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No prevalence of right-left over
top-bottom spatial codes

BERNHARDHOMMEL
Max Planck Institute for Psychological Research, Miinchen, Germany

Reaction time is known to depend on spatial stimulus-response compatibility in both the hori
zontal and the vertical dimensions. However, if both dimensions are varied in the same task, hori
zontal but not vertical compatibility affects performance, even if subjects are instructed to attend to
the vertical dimension only (Nicoletti & Umilta, 1984). Experiment 1 compared the effect of hori
zontal and vertical instructions in a task with left- versus right-handed key responses placed at a top
versus bottom location. A horizontal-prevalence effect was observed only with a horizontal, and not
with a vertical, instruction. This suggests that subjects might not have heeded the vertical instruc
tion in the Nicoletti and Umilta study but instead attended to the horizontal dimension. Experiment 2
did not yield any horizontal prevalence with one-handed responses (joystick movements). This in
dicates that top-bottom codes become ineffective only if the responses suggest an exclusively hor
izontal response coding. In sum, results demonstrated multiple spatial coding of stimuli and re
sponses under appropriate conditions and suggest that the right-left codes do not dominate the top
bottom spatial codes.

The stimulus-response (S-R) compatibility phenome
non refers to situations in which particular mapping ofa
stimulus to a response determines the speed and effi
ciency ofresponding. One of the most robust findings in
compatibility research is that spatially defined responses
are more compatible with spatially corresponding than
with noncorresponding stimuli. For instance, if subjects
respond to right- and left-side stimuli by pressing a right
and left-hand key, an ipsilateral S-R mapping (i.e., right
response to right stimulus and left response to left stim
ulus) permits faster responses than a contralateral map
ping (see, e.g., Brebner, Shephard, & Cairney, 1972; Ny
strom & Grant, 1955). Likewise, when subjects respond
to top and bottom stimuli by pressing an upper and a lower
key, performance is better if stimulus and response spa
tially correspond than if not (e.g., Ladavas & Moscov
itch, 1984; Nicoletti & Umilta, 1984). That is, effects of
spatial S-R compatibility occur in the horizontal and in
the vertical dimension.

However, it has been repeatedly demonstrated by
Nicoletti and Umilta (1984, 1985; Nicoletti, Umilta,
Tressoldi, & Marzi, 1988) that vertical compatibility
ceases to playa role in the presence of horizontal com
patibility relations. In Nicoletti and Umilta's experi
ments, both horizontal and vertical S-R compatibility
were varied orthogonally, so that a particular response
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was horizontally and/or vertically compatible or incom
patible to the stimulus. For instance, a top key on the left
and a bottom key on the right were pressed in response
to a top-left and a bottom-right stimulus, respectively
(yielding both horizontal and vertical compatibility), or
to a top-right and a bottom-left stimulus (yielding hori
zontal and vertical incompatibility). Horizontally com
patible S-R pairings yielded faster responses than did
horizontally incompatible pairings, but there was only a
marginal effect of vertical S-R compatibility. This is all
the more surprising as the instructions in these experi
ments referred exclusively to the vertical dimension.

Nicoletti and Umilta have called this result pattern
right-left prevalence and they have already considered,
empirically tested, and rejected several explanations.
Eventually, Nicoletti et al. (1988) came up with a refer
ence hypothesis. It holds that, although the body midline
can serve as a reference for right-left coding, no natural
reference axis exists for coding top and bottom. There
fore, horizontal position should be more salient than ver
tical position and, ifboth horizontal and vertical cues are
available, should dominate vertical position cues.

Unfortunately, this hypothesis has several drawbacks.
First of all, it is post hoc and completely arbitrary. It is
difficult to see what distinguishes the body midline from
any other reference point or axis, including vertical ones.
Of course, the body midline differs from other axes in
that it divides the body symmetrically, but this provides
more problems than advantages for spatial coding (Cor
ballis & Beale, 1976). Regarding vertical coding, for in
stance, why shouldn't eye level serve as a reference axis
for coding visual stimuli? Ear level might likewise en
able the coding of auditory stimuli, and environmental
cues might aid spatial coding, too. Moreover, it is not
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clear how the reference hypothesis accounts for pure ver
tical compatibility effects. If there is no axis for vertical
coding, how could top and bottom events ever be discrim
inated? So, it is fair to say that the reference hypothesis
does not provide a satisfactory account for the evidence
available.

