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Logical recoding of S—R rules can reverse
the effects of spatial S—R correspondence

PETER WUHR AND RUPERT BIEBL
Friedrich-Alexander-Universitdit Erlangen-Niirnberg, Erlangen, Germany

Two experiments investigated competing explanations for the reversal of spatial stimulus—response (S—R)
correspondence effects (i.e., Simon effects) with an incompatible S—-R mapping on the relevant, nonspatial di-
mension. Competing explanations were based on generalized S—R rules (logical-recoding account) or referred
to display—control arrangement correspondence or to S—S congruity. In Experiment 1, compatible responses
to finger—name stimuli presented at left/right locations produced normal Simon effects, whereas incompatible
responses to finger—name stimuli produced an inverted Simon effect. This finding supports the logical-recoding
account. In Experiment 2, spatial S—R correspondence and color S—R correspondence were varied indepen-
dently, and main effects of these variables were observed. The lack of an interaction between these variables,
however, disconfirms a prediction of the display—control arrangement correspondence account. Together, the re-
sults provide converging evidence for the logical-recoding account. This account claims that participants derive
generalized response selection rules (e.g., the identity or reversal rule) from specific S—R rules and inadvertently
apply the generalized rules to the irrelevant (spatial) S—R dimension when selecting their response.

The mapping of stimuli onto responses is a major de-
terminant of behavior, a phenomenon called stimulus—
response (S—R) compatibility. Research on S-R compat-
ibility has gained important insights into the mechanisms
of human response selection (see Proctor & Vu, 2006, for
an overview). Much research has focused on the effects of
spatial S—R compatibility, investigating how the spatial ar-
rangement of stimuli and responses affects the speed and
quality of behavior (e.g., Hommel & Prinz, 1997). The
general result of these investigations has been that spatial
correspondence of stimulus and response locations pro-
duces better performance in terms of speed and accuracy
than does spatial noncorrespondence. This general rule
holds when stimulus location is relevant for selecting the
correct response, a finding called spatial S—-R compatibil-
ity proper. The rule also holds when stimulus location is
irrelevant for selecting the correct response, a finding de-
noted as the Simon effect. The present study is concerned
with a striking exception to this general rule: a reversal of
the Simon effect that appears with an incompatible map-
ping on the relevant S—R dimension.

The Simon effect is particularly interesting because it
suggests that stimuli activate spatially corresponding re-
sponses in an automatic fashion (e.g., Zorzi & Umilta,
1995). In a typical Simon task, participants press a left-
side key to a green stimulus and a right-side key to a red
stimulus, and stimuli appear unpredictably at a left or ata
right location. The finding of faster and more accurate re-
sponses to spatially corresponding conditions (e.g., green
S at left location) than to spatially noncorresponding con-

ditions (e.g., green S at right location) has been called the
Simon effect, because J. R. Simon was the first to describe
the phenomenon (e.g., Simon & Rudell, 1967; see Proctor
& Vu, 2006, chap. 4, for a review).

The most prominent accounts of the Simon effect dis-
tinguish between two routes of response activation (e.g.,
Kornblum, Hasbroucq, & Osman, 1990; Zhang, Zhang,
& Kornblum, 1999). A controlled route of processing is
assumed to determine the correct response on the basis of
the relevant stimulus attribute (e.g., color, in the example
above) and the S—R mapping rule. An automatic route of
processing is assumed to simultaneously activate the spa-
tially corresponding response in the response set on the
basis of stimulus location. Both routes converge on the
correct response in spatially corresponding conditions,
and this response is quickly selected and executed. By
contrast, the routes activate different responses in spatially
noncorresponding conditions, and the resulting response
conflict produces a cost in time and/or accuracy.

Hedge and Marsh (1975) reported an important excep-
tion to the general rule that performance is better with
spatially corresponding than with spatially noncorre-
sponding conditions. These authors investigated how S—R
compatibility on the relevant, nonspatial S—R dimension
affects location processing in the Simon task. Participants
responded to the color of a stimulus by moving their fin-
ger from a centrally located home key to a response key on
the left or right side of the home key. The left and right re-
sponse keys were also colored, allowing Hedge and Marsh
to manipulate the mapping of stimulus to response key
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colors. In the compatible condition, participants had to
press the green key to the green stimulus and the red key
to the red stimulus. By contrast, in the incompatible con-
dition, participants had to press the red key to the green
stimulus and the green key to the red stimulus. With the
compatible mapping, Hedge and Marsh observed the typi-
cal Simon effect; that is, reaction times (RTs) were shorter
by 23 msec in corresponding than in noncorresponding
conditions. In contrast, with the incompatible mapping, a
reversed Simon effect occurred, in that RTs were shorter
by 55 msec in noncorresponding than in corresponding
conditions. This so-called Hedge and Marsh reversal of
the Simon effect has been replicated several times since
then (e.g., Arend & Wandmacher, 1987; Lu & Proctor,
1994; Wiihr, 2004).

