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Abstract Two experiments were conducted to exam-
ine the Simon effect (i.e., faster responding when irrel-
evant stimulus location corresponds with response
location than when it does not) in visual search tasks.
The search items were arranged in a 4 x 4 grid, and
grid locations were coded into sets of four, two involv-
ing inner columns and two involving outer columns. In
experiment 1, three different types of inefficient search
tasks were used. The Simon effects were shown to be
larger when the target appeared in one of the outer col-
umns than in one of the inner columns (“laterality
effect”). This pattern of results was not observed when
distractors were absent, suggesting that the laterality
effect depends on the operation of selective attention.
In experiment 2, a pop-out search task was used, and
no significant effect of target location on the Simon
effect was found. Interpretations of the results based
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on the attention-shift account and referential-coding
account were discussed.
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Introduction

In many situations, stimulus location in the visual field
is automatically coded and it affects task performance
even though it is irrelevant to the task at hand. This
effect of automatic spatial coding can be clearly
observed in the Simon task (Simon and Rudell 1967) in
which left-right manual choice responses are required
for a stimulus dimension other than location (e.g.,
color or identity). A faster response to the target is
obtained when the location of the target is congruent
with the location of the instruction-assigned response
than when the location of the target is incongruent with
the side of the response. It is commonly assumed that
this Simon effect occurs at the response-selection stage
(Lu and Proctor 1995; Rubichi et al. 1997). When a
stimulus set and a response set are perceptually, con-
ceptually, or structurally similar (i.e., having dimen-
sional overlap), presentation of a target automatically
activates its most strongly associated response in the
set, regardless of the stimulus-response assignment in
the task (Kornblum 1994; Kornblum et al. 1990). This
response activation may interfere with the execution of
the instruction-assigned responses if they are not con-
gruent, resulting in the spatial congruency effect.

For decades, numerous studies have been conducted to
investigate why and how the irrelevant spatial information
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is processed and what mechanisms are responsible for
the impact of irrelevant spatial information upon task
performance. Almost all of these studies, however,
present a target in isolation, although its relation to
fixation, precue, or simple context could be manipu-
lated (e.g., Hommel 1993b; Wascher and Wolber 2004;
Zimba and Brito 1995). Even in a few studies with mul-
tiple-item arrays (e.g., van der Lubbe et al. 1999, 2004),
the target is indicated by a cue and no active search is
required to find the target (but see Ward et al. 2005).
In daily life, however, we often face more complex
visual scenes and need to search for a target among a
number of distractors. This target can appear randomly
at a number of different locations and its specific loca-
tion can vary dynamically from scene to scene. It is not
clear whether and how the Simon effect would occur in
this context.

The main purpose of this study was therefore to
examine whether the Simon effect could be observed in
visual search tasks, and to what extent this finding can
inform us about the mechanism underlying the activa-
tion of the spatial code of the target. As indicated
above, it is widely accepted that a spatial code is auto-
matically generated for a stimulus, even though this
code is completely task-irrelevant. However, the origin
of this spatial code remains controversial. Two major
alternatives have been proposed: the referential-coding
account and the attention-shift account. The referential-
coding account (Hommel, 1993a) assumes that a spa-
tial code is formed by relating the imperative stimulus
(i.e., the stimulus that delivers the task-relevant infor-
mation) to a reference frame or object. The attention-
shift account (Proctor and Lu 1994; Rubichi et al. 1997,
Stoffer 1991; Stoffer and Umilta 1997; Stoffer and Yan-
kin 1994), on the other hand, postulates that a spatial
code is generated when there is a shift in spatial atten-
tion towards the location occupied by the imperative
stimulus. Moreover, when multiple attention shifts
take place over time and location, only the most recent
shift is responsible for the generation of the spatial
code for the target.

The attention-shift account is consistent with some
previous evidences. For example, Nicoletti and Umilta
(1989) instructed participants to respond, with a left or
right keypress, to a rectangle or square that appeared
inside one of six boxes arranged in a row. In their
experiment 3, participants had to maintain fixation on a
plus sign located at one end of the row and to orient
attention onto a small solid square that was shown for
500 ms in one of the five gaps between the boxes. At the
offset of the square the imperative target appeared in
one of the immediately adjacent boxes. A Simon effect
was observed with respect to the location at which

attention was initially oriented (i.e., the square), regard-
less of where the orienting square was placed. Thus a
further attention shift from the square (the precue) to
the target determined the spatial code of the target (see
also Rubichi et al. 1997). Nicoletti and Umilta (1994)
demonstrated that the Simon effect was not obtained
when attentional focus must remain at fixation. The dis-
play was similar to their former study; except that par-
ticipants had to keep attention at fixation to detect a
letter presented there, and could not voluntarily direct
attention to the target. In addition to these studies with
attentional focus shifting from fixation to the periphery,
recent studies suggest that attention shift from the
periphery to a centrally presented target can also gener-
ate the Simon effect. For example, Notebaert and Soe-
tens (2003) asked participants to respond to the color of
a centrally presented visual stimulus while presenting a
sound to one of their ears. A Simon effect in relation to
the peripheral sound was observed.

Hommel (1993a), on the other hand, proposed a ref-
erential-coding account in which spatial codes are gen-
erated in relation to a referential frame. Hommel and
Lippa (1995) demonstrated that the face of a famous
movie star established a context for the spatial coding
of left and right. In their experiment, the target was
presented on the left or right eye of the face, and the
Simon effect occurred constantly relative to the context
of face, even though the face was rotated up to 90°.
There are essentially two versions of the referential
account: static reference system and attentional focus
reference. The static reference account suggests that a
spatial position is defined relative to a set of coordi-
nates, and that the origin of the set of coordinates is
determined by a static reference object, which usually
is the fixation point (as discussed in Proctor and Lu
1994). Alternatively, Nicoletti and Umilta (1989) pro-
posed that the origin of the set of coordinates is deter-
mined by the position of the attentional focus, which
can be moved in space. This attention version of the
referential hypothesis is clearly not very different from
the attention-shift account.

Hence there are two main opposite models concern-
ing the origin of spatial code: a dynamic model and a
static model. The difference between them lies in the
definition of the origin of the referential system. The
dynamic coding model postulates that the origin of the
reference system is the focus of attention just before it
being shifted to the target, whereas the static coding
model assumes that the referential frame remains the
same in spite of the attention-shifts. We suggest that
the dynamic and static models can be distinguished in
contexts that naturally requires attention shift. One
such context is visual search.
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In a typical visual search experiment, participants
are presented with a display containing a number of
items. On each trial, participants must determine
whether or not a specific target has appeared in the dis-
play. The number of items (set size) in a search array
varies from trial to trial. The response times (RTs) and
correct response rates are measured. The change in
RTs with set size is termed RT x set size search func-
tion, and the slope of search function designates the
efficiency of performance, with the steeper slope being
observed in the more difficult search task.

Recently, a large body of evidence supports an inte-
grated model of parallel and serial processing in visual
search (e.g., Bricolo et al. 2002; Horowitz and Wolfe
1998; Maioli et al. 2001; Wolfe et al. 1989; Woodman
and Luck 1999, 2003; Zelinsky and Sheinberg 1997; see
Chelazzi 1999, for an overview). According to the inte-
grated model, the shift of attention is guided by a par-
allel feature analysis, by which several items are
simultaneously compared with a target template held
in working memory. Once a candidate target is
detected, a shift of attention occurs. If the target is dis-
tinct from the distractors, the parallel process will
guide attention shift to the target directly. If the target
cannot “pop out” from its distractors, and the attended
item is not the target, another parallel processing of
multiple items is performed, followed by a new shift of
attention. In this manner, attention shifts from item to
item randomly until the target is detected. The amount
of attention shifts depends on the level of signal-to-
noise ratio between the target and its environment.