The possible theoretical relevance of the prevalence
effect arises from the fact that it suggests a certain kind
of capacity limitation in S-R translation and thus seems
to contradict automatic-activation models of S-R com
patibility (De long, Liang, & Lauber, 1994; Eimer, Hom
mel, & Prinz, in press; Kornblum, Hasbroucq, & Osman,
1990; Prinz, 1990). According to these models, stimulus
codes are formed rather nonselectively and activate
codes of compatible (i.e., similar) responses automati
cally-that is, independently of controlled S-R transla
tion processes. Therefore, some effect of both horizon
tal and vertical stimulus position on the two-dimensional
responses in Nicoletti and Umilta's (1984, 1985; Nico
letti et aI., 1988) studies were expected. As only one di
mension yielded an effect, their findings might indicate
that automatic-activation models are basically incorrect.
In fact, Hasbroucq and Guiard (1991) have argued that
there is no need to assume automatic access of stimulus
information to response-selection stages besides con
trolled S-R translation. In the same vein, Umilta and
Nicoletti (1990, p. 105) interpreted their right-left preva
lence effect as showing "that a subject, if engaged in pro
cessing one spatial dimension in a controlled way, is
unable to process simultaneously another spatial dimen
sion, not even automatically." From this perspective, the
prevalence effect may be due to the fact that, if a response
is redundantly signaled by two (spatial) stimulus fea
tures, only one is (and can be) selected for controlled
S-R translation and thus can affect response speed. Of
course, this would not account for why in this case the
horizontal but not the vertical code was selected, but we
will discuss the reason for that later.

The present studies investigated whether this conclu
sion is necessary and justified, or whether there is an al
ternative interpretation. One such interpretation has to
do with the instruction that Nicoletti, Umilta, and col
leagues (1984, 1985; Nicoletti et aI., 1988) gave to their
subjects. In the relevant experiments, stimuli and re
sponses were described exclusively in terms of top and
bottom, while terms ofleft and right were avoided. This,
of course, is crucial because with a horizontal instruc
tion, the prevalence of right-left codes would be much
less surprising. However, can we really be sure that the
subjects followed the instructions and preferred vertical
to horizontal stimulus codes?

A comparison of the mean reaction times (RTs) in the
experiments of Nicoletti and Umilta (Table I) suggests
that this was not so. In these experiments, stimuli and re
sponses varied on one dimension only (horizontal or ver
tical), or on both dimensions. As there always were two
stimulus (and response) alternatives in a given subtask
(i.e., top-left vs. bottom-right, or top-right vs. bottom-
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Table 1
Overview ofthe Overall Mean Reaction Times

(in Milliseconds) in the Experiments of Nicoletti and
Umilta (1984,1985) and Nicoletti et aI. (1988) as a

Function of Which Dimensions Were Varied

Dimension Varied

Horizontal Vertical Overall Mean

Nicoletti & Urnilta (1984)
Experiment 1 + 410
Experiment 2 + + 358
Experiment 3 + 345
Experiment 4 + + 341

Nicoletti & Urnilta (1985)
Experiment 1 + + 316
Experiment 2 + 367
Experiment 3 + + 320

Nicoletti et al. (1988)
Experiment 1 + 349
Experiment 2 + 483
Experiment 3 + + 328

left), two-dimensional variations provided redundant in
formation, so that the correct response could be selected
on the basis of the information from either dimension. If
the subjects had closely followed the instruction, the RT
levels of two-dimensional experiments should have been
comparable to those ofvertical-only experiments. Instead,
they resembled those in the horizontal-only experiments,
suggesting that the subjects did basically the same under
these two conditions.

So, Nicoletti and Umilta's (1984, 1985; Nicoletti et aI.,
1988) subjects may have simply ignored the instruction,
basing their responses on horizontal stimulus codes in
stead. This makes sense from an economics point of
view: As horizontal codes were available about 49
145 msec earlier than vertical codes (see Table 1, single
dimension experiments), ignoring the instruction would
have permitted much faster responding than would fol
lowing it. Moreover, if subjects really used (fast) hori
zontal but not (slow) vertical codes, there would have
been no way for vertical codes to affect response selec
tion because responses were already (or about to be) se
lected at the time of their formation. That is, the preva
lence effect need not indicate that vertical codes are not
formed at all, but only that they are formed too late to in
fluence response selection.

A second, not necessarily mutually exclusive, inter
pretation of the prevalence effect concerns the particular
responses used in the original studies. Subjects mostly
responded with the thumbs of their right and left hands,
which, in vertical conditions, were placed on cylinders of
differing height. That is, subjects had to spatially discrim
inate between their hands in order to give a response, so
that considering the horizontal dimension was unavoid
able for performing the task. If this precluded the coding
of responses on the vertical dimension or simply made it
superfluous, the ineffectivity of vertical stimulus codes
would be hardly surprising: Without a matching re
sponse code, the code ofa stimulus feature cannot be ex-
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pected to be response compatible or incompatible. So,
the prevalence effect may have been a consequence of
using dimensionally biased responses.

A similar hypothesis has been considered but then re
jected by Nicoletti and Umilta (1985). In their experi
ment, subjects responded with the right (or left) hand
and the left (or right) foot. That is, an upper and a lower
effector were used in a given condition, which was as
sumed to induce a response coding in terms of top and
bottom rather than right and left. As the prevalence ef
fect was present even with this manipulation, the authors
rejected the effector-related hypothesis. However, even
though one hand was replaced by the corresponding foot
in this study, subjects still used a right and a left effector
for responding. Although a right-left discrimination be
tween the two hands and between the two feet is an
everyday requirement-in deciding which one to use
upper and lower limbs will rarely enter into a decision
conflict as equivalent response alternatives. This sug
gests that even when a foot response is opposed with a
hand response, hand and foot responses will still be
coded in terms of right and left.