Hedge and Marsh (1975) offered an explanation for
their findings in terms of logical-recoding operations in
S—R translation. The authors assumed that with the com-
patible mapping of S—R colors, participants determined
the correct response on the basis of an identity rule, which
says something like “respond with the key that matches
the stimulus.” By contrast, with the incompatible color
mapping, participants were assumed to determine the cor-
rect response on the basis of a reversal rule, which says
something like “respond with the key that does not match
the stimulus.” In order to explain the pattern of Simon ef-
fects, the authors suggested that the logical-recoding rule
used for the relevant S—R dimension (i.e., color) is inad-
vertently applied to the irrelevant S—R dimension (i.e.,
location) as well. Thus, with the compatible mapping,
the identity rule would activate a response with the same
color at the corresponding location, producing a normal
Simon effect. With the incompatible mapping, the reversal
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rule would activate a response with a different color at the
noncorresponding location, producing an inverted Simon
effect (see De Jong, Liang, & Lauber, 1994, for an exten-
sion of this account).

Simon, Sly, and Vilapakkam (1981) proposed an alter-
native explanation for the Hedge and Marsh reversal of
the Simon effect in terms of the visual correspondence
between display and control features. These authors noted
that in the Hedge and Marsh task, performance is better
when the stimulus appears on the side of the congruently
colored key than when the stimulus appears on the side of
the incongruently colored key. The former situation ap-
pears in spatially corresponding conditions with a com-
patible S—R mapping (Figures 1A and 1B) and in spa-
tially noncorresponding conditions with an incompatible
S—R mapping (Figures 1G and 1H). The latter situation
appears in spatially noncorresponding conditions with
a compatible S—R mapping (Figures 1E and 1F) and in
spatially corresponding conditions with an incompatible
S—R mapping (Figures 1C and 1D). Simon et al. (1981)
denoted this relationship as the display—control arrange-
ment correspondence.

In the experimental design used by Hedge and Marsh
(1975), logical-recoding operations and display—control
arrangement correspondence are confounded. Simon et al.
(1981) conducted an experiment in which they attempted
to isolate the effects of logical recoding. In their Experi-
ment 3, participants responded to the color of a stimulus
presented at a central location by pressing a green key at
a left location or a red key at a right location. Simulta-
neously with the visual stimulus, an irrelevant tone oc-
curred at either the left or the right ear. The compatible
S—R mapping condition showed a regular Simon effect of
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Figure 1. Different experimental conditions in the task used by Hedge and Marsh
(1975, Experiment 1). Participants responded to the color (green vs. red) of a stimu-
lus (depicted by squares) by pressing a key of the same color (compatible stimulus—
response [S—R] mapping) or by pressing a key of the opposite color (incompatible S-R
mapping). An arrow denotes the correct key in each condition.
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more than 50 msec, but there was no Simon effect with
the incompatible S—R mapping. The authors interpreted
their failure to obtain the reversed Simon effect with
the incompatible S—R mapping as evidence against the
logical-recoding account. Simultaneously, the absence
of a correspondence effect with the incompatible map-
ping is consistent with their account because there was
no display—control arrangement correspondence between
the central visual stimulus and the lateral response keys in
their experiment.

In a more recent study, Proctor and Pick (2003) inves-
tigated the conditions under which the Hedge and Marsh
reversal of the Simon effect can occur in order to decide
between competing explanations. They reported three main
findings and interpreted these findings as supporting the
display—control arrangement correspondence hypothesis.
First, when the relevant S—R dimension was color and the
location of a tone provided the irrelevant location stimu-
lus, as in Experiment 3 in Simon et al. (1981), Proctor and
Pick observed positive Simon effects with the compatible
S—R mapping but no effects with the incompatible S—-R
mapping, replicating the results of Simon and colleagues.
Second, when the relevant S—-R dimension was color and
the location of the visual stimulus provided the irrelevant
location information, as in the original Hedge and Marsh
task, the reversal of the Simon effect with an incompatible
S—R mapping depended on a clearly visible color labeling
of the response keys. Third, when the relevant S—R dimen-
sion was visual location and the location of a tone provided
the irrelevant location stimulus, Proctor and Pick observed
a small but significant reversal of the Simon effect with the
incompatible S—R mapping. In their recent book, Proctor
and Vu (2006) summarized the empirical situation as fol-
lows: “The Hedge and Marsh reversal with colored stimuli
apparently depends on the response keys being visibly la-
beled, and the reversal does not occur when the irrelevant
location information is conveyed by tones; this points to-
ward display—control arrangement correspondence as a
critical factor in the Hedge and Marsh reversal” (p. 127).

The purpose of the present study is to provide both the-
oretical arguments and new empirical data for the notion
that logical-recoding operations, and not display—control
arrangement correspondence, play the critical role in the
Hedge and Marsh reversal of the Simon effect. We first
will discuss the two empirical findings that Proctor and Vu
(2006) regarded as the major facts against logical recoding,
and then we will address a yet neglected empirical finding
against display—control arrangement correspondence. Ac-
cording to Proctor and Vu, dependence of the Hedge and
Marsh reversal on a visible labeling of the response keys
in the original task supports display—control arrangement
correspondence because “there is no reason why logical
recoding should depend on visible color labels, whereas
display—control arrangement correspondence would seem
to require visible response labels that can be matched to
the colored stimuli” (p. 127). In contrast to this view, we
see a clear reason why logical recoding should depend
on visible color labels, and the reason is that visibility of
color labels should affect the features used for represent-
ing the responses. In particular, when the color labels are

not visible, it is very likely that participants code the re-
sponses in terms of locations, and not in terms of “colors,”
because location is visible and color is not. As a result,
most participants will recode the S—R mapping from a
color-to-color to a color-to-location mapping. This inter-
pretation is supported by the fact that Proctor and Pick
(2003) observed much smaller effects of S-R mapping
with invisible response labels (Experiment 1, 6 msec;
Experiment 2, approximately 40 msec) than with visible
labels (Experiment 3, approximately 90 msec).