Consider the display illustrated in Fig. 1. Search
items are presented in 4 x 4 grids, and there are two
possible targets requiring left or right response. Con-
gruency effects would be calculated according to the
correspondence between response location and target
location (relative to the central fixation). If the spatial
code of the target is generated with reference to a static
referential frame, the Simon effect will be observed,
but this effect should not be influenced by attention
shift during search. If, however, the spatial code origi-
nates from attention shift or attention focusing, then
the serial attention mechanisms in visual search could
cause different patterns of the Simon effect in different
regions of the search display. Specifically, because
attention shifts randomly from item to item, the direc-
tion of attention shift will be either right-to-left or left-
to-right before the target is located in an inner column.
If the Simon effect for the target is determined by the
spatial coding of this attention shift, then this effect
might be diminished or cancelled out by averaging
across trials. Conversely, if a target appears in a, say,
right outer column, then its accompanying distractors

@ Springer

Fig.1 The 4 x 4 matrix and the definition of target locations in
the search array. Lines and numbers were invisible to partici-
pants. The numbers indicate the target location categories in rela-
tion to the central fixation. The fixation cross was visible
constantly during a trial

are more likely to appear on the left side of this target,
and attention shifts from distractors to the target are
mostly likely to occur from left to right, rather than
from other directions. If the Simon effect for the target
is determined by the spatial coding of attention shift,
then a sizeable Simon effect should be observed for tar-
gets appearing in outer columns. We may call the neu-
tralization of the Simon effect in inner columns and the
appearance of the Simon effect in outer columns the
“laterality effect”.

Nevertheless, the attention coding account is not the
only one which predicts the laterality of Simon effect.
The multiple references coding account is also compat-
ible with the laterality effect. As postulated by this
account, the reference frame can be both egocentric
such as the body midline, the point of gaze and head
position, and environmental such as spatial relations
between and within objects (Danziger et al. 2001; Lam-
berts et al. 1992; Roswarski and Proctor 1996; Umilta
and Liotti 1987). On this account, when the target is in
one of the inner columns, either the right outer column
or the left outer column may serve as reference frame.
As a consequence, an ambiguous spatial code will be
generated for targets in the inner columns. Whereas
for a target in, say, the right outer column, a right spa-
tial code will be always generated, regardless of which
of the other three columns may serve as reference
frame. Therefore, the Simon effect that will be
observed on the inner columns will be smaller than that
on the outer columns.

This effect of multiple reference frames is often diffi-
cult to be separated completely from the attentional
shift effect. To this end, search tasks with different
degree of difficulty were introduced in experiment 1 in
order to examine whether the laterality effect is influ-
enced by search efficiency. If a statistically reliable
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interaction between search type and laterality effect is
found, this result would support the attention shift
account, because it would provide a straighter and
simpler interpretation of the results than the multiple
reference account. Indeed, to explain this interaction
with the multiple reference account, we need to
assume that the role of the outer columns in serving as
extra reference frames might be quantitatively
changed by search efficiency. Additionally, according
to the attentional coding account, we can predict that
the laterality of the Simon effect should not be reliably
observed in pop-out search task, because attention
automatically shifts from fixation to the pop-out tar-
get, regardless of its location in inner or outer col-
umns. However, the multiple reference account makes
a different prediction, namely that the laterality of the
Simon effect should be observed in pop-out search
because outer columns serve as frame of reference. To
test these two opposite predictions, a pop-out search
task will be used in experiment 2. Note that, if the lat-
erality of the Simon effect is not observed in the pop-
out search task, then the multiple reference account
can either be refuted or modified by suggesting that a
spatial location serves as reference frame only when
attended. With this modification, the two accounts
become functionally indistinguishable, at least with
the current experimental conditions.

Because the search mechanism is determined by the
difficulty of search task rather than by whether the task
is a feature or conjunction search (e.g., Chelazzi 1999),
we predict that the laterality effect will be observed in
various inefficient search tasks (i.e., when the slopes of
search function are greater than zero). Therefore, we

used three search tasks in experiment 1 to test the lat-
erality effect. The first type of search was a feature
search with uniform distractors, in which participants
were required to detect figure-of-two or figure-of-five
among figure-of-eight (type 1, see Fig. 2a). The second
type of search was similar to the first one, except that
the distractors were variable letters or digits (type 2,
see Fig. 2b). The third type of search was a conjunction
search in which the target is different from non-targets
along two clearly defined dimensions (color and orien-
tation, type 3, see Fig. 2c). The type of visual search
was treated as a between-participant factor in experi-
ment 1.

Experiment 1
Methods
Participants

A total of 48 undergraduate students from Peking Uni-
versity participated in the experiment, with 16 for each
of the three types of visual search. They were all right
handed, with normal or corrected-to-normal vision.
They gave their informed consent and were paid for
their participation.

Design and stimuli
This experiment consisted of four factors. The

between-participant factor was search type, which
included type 1, 2 and 3, as described in the Introduction

1”

e

Fig. 2 Stimuli in all the search tasks.a shows the search items in
type 1 search. The figure-of-five and figure-of-two were the
imperative targets, whereas the figure-of-eight was the distractor.
b shows examples of distractors in type 2 search. The target here
was the same as the one in type 1 search. e shows the colored stim-
uli in type 3 search (horizontal fill = red; vertical fill = green). The

thin ellipses in the upper row were the imperative targets, and the
ellipses in the lower row were distractors. d shows the colored
stimuli in type 4 (pop-out) search (horizontal fill = red; vertical
fill = green; grid fill = blue). The red and green tilted ellipses in the
upper row were the imperative targets, and the blue vertical thin
ellipse in the lower row was the distractor

@ Springer
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and the following. The other three within-participant
factors were target location, search set size, and Simon
congruency. As illustrated in Fig. 1, the 4 x 4 grids
were divided into 4 regions, according to the eccentric-
ity of the grid to the central fixation. A target could
appear in any of the four regions in a particular trial.
The factor of set size had three levels, which had 6, 11
or 16 displayed items. Target location could be either
congruent or incongruent with the side of the respond-
ing hand. There were two potential targets, one requir-
ing a left hand response, and the other a right hand
response. The correspondence between target and
responding hand was counterbalanced across partici-
pants in all the search tasks.

In addition, in types 1 and 2 search, there were trials
in which a target was presented without distractors
(target-only trials). The target-only conditions were
not included in the type 3 search because we wanted to
balance the total number of trials across the three
search types. The main purpose of including target-
only trials was to examine whether the potential
laterality effect was caused by the distance between the
target and center fixation i.e., the stimulus eccentricity.
If the Simon effect was observed in all regions of the
search grid, we could conclude that the absence of the
Simon effect in the inner columns for the target with
distractors could not be simply attributed to the target
eccentricity per se.

