to a target template. In this literature, inferences
are typically made based on differences in search slopes,
which are slope coefficients of linear regressions on the
Reaction Time (RT) × Set Size function. This approach im-
plies the assumption that these RT × Set Size functions are
inherently linear. When slope coefficients are found to be near
zero, the usual conclusion is that searches were completed
within the first parallel stage of processing, and they are re-
ferred to as efficient or pop-out searches (Lagroix, Di Lollo, &
Spalek, 2015; Treisman&Gelade, 1980). Efficient search was

further assumed to be completed preattentively, implying that
attentive selection in the parallel processing stage acts like a
passive filter. While the practice of only analyzing RT × Set
Size function with a linear model has been questioned from
various perspectives (e.g., Carrasco, Evert, Chang, & Katz,
1995; Townsend, 1990), the notion that parallel processing
being preattentive still had a long-term influence on the field.

A recent investigation by Buetti, Cronin, Madison, Wang,
and Lleras (2016; see also Wang, Buetti, & Lleras, 2017)
reported that, in efficient search tasks with fixed targets, the
RT × Set Size function is in fact not linear, but logarithmic.
This result further challenges the continued practice of always
treating RT × Set Size functions as linear (e.g., Wolfe &
Horowitz, 2017). More importantly, the authors found evi-
dence for a systematic modulation of these logarithmic slopes
by target–distractor similarity, indicating modulations by task
goals in the early stage of visual search. The observed loga-
rithmic slopes were shallower for distractors less similar to the
target and steeper for distractors more similar to the target.
Note that these distractors were still sufficiently dissimilar
from the target to be rejected in parallel during Stage 1 pro-
cessing. Buetti and colleagues referred to these distractors as
lures and contrasted them with candidates, which are
distractors that are sufficiently similar to the target to require
focused attention to determine their identity with a high degree
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of confidence (see also Lleras, Buetti & Mordkoff, 2013;
Neider & Zelinsky, 2008). Inspired by Townsend and
Ashby’s (1983) seminal work, Buetti et al. (2016) interpreted
their findings as evidence that early visual processing has a
parallel architecture and an exhaustive termination rule, and
that processing of each item can be modeled as noisy accu-
mulators whose efficiency depends on that item’s similarity to
the target. The end result of this parallel processing stage is the
rejection of lure items as potential targets, while candidates are
passed on to a second serial stage for further inspection. Thus,
the rejection of lures and the inspection of candidates in the
process of finding a fixed target are associated with distinct
behavioral signatures: The former results in logarithmic RT ×
Set Size functions, the latter produces linear RT × Set Size
functions. Wang et al. (2017) replicated the same results using
images of real-world objects, and, more importantly, working
with the theory proposed by Buetti et al. (2016), were able to
successfully predict search performance on lure-heterogeneous
displays based on performance observed in homogeneous dis-
plays. Together, these findings highlight that early processing in
visual search is nontrivial: It has a parallel, exhaustive mecha-
nism as revealed by the logarithmic RT × Set Size functions,
and its processing efficiency is also modulated by target–
distractor similarity, which contradicts the view that early par-
allel processing passively filter out irrelevant features.

However, it remains unclear what is the contribution of
low-level visual factors such as cortical magnification to the
logarithmic nature of these efficient search functions. That is,
given the displays used in Buetti et al., where stimuli were
placed at various eccentricities, one may ask whether the
logarithmicity observed in those search functions is intrinsic
to fixed-target efficient search tasks or whether it is a result of
the specific stimulus arrangement used in that study, and more
specifically, of varying target eccentricity. Carrasco et al.
(1995) reported eccentricity effects in conjunction searches
where traditional search slopes were greater with increasing
target eccentricity. Later, Carrasco and Frieder (1997) demon-
strated that such eccentricity effects can be neutralized by
cortical magnification manipulations (see also Carrasco,
McLean, Katz, & Frieder, 1998). Cortical magnification refers
to the fact that different parts of the retina are disproportionally
represented in the visual cortices: The size of receptive fields
for visual cortex neurons increase with retinal eccentricity
(Dow, Snyder, Vautin, & Bauer, 1981), which means foveal
regions are more densely represented by cortical neurons than
peripheral regions (despite that the fovea covers only a small
portion of the visual field). Consequently, the same retinal
image of an object will be represented by fewer neurons if it
falls in the periphery than if it falls in the fovea. These factors
can lead to decreased performance in many visual tasks as
stimulus eccentricity increases (for a review, see Strasburger,
Rentschler, & Jüttner, 2011), and thus potential reaction-time
differences in visual search. Both in Buetti et al. (2016) and in

Wang et al. (2017), we took the conventional approach of
averaging across target eccentricity conditions and did not
explicitly account for effect of target eccentricity or cortical
magnification. In fact, when we plotted RTs as a function of
position in the display (Buetti et al., 2016, Appendix 2), RTs
did seem to increase as target eccentricity increased in those
displays. Thus, the previously observed logarithmic RT × Set
Size functions could be attributed to target eccentricity effects
instead of our proposed mechanism of parallel search
processing.

