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A long-standing debate in vision concerns the role of
spatial location in visual attention. Several researchers have
suggested that spatial location has a special role in atten-
tional selection (e.g., Posner, Snyder, & Davidson, 1980;
Tsal & Lavie, 1993). Others have proposed that selection
by spatial location is similar to selection by other features,
such as color and shape (e.g., Baylis & Driver, 1992; see
Lamy & Tsal, 2001, for a review). This debate has been fo-
cused exclusively on attentional selection. We provide ev-
idence that location may play a unique role in response se-
lection processes for visual stimuli. We use the well-known
Simon interference task for this purpose.

According to its original definition, the Simon effect in-
volved only spatial interference (Craft & Simon, 1970).
For example, participants are asked to respond to a non-
spatial stimulus property (e.g., color) with spatially
arranged response buttons (e.g., red and green targets are
assigned to a left button and a right button, respectively).
The Simon effect refers to the findings that in a compat-
ible condition, in which the target appears on the same
side as its assigned response button (e.g., the red target
appears on the left side), reaction time (RT) is faster than
it is in an incompatible condition, in which the target ap-
pears on the opposite side of the corresponding response
button (e.g., the red target appears on the right side).
Note that the target location is irrelevant to the task, and
yet it interferes with performance. As Kornblum, Has-
broucq, and Osman (1990) pointed out, the Simon effect
can be generalized to nonspatial features as well, involv-

ing interference between an irrelevant feature of the tar-
get and a feature of the required response.

It is well established that the Simon effect is caused by
response selection processes (Lu & Proctor, 1995). Con-
sequently, resolution of the Simon conflict must also in-
volve response selection processes. We use the psycho-
logical refractory period (PRP) paradigm to demonstrate
that the resolution of the Simon conflict is fundamentally
different for spatial and for nonspatial interference.

In the PRP paradigm, participants make speeded re-
sponses to two tasks whose input is presented in succes-
sion. Participants must respond to the first task (T1) be-
fore they respond to the second task (T2). The stimulus
onset asynchrony (SOA) between the presentation of the
targets in T1 and T2 is manipulated. Typically, RTs for T1
are minimally affected by SOA, but those for T2 get pro-
gressively longer with smaller SOAs (see, e.g., Welford,
1952). This pattern of results is known as the PRP effect.

The PRP paradigm is often investigated with the
locus-of-slack method (see, e.g., Schweickert, 1980),
which involves a manipulation of the difficulty of spe-
cific processing stages (e.g., perception, response selec-
tion, response execution) for T2. The locus-of-slack
method is used to examine whether the PRP effect is
caused by an inherent limitation (i.e., a bottleneck) in the
simultaneous use of one of these stages for two tasks. If
two tasks require this bottleneck stage simultaneously, as
might be the case in the small-SOA conditions of the
PRP task, one of them (T2 in the PRP paradigm) is post-
poned until the other is finished with it. This method
yields clear predictions (Figure 1). If the manipulated
stage precedes the bottleneck stage, an underadditive
pattern will emerge, in which the difference between the
easy and difficult conditions will be apparent in the large
SOAs but will be reduced and perhaps even eliminated in
the small SOAs. If, however, the manipulation involves a
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stage at or following the bottleneck stage, the difference
between the easy and difficult conditions will be unaf-
fected by SOA (i.e., the relation between the SOA and
T2 manipulation is additive).

In many studies, manipulating the difficulty of the per-
ception stage of T2 produced underadditivity with the
SOA (e.g., Pashler & Johnston, 1989). In contrast, ma-
nipulating the response selection difficulty of T2 pro-
duced additivity with the SOA (see, e.g., McCann &
Johnston, 1992). The logic of the locus-of-slack method
implies that the response selection stage is a fixed bottle-
neck for dual task performance, leading to the formation
of the response selection bottleneck model (see Pashler,
1994, for a review; see Cohen & Magen, 2004, and Meyer
& Kieras, 1997, for alternative interpretations).

