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Effects of laterality and pitch height
of an auditory accessory stimulus
on horizontal response selection:

The Simon effect and the SMARC effect

AKIO NISHIMURA AND KAZUHIKO YOKOSAWA
University of Tokyo, Tokyo, Japan

In the present article, we investigated the effects of pitch height and the presented ear (laterality) of an audi-
tory stimulus, irrelevant to the ongoing visual task, on horizontal response selection. Performance was better
when the response and the stimulated ear spatially corresponded (Simon effect), and when the spatial-musical
association of response codes (SMARC) correspondence was maintained—that is, right (left) response with a
high-pitched (low-pitched) tone. These findings reveal an automatic activation of spatially and musically as-
sociated responses by task-irrelevant auditory accessory stimuli. Pitch height is strong enough to influence the
horizontal responses despite modality differences with task target.

Performance is better when a stimulus and a response
share some features than when they do not, regardless of
the task relevancy of the shared feature (Kornblum, Has-
broucq, & Osman, 1990; Proctor & Vu, 2006). For exam-
ple, right responses to stimuli presented to the right side
are faster than those presented to the left side, whereas
the reverse pattern holds with the left responses, result-
ing in the stimulus—response compatibility (SRC) effect.
Similar compatibility effects are observed not only when
participants respond to stimulus location, but also when
they respond on the basis of some nonspatial feature of
the stimulus, such as color or shape; this phenomenon has
been labeled the Simon effect (see Lu & Proctor, 1995, for
a review). In a typical Simon task, participants respond
with a right or left keypress to the color of the target stimu-
lus that randomly appears at a right or left position.

The Simon effect is not restricted to the spatial infor-
mation associated with a target stimulus in some task.
Rather, it emerges even when the spatial information
is associated with accompanying, task-irrelevant (i.e.,
termed accessory) visual or auditory stimuli—namely,
stimuli that differ from the target. In a typical accessory
Simon task, participants engage in a task that requires
responses to a central visual target using response keys
arranged horizontally. In this case, responses are faster
when a task-irrelevant visual or auditory accessory
stimulus is presented on the same side as the appropriate
response key than when it is presented on the side op-
posite to this response key (see, e.g., Proctor, Pick, Vu,
& Anderson, 2005). Such results indicate that irrelevant
visual or auditory stimuli are strong enough to activate a
spatial congruent response in spite of the fact that they

are irrelevant to the task and may even involve a different
modality.

Stimulus features other than horizontal spatial features
are also known to affect horizontal (i.e., right and left) re-
sponse selection. For example, with vertical stimulus arrays
and horizontal arrangements of response keys, performance
is better for stimulus—response mappings that combine
higher (up) stimuli with right response keys and lower
(down) stimuli with left response keys—that is, up—right/
down-left—than for the opposite mappings (Cho & Proc-
tor, 2003; Weeks & Proctor, 1990). This orthogonal SRC
effect also emerges when the location of a visual stimulus is
task irrelevant (Nishimura & Yokosawa, 2006). Numerical
magnitude also systematically affects horizontal responses.
Right responses are facilitated by stimuli that reflect smaller
numbers, whereas left responses are facilitated by stimuli
of larger numbers; this is known as the spatial-numerical
association of response codes (SNARC) effect (Dehaene,
Bossini, & Giraux, 1993). Parity also affects horizontal re-
sponses, with better performance for odd-left/even—right
stimulus—response mapping than for even—left/odd-right
mapping; this is known as the linguistic markedness asso-
ciation of response codes (MARC) effect (Nuerk, Iversen,
& Willmes, 2004; Reynvoet & Brysbaert, 1999). Gevers,
Reynvoet, and Fias (2003) showed that various ordinal se-
quences, such as alphabet and months, also systematically
affect horizontal responses. Beginning (ending) elements
of an ordinal sequence facilitated left (right) responses, and
ordinal effects emerged even when the order was irrelevant
to the task. In addition, some temporal factors have been
reported to differentially influence horizontal responses.
Santiago, Lupiafiez, Pérez, and Funes (2007) found a past—
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left/future—right association in a task requiring participants
to press the right or left key to categorize words as referring
to the past or to the future, respectively. Ishihara, Keller,
Rossetti, and Prinz (2008) found that the left responses
are faster to stimuli that occur unexpectedly early in time,
whereas right responses are faster to stimuli occurring
unexpectedly late. Ishihara et al. termed this time—space
association the spatial-temporal association of response
codes (STEARC) effect. Thus, many stimulus factors have
been shown to influence the horizontal responses, which
indicates that the influence of perceptual factors on right
and left responses may be a universal phenomenon and that
studies of these effects are important to understanding in-
teractions of perception and action.

Recently, Rusconi, Kwan, Giordano, Umilta, and But-
terworth (2006) and Lidji, Kolinsky, Lochy, and Morais
(2007) reported an effect of auditory pitch on differential
responding to spatially distinct response keys. In Rusconi
et al., on each trial, following the fixed reference tone, a
tone of higher or lower frequency was presented through
headphones; nonmusicians had to judge whether the pitch
of the second tone was higher or lower than the referent
pitch. With horizontally arranged keys, these subjects
showed a tendency toward associating the higher (lower)
pitched stimuli with the right (left) response; that is, they
were faster with the stimulus—response mapping of lower—
left/higher—right than with the mapping of lower—right/
higher—left. This effect has been labeled the spatial—
musical association of response codes (SMARC) effect.
Although the SMARC effect was absent when nonmusi-
cians engaged in a musical instrument identification task
in which the pitch height was task irrelevant, it was pres-
ent for musicians in this task. Lidji et al. also reported a
SMARC effect based on the pitch height of an isolated
tone with a pitch comparison task in nonmusicians, and
with an instrument identification task only in musicians.
Thus, the relative pitch height of auditory stimuli is closely
associated with the right and left responses.