The second argument put forward in favor of display—
control arrangement correspondence is the failure to ob-
serve a reversal of the Simon effect when the color of a
centrally presented stimulus is mapped incompatibly onto
response color and a tone delivers the irrelevant location
stimulus (Proctor & Pick, 2003, Experiment 3; Simon
et al., 1981, Experiment 3). It should first be noted that
in this task, the typical finding is a significantly larger
Simon effect with the compatible than with the incompat-
ible S-R mapping, although the effect does not reverse
with the incompatible mapping. A possible explanation
for this finding in terms of logical-recoding operations is
that the inadvertent application of logical-recoding opera-
tions to the irrelevant S—R dimension is more likely when
the same object (or event) delivers the relevant color and
the irrelevant location information than when different ob-
jects (or groups) deliver the information. This interpreta-
tion is consistent with our recent finding of much smaller
Simon effects when different objects provide relevant and
irrelevant information, respectively, as compared with
the integrated version of the Simon task (Wiihr, Biebl,
Umilta, & Miisseler, in press). Second, this interpretation is
also consistent with numerous findings demonstrating that
congruency effects are significantly reduced when relevant
and irrelevant information are part of different perceptual
objects or groups than when they are part of the same ob-
ject or group (e.g., Kramer & Jacobsen, 1991; Wiihr &
Waszak, 2003). Third, this interpretation is also consistent
with the observation of a small, but significant, reversal of
the Simon effect when the variable (left/right) location of
a visual stimulus is incompatibly mapped onto response
location and a tone delivers an irrelevant location stimu-
lus (Proctor & Pick, 2003, Experiments 1 and 4). For this
case, one might argue that the logical-recoding rule used
for response selection is applied to the irrelevant stimulus
location when the tone and the visual stimulus appear on
the same side and are, therefore, perceptually integrated.

Several studies have demonstrated the Hedge and
Marsh reversal of the Simon effect with displays for which
display—control arrangement correspondence cannot play
arole. Arend and Wandmacher (1987, Experiment 1), for
example, found a positive Simon effect when left- and
right-pointing arrows, presented to the left or right of fixa-
tion, were compatibly mapped to left/right responses and
an inverted Simon effect when the arrows were incompat-
ibly mapped to left/right responses (see also Lu & Proc-
tor, 1994, Experiment 3). In their Experiment 2, Arend
and Wandmacher observed a similar pattern of results
when the words left or right were used instead of arrows
(see also Lu & Proctor, 1994, Experiment 1). The Hedge
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Figure 2. Different experimental conditions in the task used by Arend and Wand-
macher (1987, Experiment 2). Participants responded to the meaning of location
words (“left” vs. “right”) by pressing a key at the corresponding location (compatible
stimulus—response [S—R] mapping) or by pressing a key at the opposite location (in-
compatible S—-R mapping). An arrow denotes the correct key in each condition.

and Marsh reversal obtained with arrow and word stimuli
cannot be explained on the basis of display—control ar-
rangement correspondence, because the visual stimuli do
not share perceptual features with the responses. Unfor-
tunately, the results cannot unequivocally be attributed
to logical recoding, because the findings might also be
explained on the basis of S—S congruity effects (e.g., Has-
broucq & Guiard, 1991; Simon & Sudalaimuthu, 1979).
Performance is better when the two aspects of the visual
stimulus are congruent (Figure 2, panels A/B and G/H)
than when the two aspects of the visual stimulus are in-
congruent (Figure 2, panels C/D and E/F). To conclude,
at present, unequivocal empirical evidence exists neither
for display—control arrangement correspondence nor for
logical-recoding operations as a factor in the Hedge and
Marsh reversal of the Simon effect.

The empirical goal of the present study was to investi-
gate both logical-recoding operations and display—control
arrangement correspondence in isolation. Experiment 1
was designed to study the possible effects of logical-
recoding operations on the Simon effect without being
confounded with possible effects of display—control ar-
rangement correspondence or S—S congruity. In Experi-
ment 1, participants responded to the German words for
“index finger” or “middle finger” on the basis of a compat-
ible or an incompatible S—R mapping. The words randomly
appeared to the left or right of fixation, and therefore, ir-
relevant stimulus location and response location were
corresponding or noncorresponding. The observation of
a normal Simon effect with the compatible S—-R mapping
and of an inverted Simon effect with the incompatible S—-R
mapping would provide strong evidence for the application
of logical-recoding operations in this task.