The present Experiment 1 was an attempt to replicate
the prevalence effect by using the same kind of task as
Nicoletti and Umilta (1984). As in the original study, a
vertical instruction was given and right-left terms were
avoided completely. However, in order to check whether
stimulus-response coding was affected by this instruc
tion at all, a horizontal instruction was given to a second
group that carried out an otherwise identical task. If in
structions are ignored, the behavior of both groups
should be the same; that is, the same compatibility ef
fect(s) should be obtained. In contrast, if instructions
are effective, at least the size of compatibility effect(s)
should differ between the two groups. So, even if hori
zontal effects are present and vertical effects absent in ei
ther group, horizontal effects should be larger with hor
izontal than with vertical instruction.

Experiment 2 tested the role of dimensional response
bias; subjects performed by moving a joystick with one
hand per session only, so that a discrimination between
the right and left hands was not required. If the preva
lence effect were really due, at least in part, to dimension
ally biased responses, then it should not occur with un-

biased, that is, one-handed, responses. That is, substan
tial S-R compatibility effects for both the horizontal and
the vertical dimensions were expected in Experiment 2.

EXPERIMENT 1

The first experiment copied the basic horizontal
vertical compatibility task introduced by Nicoletti and
Umilta (1984, Experiment 4). Subjects performed binary
choice tasks by pressing microswitches placed diago
nally (e.g., top-left vs. bottom-right) in response to stim
uli that also occupied the two ends ofa diagonal (e.g., top
right and bottom-left). Every subject worked through
eight subtasks, corresponding to the possible combina
tions of two stimulus diagonals, two response diagonals,
and two S-R mappings. Table 2 shows the resulting eight
subtasks. In each subtask, response locations could be
spatially compatible or incompatible with the horizontal
or the vertical stimulus dimensions, or both. As two sub
tasks yield the same compatibility relation, respectively,
the eight subtasks can be combined to form four com
patibility conditions according to the coding scheme in
Table 2 (see the two rightmost columns).

In each subtask, stimulus as well as response alterna
tives differed in both horizontal and vertical location, so
that stimuli and responses could be unequivocally de
scribed with reference to either dimension. This feature
was important for, and was used in, manipulating instruc
tion. In Experiment lA, one group of subjects received
an instruction that exclusively referred to horizontal stim
ulus and response locations, while another group received
a purely vertical instruction. According to Nicoletti and
Umilta, instruction should not be critical for a prevalence
effect to occur at all, so that prevalence of right-left over
top-bottom codes-hence, a vertical, but not a (substan
tial) horizontal, compatibility effect-would be expected
in both groups. However, instruction should have a mod
erating effect, leading to a larger prevalence effect with
horizontal than with vertical instruction.

In Experiment lA, the response keys were located
symmetrically in relation to the subject's eye level in ei
ther dimension. In contrast, response keys in the original
studies (see, e.g., Nicoletti & Umilta, 1984) were both
located below eye level. As this methodical difference

Table 2
Overview of Stimuli, Responses, Stimulus-Response Mappings, and

the Resulting Compatibility Relation in the Eight Subtasks

Compatibility

Subtask Stimulus I Response I Stimulus 2 Response 2 Horizontal Vertical

1 top-left top-left bottom-right bottom-right + +
2 top-right top-left bottom-left bottom-right +
3 bottom-left top-left top-right bottom-right +
4 bottom-right top-left top-left bottom-right
5 top-right top-right bottom-left bottom-left + +
6 top-left top-right bottom-right bottom-left +
7 bottom-right top-right top-left bottom-left +
8 bottom-left top-right top-right bottom-left
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could be responsible for possible differences in the re
sults, Experiment IB was conducted to test its relevance.
The task was the same as in the vertical-instruction group
ofExperiment 1A, except that the two response locations
were moved downward so that the upper response key
was aligned with the subject's eye level.

on for 500 msec, followed by a blank interval of250 msec. Then
the stimulus light flashed for 100 msec and the program waited
1,000 msec for a response. Responses with the wrong key were
counted as errors and those with latencies exceeding 1,000 msec
were considered missing. Latencies below 120 msec were rated as
reflecting anticipations. In all of these cases, the trial was recorded
and then repeated at some other random position.

Note-C, compatible; I, incompatible; I-C, effect size.

Table 3
Mean Reaction Times (in Milliseconds) in Experiments IA

and 18 as a Function of Vertical Compatibility,
Horizontal Compatibility, and Instruction

Experiment 1B: Vertical Instruction
C 320 361 41
I 384 385 I
I-C 64 25

Experiment IA: Horizontal Instruction
C 386 451 65
I 391 460 69
I-C 5 9

I-C

Horizontal Compatibility

CVertical Compatibility

Experiment 1A: Vertical Instruction
C 318 381 63
I 398 386 -13
I-C 80 4

Results
Missing trials (2.6% and 2.2%, in Experiments lA

and IB, respectively; mostly due to the small size of the
microswitches), decision errors (1.4% and 2.5%), and
anticipations (0.04% and zero) were not analyzed. From
the remaining data, mean RTs were calculated for every
combination of horizontal and vertical compatibility,
following the coding schema in Table 2 (see Table 3 for
means).

