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Abstract Two experiments were conducted to exam-
ine the Simon eVect (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 £ 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 diVerent types of ineYcient search
tasks were used. The Simon eVects were shown to be
larger when the target appeared in one of the outer col-
umns than in one of the inner columns (“laterality
eVect”). This pattern of results was not observed when
distractors were absent, suggesting that the laterality
eVect depends on the operation of selective attention.
In experiment 2, a pop-out search task was used, and
no signiWcant eVect of target location on the Simon
eVect was found. Interpretations of the results based

on the attention-shift account and referential-coding
account were discussed.
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Introduction

In many situations, stimulus location in the visual Weld
is automatically coded and it aVects task performance
even though it is irrelevant to the task at hand. This
eVect 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 eVect 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 eVect.

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
Wxation, 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 Wnd 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 diVerent locations and its speciWc loca-
tion can vary dynamically from scene to scene. It is not
clear whether and how the Simon eVect would occur in
this context.

The main purpose of this study was therefore to
examine whether the Simon eVect could be observed in
visual search tasks, and to what extent this Wnding 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;
StoVer 1991; StoVer and Umilta 1997; StoVer 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 Wxation 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 Wve gaps between the boxes. At the
oVset of the square the imperative target appeared in
one of the immediately adjacent boxes. A Simon eVect
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 eVect was not obtained
when attentional focus must remain at Wxation. The dis-
play was similar to their former study; except that par-
ticipants had to keep attention at Wxation 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 Wxation to the periphery,
recent studies suggest that attention shift from the
periphery to a centrally presented target can also gener-
ate the Simon eVect. 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 eVect 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 eVect 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 deWned 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 Wxation 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 diVerent 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 diVerence between them lies in the
deWnition 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.
123



618 Exp Brain Res (2007) 176:616–629
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 speciWc 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 £ set size search func-
tion, and the slope of search function designates the
eYciency of performance, with the steeper slope being
observed in the more diYcult 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 £ 4 grids, and there are two
possible targets requiring left or right response. Con-
gruency eVects would be calculated according to the
correspondence between response location and target
location (relative to the central Wxation). If the spatial
code of the target is generated with reference to a static
referential frame, the Simon eVect will be observed,
but this eVect should not be inXuenced 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 diVerent patterns of the Simon eVect in diVerent
regions of the search display. SpeciWcally, 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 eVect for the target is determined by the
spatial coding of this attention shift, then this eVect
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

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 eVect for the target
is determined by the spatial coding of attention shift,
then a sizeable Simon eVect should be observed for tar-
gets appearing in outer columns. We may call the neu-
tralization of the Simon eVect in inner columns and the
appearance of the Simon eVect in outer columns the
“laterality eVect”.

Nevertheless, the attention coding account is not the
only one which predicts the laterality of Simon eVect.
The multiple references coding account is also compat-
ible with the laterality eVect. 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 eVect that will be
observed on the inner columns will be smaller than that
on the outer columns.

This eVect of multiple reference frames is often diY-
cult to be separated completely from the attentional
shift eVect. To this end, search tasks with diVerent
degree of diYculty were introduced in experiment 1 in
order to examine whether the laterality eVect is inXu-
enced by search eYciency. If a statistically reliable

Fig. 1 The 4 £ 4 matrix and the deWnition 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 Wxation. The Wxation cross was visible
constantly during a trial
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interaction between search type and laterality eVect 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 e
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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 £ 4 grids
were divided into 4 regions, according to the eccentric-
ity of the grid to the central Wxation. 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 eVect was caused by the distance between the
target and center Wxation i.e., the stimulus eccentricity.
If the Simon eVect was observed in all regions of the
search grid, we could conclude that the absence of the
Simon eVect 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 Wgure-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.

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

All trials for diVerent 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 Wnger, 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 Wxate 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 eVect 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) £ 3 (set size) £ 4 (target location) £ 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 eVect of search type was
signiWcant, 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 eVect of set size was also sig-
niWcant, 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 signiW-
cant, F(4, 86) = 55.69, P < 0.001, indicating that the
increases of RTs over set size were of diVerent magni-
tudes over the diVerent search types.