Experiment 2 was designed to study the possible ef-
fects of display—control arrangement correspondence in

isolation. In this experiment, participants responded to
geometrical shapes (i.e., diamond vs. square) by press-
ing a key with the left or the right hand. Because stimuli
randomly appeared to the left or right of fixation, a Simon
effect of spatial S—R correspondence was to be expected.
In addition, we manipulated display—control arrangement
correspondence with regard to color. The stimulus ran-
domly appeared in green or red color, and the participants
wore a green glove on one hand and a red glove on the
other hand. The display—control arrangement correspon-
dence hypothesis predicts an interaction between the ef-
fects of spatial S—R correspondence and color S—R corres-
pondence in this task.

EXPERIMENT 1

The purpose of Experiment 1 was to isolate the effects
of logical-recoding operations in the Simon task. There-
fore, we devised a task in which effects of display—control-
arrangement correspondence and S—S congruity were un-
likely to appear. In our task, participants responded to the
German words for “index finger” or “middle finger” on
the basis of a compatible or an incompatible S—R map-
ping. In particular, with the compatible mapping, the par-
ticipants performed a keypress with the finger denoted
by the word; with the incompatible mapping, the partici-
pants performed a keypress with the finger not denoted by
the word. In addition to mapping, we also varied spatial
S—R correspondence between horizontal stimulus loca-
tion on the computer screen and the relative location of
the to-be-pressed key (i.e., index finger—left key, middle
finger—right key). Because the participants could repre-
sent both the compatible and the incompatible S-R map-
ping in terms of logical-recoding operations (i.e., the iden-
tity vs. reversal rule), we expected a positive Simon effect
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with the compatible mapping and an inverted Simon effect
with the incompatible S—R mapping.

The present task should be immune against effects of
display—control arrangement correspondence because the
visual stimuli (i.e., the words “index finger” and “middle
finger”) do not share visible features with the responses.
Moreover, the present task should be less sensitive to the
effects of S—S congruity than tasks in which location words
or arrowheads are presented at congruent or incongruent
locations. Finger names should not have strong associations
with left or right locations, because they have opposite rela-
tive locations on the left and the right hand, respectively.

Method

Participants. Sixteen volunteers (9 of them female, 7 male),
mostly students of the Friedrich Alexander University, with a mean
age of 24.4 years (range, 2031 years), participated for payment (€3)
or course credit. In this and the following experiments, the participants
were naive with respect to the purpose of the study and classified
themselves as having normal (or corrected-to-normal) visual acuity.

Apparatus and Stimuli. The participants sat in a dimly lit room
in front of a 17-in. color monitor, with an unconstrained viewing
distance of approximately 60 cm. A computer program written in
ERTS language (BeriSoft, Frankfurt am Main, Germany) controlled
stimulus presentation and response registration. All responses were
keypresses on the “open menu” key and the right “control” key,
which are in adjacent locations on a standard computer keyboard.
The participants operated the “open menu” key with the index finger
and the “control” key with the middle finger of the right hand.

A plus sign served as a fixation point at screen center. Visual
stimuli were the uppercase words Mittelfinger (German for “middle
finger”) and Zeigefinger (German for “index finger”), which were
presented in two parts (one above the other). Each word subtended
about 30 X 12 mm (about 2.9° X 1.2°). The words were presented
60 mm (about 5.7°) to either the left or the right of fixation. All the
visual stimuli were presented in white on a black background.

Procedure. The participants performed with a compatible S—R
mapping in the first part of the experiment and with an incompatible
S—R mapping in the second part of the experiment, or vice versa.
Each part of the experiment had the following structure. First, the
instructions appeared on the screen, and the participants could read
them at leisure. With the compatible mapping, the participants were
instructed to respond with the index finger to the word “index fin-
ger” and with the middle finger to the word “middle finger.” With
the incompatible mapping, the participants were instructed to re-
spond with the index finger to the word “middle finger” and with
the middle finger to the word “index finger.” In both cases, the par-
ticipants were also informed that the stimuli would randomly appear
at different locations but that location was irrelevant for the task.
Next, the participants could practice for a block of 22 trials. Then the
participants worked through eight blocks of 22 experimental trials
each. The first 2 trials in each block were warm-up trials and were

not recorded. The participants could take short rests between blocks.
The whole experiment took about 20 min.

The sequence of events in an individual trial was as follows. First,
there was a blank (i.e., empty) screen for 500 msec. Then the fixa-
tion point was shown for 500 msec. Next, the imperative stimulus
was added to the display and remained there for 500 msec. Stimulus
offset was followed by another blank period of 500 msec. Each stim-
ulus appeared randomly to the left or right of fixation. With the onset
of the imperative stimulus, the computer started to record keypresses
and RTs for a period of 1,000 msec. There were five repetitions for
each combination of stimulus word (Zeigefinger, Mittelfinger) and
stimulus location (left, right) in each block of 20 trials.

In each task, two types of errors produced an error message that
was presented for 2,000 msec at screen center. First, the participants
received an error message when they had pressed the wrong key
within the registration period of 1,000 msec. Second, the partici-
pants were told to respond more quickly when no response had ap-
peared within the registration period.