Experiment IA. The data were subjected to a three
way analysis of variance (ANOVA) with horizontal and
vertical compatibility as within-subjects variables and
instruction as the between-subjects variable. All effects
were significant or nearly so: Responses were faster to
horizontally compatible than incompatible stimuli
[F(1,14) = 32.94, P < .001], to vertically compatible
than to incompatible stimuli [F(1,14) = 20.30,p < .001],
and with vertical than horizontal instruction [F(1, 14) =
4.28,p < .06].

Importantly, both compatibility effects were modified
by instruction: Horizontal compatibility effects were
larger with horizontal than with vertical instruction (67
vs. 25 msec, respectively) [F(1,14) = 6.74,p < .05], and
vertical compatibility effects were larger with vertical
than with horizontal instruction (42 vs. 7 msec) [F(1,14) =
IO.57,p < .01]. In planned comparisons, all compatibil
ity effects but the vertical under horizontal instruction
were significant (at leastp < .05, one-tailed). Correspon
dingly, the vertical effect was significantly smaller than
the horizontal effect with horizontal instruction, and
both effects did not differ under vertical instruction (p <

Method
Subjects. Twenty-four adult volunteers (17 women, 7 men, be

tween 20 and 40 years old) served as paid subjects in single ses
sions of about 45 min. They reported having normal or corrected
to-normal vision and were naive as to the purpose of the
experiment. Eight subjects were assigned randomly to either in
struction group in Experiment lA, and 8 subjects took part in Ex
periment IB.

Apparatus and Stimuli. The experiment took place in a dimly
lit room. Stimulus presentation and response measurement were
controlled by a Hewlett-Packard Vectra QS20 computer, interfaced
with a Data Translation 2821 card for analog input and output.
Stimuli were light-emitting diodes (LEDs) mounted on vertical
steel rods 82 em in front of the subject's chinrest. A central green
LED served as fixation point and four red LEDs formed an imag
inary square around the fixation light with an edge-to-edge dis
tance of 56 em or 36'. The whole stimulus array was covered with
fabric, so that unlit LEDs were invisible. Movable horizontal
handgrips were mounted on the outside of two vertical metal rods
that were located 17 em to the right and left of the chinrest. I Tiny
microswitches were taped on the front of the junction piece be
tween grip and rod, so that they could be pressed with the hori
zontally oriented thumb of the hand holding the grip. For top and
bottom responses in Experiment lA, the grip was moved to a lo
cation 22.5 em above or below the subject's eye level, respectively.
In Experiment IB. the top grip was aligned with the subject's eye
level and the bottom grip was located 45 em below.

Design and Procedure. The two groups in Experiment IA dif
fered only as to the instructions. These described stimuli and re
sponses exclusively in terms of left and right (horizontal instruc
tion) or in terms of top and bottom (vertical instruction), and
subjects were urged to use only the horizontal (or vertical) dimen
sion for stimulus and response coding, respectively. To refer to a
particular position, numbers from I to 4 were used, with I and 2
standing for the top-left and top-right positions, respectively, and
3 and 4 standing for bottom-left and bottom-right positions. In Ex
periment IB, all subjects received a vertical instruction.

Subjects worked through four S-R compatibility conditions (S
and R fully compatible, vertically or horizontally compatible, or
fully incompatible), each with two subtasks (Table 2). Every sub
task consisted of two stimulus and two response alternatives: The
two stimulus positions were always located on opposite corners of
the imaginary square, such as top left and bottom right. The same
was true for response locations, so that a movement to the top-right
corner would be paired with a movement to the bottom-left corner.
The order ofcompatibility conditions was balanced across subjects
according to a Latin square design. The order of the two subtasks
within each compatibility condition was fixed so that the two re
sponse positions always alternated between subtasks. In each
group. half of the subjects started with the top-left/bottom-right re
sponse position and ended with the bottom-left/top-right position;
the opposite was true for the other half of the subjects.

After the experimenter had introduced a subtask, the subject
could practice as long as helshe desired. Then there were 10 more
randomly collected practice trials and 40 experimental trials with
20 replications of each of the two possible S-Rs. Trial order was
random, except that the same S-R did not appear more than three
times in a row. The sequence of events in each trial was as follows:
After an intertrial interval of 2,000 msec, the fixation light went
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.005 and p > .28, respectively). Thus prevalence of hor
izontal over vertical codes was observed with horizontal
instruction only, whereas vertical instruction led to an at
least numerical vertical prevalence.