In types 1 and 2 search, targets and distractors were
created by removing segments of a figure-of-eight,
which was composed of short bars, like those used in
digital clock displays. A number or letter was 0.65°in
width and 1.15°in height. In both search types, the tar-
get was either “2” or “5”. Distractors were uniformly
“8” in type 1 search (Fig.2a) or were randomly
selected from various numbers or letters in type 2
search (Fig. 2b). In type 3 search, the target was either
tilted (30° from vertical) red thin ellipse or vertical
green thin ellipse. Distractors were both tilted green
thin ellipses and vertical red thin ellipses (Fig. 2c).

In type 1 search and type 2 search, there were no tar-
get-absent trials. In type 3 search, however, the search
items could be grouped according to their colors and
participants might adopt a strategy by which they seg-
ment the items into two color groups and searched only
in one group of items (e.g., all the red items). If there
were no target-absent trials, then a response could be
issued based on whether a target was present or not in
one color sub-group, without the need of searching in
the other color sub-group. Having target-absent trials
would prevent participants from using this sub-set
search strategy. Thus in type 3 search the target was
absent in 1/3 of the total trials.

@ Springer

White or colored stimuli were presented against a
black background on a CRT screen. The search items
were randomly displayed in an imaginary 4 x 4 matrix
(Fig. 1), with a visual angle of 4° between the outer
imaginary grid and the central fixation. As labeled in
Fig. 1, the 16 grid cells were grouped into four regions
according to their distances to fixation. Lines and num-
bers in Fig. 1 were invisible to participants.

All trials for different experimental conditions were
randomly mixed and were divided into six test blocks.
Each condition had 24 trials, giving a total of 768 trials
(including target-only trials) in type 1 or 2 search, and a
total of 864 trials (including target-absent trials) in type
3 search. Participants received 64 practice trials before
the formal test.

Procedures

Presentation software (http://www.nbs.neuro-bs.com/)
was used to present stimuli and record responses. The
participants held with both hands a double handle joy-
stick that was positioned in front of them, along the
body midline. Manual responses were made by press-
ing either a left or right button located on the front of
the joystick, with the right or left index finger, respec-
tively. A third central button on the joystick was
pressed with the right thumb to respond when the tar-
get was absent.

In each trial, a white cross (0.65° of visual angle) was
presented at the center of the screen for 1,000 ms. Par-
ticipants were instructed to fixate the central cross and
avoid eye movement throughout the trial. Then a
search display was presented until participants’
response. Speed and accuracy were equally stressed.

Results

Participants made incorrect responses on a total of
2.66, 4.73, and 5.91% of trials in search types 1, 2, and
3, respectively. After incorrect responses were
excluded, outliers in response times (RTs) in each
experimental condition were removed, using a recur-
sive procedure as suggested by van Selst and Jolicoeur
(1994). In this procedure, the slowest and fastest RTs
were removed, one at a time, and the mean and the
standard deviation (SD) of the resulting distribution
were calculated. If the extreme RT was more than 3
SDs away from the mean, it was considered an outlier
and was removed. This procedure was repeated until
no outliers remained. A total of 4.56, 3.6, and 3.34% of
trials were removed as outliers in search types 1, 2, and
3, respectively.
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The congruency effect for targets with distractors

For trials with distractors, mean RTs and percentages
of error responses were then calculated for experimen-
tal conditions and are reported in Table 1.

RTs from the 3 search types were entered into a 3
(search type) x 3 (set size) x 4 (target location) x 2
(congruency) analysis of variance (ANOVA), with
search type as a between-participant factor, and set
size, target location and congruency as three within-
participant factors. The main effect of search type was
significant, F(2, 43) =278.94, P < 0.001, with RTs fast-
est in type 1 search (545 ms), slowest in type 3 search
(1,471 ms), and in the middle in type 2 search (758 ms).
Not surprisingly, the main effect of set size was also sig-
nificant, F(2, 86) =269.17, P <0.001, with RTs fastest
at size 6 (814 ms), slowest at size 16 (1039 ms), and in
the middle at size 11 (921 ms). The overall slopes of
search functions were 3.6 ms/item for type 1 search,
24.6 ms/item for type 2 search, and 39.0 ms/item for
type 3 search. The slope of search function for target-
absent trials in type 3 search was 96.5 ms/item. The
interaction between set size and search type was signifi-
cant, F(4, 86) =55.69, P <0.001, indicating that the
increases of RTs over set size were of different magni-
tudes over the different search types.

The main effect of target location was significant,
F(3, 129) = 133.06, P < 0.001, with RTs fastest at loca-
tion 1 (821 ms), slowest at location 4 (1,004 ms), and in
the middle at location 2 and 3 (930 and 944 ms). All the
differences between locations were significant in Bon-
ferroni corrected pairwise comparisons (P < 0.001),
except the difference between location 2 and 3. The
interaction between target location and search type
was significant, F(6, 129)=14.67, P <0.001, so the
interaction between location and set size, F(6,
258) =13.66, P <0.001, and the three-way interaction
between location, set size and search type, F(12,
258) = 6.66, P <0.001. These results replicated previ-
ous studies of eccentricity effect of visual search (cf.
Carrasco et al. 1995; Carrasco and Frieder 1997).

More importantly, the main effect of congruency
was significant, F(1, 43) =13.93, P <0.005, with RTs
faster for the congruent trials (913 ms) than for the
incongruent trials (936 ms). This factor did not interact
with set size, F(2, 86) <1, or with search type, F(2,
43) =1.15, P> 0.1. The three-way interaction between
congruency, set size and search type was not significant
either, F(4, 86) = 1.23, P > 0.1. However, it interacted
significantly with target location, F(3,129)=4.83,
P <0.005, indicating that across search types and
search set size, the magnitude of Simon effect varied

Table 1 Mean RTs (ms) and standard errors (mean + SD), and error percentages (in parentheses) for targets with distractors in type
1, 2 and 3 search in experiment 1, and type 4 (pop-out) search in experiment 2

2

3

4

Search type Set size Congruency Location
1
1 6 Congruent 497 +31 (3.1)
Incongruent 509 £+ 30 (3.4)
11 Congruent 498 + 35 (2.3)
Incongruent 514 +22 (4.7)
16 Congruent 513 £47 (2.1)
Incongruent 521 + 46 (3.6)
2 6 Congruent 557 £31 (2.1)
Incongruent 559 £ 30 (4.7)
11 Congruent 595 +35(1.8)
Incongruent 611 +£22 (3.4)
16 Congruent 641 + 47 (1.3)
Incongruent 647 + 46 (5.7)
3 6 Congruent 1,235 +30 (5.7)
Incongruent 1,218 £29 (2.1)
11 Congruent 1,317 £33 (4.7)
Incongruent 1,259 £+ 21 (7.0)
16 Congruent 1,539 + 46 (8.6)
Incongruent 1,546 £ 45 (9.4)
4 6 Congruent 497 +16 (2.3)
Incongruent 504 £ 16 (4.2)
11 Congruent 497 + 14 (2.1)
Incongruent 522 +18 (4.7)
16 Congruent 499 + 16 (2.6)
Incongruent 522 +23 (4.2)

503 + 37 (1.8)
515+ 27 (5.5)
516 445 (3.1)
546 + 40 (5.2)
536 + 45 (3.1)
551 449 (5.7)
594 + 37 (2.9)
628 + 27 (8.6)
723 + 45 (2.9)
760 4 40 (8.3)
940 + 45 (6.0)
963 + 49 (8.1)
1,305 £ 36 (5.2)
1,303 £ 26 (4.7)
1,468 & 44 (6.8)
1,543 £ 39 (5.7)
1,627 + 43 (8.3)
1,711 £+ 47 (8.9)
509 + 18 (2.1)
512 + 16 (1.8)
499 + 13 (1.8)
526 + 14 (1.6)
503 + 13 (1.3)
523 +£17 (3.9)