Design. Experiment 1 rested on a 2 X 2 within-subjects design.
The first factor concerned the mapping between the finger name
stimuli and the response finger, which was either compatible or in-
compatible (see the Procedure section). The second factor concerned
spatial S—R correspondence between the location of the finger name
stimulus on the screen and the relative location of the response fin-
ger. This relationship was either spatially corresponding (i.e., “index
finger” appeared at the left location, “middle finger” appeared at the
right location) or noncorresponding (i.e., “index finger” appeared
at the right location, “middle finger” appeared at the left location).
Dependent variables were RTs of correct responses and the percent-
ages of errors (PEs).

Results

To eliminate outliers, we removed all trials on which
RTs differed from the individual mean by more than three
standard deviations. This procedure eliminated 0.90%
of the trials with the compatible mapping and 0.50% of
the trials with the incompatible mapping. Initial analyses
showed that the order of S—R mappings did not affect the
results in RTs or in error rates (all interactions had F val-
ues <1.6 and p values >.20). RTs and PEs observed in
Experiment 1 are listed in Table 1.

Reaction times. RTs from error-free trials were sub-
jected to an ANOVA for repeated measurements designs,
with mapping and S—R correspondence as within-subjects
variables. The main effect of mapping was significant
[F(1,15) = 33.80, MS, = 2,125.65, p < .001]. The partic-
ipants responded more quickly with the compatible than
with the incompatible mapping of finger name stimuli to
response fingers (550 vs. 617 msec). The main effect of
S—R correspondence was not significant [F(1,15) < 1].
That is, there was no overall Simon effect. Most impor-

Table 1
Reaction Times (RTs, in Milliseconds) and Percentages of Errors (PEs),
As a Function of Stimulus—Response (S—R) Mapping and Spatial S—R
Correspondence, Observed in Experiment 1 (V= 16)m

Compatible  Incompatible

S-R SR Mapping
Mapping Mapping Effect
RT PE RT PE RT PE

Location corresponding (co) 539
Location noncorresponding (nc) 561
Simon effect (nc — co) 22

2.8 626 114 87 86
4.2 608 6.6 47 24
14 —18 —48 -
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tant, however, there was a significant mapping X S-R
correspondence interaction [F(1,15) = 107.07, MS, =
59.26, p < .001]. With the compatible mapping, RTs
were shorter in spatially corresponding than in spatially
noncorresponding conditions (539 vs. 561 msec) [#(15) =
4.47, p < .001]. By contrast, with the incompatible map-
ping, RTs were longer in spatially corresponding than in
spatially noncorresponding conditions (626 vs. 608 msec)
[#(15) = 3.39, p < .01]. Fifteen participants showed the
normal Simon effect with compatible mapping; 13 partici-
pants showed the reversed Simon effect with the incom-
patible mapping.

Percentage of errors. The percentages of response
errors observed in the different experimental conditions
were also subjected to an ANOVA for repeated measure-
ments designs with mapping and S—R correspondence as
within-subjects variables. The results perfectly mirrored
those of the RT analysis. The main effect of mapping was
significant [F(1,15) = 41.56, MS, = 11.68,p <.001]. The
participants responded more accurately with the compat-
ible than with the incompatible mapping (3.5% vs. 9.0%).
The main effect of S—R correspondence was not signifi-
cant [F(1,15) = 2.02, p = .18]. That is, overall Simon
effects occurred neither in RTs nor in errors. There was,
however, again a significant mapping X S—R correspon-
dence interaction [F(1,15) = 7.27, MS, = 20.96, p < .05].
With the compatible mapping, the participants responded
somewhat more accurate in spatially corresponding than
in spatially noncorresponding conditions (2.8% vs. 4.2%)
[t(15) = 1.33, p = .20]. By contrast, with the incompat-
ible mapping, the participants responded less accurately in
spatially corresponding than in spatially noncorrespond-
ing conditions (11.4% vs. 6.6%) [#(15) = 2.30, p < .05].

Discussion

The results of Experiment 1 replicated the pattern of re-
sults first reported by Hedge and Marsh (1975). When the
participants responded to a finger name by moving the de-
noted finger (compatible S—R mapping), a regular Simon
effect occurred: Responses were faster and the error rate
lower with spatial correspondence than with spatial non-
correspondence between the irrelevant stimulus location
and the irrelevant response location. By contrast, when
the participants responded to a finger name by moving the
opposite finger (incompatible S—-R mapping), an inverted
Simon effect occurred: Responses were slower and the
error rate higher with spatial correspondence than with
spatial noncorrespondence between the irrelevant stimu-
lus location and the irrelevant response location.

The results of Experiment 1 are incompatible with an
account in terms of S-S congruity (e.g., Simon & Suda-
laimuthu, 1979), because there is no consistent relation-
ship between finger names and spatial locations. In ad-
dition, the results of Experiment 1 cannot be explained
on the basis of the original display—control arrangement
correspondence hypothesis (Simon et al., 1981), because
there is no visual similarity between nonspatial stimulus
and response features. However, the results of Experi-
ment 1 are consistent with the logical-recoding hypoth-
esis. According to this account, the participants used the

identity rule (i.e., use the finger denoted by the word) for
selecting the correct response with the compatible S—R
mapping, whereas the participants used the reversal rule
(i.e., use the finger opposite to that denoted by the word)
for response selection with the incompatible S—R map-
ping. Moreover, in accordance with Hedge and Marsh
(1975) and De Jong et al. (1994), we assume that the rule
used for response selection was inadvertently applied to
the irrelevant S—R dimension, producing a regular Simon
effect with the compatible mapping and a reversed Simon
effect with the incompatible mapping.