There were two further effects: an interaction ofhori
zontal and vertical compatibility [F(I,14) = 5.39, p <
.05], which was modified by a three-way interaction in
volving instruction [F(1,14) = 6.66,p < .05]. The basis
of these effects is obvious (see Table 3). Horizontal and
vertical compatibility effects combined more or less ad
ditively to the RT pattern with horizontal instruction, but
vertical instruction yielded an underadditive pattern. So,
with horizontal incompatibility, vertical incompatibility
led to faster responses than with vertical compatibility.

Experiment lB. A two-way ANOVA with horizontal
and vertical compatibility as within-subjects variables
produced a highly significant effect of vertical compat
ibility [F(1,7) = 30.67,p < .001], whereas the horizon
tal effect and the interaction only approached signifi
cance (.05 < p < .10). That is, there was no sign of a
prevalence of horizontal over vertical codes, but rather,
the opposite.

To test the effect of absolute response location (cen
tered at vs. below eye level), an additional three-way
ANOVA was run over the data from the vertical
instruction groups ofExperiments lA and lB. The main
effects ofhorizontal compatibility [F(1,14) = 13.99,p <
.005] and ofvertical compatibility [F(1,14) = 53.38,p <
.00 I] were significant, as was the interaction between
them [F(1,14) = 14.75,p < .005]. However, absolute re
sponse position (i.e., the experiment factor) did not par
ticipate in or produce any effect (ps > .24).

Discussion
Although the designs of Experiments IA and IB

closely followed those of the original experiment of
Nicoletti and Umilta (1984, Experiment 4), results did
not replicate. First, there was no indication ofany preva
lence of left-right over top-bottom codes with vertical
instruction (as used by Nicoletti and Umilta), Instead,
vertical compatibility effects were larger than horizontal
effects, which, in view of the instruction, is not too sur
prising. This was true irrespective of whether responses
were centered at, or situated below, the subject's eye
level, as in the original studies, precluding the possibil
ity that absolute response location was responsible for
the failure to replicate. It seems that subjects were able
to attend to the emphasized stimulus (or response) di
mension, thus producing a stronger effect of compati
bility relations defined on this dimension. This rules out
Nicoletti et al.s (1988) assumption that the horizontal di
mension is per se more salient than the vertical and ques
tions the generality of Nicoletti and Umilta's (1984,
1985; Nicoletti et al., 1988) findings.

Second, the two compatibility effects interact or at
least tend to do so under vertical instruction. This is an
other demonstration that both spatial stimulus dimen
sions were coded and thus affected RT, even though one

of them was completely uninformative. So, there is little
evidence for the claim that only one code is formed with
redundant dimensions. Although the underadditive pat
tern of the dimensional interaction might seem counter
intuitive at first sight, it makes sense from an acting sub
ject's point of view. Of course, complete compatibility
provides the easiest condition, because the relative re
sponse location is directly given by the stimulus. With
complete incompatibility, however, subjects often follow
the rule to do the opposite ofwhat the stimulus suggests
that is, use stimulus location as a starting point for an
"away" response. No such simple rule can be established
with mixed compatibility relations (provided that both
stimulus dimensions are coded), which might account
for the underadditive result pattern. The theoretical im
plications of this observation will be addressed in the
General Discussion.

Third, however, although no evidence ofa prevalence
of horizontal over vertical stimulus codes was found in
the vertical-instruction condition of Experiment lA or in
Experiment IB, a comparison between the horizontal
and the vertical-instruction conditions ofExperiment lA
does reveal an asymmetry between stimulus dimensions.
Under both conditions, compatibility effects were larger
for the dimension emphasized in the instruction, show
ing that instruction had an effect on spatial stimulus
(and/or response) coding. However, whereas vertical in
struction allowed for a substantial effect of horizontal
compatibility, there was virtually no vertical compati
bility effect with horizontal instruction. So, there is in
deed a kind of prevalence of horizontal over vertical
codes, although only under specific conditions.

The present results suggest that subjects in the Nico
letti and Umilta (1984, 1985; Nicoletti et al., 1988) stud
ies did not follow the vertical instructions but instead at
tended to the horizontal dimension. If so, Nicoletti and
Umilta's findings must be compared with those for the
horizontal, but not the vertical, group ofExperiment lA,
and this comparison turns out well: In both cases, there
is little evidence for an effect of vertical compatibility.
Interestingly, the present findings rule out that this was
due to trivial temporal reasons. In Nicoletti and Umiltas
studies, vertical code formation took at least 50 msec
longer than the formation of horizontal codes, so that
vertical codes may have often been formed simply too
late to affect response selection. In the present experi
ments, however, vertical instruction allowed for faster
responses than did horizontal instruction, showing that a
purely temporal explanation for the disappearance of
vertical effects does not suffice. So, another account is
needed, probably in terms of dimensionally biased re
sponses. Experiment 2 was conducted to substantiate
this idea.