524 £ 32 (2.9)
527 +£22(5.7)
566 36 (3.4)
565 35 (6.3)
578 + 46 (3.9)
588 -+ 48 (6.0)
642 +32 (4.2)
660 + 22 (7.0)
793 36 (3.9)
824 4+ 35 (7.3)
951 + 46 (8.9)
942 4+ 48 (9.1)
1313 £31(3.1)
1,253 £ 21 (2.3)
1,468 & 34 (7.4)
1,518 & 34 (4.7)

1,624 + 45 (10.2)

1,652 & 46 (7.0)
505 £ 17 (2.9)
514+ 16 (2.3)
500 & 14 (4.4)
515 + 18 (2.6)
517 16 (2.1)
528+ 14 (2.6)

559 + 27 (3.4)
569 + 28 (8.1)
580 + 33 (4.4)
607 = 36 (6.8)
591 £ 52 (5.2)
603 + 51 (7.3)
682 +£27(5.2)
738 + 28 (13.0)
848 + 33 (3.1)
855 + 36 (8.9)
1003 + 52 (6.0)
1031 4 51 (10.4)
1287 426 (6.8)
1,359 4+ 27 (4.9)
1,514 4 32 (8.9)
1,610 & 35 (9.4)
1,748 £ 51 (11.5)
1,895 & 49 (11.2)
494 +13 (2.9)
528 + 13 (5.5)
510 + 18 (2.1)
526 + 12 (2.9)
520 + 14 (1.3)
530 + 16 (3.4)
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over different target locations. Figure 3 illustrates the
mean RTs over set size at different locations, collapsed
over search types. Moreover, the interaction of congru-
ency, location and search type was also significant, F(6,
129) = 2.38, P < 0.05, indicating that the laterality effect
was influenced by search efficiency. Simon effects were
averaged over outer and inner columns for each search
type, and the values of laterality effect were indexed by
the differences of Simon effects between outer and
inner columns. In this manner, the laterality effects for
search type 1,2 and 3 were 9.5, 23.5, and 87 ms, respec-
tively, increasing as the slopes of search function
increasing.

Separate analyses were then conducted for the con-
gruency effect at different locations, with the set size
and congruency as two within-participant factors, and
search type as a between-participant factor. At loca-
tion 1, the main effect of congruency was not signifi-
cant, F(1, 45) <1, and it did not interact with search
type, F(2, 45)=1.35, P<0.1, or with set size, F(2,

90) < 1. Similarly, at location 3, there was no main
effect of congruency, F(1, 45) < 1, and no interaction of
congruency with search type, F(2, 45) <1, or with set
size, F(2, 90) =1.22, P> 0.1. These results indicated
that the Simon effect was absent at location 1 or 3 (see
Fig. 3). At location 2, the main effect of congruency
was significant, F(1, 45) = 9.46, P < 0.005, but this effect
did not interact with search type, F(2,45) < 1, nor with
set size, F(2, 90) < 1. At location 4, both the main effect
of congruency, F(1,45)=23.37, P<0.001, and the
interaction between congruency and search type,
F(2,45) = 6.85, P < 0.005, were significant, although the
interaction between congruency and set size was not,
F(2, 90) < 1. Further analyses showed that the congru-
ency effect was significant at location 4 for type 1 search,
F(1,15) =12.13, P < 0.005, type 2 search, F(1,15) = 5.87,
P <0.05, and type 3 search, F(1,15) =13.52, P < 0.005,
although the effect was apparently larger in Type 3
search (105 ms) than in types 1 and 2 search (17 and
30 ms, respectively).

Fig. 3 The RT x set size Location 1 Location 2
search functions for the con-
gruent and incongruent condi-
tions in the four target 1200 1200
locations, collapsed over the — 9= Incongruent
th > h X R ——O—— Congruent
ree search types in experi- 1100 4 1100 4
ment 1
‘@ 1000 % 10004
E E
'—
'n_: 900 - o 9004
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Error rates for trials with distractors were also
entered into an ANOVA, with search type as a
between-participant factor, and set size, target location
and congruency as three within-participant factors.
The main effect of search type was not significant, F(2,
45) =1.26, P > 0.1, indicating that the error rates were
not different between search types. The main effect of
set size was significant, F(2, 90) = 14.37, P < 0.001, with
the error rate being the highest at size 16 (7.0%), low-
est at size 6 (4.9%), and in the middle at size 11 (5.4%).
The main effect of target location was also significant,
F(3, 135) =16.42, P <0.001, with the rate being the
highest at location 4 (7.5%), the lowest at location 1
(42%), and in the middle at locations 2 and 3 (5.6 and
5.7%, respectively).

The main effect of congruency was significant, F(1,
45) =15.71, P <0.001, with more errors in the incon-
gruent conditions (6.7%) than in the congruent condi-
tions (4.8%). Importantly, this congruency effect
interacted with target location, F(3, 135)=2.93,
P <0.05, although the three-way interaction between
congruency, location and search type was not signifi-
cant, F(6,135) =1.20, P >0.1. Separate analyses were
then conducted for the congruency effects at different
locations, with set size and congruency as two within-
participant factors and search type as a between-partic-
ipant factor. Results were similar to the RT analysis,
with the congruency effect being significant at Location
2, F(1, 45)=14.65, P<0.001, and location 4, F(1,
45) = 14.12, P < 0.001. This effect was not significant at
Location 3, F(1, 45)=2.01, P>0.1, although it did
reach significance at Location 1, F(1, 45)=5.62,
P <0.05.

The congruency effect for targets without distractors

RTs for trials without distractors in types 1 and 2
search, collapsed over search type and set size, were
reported in Table 2.

RT data were entered into a 2 (search type) x 4
(target location) x 2 (congruency) analysis of variance
(ANOVA), with search type as a between-participant
factor, and target location and congruency as two
within-participant factors. The main effect of congru-
ency was significant, F(1, 30) =21.87, P <0.001, with

RTs faster to congruent stimuli (489 ms) than to incon-
gruent stimuli (510 ms). The interaction between con-
gruency and location was not significant, F(3, 90) <1,
nor the three-way interaction between congruency,
location, and search type, F(3, 90) = 1.32, P > 0.1, indi-
cating that the congruency effect did not vary according
to the target location, in contrast with the laterality
effect for targets with distractors. Another significant
effect was the main effect of location, F(3, 90) =26.97,
P <0.001, with RTs being slowed increasingly over
locations 1-4 (482, 498, 501 and 517 ms, respectively).

Error rates for trials without distractors were also
entered into an ANOVA, with search type as a
between-participant factor, and target location and
congruency as two within-participant factors. The main
effect of search type was not significant, F(1, 30) < 1.
The main effect of location was significant, F(3,
90) =4.32, P < 0.01, with the error rate being the high-
est at location 4 (7.1%), lowest at location 1 (3.9%),
and in the middle at locations 2 and 3 (5.7 and 5.9%,
respectively). The main effect of congruency was also
significant, F(1, 30) = 14.85, P < 0.01, with more errors
in the incongruent conditions (7.7%) than in the con-
gruent conditions (3.7%). However, the interaction
between congruency and location, F(3, 90)=1.41,
P> 0.1, and the three-way interaction between congru-
ency, location and search type, F(3, 90) < 1, were not
significant. Thus, the results of error rate analysis mir-
rored the RT analysis.