A notable exception to these findings involves the spa-
tial Simon effect. McCann and Johnston (1992) used the
spatial Simon effect as a T2 manipulation in the PRP
paradigm. Although the Simon effect involves response
selection processes (see, e.g., Lu & Proctor, 1995), Mc-
Cann and Johnston found underadditivity of the effect in
the PRP paradigm. Explanations for this finding (Lien
& Proctor, 2000; McCann & Johnston, 1992) will be de-
scribed later.

We examined whether the underadditivity of the Simon
effect is unique to its spatial version or will also be ob-
served with a color Simon task. We are not aware of a pre-
vious report of a color Simon effect. We chose to compare
color with space because both are basic visual features

and because color and space were often compared in the
attention literature mentioned earlier (see, e.g., Tsal &
Lavie, 1993). To create comparable color and spatial
Simon effects, we had our participants respond by touch-
ing one of two peripheral squares on a touch screen. In
our color Simon task, the participants responded to the
identity of a central colored shape by touching one of two
colored squares on a touch screen. The irrelevant color of
the shape could match the color of the square that was as-
signed to that shape (the compatible condition) or the
color of the alternative response (the incompatible con-
dition), creating the color Simon effect.1 In our spatial
Simon task, the participants responded to the identity of
a peripheral shape, located either on the right or on the
left, by touching one of two peripheral squares. The shape
location, though irrelevant to the task, matched or mis-
matched the location of the square. In pilot studies, we
obtained robust Simon effects for both versions of the
Simon task. In our main experiments, we embedded these
two versions in the form of a T2 in the PRP paradigm.

EXPERIMENT1

The goal of Experiment 1 was to replicate the under-
additivity of the spatial Simon PRP experiment using a
touch screen to gather responses. The targets were the
letters X and O, presented on the left or on the right side
of the screen. Participants responded by touching one of
two squares that appeared on the bottom left and bottom

Figure1. (A) An illustration of underadditivity in the psychological refractory period (PRP) paradigm. (B) An
illustration of additivity in the PRP paradigm.
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right sides of the screen. We expected to find an under-
additive interaction between the spatial Simon and PRP
effects (see, e.g., McCann & Johnston, 1992).

Method
Participants. Twenty-five students from The Hebrew University

participated (for course credit or payment) in two separate sessions.
The participants reported having normal or corrected-to-normal
vision.

Apparatus and Stimuli. The participants sat in a dimly lit room
and viewed the display from an approximate distance of 40cm. The
stimuli were presented on a Philips color touch screen controlled by
a Pentium microcomputer.

The stimulus for T1 was a computer-generated tone presented at
300 or 900Hz, lasting 150msec. The T2 target—either X or O—ap-
peared on the left or the right side of the screen. The letters sub-
tended approximately 1.43º of visual angle in length and width,
with luminance of approximately 20 cd/m2 against a dark back-
ground (1cd/m2). The center-to-center distance between the letters
and a central fixation point was 7.55º. The participants responded
to the tone by pressing one of two buttons mounted on a response
board interfaced with the computer. The response to the shapes re-
quired that the participant touch one of two squares (both gray in
Version 1, one red and one green in Version 2) on the screen, posi-
tioned approximately 7.97º of visual angle (center to center) below
the locations of the target letters. The squares’ sides subtended ap-
proximately 4.15º of visual angle.

Design. Each trial consisted of a tone task, in which the partici-
pants discriminated between high and low tones, and a shape task,
which required a discrimination between X and O. The participants
responded to X and to O by touching the left and right squares, re-
spectively. Each letter appeared equally often on the right and left
sides, creating two conditions. In the compatible condition, the tar-
get appeared on the same side as its assigned response, whereas in
the incompatible condition the target appeared on the opposite side
of its assigned response.