EXPERIMENT 2

The main outcome of Experiment 1 was that the
salience of the horizontal and the vertical dimension did



not seem to be as differently pronounced as Nicoletti
et al. (1988) assumed. Only with horizontal instruction
was there an indication that vertical codes may be domi
nated by horizontal codes. A possible reason for this asym
metry might be that the left and right hands were used
for responding. Responses that are usually discriminated
by referring to the horizontal dimension may suggest or
require horizontal response coding, whereas vertical
codes are only formed optionally. As a consequence, hor
izontal response codes would be formed (and thus can be
activated by matching stimulus codes) under any in
struction, but vertical codes would be formed under ver
tical instruction only.

An obvious means to test this response-bias hypothe
sis would be to avoid using left- versus right-hand re
sponses. So, in this experiment, subjects used only one
hand per session for moving the lever ofa joystick to the
top-left, top-right, bottom-left, or bottom-right position.
In other respects, the task was the same as in Experi
ment lA, including the two-instruction manipulation.
According to the response-bias hypothesis, horizontal
and vertical compatibility effects should be present under
either instruction, even though their relative strength
might vary with instruction type.

Method
Subjects. Twenty-four adult volunteers (9 women, 15 men, be

tween 19 and 40 years old) served as paid subjects in two sessions
of about 45 min each. They reported having normal or corrected
to-normal vision and were naive as to the purpose of the experi
ment. Twelve subjects were assigned randomly to each instruction
group.

Apparatus and Stimuli. These were as in Experiment I except
for the response device. A modified analog precision joystick from
a model airplane control device was installed 25 em in front ofthe
subject, with an angle of 55° to the horizontal plane, so that the
stick's top end was located about 10 cm beneath the subject's chin.
Subjects responded by moving the hand-held joystick lever diago
nally to the upper or lower right or left, depending on the stimulus
and the S-R mapping, which corresponded to a deflection from
zero to a position of about 40°. Hand and arm postures were some
what constrained by the two vertical metal rods used in Experi
ment I, which had to be embraced to hold the joystick.

Design and Procedure. These were largely identical to those
in Experiment I. Subjects used their left hands in one session and
their right hands in the other, in counterbalanced order. During a
session, they worked through the same four S-R compatibility
conditions (or eight subtasks) as those used in Experiment 1 (see
Table 2). The 24 (4!) possible orders of compatibility conditions
were randomly assigned to the 24 sessions (12 subjects X 2 ses
sions) of each inst ruction group, and the order of the two subtasks
within each compatibility condition was also balanced within
groups across subjects and sessions.

Results
There were no anticipations. Missing trials (1.4%,

mostly due to aiming errors or technical problems) were
as seldom as decision errors (1.6%) and were not ana
lyzed. The remaining data were treated as in Experiment I
(see Table 4 for means).

As in Experiment I, responses were faster to horizon
tally compatible than incompatible stimuli [F(I,22) =
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Table 4
Mean Reaction Times (in Milliseconds) in Experiment 2

as a Function of Vertical Compatibility, Horizontal
Compatibility, and Instruction

Horizontal Compatibility

Vertical Compatibility C I-C

Horizontal Instruction

C 421 483 62
I 491 470 -20
I-C 70 -13

Vertical Instruction

C 356 406 50
[ 448 417 -30
I-C 91 11

Note-C, compatible; I, incompatibility; I-C, effect size.

9.02, P < .01], to vertically compatible than incompati
ble stimuli [F(I,22) = 49.90,p < .001], and with verti
cal than with horizontal instruction [F( I ,22) = 6.35, p <
.05]. Again, the horizontal effect was larger under hori
zontal than under vertical instruction (21 vs. 10 msec,
respectively) and the vertical effect was larger under ver
tical than under horizontal instruction (51 vs. 28 msec,
respectively). However, the first interaction was far from
significant (p > .29) and the second produced only a bor
derline effect [F(I,22) = 4.07, P < .06]. Planned com
parisons showed that the vertical compatibility effect did
not differ from the horizontal effect under horizontal in
struction and was even larger than that under vertical in
struction (p > .4 and p < .0 I, respectively). As in Exper
iment I, horizontal and vertical compatibility interacted
underadditively [F(I,22) = 77.67, p < .001], but there
was no further modification by instruction (p > ,9).2

Discussion
As predicted by the proposed response-bias hypothe

sis, there was no indication for any prevalence of right
left over top-bottom codes in this experiment. On the con
trary, both horizontal and vertical compatibility yielded
strong effects that also interacted underadditively with
one another. So, the results demonstrated that both di
mensions can produce substantial compatibility effects
in a two-dimensional task even under horizontal instruc
tion. This outcome is inconsistent with the findings of
Nicoletti and Umilta (1984, 1985; Nicoletti et al., 1988)
and supports the assumption that their choice of dimen
sionally biased responses was responsible for their right
left prevalence effect. If anything, the present experiment
demonstrates a prevalence of top-bottom codes: Whereas
Nicoletti and Umilta (1984), who found the largest ver
tical effect in a two-dimensional task, obtained a hori
zontal effect of 62 msec and a vertical effect of only
17 rnsec, the present experiment produced a completely
reversed data pattern, namely 15 msec and 40 msec.
However, this difference in magnitude between horizon
tal and vertical effects is of little significance in view of
the pronounced cross-over interaction that was obtained.
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GENERAL DISCUSSION