In summary, the results for distractor-absent condi-
tions replicated the Simon effect in previous works.

RT distributions

To rule out the possibility that the differences between
Simon effects at different locations were due to differ-
ent speeds of response times, the RT distributions with
distractors were analyzed, with each participant’s RTs
in each experimental condition sorted in ascending
order, and divided into quintiles (see Ratcliff 1979; de
Jong et al. 1994; Zhang and Kornblum 1997). Because
the interaction between congruency and set size was
generally not significant, as revealed by the previous
analyses, we collapsed the data over set size in quin-
tiles, and constructed RT functions of quintile for each

Table 2 Mean RTs (ms) and standard errors (mean £ SD), and error percentages (in parentheses) for targets without distractors in
types 1 and 2 search in experiment 1, collapsed over search types and set sizes

Location

1 2 3 4
Congruent 474 £ 11 (2.5) 485 + 10 (4.0) 492 £+ 8 (2.7) 505 £ 11 (5.5)
Incongruent 491+ 9 (5.3) 511 +9(7.8) 510 +£9(8.7) 530 +9(8.7)
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location. These quintile data were entered into a 3
(search type) x 4 (location) x 2 (congruency) x 5
(quintile) ANOVA.

Not surprisingly, the main effect of congruency was
significant, F(1, 45)=15.51, P <0.001, so the main
effect of quintile, F(4, 180) = 1106.12, P < 0.001. Impor-
tantly, the interaction between congruency and quin-
tile was not significant, F(4, 180) < 1, nor the three-way
interaction between congruency, quintile, and search
type, F(8, 180) < 1. These results suggested that the
Simon effect did not change over quintiles, i.e., the
lengths of RTs. The main effect of location was signifi-
cant, F(3, 135) =127.66, P <0.001, so the interaction
between congruency and location, F(3, 135)=5.40,
P <0.05. But the three-way interaction between con-
gruency, location and quintile was only marginally sig-
nificant, F(12, 540) =1.67, 0.05< P <0.1, suggesting
that the presence of Simon effects at locations 2 and 4
and the absence of Simon effects at locations 1 and 3
were generally not affected by response speed.

The RT distributions for distractor-absent condi-
tions were entered into a 2 (search type) x 4 (target
location) x 2 (congruency) x 5 (quintile) ANOVA.
The main effect of search type was not significant,
F(1,30) =1.18, P> 0.1. Both the main effect of congru-
ency and the main effect of quintile were significant,
F(1,30) =26.25, P<0.001, and F(4,120) = 315.06,
P <0.001, respectively. But the interaction between
these two factors was not significant, F(4,120) < 1. This
result was different from previous works (e.g. de Jong
et al. 1994; Vallesi et al. 2005; Wiegand and Wascher
2005), which revealed that the Simon effect decreases
as RT increases. Figure 4a plotted the RT distributions
in the incongruent and congruent conditions for dis-
tractor-absent trials.

Discussion

The crucial findings from this experiment can be sum-
marized as follows. There was an overall Simon con-
gruency effect in various visual search tasks when the
target was accompanied by distractors. This effect was
neither affected by search type, nor by search set size.
However, it was affected by the location of the target in
the search array, with the effect being absent when the
target was in the inner columns near fixation, and being
present when the target was in the outer columns far
from fixation. This pattern of laterality of the Simon
effect was not affected by the speed of responses, but
the laterality effect could be influence by the difficulty
of search tasks. When the target was presented alone in
the search array, the Simon effect appeared regardless
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Fig. 4 a The distribution of RT data from the distractor-absent
trials in experiment 1. The RT data were collapsed across search
type, set size, and target location for each quintile.b The distribu-
tion of RT data from experiment 2. The RT data were collapsed
across set size and location for each quintile

of target location and was not affected by response
speed either.

The laterality of the Simon effect in a search array is
consistent with the attention-shift account of spatial
coding but inconsistent with the static referential-cod-
ing account. As we reviewed earlier, the static referen-
tial coding account assumes that the spatial code for
the target is generated according to its location in rela-
tion to a static frame (i.e., the fixation). This account
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would predict that there should be equal Simon effects
for the inner columns (at least location 1) and outer
columns, and for targets with or without accompanying
distractors. This prediction was clearly refuted by the
findings of this study.

On the other hand, the laterality of the Simon effect is
consistent with the attention-shift account. As we
argued earlier, because attention shifts randomly over
items during visual search, the probability of a target
receiving attention shift from other directions may
depend crucially on its location in the search array.
When the target is in an outer (say, right at location 2 in
Fig. 1) column, it is more likely for it to receive attention
shift from a distractor, which may have first summoned
attention, located at the opposite direction. Averaging
over trials, the left-to-right attention shift is the strongest
way for the target to receive attention, and hence a
“right” code would be consistently generated for the tar-
get. By contrast, when the target in an inner column
(right at Location 1 in Fig. 1), its accompanying distrac-
tors could be scattered over the target’s left or right
sides. Assuming that in most cases attention jumps to a
distractor before it lands on the target, averaging over
trials, the target could receive attention shifts from the
left as well as from the right. Thus, the overall Simon
effect would be around zero for targets in inner columns.

The absence of laterality of Simon effects in the no-
distractor condition is consistent with the results from
previous Simon effect studies. In this condition, atten-
tion shifts directly from fixation to the location of the
target, generating the spatial code for the target. The
equivalent Simon effects over different locations dem-
onstrate, in the opposite way, that the laterality of the
Simon effect for the target with accompanying distrac-
tors is due to dynamic attention shift and spatial cod-
ing, rather than to target location per se.

The fact that the size of the Simon effect in the dis-
tractor-absent condition was not affected by the tar-
get’s eccentricity is consistent with Stins and Michaels
(2000) and Logan (2003) (see also Proctor et al.
1993)despite the general slow down of responses over
eccentricity. It is possible that the spatial coding is cate-
gorical (i.e., left or right), not metric. Our results sug-
gest further that, in visual search in which the location
of the single target is not predictable, the Simon effect
does not differ with distances on either vertical or hori-
zontal meridians.

As we discussed earlier, one basic assumption con-
cerning the Simon effect is that it occurs at the
response-selection stage (Lu and Proctor 1995; Rubichi
et al. 1997). There is a widely accepted notion that the
slope of search function is determined by the search
process, whereas the intercept of search function is

influenced by response selection (e.g., Horowitz and
Wolfe 1998; Chelazzi 1999). In the present experiment,
it is clear from Fig. 3 that the slopes of search function
for congruent and incongruent trials were parallel. The
intercepts for the congruent and incongruent condi-
tions were different at locations 2 and 4 but were equal
at locations 1 and 3. Thus the congruency between the
target location and response hand does not affect the
process of detecting the target in a search array, but
may affect the process at the response selection stage,
consistent with the above general assumption.