The main eVect of target location was signiWcant,
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
diVerences between locations were signiWcant in Bon-
ferroni corrected pairwise comparisons (P < 0.001),
except the diVerence between location 2 and 3. The
interaction between target location and search type
was signiWcant, 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 eVect of visual search (cf.
Carrasco et al. 1995; Carrasco and Frieder 1997).

More importantly, the main eVect of congruency
was signiWcant, 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 signiWcant
either, F(4, 86) = 1.23, P > 0.1. However, it interacted
signiWcantly with target location, F(3,129) = 4.83,
P < 0.005, indicating that across search types and
search set size, the magnitude of Simon eVect 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

Search type Set size Congruency Location

1 2 3 4

1 6 Congruent 497 § 31 (3.1) 503 § 37 (1.8) 524 § 32 (2.9) 559 § 27 (3.4)
Incongruent 509 § 30 (3.4) 515 § 27 (5.5) 527 § 22 (5.7) 569 § 28 (8.1)

11 Congruent 498 § 35 (2.3) 516 § 45 (3.1) 566 § 36 (3.4) 580 § 33 (4.4)
Incongruent 514 § 22 (4.7) 546 § 40 (5.2) 565 § 35 (6.3) 607 § 36 (6.8)

16 Congruent 513 § 47 (2.1) 536 § 45 (3.1) 578 § 46 (3.9) 591 § 52 (5.2)
Incongruent 521 § 46 (3.6) 551 § 49 (5.7) 588 § 48 (6.0) 603 § 51 (7.3)

2 6 Congruent 557 § 31 (2.1) 594 § 37 (2.9) 642 § 32 (4.2) 682 § 27 (5.2)
Incongruent 559 § 30 (4.7) 628 § 27 (8.6) 660 § 22 (7.0) 738 § 28 (13.0)

11 Congruent 595 § 35 (1.8) 723 § 45 (2.9) 793 § 36 (3.9) 848 § 33 (3.1)
Incongruent 611 § 22 (3.4) 760 § 40 (8.3) 824 § 35 (7.3) 855 § 36 (8.9)

16 Congruent 641 § 47 (1.3) 940 § 45 (6.0) 951 § 46 (8.9) 1003 § 52 (6.0)
Incongruent 647 § 46 (5.7) 963 § 49 (8.1) 942 § 48 (9.1) 1031 § 51 (10.4)

3 6 Congruent 1,235 § 30 (5.7) 1,305 § 36 (5.2) 1,313 § 31 (3.1) 1287 § 26 (6.8)
Incongruent 1,218 § 29 (2.1) 1,303 § 26 (4.7) 1,253 § 21 (2.3) 1,359 § 27 (4.9)

11 Congruent 1,317 § 33 (4.7) 1,468 § 44 (6.8) 1,468 § 34 (7.4) 1,514 § 32 (8.9)
Incongruent 1,259 § 21 (7.0) 1,543 § 39 (5.7) 1,518 § 34 (4.7) 1,610 § 35 (9.4)

16 Congruent 1,539 § 46 (8.6) 1,627 § 43 (8.3) 1,624 § 45 (10.2) 1,748 § 51 (11.5)
Incongruent 1,546 § 45 (9.4) 1,711 § 47 (8.9) 1,652 § 46 (7.0) 1,895 § 49 (11.2)

4 6 Congruent 497 § 16 (2.3) 509 § 18 (2.1) 505 § 17 (2.9) 4,94 § 13 (2.9)
Incongruent 504 § 16 (4.2) 512 § 16 (1.8) 514 § 16 (2.3) 528 § 13 (5.5)

11 Congruent 497 § 14 (2.1) 499 § 13 (1.8) 509 § 14 (4.4) 510 § 18 (2.1)
Incongruent 522 § 18 (4.7) 526 § 14 (1.6) 515 § 18 (2.6) 526 § 12 (2.9)