The tone and the letter were separated by four different SOAs
(50, 150, 300, and 900msec), each used on 25% of the trials. Each
of the tones and letters appeared in 50% of the trials. This 4
(SOA)� 2 (auditory target) � 2 (second task target) � 2 (compat-
ibility) factorial design resulted in 32 different displays.

Each session included eight experimental blocks of 96 trials. The
participants received three types of practice in the first session,

prior to the experimental blocks. First, they performed 30 practice
trials for the tone task only, then a demonstration of 16 trials of both
tasks, and finally, a practice block of 96 trials.

Procedure. Each trial began with the presentation of an achro-
matic asterisk, which served as a fixation point. After 250 msec, it
was replaced by a 150-msec tone. Following a variable SOA, a let-
ter appeared on either the left or the right side of the screen. The
participants were instructed to respond first to the tone and then to
the letter. The letter remained on the screen until responses were
registered for both tasks. Following incorrect responses, an error
message was presented on the screen for 500msec, noting whether
the error was on T1, T2, or both. In either case, the intertrial inter-
val was 1,500 msec. The participants were asked to respond as
rapidly and as accurately as possible on both tasks. The need for a
speeded response to the tone was further emphasized to discourage
the participants from grouping the two responses into one unit
(Pashler & Johnston, 1989).

Results and Discussion
Data from the first session were considered practice

and will not be reported. For each participant, we first re-
moved all RTs greater than 3,000msec. Of the remaining
trials, all RTs exceeding three standard deviations from
the mean for each condition were removed. Correct re-
sponses for T2 trials were also removed if there was an
error on T1 of these trials. Next, mean RTs for correct re-
sponses and percentage of errors were calculated for
each of the conditions. Because there was no indication
of a speed–accuracy tradeoff, our statistical analysis fo-
cuses on RTs.

Mean RTs for T1 and T2 as a function of SOA and T2
compatibility are shown in Figure 2 and Table 1. Table 1
also presents the error rates.

Task1. The effect of SOA on RTs, though small, was
significant [F(3,72) � 8.7, p � .01]. This pattern of re-
sults is common to many PRP studies and does not seem
to affect the T2 results.

Task2. A 4 (SOA)� 2 (compatibility) repeated mea-
sures ANOVA revealed main effects of SOA [F(3,72) �
221.0, p � .01] and compatibility [F(1,24) � 30.1 p �

Figure2. Mean reaction times (RTs, in milliseconds) for the first task
(tone) and the second task (compatible vs. incompatible) in the first ver-
sion of Experiment1.
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.01]. RTs decreased significantly as the SOA between
the two tasks increased and were shorter for compatible
than for incompatible trials, indicating the occurrence of
a reliable spatial Simon effect. Most important, the spa-
tial Simon effect interacted signif icantly with SOA
[F(3,72) � 8.3, p � .01], indicating underadditivity of
the spatial Simon effect with the SOA.

The color manipulation in Experiment 2 required the
use of colored rather than gray squares. To ensure that
underadditivity of the spatial Simon effect can be ob-
tained with colored squares, we first ran a second ver-
sion of Experiment 1 in which we tested 25 additional
participants on the same task as in Version1, except that
in Version2 the left and right squares were red and green,
respectively. The results, shown in Figure 3 and Table 1,
were virtually identical to those of Version 1: The effect

of SOA on T1 was significant [F(3,72) � 5.6, p � .01].
A 4 (SOA) � 2 (compatibility) repeated measures
ANOVA on T2 revealed signif icant effects of SOA
[F(3,72)� 118.6, p� .01] and compatibility [F(1,24)�
12.1 p� .01]. The SOA� compatibility interaction was
also significant [F(3,72) � 9.6, p � .01].

Experiment 1 fully replicated previous findings (Lien
& Proctor, 2000; McCann & Johnston, 1992). In Exper-
iment 2, a similar design was used to examine the inter-
action of a color Simon effect with the PRP effect.