The pattern of RT distributions in the three types of
visual search was different from traditional pattern in
which Simon effect decreases as RT increases (e.g. de
Jong etal. 1994; Vallesi etal. 2005; Wiegand and
Wascher 2005). According to Zhang and Kornblum
(1997), the decreasing or increasing Simon effect func-
tion is determined by the difference in variance for the
pair of RT distributions. When the variances for RTs
of the congruent and incongruent conditions are not
significantly different, the Simon effect does not change
with RT increases. In fact, the RTs in the present
search tasks include two components: one is search
time before the target is detected, and the other is
response time after the target is detected. In the ineffi-
cient search task, the search time is longer and has
larger variance than response time, and the variance of
response time is tiny compared to the large scale of
response time. This may be a reasonable explanation
for the RT distribution in search trials. However, it is
difficult to explain why the RT distributions were par-
allel in distractor-absent conditions in which no search
process was needed. It is possible that this pattern refl-
ects the adjustment of cognitive strategy in a search
context, an issue that deserves further exploration.

As discussed in Introduction, there is a competitive
explanation of the laterality of Simon effect, that is, the
multiple references coding account. Given the relation-
ship between search difficulty and the laterality of
Simon effect, the attention coding account might be a
more straightforward explanation for the laterality
effect than the multiple references coding account. On
the basis of the relationship between search efficiency
and laterality effect, we tentatively predicted that the
laterality effect should not be reliably observed in a
pop out search task carried out in experiment 2.

Experiment 2
If the above argument concerning the origin of lateral-

ity of the Simon effect in visual search can take its
stand, an alternative should be ruled out, for this
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account assumes that the absence of Simon effects in
inner columns is not due to the averaging of attention
shifts over different directions, but due to the ineffi-
ciency of the fixation as a reference frame when there
are multiple items presented in a search array. Com-
pared with the display in which there are only a fixation
and a target, the fixation in a crowded display with
multiple items is perceptually less salient and its func-
tion as a spatial reference point may be reduced. This
reduction has less influence on localizing the target
appearing at the leftmost or rightmost periphery than
on localizing the target near fixation, because a left-
most target can use other items (distractors) as refer-
ences to compensate for the reduction of the function
of the fixation. An inner target, on the other hand, can-
not use this compensation mechanism because other
items can be both on the left and on the right of the tar-
get, and no reliable references can be established.

In experiment 2, we still presented the fixation in a
crowed display but increased the possibility of the tar-
get capturing attention directly, i.e., the search
efficiency in finding the target. According to the atten-
tion shift account of the Simon effect, this pop-out tar-
get will cause the attentional focus to shift directly
from fixation to the target and a spatial code is gener-
ated automatically. Thus the Simon effect should not
be affected by where the target appears. According to
the referential coding account, however, the crowded
display reduces the function of the fixation as reference
and this reduction should be invariant with respect to
the perceptual saliency of the target. Thus the absence
of the Simon effect in inner columns should also be
observed for the pop-out target.

Methods
Participants

Sixteen undergraduate students from Peking Univer-
sity participated in this experiment. None of them had
been tested for experiment 1. As is in experiment 1, all
participants were right handed, with normal or cor-
rected-to-normal vision. All gave their informed con-
sent and were paid for their participation.

Stimuli and procedure

The design and experimental procedures were the
same as experiment 1. The stimuli were similar to those
used in type 3 search in experiment 1, with the two
potential targets being tilted red or green thin ellipse
(0.65° in width and 1.15° in height) and the distractor
being a vertical blue thin ellipse which is a little smaller
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than the target (0.5° in width and 1° in height, see
Fig. 2d). Thus, the distractor and the targets differed in
three dimensions: color, direction, and size. These dis-
tinctions guaranteed that the target would pop out
from distractors when the search items were presented.
The two targets were assigned respectively to the left
or right response and this assignment was counterbal-
anced between participants.

The target was absent in 1/3 of the total trials, and
there were a total of 864 trials in the experiment. As in
experiment 1, participants received 64 practice trials
before the formal test.

Results and discussion

After the incorrect responses (2.81% of the total trials)
were excluded, outliers in each condition cell were
removed (4.48% on average), using the recursive pro-
cedure advocated by van Selst and Jolicoeur (1994).
Mean RTs and standard errors for conditions are listed
in Table 1.

RTs for experimental conditions were entered into a
3 (set size) x 4 (target location) x 2 (congruency)
ANOVA. The main effect of set size was significant,
F(2,30) =547, P <0.01, with RTs to the target fastest
at size 6 (508 ms), slowest at size 16 (518 ms), and in
the middle at size 11 (513 ms). However, the slope of
the search function was only 1 ms/item, suggesting that
the slope was near flat and the visual search task here
could be considered as “pop-out” search in which the
target was detected automatically (see Chelazzi 1999).

The main effect of location was significant, F(3,
45) =4.17, P < 0.01, with RTs being the fastest at loca-
tion 1 (507 ms), slowest at location 4 (518 ms), and in
the middle at locations 2 and 3 (512 and 515 ms, respec-
tively). More importantly, the main effect of congru-
ency was significant, F(1, 15) =28.91, P <0.001, with
faster responses in the congruent conditions (505 ms)
than in the incongruent conditions (521 ms), and this
effect did not interact with location, F(3, 45)=1.95,
P >0.1. This indicated that there were equal Simon
effects at the four locations and there was no laterality
of the Simon effect in pop-out search. The interaction
between set size and congruency was also non-signifi-
cant, F(2, 30) < 1, replicating the previous finding that
the Simon effect was not affected by set size.

In the analyses of error rates, the main effect of set
size was not significant, F(2, 30) <1, confirming that
the efficiency of detecting target did not, in general,
increase with set size in this search task. The main
effect of location was significant, F(3, 45)=2.83,
P <0.05, indicating a variation of error rates over
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target locations: 3.3% at location 1, 2.1% at location 2,
2.8% at location 3 and 3.0% at location 4. More impor-
tantly, the main effect of congruency was significant,
F(1,15) =4.72, P < 0.05, with more errors in the incon-
gruent conditions (3.3%) than in the congruent condi-
tions (2.3%). But the interaction between congruency
and location was not significant, F(3, 45)=2.16,
P > 0.1, indicating that the congruency effect did not
vary across target locations.

RT distribution analysis was also applied to experi-
ment 2. Since the main effect of set size was not signifi-
cant, RT data were collapsed over set size and were
quintiled according to the method used in experiment
1. These quintile data were entered into a 4 (target
location) x 2 (congruency) x 5 (quintile) ANOVA.
Main effects of both congruency and quintile were sig-
nificant, FQ, 15)=15.92, P =0.001, and
F(4,60) = 126.90, P < 0.0001, respectively. The interac-
tion between congruency and quintile was significant
too, F(4,60) =7.51, P<0.0001, indicating that the
Simon effect was greater at shorter RTs than at longer
RTs (see Fig. 4b). This pattern was consistent with pre-
vious works (e.g. De Jong etal. 1994; Vallesi et al.
2005; Wiegand and Wascher 2005), and the explana-
tion of difference in RT variance inferred by Zhang
and Kornblum (1997). In this pop-out search task, the
target is detected immediately without any effortful
search process, and the length of RT is dominantly
determined by the response selection.

There was no laterality of the Simon effect in the
pop-out search, suggesting that the crowding of the
fixation with search items was not the reason behind
the absence of the Simon effect in inner columns in
experiment 1. Attention was captured directly by the
singleton target and the automatic attention shift from
fixation to the target provided a spatial code for the
target, wherever the target appeared. There was no
jumping of attention between distractors and the target
and hence no averaging of attentional shifts over trials.