16 Congruent 499 § 16 (2.6) 503 § 13 (1.3) 517 § 16 (2.1) 520 § 14 (1.3)
Incongruent 522 § 23 (4.2) 523 § 17 (3.9) 528 § 14 (2.6) 530 § 16 (3.4)
123
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over diVerent target locations. Figure 3 illustrates the
mean RTs over set size at diVerent locations, collapsed
over search types. Moreover, the interaction of congru-
ency, location and search type was also signiWcant, F(6,
129) = 2.38, P < 0.05, indicating that the laterality eVect
was inXuenced by search eYciency. Simon eVects were
averaged over outer and inner columns for each search
type, and the values of laterality eVect were indexed by
the diVerences of Simon eVects between outer and
inner columns. In this manner, the laterality eVects 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 eVect at diVerent 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 eVect of congruency was not signiW-
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
eVect 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 eVect was absent at location 1 or 3 (see
Fig. 3). At location 2, the main eVect of congruency
was signiWcant, F(1, 45) = 9.46, P < 0.005, but this eVect
did not interact with search type, F(2,45) < 1, nor with
set size, F(2, 90) < 1. At location 4, both the main eVect
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 signiWcant, although the
interaction between congruency and set size was not,
F(2, 90) < 1. Further analyses showed that the congru-
ency eVect was signiWcant at location 4 for type 1 search,
123
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location. These quintile data were entered into a 3
(search type) £ 4 (location) £ 2 (congruency) £ 5
(quintile) ANOVA.

Not surprisingly, the main eVect of congruency was
signiWcant, F(1, 45) = 15.51, P < 0.001, so the main
eVect of quintile, F(4, 180) = 1106.12, P < 0.001. Impor-
tantly, the interaction between congruency and quin-
tile was not signiWcant, 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 eVect did not change over quintiles, i.e., the
lengths of RTs. The main eVect of location was signiW-
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-
niWcant, F(12, 540) = 1.67, 0.05 < P < 0.1, suggesting
that the presence of Simon eVects at locations 2 and 4
and the absence of Simon eVects at locations 1 and 3
were generally not aVected by response speed.

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

Discussion

The crucial Wndings from this experiment can be sum-
marized as follows. There was an overall Simon con-
gruency eVect in various visual search tasks when the
target was accompanied by distractors. This eVect was
neither aVected by search type, nor by search set size.
However, it was aVected by the location of the target in
the search array, with the eVect being absent when the
target was in the inner columns near W
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would predict that there should be equal Simon eVects
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
Wndings of this study.

On the other hand, the laterality of the Simon eVect 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 Wrst 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
eVect would be around zero for targets in inner columns.

The absence of laterality of Simon eVects in the no-
distractor condition is consistent with the results from
previous Simon eVect studies. In this condition, atten-
tion shifts directly from Wxation to the location of the
target, generating the spatial code for the target. The
equivalent Simon eVects over diVerent locations dem-
onstrate, in the opposite way, that the laterality of the
Simon eVect 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 eVect in the dis-
tractor-absent condition was not aVected 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 eVect
does not diV
123



626 Exp Brain Res (2007) 176:616–629
account assumes that the absence of Simon eVects in
inner columns is not due to the averaging of attention
shifts over diVerent directions, but due to the ineY-
ciency of the Wxation 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 Wxation
and a target, the Wxation 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 inXuence on localizing the target
appearing at the leftmost or rightmost periphery than
on localizing the target near Wxation, because a left-
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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 eVect of congruency was signiWcant,
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 signiWcant, F(3, 45) = 2.16,
P > 0.1, indicating that the congruency eVect did not
vary across target locations.