EXPERIMENT 2

In Experiment2, we embedded a color Simon effect in
the PRP paradigm. The participants responded to the
identity of a central target shape by touching one of two

Table 1
Mean Reaction Times (RTs, in Milliseconds) and Percentage of Errors (PEs)

for the Various Stimulus Onset Asynchrony (SOA, in Milliseconds)
Conditions in Task 1 (T1) and Task 2 (T2) of the Two Experiments

SOA (msec)

50 150 300 900

Experiment Task RT PE RT PE RT PE RT PE

1, Version 1 T1 1,505 1.8 491 1.6 469 1.3 470 1.1
T2, compatible 1,980 0.8 891 0.7 796 1.1 707 0.2
T2, incompatible 1,991 1.4 900 1.5 830 1.4 753 1.3

Spatial Simon effect 11 9 34 46
1, Version 2 T1 1,506 1.6 492 1.2 476 1.1 469 1.3

T2, compatible 1,990 1.6 903 1.1 826 0.9 720 0.8
T2, incompatible 1,995 1.6 916 1.6 841 1.8 776 1.8

Spatial Simon effect 5 13 15 56

2, Version 1 T1 1,540 2.2 531 1.4 525 0.9 533 1.1
T2, compatible 1,064 0.9 981 1.1 871 0.7 712 0.9
T2, incompatible 1,088 3.1 996 2.5 897 2.7 739 2.3

Color Simon effect 24 15 26 27
2, Version 2 T1 1,455 1.1 444 1.8 444 1.5 450 1.5

T2, compatible 1,922 0.9 827 1.1 753 0.6 641 0.6
T2, incompatible 1,946 2.9 852 2.1 776 1.7 664 1.5

Color Color Simon effect 24 25 23 23

Figure3. Mean reaction times (RTs, in milliseconds) for the first task
(tone) and the second task (compatible vs. incompatible) in the second
version of Experiment1.
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colored squares presented on a touch screen. The target’s
color was irrelevant to the task. Because this is the first
demonstration of a color Simon task, we used two ver-
sions with slightly different T2s. The first version in-
cluded the same letter task as in Experiment 1. The sec-
ond version included a digit task. The target’s color and
the color of its assigned response square either matched
(the compatible condition) or did not match (the incom-
patible condition). The color Simon effect was evaluated
by comparison of the results of the compatible and in-
compatible conditions. Because the experiment was very
similar to Experiment1, only the aspects in which it dif-
fered from Experiment 1 are described.

Method
Participants. Fifty students, divided into two equal groups, par-

ticipated in two separate sessions. One group performed the letter
task, and the other performed the digit task.

Apparatus and Stimuli. The T2 central targets consisted of the
letters X and O (Version1) or the digits 3 and 4 (Version2), colored

in red or green. The digits subtended approximately 1.43º of visual
angle in length and 0.72º in width. The left response square was
green, and the right response square was red.

Design. T2 was either a letter task (as in Experiment1) or a digit
task. The color of the target shape was either red or green and
changed randomly from trial to trial. The participants responded 
to X (Version 1) or 3 (Version 2) by touching the left green square,
and they responded to O (or 4) by touching the right red square.
This design created two conditions. In the compatible condition,
the target color matched the color of its assigned response (e.g., the
digit 3, assigned to the green button, was presented in green). In
the incompatible condition, the target color did not match the color
of its assigned response (e.g., the 3 was presented in red). As was
the case for Experiment 1, this 4 (SOA) � 2 (auditory target) � 2
(second task target) � 2 (compatibility) factorial design resulted in
32 different displays.

Results and Discussion
We used the same type of analysis as in Experiment1.

Error rates and mean RTs for the various conditions are
shown in Table1. Mean RTs for T1 as a function of SOA

Figure4. Mean reaction times (RTs, in milliseconds) for the first task
(tone) and the second task (compatible vs. incompatible) in the first ver-
sion of Experiment2.

Figure5. Mean reaction times (RTs, in milliseconds) for the first task
(tone) and the second task (compatible vs. incompatible) in the second
version of Experiment2.
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and those for T2 as a function of both SOA and compat-
ibility conditions are graphed in Figures 4 (Version 1)
and 5 (Version 2).