Although the results of Experiment 1 are inconsistent
with the original version of the display—control arrange-
ment correspondence hypothesis that focuses on the spa-
tial arrangement of physical (i.e., visible) stimulus and
response features, an extension of the hypothesis to the
conceptual level might explain the findings.! According
to the extended hypothesis, responses are facilitated if
conceptually matching stimulus and response features ap-
pear at the same relative location, as opposed to when they
appear at opposite locations. The results of Experiment 1
do not allow one to decide between the logical-recoding
hypothesis and the display—control arrangement corre-
spondence hypothesis on a conceptual level. Thus, it is
important to determine whether display—control arrange-
ment correspondence exerts its effects in isolation.

EXPERIMENT 2

The purpose of Experiment 2 was to study the effect
of display—control arrangement correspondence with re-
gard to color on the effect of spatial S—R correspondence
without any effect of logical-recoding operations. In Ex-
periment 2, participants responded to the shape of a geo-
metrical figure (i.e., diamond vs. square; see Figure 3)
by pressing a left or a right key. We independently varied
two S—R correspondence relationships. First, we varied
spatial S—R correspondence by presenting the stimulus
randomly to the left or right of fixation. Second, we var-
ied color S—R correspondence by presenting the stimulus
randomly in green or in red color, and the participants
wore a green glove on one hand and a red glove on the
other hand throughout the experiment. In order to force
the participants to attend to stimulus color, as in the origi-
nal experiments by Hedge and Marsh (1975) and Simon
et al. (1981), we had the stimulus appear in a third color
(blue) on 20% of the trials in each experimental block.
These trials were no-go trials, on which the participants
were instructed to refrain from responding.

The independent variation of spatial S—R correspon-
dence and of color S—R correspondence allows for dif-
ferent patterns of results. If display—control arrangement
correspondence was effective, we should expect spatial
S—R correspondence and color S-R correspondence to
have interactive effects. That is, performance should be
better when both relationships are corresponding (e.g.,
green—left S—>green—left R [Figure 3A]) or when both
relationships are noncorresponding (e.g., red—right
S—green—left R [Figure 3G]) than when one relationship
is corresponding and the other one noncorresponding
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Figure 3. Different experimental conditions in the present Experiment 2. Partici-
pants responded to stimulus shape (diamond vs. square) with left/right keypresses. In
this example, the participants responded with the left—green hand to the square and
with the right-red hand to the diamond. Hand color resulted from wearing colored
gloves. The stimuli appeared unpredictably in green or red color at different locations

(left vs. right).

(e.g., red—left S>green—left R [Figure 3C], or green—right
S—green—left R [Figure 3E]). By contrast, if display—
control arrangement correspondence was not effective in
the present task, we should observe only main effects of
spatial S—R correspondence and of color S-R correspon-
dence but no interaction.

Please note that neither logical recoding nor S—S con-
gruity could play a role in Experiment 2. With regard to
logical recoding, the mapping of stimulus shape (dia-
mond vs. square) to the location and/or color of responses
does not seem to afford logical recoding of the S—R rules.
With regard to S—S congruity, the two shapes do not ap-
pear to have strong associations with particular locations
or colors.

Method

Participants. Twenty-four new volunteers (18 of them female,
6 male), mostly students at the Friedrich Alexander University with
amean age of 23.5 years (range, 20—30 years), received money (€3)
or course credit for participation.

Apparatus and Stimuli. The apparatus from Experiment 1 was
also used for Experiment 2. A plus sign served as fixation at screen
center. A diamond and a square subtending approximately 20 X
20 mm (about 1.9° X 1.9°) served as stimuli. A stimulus was pre-
sented 70 mm (approximately 6.7°) to either the left or the right of
fixation. The diamond or square was presented in blue, green, or red
color (i.e., the area covered by the stimulus was colored) on a black
background. The participants’ task was to respond to the shape of a
green or red stimulus by pressing either the left or the right control
key on a standard computer keyboard and to refrain from responding
to a blue stimulus. The participants operated the two keys with the
index fingers of the two hands. Finally, during the experiment, 12
participants wore a green glove on the left hand and a red glove on
the right hand; 12 participants wore a red glove on the left hand and
a green glove on the right hand. Note that, with a similar setup, we

had successfully replicated the results observed by Hedge and Marsh
(1975) in a previous study (Wiihr, 2004).

Procedure. At the beginning of the experiment, instructions ap-
peared on the screen, and the participants could read them at their
leisure. The participants were informed that a diamond or square
would unpredictably appear to the left or right of fixation in one of
three different colors (blue, green, or red). Moreover, the partici-
pants were told to respond to the shape of a green or red stimulus
and to refrain from responding to a blue stimulus. Half of the par-
ticipants responded to the (green or red) diamond by pressing the
left key and to the (green or red) square by pressing the right key.
The other half of the participants responded on the basis of the op-
posite S—R mapping.