General discussion

From what has been discussed above, it is quite evident
that not only Simon effects in the visual search tasks,
but also the laterality of the effect with respect to the
location of target in the search array were found in this
study. In inefficient or serial searches, the Simon effect
appeared only when the target was in the outer col-
umns far from fixation, not when the target was in the
inner columns near fixation. This finding was, in gen-
eral, affected neither by the search set size, nor by
response speed. In contrast, this laterality effect was

influenced by the search efficiency. On the other hand,
when the target was presented alone without distrac-
tors, or when the search was efficient or parallel, equiv-
alent Simon effects were observed at different locations
with no sign of laterality.

Our findings present a different picture from what is
envisaged by the notion that the spatial code of the tar-
get depends on its position relative to a static reference
frame, which is usually the central fixation. However,
in this study, it is difficult to refute the multiple refer-
ence frames coding account, which postulates that,
when targets are located in inner columns, either outer
column might serve as a frame of reference and thus
cause a reduction of the Simon effect. But the absence
of the laterality effect in the pop out search task sug-
gests that whether the outer columns can serve the
function of reference frame is contingent on whether
they receive attention or not. When the items in the
outer columns were not attended, they did not operate
as reference frames. Based on this finding, we believe
that the attention shift account offers a simpler expla-
nation for the laterality of the Simon effect than the
multiple reference account.

In contrast, the laterality of the Simon effect can be
accommodated easily by the dynamic attention shift
hypothesis of spatial coding. During the serial search
process, attention shifts randomly from item to item,
and the last attention shift before target localization
determines the direction of the spatial code. When the
target is presented in an outer column (e.g., the right
location 2 in Fig. 1), the last attentional focus just
before target detection would be most likely on a dis-
tractor left of the target. Thus an attention shift from
this distractor to the target (i.e., from left to right)
would generate a “right” code for the target, and this
code causes the Simon effect observed. However, when
the target is presented in an inner column (e.g., the right
location 1 in Fig. 1), although it is possible an attention
shift from a distractor on the left would generate a
“right” code for this target, it is equally possible that the
last attention shift before the detection of the target is
from a distractor on the right (e.g., the right location 2
in Fig. 1). In the latter case, a “left” code would be gen-
erated for the target. Therefore, averaging over trials,
the target at the right Location 1 in Fig. 1 would proba-
bly receive attention shift equally often from the left or
right, leading to a reduced or null Simon effect.

Thus, the laterality of the Simon effect reflects the
dynamic spatial coding for the target at different loca-
tions in the search array. This coding is controlled by
attention shifts over items in a display. If, however,
there is no need for attention to shift between items,
such as when target is presented alone, or when it pops
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out and captures attention directly, the laterality of the
Simon effect should not emerge. Indeed we observed
equal Simon effects at different locations for the target-
alone conditions in Experiment 1 and for the pop-out
search in experiment 2.

Our results and arguments are consistent not only
with many previous data concerning the Simon effect
when an isolated target is presented (see Lu and Proc-
tor 1995 for a review), but also with a recent study
which also used a visual search task (Ward et al. 2005)
and showed the role of attention in generating and sup-
pressing task-irrelevant spatial codes. In Ward et al’s
study, the search array consisted of two columns, one
on the left and one on the right side of fixation, and with
an equal number of items in each column. Participants
were asked to make speeded left or right key-presses to
the color of a target letter O that appeared among vary-
ing numbers of distractor Qs. In their experiment 1, the
time of target onset was separated from the time of tar-
get selection by using a difficult search task with a vari-
able number of distractors. Although reaction times
increased as a function of the number of distractors, the
Simon effects were similar for both small and large set
sizes, as in the present study. Thus, regardless of how
long a target was on the screen, there was no suppres-
sion of involuntary response codes before the target
was found and selected. Suppression of involuntary spa-
tial response activation is not tied to object onset, but to
the time of target selection. In Ward et al.’s experiment
2, the color information needed to determine response
only appeared after a variable delay; however, partici-
pants could still select the target object based on its
form. It was found that with delays long enough, target
selection could occur before a response could be made
and the Simon effect was reduced as the delay between
target selection and the availability of relevant response
information increased. Suppression of irrelevant spatial
response activation begins only after the target is
attended.

Hommel (1994) proposed that the magnitude of the
Simon effect depends on stimulus complexity. In his
experiment, participants were presented with two
frames, either to the left or to the right of a central fixa-
tion. One of them contained a stimulus, which could be
a rectangle (or square) or a red (or green) square. Par-
ticipants were asked either to identify the shape or the
color. Because the frame itself may interfere with the
identification of the visual shape, shape discrimination
was more difficult than color discrimination. It was
found that the Simon effect was apparent in color dis-
crimination but was absent in shape discrimination.
Hommel suggested that the size of the Simon effect
depends critically on the temporal overlap between
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spatial coding for the target location and coding of the
task-relevant stimulus information. The spatial code
can be generated once the left or right frames are pre-
sented, but processing of the task-relevant stimulus
information may take shorter or longer time, depend-
ing on the difficulty of the task. Because the spatial
coding is supposed to decay over time, the Simon
effect, which depends on the interaction between spa-
tial coding for target location and response selection, is
hence affected by the difficulty in processing task-rele-
vant stimulus information. However, the present study
did not find obvious variation of the Simon effect over
search types, even though the difficulty of target dis-
crimination differed significant between types. This
apparent contradiction with Hommel’s argument can
be explained by the fact that the spatial code for the
target in the present study could not be generated until
the target was identified and located in the search
array. As discussed previously, the reaction time for a
trial in this study was affected by processing in two
stages, the search process and response selection. The
interaction between the spatial code and response code
took place only at a time after the search process was
finished. The differences in difficulty between search
types could affect the search process, but not the later
interaction in the response selection stage. Hence, the
Simon effect in the present study was not simply
affected by search difficulty or target eccentricity.

In conclusion, this study demonstrated that the
Simon effect appears in visual search tasks, but the
appearance of this effect depends on the target location
in the visual display when the search is difficult or
serial. When attention has to shift randomly between
items in the search array, only the target in the outer
columns shows strong Simon effect. The target in the
inner columns near fixation shows reduced or null
effect. This laterality of the Simon effect provides evi-
dence in favor of the hypothesis that the spatial code
for the Simon effect emerges from the dynamic atten-
tion-shift or attention-focus rather than from a static
referential frame. From an ecological point of view, the
dynamic spatial code is more flexible than the static
code as we often need to search for a target among
distractors. This dynamic spatial coding probably
makes it easier for us to cope with in the complex and
changeable environment in which we live.

Acknowledgments This research was supported by China Na-
tional Pandeng Project (95-special-09) and by grants from China
National Science Foundation (30070260, 30470569, 60435010) and
Ministry of Education of China (01002, 02170). We thank Dr. R. W.
Proctor and two anonymous reviewers for their comments on the
earlier versions of this paper. Correspondence concerning this pa-
per should be addressed to Dr. Xiaolin Zhou (xz104@pku.edu.cn).