Task1. The effect of SOA on RTs was not significant
in either Version 1 or Version 2 [F(3,72) � 1.1, p  .05,
and F(3,72) � 1.3, p  .05, respectively].

Task 2. A 4 (SOA) � 2 (compatibility) repeated
measures ANOVA revealed a significant effect of SOA
on T2 for both versions [F(3,72) � 186.9, p � .01, and
F(3,72) � 157.8, p � .01, respectively], showing the
standard PRP effect. The color Simon effect was also
significant for both Version 1 and Version 2 [F(1,24) �
22.0, p� .01 and F(1,24)� 27.6, p� .01, respectively].
RTs were shorter for compatible than for incompatible
trials. Most important, the color Simon effect did not in-
teract significantly with SOA in either version [F(3,72)�
1 for both versions]. The color Simon effect was additive
with the SOA. This pattern of results is very different from
that of the spatial Simon effect, which is underadditive
with SOA.

To further compare the results of Experiments1 and 2,
we conducted a 2 (experiment) � 2 (compatibility) � 4
(SOA) mixed design ANOVA. For this analysis, we treated
the two versions of Experiment1 as a single experiment.
Likewise, we treated the two versions of Experiment2 as
a single experiment. The main effects of SOA and com-
patibility were signif icant [F(3,294) � 621.3 and
F(1,98) � 84.6, respectively, both ps � .01], as was the
SOA � compatibility interaction [F(3,294) � 9.9, p �
.01]. Most important, the experiment � compatibility �
SOA interaction was significant [F(3,294) � 7.6, p �
.01]. This analysis clearly suggests that the relation be-
tween compatibility and SOA was different in the two
experiments, being underadditive in Experiment 1 and
additive in Experiment 2. Note also that the experiment

effect did not approach significance (F � 1), ruling out
any explanation based on differential difficulty of the
two experiments.

GENERAL DISCUSSION

The underadditivity of the spatial Simon effect is a
consistent notable exception in the PRP literature for T2s
involving response selection manipulation. Our findings
demonstrate that this exception is not due to Simon ef-
fects in general but rather may be unique to the spatial
version. These results suggest that space plays a unique
role in response selection processes.

Two hypotheses have previously been suggested to ex-
plain the underadditivity of the Simon effect. We first
describe these two hypotheses and how they can possibly
account for our data. We then propose a novel hypothe-
sis that provides a different perspective on the role of
space in response selection.

According to the decay hypothesis (McCann & John-
ston, 1992), irrelevant features of the target are activated
with the presentation of the stimulus but decay rapidly.
By the time participants respond to T2 in the small SOAs
(in which RTs are longer because of the PRP effect), the
target’s spatial code has already decayed and no longer
interferes with the response. Two lines of evidence sup-
port the decay hypothesis. First, creating a delay between
the presentation of the target and response selection
greatly reduces the Simon effect (Hommel, 1993). Pre-
sumably, by the time response selection occurs in these
situations, the spatial code of the stimulus had already
largely dissipated. Second, distribution analysis of RTs
for the spatial Simon effect reveals that the effect is
largest at the shortest RTs and decreases as RT increases.
This analysis indicates that as the temporal distance be-

Figure6. Reaction time (RT, in milliseconds) distribution analyses of
a single task for the two versions of the spatial Simon task and for the
two versions of the color Simon task.
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tween the stimulus onset and the response selection in-
creases, the spatial Simon effect decreases (De Jong,
Liang, & Lauber, 1994; Hommel, 1997).