RT distribution analysis was also applied to experi-
ment 2. Since the main eVect of set size was not signiW-
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) £ 2 (congruency) £ 5 (quintile) ANOVA.
Main eVects of both congruency and quintile were sig-
niWcant, F(1, 15) = 15.92, P = 0.001, and
F(4,60) = 126.90, P < 0.0001, respectively. The interac-
tion between congruency and quintile was signiWcant
too, F(4,60) = 7.51, P < 0.0001, indicating that the
Simon eVect was greater at shorter RTs than at longer
RTs (see Fig. 4b). This pattern was consistent with pre-
vious works (e.g. De Jong et al. 1994; Vallesi et al.
2005; Wiegand and Wascher 2005), and the explana-
tion of diVerence in RT variance inferred by Zhang
and Kornblum (1997). In this pop-out search task, the
target is detected immediately without any eVortful
search process, and the length of RT is dominantly
determined by the response selection.

There was no laterality of the Simon eVect in the
pop-out search, suggesting that the crowding of the
Wxation with search items was not the reason behind
the absence of the Simon eVect in inner columns in
experiment 1. Attention was captured directly by the
singleton target and the automatic attention shift from
Wxation 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 eVects in the visual search tasks,
but also the laterality of the eVect with respect to the
location of target in the search array were found in this
study. In ineYcient or serial searches, the Simon eVect
appeared only when the target was in the outer col-
umns far from Wxation, not when the target was in the
inner columns near Wxation. This Wnding was, in gen-
eral, aVected neither by the search set size, nor by
response speed. In contrast, this laterality eVect was

inXuenced by the search eYciency. On the other hand,
when the target was presented alone without distrac-
tors, or when the search was eYcient or parallel, equiv-
alent Simon eVects were observed at diVerent locations
with no sign of laterality.

Our Wndings present a diVerent 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 Wxation. However,
in this study, it is diYcult 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 eVect. But the absence
of the laterality eVect 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 Wnding, we believe
that the attention shift account oVers a simpler expla-
nation for the laterality of the Simon eVect than the
multiple reference account.

In contrast, the laterality of the Simon eVect 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 eVect 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 eVect.

Thus, the laterality of the Simon eVect reXects the
dynamic spatial coding for the target at diVerent 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
123



628 Exp Brain Res (2007) 176:616–629
out and captures attention directly, the laterality of the
Simon eVect should not emerge. Indeed we observed
equal Simon eVects at diVerent 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 eVect
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 Wxation, 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 diYcult search task with a vari-
able number of distractors. Although reaction times
increased as a function of the number of distractors, the
Simon eVects 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 eVect 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 eVect depends on stimulus complexity. In his
experiment, participants were presented with two
frames, either to the left or to the right of a central Wxa-
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
identiWcation of the visual shape, shape discrimination
was more diYcult than color discrimination. It was
found that the Simon eVect was apparent in color dis-
crimination but was absent in shape discrimination.
Hommel suggested that the size of the Simon eVect
depends critically on the temporal overlap between

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 diYculty of the task. Because the spatial
coding is supposed to decay over time, the Simon
eVect, which depends on the interaction between spa-
tial coding for target location and response selection, is
hence aVected by the diYculty in processing task-rele-
vant stimulus information. However, the present study
did not Wnd obvious variation of the Simon eVect over
search types, even though the diYculty of target dis-
crimination diVered signiWcant 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 identiWed and located in the search
array. As discussed previously, the reaction time for a
trial in this study was aVected 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
Wnished. The diVerences in diYculty between search
types could aVect the search process, but not the later
interaction in the response selection stage. Hence, the
Simon eVect in the present study was not simply
aVected by search diYculty or target eccentricity.

In conclusion, this study demonstrated that the
Simon eVect appears in visual search tasks, but the
appearance of this eVect depends on the target location
in the visual display when the search is diYcult or
serial. When attention has to shift randomly between
items in the search array, only the target in the outer
columns shows strong Simon eVect. The target in the
inner columns near Wxation shows reduced or null
eVect. This laterality of the Simon eVect provides evi-
dence in favor of the hypothesis that the spatial code
for the Simon eVect 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 Xexible 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.
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