The current study aims to test whether target eccentricity
was responsible for the logarithmic RT × Set Size functions
we observed previously, by manipulating eccentricity and cor-
tical magnification in displays that minimize crowding.
Specifically, we compared a condition where search stimuli
weremagnified according to Rovamo and Virsu’s (1979) mea-
sured cortical magnification factor to another condition with-
out such compensation. The goal of the former condition was
to roughly compensate for the quantitative differences in cor-
tical representation of stimuli at different eccentricities.
Furthermore, we used Bouma’s law to minimize crowding
effects by designing a concentric display where the distance
between items was always larger than the critical spacing of
crowding (see the Method section for more details).
According to our theory, we should observe logarithmic RT
× Set Size functions modulated by target–lure similarity in
both magnified and not magnified conditions. This follows
because what we proposed as responsible for logarithmic RT
functions are factors related to the processing architecture of
fixed-target efficient search tasks: parallel, exhaustive pro-
cessing, where information about each item accumulates nois-
ily at each location until a decision threshold is reached. The
logarithmicity, then, arises from the combination of the sto-
chastic accumulation process and the exhaustive termination
rule. In other words, it is largely independent of the efficiency
with which individual items are processed, which eccentricity
might modulate. In contrast, if log-like RT × Set Size func-
tions are due to target eccentricity effect, then we should ob-
serve nonlogarithmic and perhaps linear functions under the
cortically magnified condition, since the eccentricity effects
should be eliminated.

Method

Participants Thirty-three subjects participated in exchange for
course credit in a psychology class. We initially planned to
collect data from 20 participants, which would have achieved
about 90% power atα = 0.01 according to previously estimat-
ed size of the Set Size × Lure Type interaction effect.
However, due to miscommunication with research assistants,
more data were collected. Participants were screened for nor-
mal color vision using the Ishihara Color Test. No participants
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were excluded due to abnormal color vision or low visual
acuity. Participants whose overall accuracy was below 92%
were excluded (this accuracy criterion was chosen to be higher
than the usual 90% since we have a surplus of data). For the 29
participants included in analyses, all were right-handed, 19
were female, and their age ranged from 18 to 22 years. This
experiment was approved by the Institutional Review Board
of the University of Illinois at Urbana-Champaign.

Apparatus and stimuli Stimuli were presented on a 20-inch
CRT monitor. Participants sat in a dimly lit room at a viewing
distance of 55 cm, with their chin on a chin rest to ensure
viewing position. The experiment was programmed in
MATLAB with Psychtoolbox 3.0 (Kleiner et al., 2007).

A blue half disk was chosen as the search target, whose arc
faces either leftward or rightward. Lures were either cyan
circles (high similarity to the target) or orange diamonds
(low similarity to the target). The positions of these search
objects on the screen were determined on the basis of a grid
consisting of three concentric circles, each containing 12
evenly spaced possible positions. The eccentricities of these
circles were 4.5°, 8.4°, and 15.4° of visual angle. Search items
were positioned so that the display would be symmetrical
along the vertical midline. A small amount of random jitter
was added to each item’s final position. This specific concen-
tric grid display was designed to minimize crowding effects
based on Bouma’s equation (Pelli, 2008). In trials without
cortical magnification compensation, stimulus size was not
varied (about 1 × 1 degrees of visual angle for lures and 0.5
× 1 for the target). In trials with cortical magnification com-
pensation, size of stimuli presented on the middle and outer
circle of the grid were magnified. The magnification factor M
followed Rovamo and Virsu (1979), who reported M as an
approximately linear function of eccentricity (see Fig. 1 for
examples). More specifically, a stimulus with an eccentricity
of φ was magnified (both horizontally and vertically) by M:

M ¼ 1þ C φþ 0:00007 φ3
� �

= 1þ Cφ0 þ 0:00007 φ3
0

� �
;

where φ0 is the smallest eccentricity (4.5°) in our display
arrangement, and C is a constant that depends on the angular
position θ of the stimulus. C could take one of three values for
different values of θ:

C ¼ 0:32 if θ ¼ 15°; 165°;−15°; or−165°;
C ¼ 0:36 if θ ¼ 45°; 135°;−45°; or−135°;
C ¼ 0:40 if θ ¼ 75°; 105°;−75°; or−105°:

Procedure Instructions were both shown on the screen and
delivered verbally to participants at the beginning of the ex-
perimental session. Participants were told to look for the blue
half-disk target and to indicate whether the arc faced leftward
or rightward. They were asked to press the left arrow key with

their left index finger when the target’s arc faced to the left,
and the right arrow key with their right index finger when the
arc faced to the right. To control for speed–accuracy trade-off,
they were instructed to respond as soon as possible without
making errors. Participants were also told about the search
display appearing for only a short moment (see below), and
were encouraged to keep fixating at the center of the screen
when doing the search task.

Trials started with a central white fixation cross present-
ed for 600 ms. After an onset delay of 450 ms, the search
scene was displayed for 100 ms. This short presentation
duration was chosen to prevent eye movements during
search, which was necessary to ensure the validity of the
cortical magnification manipulation. Participants were also
verbally instructed to search for the target without moving
their eyes, although eye movements were not monitored.
The trial terminated as soon as the participant pressed a
response key. On trials where participants made an error,
a warning tone (750 Hz sine wave lasting 250 ms) followed
the participant’s response. The intertrial interval varied
randomly between 1.5 to 1.7 seconds. Each experiment
session started with a practice block of 16 trials that
contained both magnified and nonmagnified trials.

Design The independent variables are magnification (with
or without cortical magnification compensation), lure type
(orange diamond or cyan circle), and set size (2, 6, 16, or
32 search objects). In addition, a target-only condition
was included, where the only item on the display was
the target. All factors were fully crossed, so that there
were a total of 18 conditions. There were 44 repetitions
per condition, leading to a total 792 trials in an experi-
ment session. The magnification factor was blocked while
the other two factors were randomly intermixed. Ordering
of the blocks was counterbalanced across subjects, and
each block contained 36 trials. At the end of each block
there were break periods that lasted up to 30 seconds, or
until the participant chose to resume the experiment.
There were on average 264 trials where the target was at
4.5°, 8.4°, or 15.4° degrees of eccentricity.

Results

Log versus linear fits comparison Only trials with correct re-
sponses were included for analysis in our reported results.
First, we analyzed the mean RT × Set Size function to com-
pare the logarithmic and linear fits. Across-subject mean RTs
and standard errors of the mean were computed for each of the
18 conditions. These data are shown in Fig. 2. Table 1 shows
the R-squared (R2) values and log likelihoods of the four re-
gression models. The results indicate that the logarithmic
model consistently fits the data better than the linear model,
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with a relative likelihood ratio of 19.11 or more and R2 of 0.95
or more. Across-subject mean error rates are plotted in Fig. 3.
Combining Figs. 2 and 3, we observe no apparent speed–ac-
curacy trade-off pattern.

Next, for each combination of magnification and lure type,
we computed logarithmic and linear regressions on each sub-
jects’ data and computed the log likelihood values of both
logarithmic and linear models. A two-sample t test on these
log likelihood values suggested that log likelihoods of loga-
rithmic models are greater than those of linear models, t(230)
= 3.447, p < .001, Hedge’s g = 0.4512.

ANOVA on slopes and intercepts To further understand how
cortical magnification changes the processing in efficient vi-
sual search, we conducted analyses of variance on the two
coefficients of the logarithmic RT × Set Size regression model
as dependent variables. This approach allowed us to decom-
pose RT variability into two components: the log slope coef-
ficients reflecting the RT variability as a function of set size
(i.e., a measure of set size effect) and the intercept coefficients
representing RT variability that’s unrelated to set size. Using
magnification and lure type as within-subjects fixed effects,
subject as a random effect, and the logarithmic slope

Fig. 2 Mean reaction time as a function of set size, grouped by magnification and lure type. Error bars indicate one standard error of mean. Curves are
least-square best-fitting logarithmic functions. (Color figure online)

Fig. 1 Sample search displays. Participants were asked to search for the
blue half-disc target among cyan circles (high similarity lures) or orange
diamonds (low similarity lures). Top row: no compensation for cortical

magnification; bottom row: magnified displays to compensate for cortical
magnification. (Color figure online)
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coefficients as dependent variables, a mixed-effect ANOVA
revealed that slope coefficients were significantly larger for
cyan circles (28.1) than for orange diamonds (12.3), F(1, 28)
= 58.47, p < .001, generalized eta squared (ηG

2) = 0.336. The
Lure Type × Magnification interaction was significant,
F(1, 28) = 10.62, p < .001, ηG

2 = 0.0292, and post hoc t tests
(ps < .001) indicated that the log slopes for the two types of
lures differed for both magnification levels (see Fig. 4, left
panel). This suggests that difference in log slopes between
the two lure types was reduced but not eliminated when cor-
tical magnification was compensated for.