Having read the instructions, each participant practiced for
2 blocks of 22 trials each. In the experimental phase, the partici-
pants worked through 10 blocks of 22 trials each. The first 2 tri-
als in each block were warm-up trials and were not recorded. Each
block contained 16 go stimuli in green or red color (2 repetitions X
2 stimulus shapes X 2 stimulus colors X 2 stimulus locations) and
4 no-go stimuli in blue color (2 stimulus shapes X 2 stimulus loca-
tions). Thus, there were 80% go and 20% no-go trials. The sequence
of events in an experimental trial was the same as in Experiment 1.
Participants could take short rests between blocks. The whole ex-
periment took about 15 min.

Design. Experiment 2 rested on a 2 X 2 within-subjects design.
The first factor concerned spatial S—R correspondence between the
location of the stimulus on the screen and the relative location of
the response key (or hand). The second factor concerned color S—R
correspondence between the color of the stimulus and the color of
the glove worn by the responding hand. Dependent variables were
RTs of correct responses and the percentages of errors (PEs). Note
that each experimental block also contained four no-go trials with
blue stimuli that forced the participants to attend to stimulus color.

Results
To eliminate outliers, we removed all trials on which
RTs differed from the individual mean by more than three
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Table 2
Reaction Times (RTs, in Milliseconds) and Percentages of Errors (PEs),
As a Function of Color Stimulus—Response (S—R) Correspondence
and Spatial S—R Correspondence, Observed in Experiment 2 (/N = 24)

Color
Color Color Correspondence
Corresponding ~ Noncorresponding Effect
RT PE RT PE RT PE
Location corresponding (co) 520 3.0 532 43 12 1.3
Location noncorresponding (nc) 533 43 541 5.0 9 0.7
Simon effect (nc—co) 13 1.3 9 0.7 -

Note—The differences between noncorresponding and corresponding conditions with regard
to color (rightmost column) and with regard to location (last line) are also given.

standard deviations. This procedure eliminated 1.0% of
the trials. The mean error rate in the 40 no-go trials was
8.8% (SD = 9.2), ranging from 0% to 35%. Excluding
the participant with the highest response rate in the no-go
trials does not alter the pattern of results. RTs and per-
centages of errors observed in Experiment 2 are listed
in Table 2. Initial analyses showed that the mapping of
stimulus shapes to response hands had no effects on per-
formance (both main effects had F values <1; all interac-
tions had F values <1.6 and p values >.20).

Reaction times. RTs from error-free trials were sub-
jected to an ANOVA with spatial correspondence and
color correspondence as within-subjects variables. The
main effect of spatial correspondence was significant
[F(1,23) = 8.38, MS, = 339.15, p < .01]. The partici-
pants responded more quickly with corresponding rather
than with noncorresponding colors of the stimulus and
the responding hand (527 vs. 537 msec). That is, a spatial
Simon effect of 11 msec was obtained. The main effect
of color correspondence was also significant [F(1,23) =
9.37, MS, = 258.10, p < .01]. The participants responded
more quickly with correspondence than with noncor-
respondence of the stimulus and the responding hand
(527 vs. 537 msec). That is, a color correspondence effect
of 10 msec was obtained. Most important, however, the
two-way interaction between color correspondence and
spatial correspondence was far from significant (F' < 1).

Percentages of errors. The percentages of response
errors observed in the different experimental conditions
were also subjected to an ANOVA for repeated measure-
ments designs, with spatial correspondence and color
correspondence as within-subjects variables. Neither the
main effect of location correspondence [F(1,23) = 1.78,
MS, = 13.18, p = .20] nor the main effect of color cor-
respondence [F(1,23) = 1.12, MS, = 21.06, p = .30] was
significant. The two-way interaction also failed to reach
significance (F < 1).

Discussion

The results of Experiment 2 revealed negative evi-
dence for the notion of display—control arrangement
correspondence when effects of logical-recoding opera-
tions and S—S congruity were prevented. The independent
variation of spatial S—R correspondence and of color S—R
correspondence revealed independent main effects of lo-
cation correspondence (i.e., a Simon effect) and of color

correspondence in RTs, indicating that both relationships
were processed. Most important, however, there was no
interaction between these two variables, and this finding
stands in contrast to the prediction of the display—control
arrangement correspondence hypothesis.

GENERAL DISCUSSION

The present study investigated the effects of logical-
recoding operations and display—control arrangement
correspondence on response selection. These variables
have been proposed as alternative explanations for the
so-called Hedge and Marsh reversal of the Simon effect.
Previous studies, however, did not provide clear evidence
for either of these variables (see Proctor & Vu, 2006, for
areview). Discovering the source(s) of the reversal of the
Simon effect is important both for theoretical and for prac-
tical reasons, because it represents a notable exception to
the general rule that performance is superior with spatially
corresponding than with spatially noncorresponding S—R
arrangements.