The purpose of the present study was to test two pos
sible, nonexclusive accounts of the prevalence of right
left over top-bottom spatial codes repeatedly found by
Nicoletti and Umilta (1984, 1985; Nicoletti et aI., 1988).
The first account concerned the instruction. There is ev
idence that Nicoletti and Umilta's subjects did not follow
the vertical instruction given to them, but rather, the hor
izontal instruction instead. In Experiment 1A, instruc
tion was varied and was in fact involved as a factor in
several interaction effects. That is, instruction was ef
fective in this experiment. However, the results showed
that vertical instruction did not produce any right-left
prevalence, which is clearly inconsistent with both Nico
letti and Umilta's findings and their claim that the hori
zontal dimension per se is more salient than the vertical
one. With horizontal instruction, a result pattern quite
similar to that of Nicoletti and Umilta's studies was ob
served. This supports our reasoning that the original
prevalence effect was due to the fact that the subjects did
not follow the instruction.

What remained to be explained was why a prevalence
effect occurred under horizontal instruction at all. Ex
periment 2 tested a response-bias account that attributes
this effect to the concurrent use of both hands in the
same task. As predicted, even the restricted prevalence
effect found in Experiment 1A disappeared with one
handed responses. These findings are not consistent with
the idea that there may be something special to right and
left positions or codes, and, thus, rule out the reference
hypothesis ofNicoletti et al. (1988). Whatever reference
system our subjects used for locating top and bottom
stimuli and responses, there must be one that allows for
some coding that is as efficient as the body midline (or
an equivalent) is for horizontal coding. Experiment 1B
showed that it does not matter whether the responses are
placed at or below eye level, which suggests that the ref
erence system used for vertical coding does not originate
from, and is not centered at, eye or head level. Whatever
the prevalence effect is, we can conclude that, if present
at all, it does not reflect some basic asymmetry between
horizontal and vertical stimulus or response codes, but is
produced by the choosing ofresponses that are usually or
preferredly coded as left and right.

In the present context, it is important not to confuse
spatial response or effector codes with the anatomical
identity of the effectors. It is well known that what mat
ters in spatial S-R compatibility effects is not the corre
spondence between stimulus and anatomical hand, but
that between stimulus and hand position (see, e.g., Wal
lace, 1971) or action goal position (Guiard, 1983; Hom
mel, 1993). Consistent with that, the anatomical identity
of the hand had virtually no effect on S-R compatibility
in Experiment 2 (apart from the opaque higher order in
teraction mentioned in note 2). Judging from this, the
difference between the outcomes of Experiments 1 and
2 is not likely to be related to anatomical factors, but

rather to the discrimination between, and the coding of,
relative positions of concurrently used effectors. In line
with that, the response-bias hypothesis refers to spatial
codes of effectors but not to their anatomical identity.
That is, its predictions do not depend on which hand op
erates which key, so that the same results would have
been expected in Experiment 1A if the subjects had had
their hands crossed.

Although the importance of spatial response coding is
well established, little is known about the rules it fol
lows. The only available evidence comes from singular
observations-for example, that right-left response cod
ing and thus compatibility effects are more pronounced
in volleyball players than in soccer players, presumably
because volleyball is characterized by a stronger func
tional specialization of right versus left effectors than is
soccer (Castiello & Umilta, 1987). If this means that
right versus left response coding is the more pronounced
the more important the spatial discrimination of the ef
fectors in question is, it would fit well with the present
findings. However, it is clear that a principled account of
response coding is lacking and, as long as this is so, the
ories on S-R compatibility remain necessarily incom
plete (Hommel, 1993).

An unexpected outcome of the present study is the
finding that the direction ofcompatibility effects ofone
dimension depended on the compatibility of the other
dimension. That is, the benefit of spatial S-R correspon
dence on one dimension decreases, and can even be in
verted, if there is incompatibility on the other dimen
sion. Interestingly, interactions of two spatially defined
dimensions have been found before (Ehrenstein, 1994;
Michaels, 1988; Proctor, VanZandt, Lu, & Weeks, 1993),
and there is a further obvious parallel to an interaction of
spatial and non spatial dimensions first reported by
Hedge and Marsh (1975). Hedge and Marsh's subjects
always responded to red and green stimuli by pressing a
red and a green response key. One key was located on the
right and one on the left side, and the stimuli appeared
randomly on the right or left side of the display. Never
theless, for both stimuli and responses, only color was
important, not location. In one condition, the S-R map
ping was direct; that is, red stimulus to red key and green
stimulus to green key. Similar to what has been found by
others (e.g., Simon & Rudell, 1967), responses were
faster with spatial S-R correspondence, hence when the
stimulus appeared on the side of the correct response. In
another condition, the S-R mapping was reversed; that
is, red stimulus mapped to green key and green stimulus
to red key. Here, responses were slower with spatial S-R
correspondence than with noncorrespondence. So, the
reversal ofan originally direct S-R relationship between
response and relevant stimulus attribute did reverse the
effect of (irrelevant) spatial S-R compatibility, too.