Exp Brain Res (2007) 176:616-629

629

References

Bricolo E, Gianesini T, Fanini A, Bundesen C, Chelazzi L (2002)
Serial attention mechanisms in visual search: a direct behav-
ioral demonstration. J Cogn Neurosci 14:980-993

Carrasco M, Frieder DS (1997) Cortical magnification neutralizes
the eccentricity effect in visual search. Visi Res 37:63-82

Carrasco M, Evert DL, Chang I, Katz SM (1995) The eccentricity
effect: target eccentricity affects performance on conjunction
searches. Percept Psychophys 57:1241-1261

Chelazzi L (1999) Serial attention mechanisms in visual search: a
critical look at the evidence. Psychol Res 62:195-219

Danziger S, Kingstone A, Ward R (2001) Environmentally based
reference frames: their time course and sensitivity to spatial
cues and attention. J Exp Psychol Hum Percept Perform
27:494-503

de Jong R, Liang C-C, Lauber E (1994) Conditional and uncon-
ditional automaticity: a dual-process model of effects of spa-
tial stimulus-response correspondence. J Exp Psychol Hum
Percept Perform 20:731-750

Hommel B (1993a) The role of attention for the Simon effect.
Psychol Res 55: 208-222

Hommel B (1993b) The effects of spatial cues on visual attention,
response selection and spatial compatibility. Bull Psychon
Soc 31:387

Hommel B (1994) Effects of irrelevant spatial S-R compatibility
depend on stimulus complexity. Psychol Res 56:179-184

Hommel B, Lippa Y (1995) S-R compatibility effects due to con-
text-dependent spatial stimulus coding. Psychon Bull Rev
2:370-374

Horowitz TS, Wolfe JM (1998) Visual search has no memory. Na-
ture 394:575-577

Kornblum S (1994) The way irrelevant dimensions are processed
depends on what they overlap with: the case of Stroop- and
Simon-like stimuli. Psychol Res 56:130-135

Kornblum S, Hasbroucq T, Osman A (1990) Dimensional over-
lap: cognitive basis for stimulus-response compatibility—a
model and taxonomy. Psychol Rev 97:253-270

Lamberts K, Tavernier G, Dydewalle G (1992) Effects of multiple
reference points in spatial stimulus-response compatibility.
Acta Psychol 79:115-130

Logan GD (2003) Simon-type effects: chronometric evidence for
keypress schemata in typewriting. J Exp Psychol Hum Per-
cept Perform 29:741-757

van der Lubbe RHJ, Woestenburg JC (1999) The influence of
peripheral precues on the tendency to react towards a lateral
relevant stimulus with multiple-item arrays. Biol Psychol
51:1-21

van der Lubbe RHJ, Jaskowski P, Verleger R (2004) Mechanisms
underlying spatial coding in a multiple-item Simon task. Psy-
chol Res 69:179-190

Lu C-H, Proctor RW (1995) The influence of irrelevant location
information on performance: a review of the Simon and spa-
tial Stroop effects. Psychon Bull Rev 2:174-207

Maioli C, Benaglio I, Siri S, Sosta K, Cappa S (2001) The integra-
tion of parallel and serial processing mechanisms in visual
search: evidence from eye movement recording. Eur J Neu-
rosci 13:364-372

Nicoletti R, Umilta C (1989) Splitting visual space with attention.
J Exp Psychol Hum Percept Perform 15:164-169

Nicoletti R, Umilta C (1994) Attention shifts produce spatial
stimulus codes. Psychol Res 56:144-150

Notebaert W, Soetens E (2003) Irrelevant auditory attention
shifts prime corresponding responses. Psychol Res 67:253—
260

Proctor RW, Lu C-H (1994) Referential coding and attention-
shifting accounts of the Simon effect. Psychol Res 56:185-195

Proctor RW, Vanzandt T, Lu CH, Weeks DJ (1993) Stimulus-re-
sponse compatability for moving stimuli-perception of affor-
dances or directional coding. J Exp Psychol Hum Percept
Perform 19:81-91

Ratcliff R (1979) Group reaction time distributions and an analy-
sis of distribution statistics. Psychol Bull 86:446—-461

Roswarski TE, Proctor RW (1996) Multiple spatial codes and
temporal overlap in choice-reaction tasks. Psychol Res
59:196-211

Rubichi S, Nicoletti R, Iani C (1997) The Simon effect occurs rel-
ative to the direction of an attention shift. J Exp Psychol
Hum Percept Perform 23:1353-1364

van Selst M, Jolicoeur P (1994) A solution to the effect of sample
size on outlier elimination. Q J Exp Psychol A 47:631-650

Simon JR, Rudell AP (1967) Auditory S-R compatibility: the
effect of an irrelevant cue on information processing. J Appl
Psychol 51:300-304

Stins JF, Michaels CF (2000) Stimulus-response compatibility for
absolute and relative spatial correspondence in reaching and
button pressing. Q J Exp Psychol A 53:569-589

Stoffer TH (1991) Attentional focusing and spatial stimulus-re-
sponse compatibility. Psychol Res 53:127-135

Stoffer TH, Umilta™ C (1997) Spatial coding with reference to the
focus of attention in S-R compatibility and the Simon effect.
In: Hommel B, Prinz W (eds) Theoretical issues in S-R com-
patibility. North-Holland, Amsterdam, pp 181-208

Stoffer TH, Yakin AR (1994) The functional role of attention for
spatial coding in the Simon effect. Psychol Res 56:151-162

Umilta C, Liotti M (1987) Egocentric and relative spatial codes in
S—R compatibility. Psychol Res 49:81-90

Vallesi A, Mapelli D, Schiff S, Amodio P, Umilta C (2005) Hori-
zontal and vertical Simon effect: different underlying mecha-
nisms? Cognition 96:B33-B43

Ward R, Danziger S, Quirk RT, Goodson L, Downing P (2005)
Suppression of involuntary spatial response activation re-
quires selective attention. Vis Cognit 12:376-394

Wascher E, Wolber M (2004) Attentional and intentional cueing
in a Simon task: an EEG-based approach. Psychol Res
68:18-30

Wiegand K, Wascher E (2005) Dynamic aspects of stimulus-re-
sponse correspondence: evidence for two mechanisms in-
volved in the Simon effect. J Exp Psychol Hum Percept
Perform 31:453-464

Wolfe JM, Cave KR, Franzel SL (1989) Guided search: an alter-
native to the feature integration model for visual search. J
Exp Psychol Hum Percept Perform 15:419-433

Woodman GF, Luck SJ (1999) Electrophysiological measure-
ment of rapid shifts of attention during visual search. Nature
400:867-869

Woodman GF, Luck SJ (2003) Serial deployment of attention
during visual search. J Exp Psychol Hum Percept Perform
29:121-138

Zelinsky GJ, Sheinberg DL (1997) Eye movements during paral-
lel-serial visual search. J Exp Psychol Hum Percept Perform
23:244-262

Zimba L, Brito CF (1995) Attention precueing and the Simon
effect: a test of the attention-coding account of the Simon
effect. Psychol Res 58:102-118

Zhang J, Kornblum S (1997) Distributional analysis and De Jong,
Liang, and Lauber’s (1994) dual-process model of the Simon
effect. J Exp Psychol Hum Percept Perform 23:1543-1551

@ Springer



	Spatial coding for the Simon eVect in visual search
	Abstract
	Introduction
	Experiment 1
	Methods
	Participants
	Design and stimuli
	Procedures


	Results
	The congruency eVect for targets with distractors
	The congruency eVect for targets without distractors
	RT distributions

	Discussion
	Experiment 2
	Methods
	Participants
	Stimuli and procedure


	Results and discussion
	General discussion
	References




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