The decay hypothesis may incorporate our findings by
assuming that decay is specific to spatial representa-
tions. This explanation predicts that if we apply the RT
distribution analysis we should always find a decreasing
effect, with longer RTs for the spatial Simon effect. Con-
versely, we should not f ind this pattern in the color
Simon effect. In our study, we conducted two versions of
the spatial Simon effect (Experiment1) and two versions
of the color Simon effect (Experiment 2). In each ver-
sion, we tested 10participants on T2 by itself. We did an
RT distribution analysis for these tasks (Figure6), divid-
ing the RT distributions for the two compatibility condi-
tions of each version into five quintiles and examining
the Simon effect for each quintile. The color Simon ef-
fect did not decrease with longer RTs, as was predicted
by the decay hypothesis. However, the spatial Simon ef-
fect, in which the participants responded by touching
colored squares, did not show this pattern either. Lien
and Proctor (2000) also found underadditivity of the spa-
tial Simon effect without observing a decay of the effect.
We do not have an explanation for the inconsistent re-
sults of the spatial Simon effect as a function of RT quin-
tiles. This issue requires further research. Our main point
is that the relation between the Simon effect and SOA is
consistent, irrespective of the RT distribution analysis.
That is, underadditivity is observed in the spatial Simon
effect but not in the color Simon effect. Although our find-
ings do not rule out some influence of decay on the spatial
Simon effect, they suggest that other factors contribute sig-
nificantly to underadditivity of the spatial Simon effect in
the PRP paradigm.

The response activation hypothesis (Lien & Proctor,
2000, following Hommel, 1998) distinguishes between
activation and selection within response processes. The
former occurs automatically, and its launching for T2 is
not affected by T1 in the PRP paradigm. The latter can-
not be performed in parallel for two tasks and is there-
fore postponed for T2 in the small-SOA conditions of the
PRP paradigm. Lien and Proctor hypothesized that the
Simon effect is due to response activation rather than to
response selection processes. Because response activa-
tion processes occur for T2 irrespective of T1, they can
also be resolved irrespective of T1, leading to underad-
ditivity of the effect. To account for our findings, the re-
sponse activation hypothesis would have to assume that
automatic response activation is unique to spatial repre-
sentations. Note, however, that Hommel (1998) observed
automatic activation of response selection for nonspatial
tasks as well.

We propose a third hypothesis, inspired by the unique
role of space both in response selection processes, doc-
umented here, and in visual attention. We rely on two
sets of previous findings. First, Pashler (1991) showed
that visual attention can operate for T2 concurrently with
T1 performance. Second, selection by visual attention can

be accomplished by focusing on the location of motoric
responses as well as on their input (see, e.g., Craighero,
Fadiga, Rizzolatti, & Umiltà, 1999; Hommel & Schnei-
der, 2002). We hypothesize that the underadditivity of the
spatial Simon effect also results from the operation of vi-
sual attention. The Simon conflict occurs when partici-
pants map the input target (e.g., shape) to its response,
which activates its location, while the irrelevant location
of the target stimulus simultaneously activates the loca-
tion of the alternative response. We hypothesize that in the
spatial Simon situation, visual attention (which can oper-
ate in the small-SOA conditions for T2; cf. Pashler, 1991)
can either focus on the location of the required response
(cf. Craighero etal., 1999) or inhibit the alternative loca-
tion activated by the irrelevant location of the target,
thereby resolving the conflict. This can be done because
visual attention operates on spatial representations. How-
ever, it can be used only to resolve spatial conflicts, such
as those that arise in the spatial Simon effect. Attention
does not have a direct connection to nonspatial represen-
tations (e.g., color representations) and cannot be used
during the small-SOA conditions to resolve nonspatial
conflicts such as that which arises in the color Simon task.

Further research is required to distinguish between
these hypotheses. Any hypothesis, however, must include
the unique role of space in response selection processes,
as has been documented for the first time in our study.
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NOTE

1. There is good evidence that color flankers that match or do not
match an irrelevant color of a target shape do not affect behavior (see,
e.g., Cohen & Shoup, 1997; Maruff, Danckert, Camplin, & Currie,
1999). Thus, the existence of a color effect in our design must be due to
its association with the response, as is the case for a location effect in
the spatial Simon effect.
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