A possible account for these cross-over effects has
been suggested by Hedge and Marsh (1975) themselves
and, in slightly revised versions, by Arend and Wand
macher (1987) and Lu and Proctor (1994). The general



idea is that, with alternate mappings, the relevant stimu
lus information undergoes some kind of inversion oper
ation, or logical recoding, in order to form the response
code. If this operation affected not only the primary but
also the secondary information, the code of the second
ary or irrelevant stimulus attribute would be unintention
ally transformed into its opposite. Assume that our sub
jects followed the instructions very closely and thus
treated only one of the two dimensions as relevant and
the other as irrelevant. With vertical instruction, for in
stance, vertical stimulus position would then have played
the role of the relevant stimulus and horizontal position
that of the irrelevant stimulus. With vertical compatibil
ity, the vertical stimulus code would directly specify the
correct response, so that no S-R translation or transfor
mation would be necessary. Consequently, horizontal
codes remain unaltered and would thus prime the spa
tially corresponding response. With vertical incompati
bility, however, the vertical code may undergo a logical
recoding operation before the correct response is se
lected. If so, the horizontal information may be trans
formed into its opposite, too, so that left stimuli prime
right responses and vice versa. The expected outcome
would be a cross-over interaction of vertical and hori
zontal compatibility of the kind actually obtained. So, a
logical recoding approach provides a reasonable account
of our findings as well as for the similar results of
Michaels (1988), Proctor et al. (1993), and Ehrenstein
(1994).

An important theoretical implication of the present
results is that, obviously, more than one spatial code can
be formed for both stimulus and response. Although the
occurrence of prevalence effects might have suggested
that there is a limitation in the number of codes to one,
our findings clearly demonstrate that stimuli as well as
responses must have been coded both horizontally and
vertically. Also, the obtained interaction between hori
zontal and vertical compatibility implies that two differ
ent codes, one for each dimension, were formed for stim
uli and responses at the same time, or at least during the
same time interval. Of course, this may have been en
forced by the particular task and the instruction, so that
other tasks may well enable the formation of unitary spa
tial codes. However, we can safely conclude that the co
existence of different spatial stimulus codes and differ
ent spatial response codes is generally possible.

The demonstration of multiple, interdimensional spa
tial coding complements findings of intradimensional
concurrent coding ofhorizontal position and destination
(Ehrenstein, 1994; Michaels, 1988; Proctor et aI., 1993);
of absolute and relative horizontal stimulus position
(Lamberts, Tavernier, & d'Ydewalle, 1992; Umilta &
Liotti, 1987); and ofhand location, anatomical mapping
of hand, and response goal location (Hommel, 1993). In
these studies, most of the spatial stimulus and response
attributes were completely irrelevant to the task, so that
code formation was neither necessary nor helpful. The
same was true for the present experiments: As horizon-
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tal and vertical positions were perfectly correlated in
each condition, our subjects could well afford to com
pletely ignore one of the two spatial dimensions. The
fact that they did not do so strongly suggests, as do the
intradimensional findings, that the spatial features of
stimulus and response events are coded automatically, at
least those features about which there is uncertainty.

This outcome contradicts Umilta and Nicoletti's (1990)
claim that attending to one spatial stimulus dimension
prevents the formation ofcodes related to another spatial
dimension. In doing so, it rules out a possible objection
to the automatic stimulus-coding assumption inherent in
automatic-activation models ofS-R compatibility (Eimer
et aI., in press; De long et al., 1994; Kornblum et aI.,
1990; Prinz, 1990). In line with this assumption, the pre
sent study demonstrates that although attending to one
spatial dimension can increase the impact ofthis dimen
sion, it does not preclude the processing of another. Al
though this impedes performance in artificial tasks like
ours, with completely arbitrary combinations of stimu
lus and response locations, automatic spatial coding
would seem very useful for everyday action planning
and action control, because goal-directed limb and body
movements need, first of all, spatial information about
action-relevant stimulus events. So, performance in spa
tial compatibility experiments does not always reflect,
but is likely to reveal, the expediency of perception
action coordination.
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NOTES

I. For technical reasons, it was not possible to use the same hori
zontal distance between responses as in the original studies, yielding a
somewhat decreased horizontal response discriminability. However.
there is no indication that this affected the outcome: Even the most
plausible candidate-the disadvantage of horizontal to vertical in
struction in Experiment I-was replicated in Experiment 2, in which
completely different responses were used.

2. Additional, more finely grained analyses made sure that the ob
tained effects did not depend on-hence. did not interact with
response hand. The only exception was a hand X horizontal stimulus
position X horizontal response position X vertical response position
interaction under horizontal instruction. This was because, for nonob
vious reasons, the horizontal compatibility effect was larger with up
ward than with downward movements of the left hand (27 vs. 20 msec,
respectively). but smaller with upward than with downward move
ments of the right hand (14 vs. 23 msec, respectively).
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