When using the intercept coefficients as dependent variable
instead, we found only a significant main effect of magnifica-
tion: Intercepts were smaller with magnification (472.1 ms)
than without (506.6 ms), F(1, 28) = 43.48, p < .001, ηG

2 =
0.0744, (see Fig. 4, right panel).

Effects of target eccentricity The goal of this analysis was to
examine how the effects observed above for magnification,
lure type, and set size vary as a function of target eccentricity.
A mixed-effects ANOVAwas carried out on both logarithmic

slopes and intercepts, using magnification, lure type, and tar-
get eccentricity (4.5°, 8.4°, and 15.4°) as fixed-effect within-
subjects factors, and subject as a random effect. For these
analyses we only report the effects that include the target ec-
centricity factor.

The ANOVA on logarithmic slopes showed a significant
Eccentricity × Magnification interaction effect, F(2, 56) =
6.272, p < .005, generalized eta squared = 0.0277, indicating
that log slopes increased with eccentricity when there was no
magnification, but they did not vary with eccentricity when
search items were magnified, F(2, 56) = 8.25, p < .005, gen-
eralized eta squared = 0.110, and F(2, 56) = 0.306, p = 0.7,
respectively. In addition, this interaction was also qualified by
lure type, F(2, 56) = 3.370, p < .05, generalized eta squared =
0.011. As seen in top left panel of Fig. 5, the eccentricity effect
under no magnification condition was larger for cyan circles
than for orange diamonds.

The ANOVA on logarithmic intercepts indicated that log in-
tercepts were significantly different at different levels of eccen-
tricity, F(2, 56) = 64.54, p < .001, generalized eta squared =
0.120. It also revealed significant Eccentricity × Magnify

Fig. 3 Mean error rate as a function of set size, grouped by magnification and lure type. Error bars indicate one standard error of mean. (Color figure
online)

Table 1 Comparison of logarithmic versus linear regression fits to RT × Set Size function for each of the four main conditions

R2 Log likelihood

Condition Log model Linear model Log model Linear model Likelihood Ratio

No magnification, orange diamond 0.951 0.840 −12.11 −15.06 19.11

No magnification, cyan circle 0.989 0.763 −14.05 −21.82 2,368

Magnification, orange diamond 0.991 0.892 −8.88 −15.09 497.7

Magnification, cyan circle 0.996 0.813 −10.66 −20.09 12,457
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interaction effects, F(2, 56) = 46.85, p < .001, generalized eta
squared = 0.0619, suggesting that effect of eccentricity on log
intercepts are significantly different depending on whether or not
cortical magnification was compensated for. Pair-wise t tests in-
dicated that when there was no magnification, log intercepts for
target eccentricity of 15.4 degrees of visual angle differed signif-
icantly from the other two levels of eccentricities (p < .001). In
contrast, log intercepts at all target eccentricity levels did not
differ from each other when there was cortical magnification
compensation (all ps > 0.3). This pattern of results is evident in
Fig. 5, right column. There was also a small but significant
Eccentricity × Lure Type interaction effect, F(2, 56) = 3.696, p
< .05, generalized eta squared = 0.0016.

Discussion

Overall, these results provide clear evidence that RT × Set
Size functions were better fitted by logarithmic functions
compared with linear ones regardless of whether there was
compensation for cortical magnification. Moreover, with or
without magnification, slopes of these logarithmic functions
were always modulated by target–lure similarity, with steeper
slopes for more similar lures (cyan circles) and shallower ones
for more dissimilar lures (orange diamonds). This is consistent
with previous findings by Buetti et al. (2016) and Wang et al.
(2017), suggesting that each item on the display meaningfully
contributed to reaction time and that increasing target–lure

Fig. 5 Effects of target eccentricity and lure type on estimated log slopes (left column) and intercepts (right column) of RT × Set Size functions as a
function of magnification. Error bars indicate Fisher’s LSD. (Color figure online)

Fig. 4 Effects of lure type and magnification on estimated log slopes and intercepts of RT × Set Size functions. Error bars indicate Fisher’s Least
Significant Difference (LSD). (Color figure online)
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similarity decreases processing efficiency of lure items. These
results demonstrate that neither target eccentricity nor cor-
tical magnification factors are responsible for the
logarithmicity of the search functions observed in our pre-
vious studies. In addition, displays in the present study
were designed to minimize crowding, which indicates that
the logarithmic effects cannot simply be caused by
crowding either, consistent with the results in Madison,
Lleras, and Buetti (2017). In sum, the current findings are
in support of our architecture-based account of logarithmic
efficiency, as put forward in Buetti et al. (2016).