Experiment 1 provided evidence for an effect of logical-
recoding operations on response selection. The participants
responded compatibly or incompatibly to finger names
that appeared randomly at left or right locations. The com-
patible mapping revealed a normal Simon effect of spatial
correspondence between word and finger location; the
incompatible mapping produced a reversed Simon effect.
These findings support the application of logical-recoding
rules to the relevant and the irrelevant S—R dimension, be-
cause S-S congruity (e.g., Simon & Sudalaimuthu, 1979)
and display—control arrangement correspondence on a vi-
sual level (e.g., Simon et al., 1981) did not play a role in
Experiment 1. S—S congruity was not effective, because a
finger is not associated with a particular relative location,
due to the symmetric arrangement of fingers on the left
and right hands. Similarly, display—control arrangement
correspondence was ineffective because finger words and
fingers do not share visible features. It should be noted,
however, that the results of Experiment 1 are still com-
patible with the notion of display—control arrangement
correspondence on a conceptual level. According to this
version of the hypothesis, responses are facilitated if con-
ceptually matching stimulus and response features appear
at the same relative location, as opposed to when they ap-
pear at opposite locations.
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Experiment 2 failed to provide support for an effect of
display—control arrangement correspondence on response
selection when the application of logical-recoding rules
was prevented. In this experiment, the participants selected
a response with a colored hand on the basis of stimulus
shape, and we independently varied S—R correspondence
with regard to location and color. We observed significant
main effects of spatial S—R correspondence (i.e., a Simon
effect) and of color-based S—R correspondence, but these
two variables did not interact. In particular, there was no
reversal of the spatial Simon effect with noncorrespon-
dence between the color of the stimulus and the color of
the responding hand, disconfirming the predictions of the
display—control arrangement correspondence hypothesis.
Thus, the results of Experiment 2 suggest that display—
control arrangement correspondence (with regard to
color) is not able to modulate the effect of spatial S—R
correspondence.

The finding from Experiment 2 that multiple codes can
produce independent (i.e., additive) S—R correspondence
effects is consistent with previous reports in the literature
(e.g., Lamberts, Tavernier, & d’Ydewalle, 1992; Llereas,
Moore, & Mordkoff, 2004; Wiihr, Biebl, & Ansorge,
2008). For example, several studies have shown that S-R
correspondence with regard to different spatial frames of
reference can produce independent Simon effects (e.g.,
Ansorge & Wiihr, 2004; Lamberts et al., 1992; Llereas
et al., 2004). More important for the present study, how-
ever, are more recent reports demonstrating that spatial
and nonspatial feature dimension can also produce inde-
pendent S—R correspondence effects. For example, Withr
et al. (2008) observed independent Simon effects for spa-
tial location and for numerosity when stimulus tones and
the required keypress responses varied independently in
number and location.

How can the independent effects of multiple codes on
performance be explained? According to the response dis-
crimination account (see Ansorge & Wiihr, 2004; Wiihr
et al., 2008), Simon effects arise from the interaction be-
tween stimulus location codes and response location codes
in working memory if response location is used for repre-
senting and discriminating between alternative responses
in working memory. This principle can easily be extended
to multiple dimensions in assuming that multiple stimulus
features can produce Simon effects if the task affords (or
requires) the inclusion of multiple features in the work-
ing memory representation of the alternative responses. In
particular, the task used in Experiment 2 afforded the in-
clusion of both color and location into the working mem-
ory representation of the alternative responses, because
there was a consistent relationship between response color
and response location. Thus, given that the participants
processed (i.e., attended to) stimulus color and stimulus
location, stimulus location and stimulus color codes were
formed in working memory and independently activated
those S—R rules that contained a matching (or correspond-
ing) feature code.

Together, the results of our experiments support the no-
tion that logical recoding of S-R rules, and not display—
control arrangement correspondence, is able to modulate

the effects of spatial S—R correspondence and to produce
the Hedge and Marsh reversal of the Simon effect. This re-
sult has important theoretical implications for our under-
standing of response selection. First, the results of Experi-
ment 1 provide the most direct evidence for the fact that
participants instantaneously derive generalized response
selection rules (i.e., the identity or the reversal rule)
from specific S-R rules (e.g., green S—green R, red S—
red R). Second, the results also demonstrate that the gen-
eralized response selection rules are applied not only to
the relevant S—R dimension (e.g., color, shape), but also
to an irrelevant S—R dimension (e.g., location). The sec-
ond result extends previous findings demonstrating that
specific S-R rules (e.g., letter A—left response, letter
B—right response) are also applied to irrelevant stimuli
that are presented in the vicinity of the relevant stimulus
(e.g., Eriksen & Eriksen, 1974).

To conclude, the present study adds to the growing
number of studies suggesting that the classical view
of spatial S—R correspondence as a highly automatic,
stimulus-driven phenomenon is inadequate (e.g., Ansorge
& Wiihr, 2004; Hommel, 1993; Valle-Inclan & Redondo,
1998; Wiihr et al., 2008). Rather, top-down processes such
as the derivation of abstract response selection rules from
specific S-R rules appear to play a major role in how ir-
relevant stimulus information activates corresponding re-
sponse representations.
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