Although compensating for cortical magnification did
not change the basic pattern of the log functions and the
modulation of log slopes, we did find differences in the
magnitude of various effects depending on whether search
stimuli were magnified. Without compensation for cortical
magnification, log slopes increased with target eccentrici-
ty; this effect disappeared with magnification-compensated
displays. In Buetti et al.’s (2016) model of parallel evi-
dence accumulation, the log slopes represent a parameter
directly related to the time needed to evaluate the percep-
tual evidence and reach a decision as to whether the item is
a lure. This finding suggests that it takes longer to evaluate
a more eccentric item than an identical item that is closer to
fixation, possibly due to having fewer neurons accumulat-
ing information about the more eccentric item. By magni-
fying the more eccentric item, roughly the same number of
neurons are recruited to process the two items at different
eccentricity, so that they are processed with similar effi-
ciency. In addition, cortically magnifying stimuli also
eliminated the effect of target eccentricity on log inter-
cepts. Together, these findings suggest that our manipula-
tion to compensate cortical magnification factor was effec-
tive. They also support Carrasco et al.’s (1995, 1998) pro-
posal that most target eccentricity effects originate from
low-level properties of the visual system (however, see
Wolfe, O’Neill, & Bennett, 1998, for a different view), so
that appropriate changes in stimulus size can counteract
eccentricity effects. Finally, the effect of lure type (or sim-
ilarity) on logarithmic slopes was reduced but not elimi-
nated when search displays contained magnified items.
This reduction is evidence that covert attention effects
can interact with eccentricity, as Carrasco and Frieder
(1997) had pointed out.

By magnifying stimuli according to their eccentricity,
the magnified displays have effectively a degree of het-
erogeneity in stimulus size. While stimuli heterogeneity
was usually observed to hinder search performance
(Duncan & Humphreys, 1989), it was the opposite case
in this experiment, similar to results of Carrasco and
Frieder (1997) and Carrasco et al. (1998). RTs were faster
for the magnified (thus heterogeneous) compared to the
nonmagnified condition, as evidenced by the significant

main effect of magnification on both log slopes and inter-
cepts. Error rates were also visibly lower for the magni-
fied condition (see Fig. 3). Several factors may have
contibuted to this phenomenon. Magnifying stimuli in
the periphery has a beneficial effect on processing effi-
ciency by compensating for their neural representation.
At the same time, because size is an irrelevant feature
for the search task, the heterogeneity in this dimension
could have a lower impact on search performance than
relevant feature dimensions, according to the proposal of
Müller, Heller, and Ziegler (1995). In addition, stimulus
size was heterogeneous in a highly regular fashion, since
they were magnified according to eccentricity. Little is
known about whether the effect of feature heterogeneity
depends on irregularity of that feature, so we may conjec-
ture based on current data that regularity in a heteroge-
neous feature dimension could reduce the impact of het-
erogeneity on search efficiency. This possibility is sup-
ported by recent results in our lab, where heterogeneous
search displays with spatially segregated (thus highly reg-
ular) distractors were searched more efficiently than ran-
domly intermixed (thus irregular) displays.

Conclusion

The current study was designed to investigate the contribution
of eccentricity (and cortical magnification) to search efficien-
cy in fixed-target efficient search tasks. More specifically, we
wanted to find out whether the logarithmic RT × Set Size
functions observed in such tasks arise because of low-level
visual factors or rather reflect intrinsic properties of a specific
cognitive architecture. We provide evidence that cortical mag-
nification differences do not change the qualitative nature of
the search function: RT × Set Size functions were clearly more
consistent with underlying logarithmic functions than linear
ones under both magnified and nonmagnified conditions. The
modulation of set size effects by lure type or target–lure sim-
ilarity also remained significant after compensation for corti-
cal magnification. Therefore, we conclude that the
logarithmicity of RT × Set Size functions do reflect the exis-
tence of an underlying attentive parallel processing architec-
ture that compares all items simultaneously to the target tem-
plate and reaches separate decisions about each item in the
display. Finally, consistent with previous findings in the liter-
ature, we confirmed that low-level visual factors like eccen-
tricity and size have a direct impact on the efficiency of pro-
cessing, likely reflecting differences in the accumulation
speed of perceptual evidence that inform these decisions.
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