Previous studies have shown that the pitch of an audi-
tory stimulus can selectively activate either a right or left
response, even when it is irrelevant to the task, at least for
musicians. However, although pitch was irrelevant in these
tasks, the target itself was an auditory stimulus; hence, ir-
relevant and relevant features shared the same modality.
Therefore, it is possible that the SMARC effect in those
studies was due to incorporating incidental pitch informa-
tion into the perceptual representation of the auditory target
stimulus. On the other hand, studies of the Simon effect
have repeatedly reported a systematic impact of visual
or auditory spatial accessory stimuli that differ from the
target of the task. This finding indicates that an irrelevant
stimulus feature that is different from the target modality
can influence horizontal responses. In the present study, we
investigated the influence of a nonspatial feature of task-
irrelevant auditory stimuli on the horizontal responses to
visual stimuli. Participants engaged in a visual task in which
they responded to a centrally presented visual stimulus with
right or left keypresses; simultaneously with the presenta-
tion of a visual target, participants heard an accessory audi-
tory stimulus (low or high pure tone) monaurally through

headphones either to their right or left ear. For simplicity, we
used only two pitch heights; thus, the two tones can be de-
fined relative to each other as high- and low-pitched tones.

The main purpose of the present study was to investi-
gate the automaticity of the effect of relative pitch height
on the horizontal responses. Therefore, we posed the fol-
lowing question: Does relative pitch height—although ir-
relevant to the target and the task (and, indeed, associated
with an irrelevant modality)—affect horizontal response
selection in a visual task in the same (automatic) fash-
ion as does manipulation of the spatial location of task-
irrelevant sound sources (e.g., as in Proctor et al., 2005)?
If pitch height is strong enough to elicit the right or left
response, then the SMARC effect would be obtained even
in the present task setting. If the SMARC effect in pre-
vious studies was the result of the task setting in which
pitch features of the auditory stimulus were influential
because of general attention to the auditory target, then
the SMARC effect would not be obtained in the present
task setting. In addition to probing for a SMARC effect,
we expected to find an accessory Simon effect, as in the
previous studies. Finally, in our paradigm, we could also
evaluate contributions from another potential influence on
responding—namely, the S—S congruency. An association
of the stimulus features—pitch height and tone location
(laterality)—may affect the performance: It is possible
that performance will be better when the high tone is pre-
sented to the right ear and when the low tone is presented
to the left ear than when an opposite combination of pitch
height and presented ear obtains.

METHOD

Participants

Sixteen volunteers! (9 males; mean age = 20.9 years; 15 right-
handed) participated in this experiment. All had normal or corrected-
to-normal vision and reported no hearing problems.

Apparatus and Stimuli

Stimulus presentation and response recording were controlled by
an AV-tachistoscope system (Iwatsu ISEL 1S-703). Visual stimuli
were presented on a 22-in. monitor. The response apparatus con-
sisted of right and left keys that were approximately 7 cm apart from
each other and approximately 21 cm in front of the participants.
A head- and chinrest ensured that participants maintained a view-
ing distance of 57 cm. Auditory stimuli were presented monaurally
through headphones (AKG K271 studio).

The visual stimulus was a central cross (5 X 5 mm) presented on
a black background. Two auditory accessory stimuli involved a low-
pitched pure tone (300 Hz) and a high-pitched pure tone (500 Hz).
The intensity of each stimulus was 76 dB. The duration of each tone
was 2,000 msec (including a linear amplitude ramp of 10 msec).

Task and Procedure

The participants’ task was to press the right or left response key ac-
cording to the color of the visual stimulus as quickly as possible while
maintaining high accuracy. Half of the participants responded to a
green target stimulus with a right keypress and to a red target stimu-
lus with a left keypress using the index fingers of the corresponding
hand. The color-to-key mapping was reversed with the remaining
half. The auditory “accessory” stimuli were irrelevant to the task.

Each trial was initiated by the presentation of the white fixation
cross in the center of the screen for 2,000 msec. Then, the fixation
cross turned red or green. Simultaneously with the color change of
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the visual stimulus, a high- or low-pitched tone was presented to
the left or right ear through headphones. After 2,000 msec, both the
visual and the auditory stimuli disappeared. The next trial started
after the intertrial interval of 1,000 msec. Participants engaged in
three experimental blocks of 80 trials each; these were preceded by
a practice block of 16 trials. Short rest breaks were provided between
trial blocks. Each experimental block consisted of 10 replications
for each type, defined by a factorial combination of stimulus color
(green, red), pitch height (300 Hz, 500 Hz), and tone laterality (left,
right), and the trials were presented in a random order.

RESULTS

We restricted analyses to the 15 right-handers because
the interaction between pitch height and horizontal spa-
tial location is known to be affected by handedness (see,
e.g., Deutsch, 1995).2 Trials on which participants failed
to respond, as well as trials on which reaction times (RTs)
exceeded 1,000 msec or were less than 200 msec, were
excluded from the data analyses (0.25% of all the trials).
Mean RTs for correct responses and the percentages of
errors were submitted to separate ANOVAs with tone lat-
erality (left, right), pitch height (low, high), and response
(left, right) as within-participants factors.

RT

The two-way interaction between tone laterality and re-
sponse was significant [F(1,14) = 28.06, MS, = 259.73,
p <.001], indicating an accessory Simon effect. Responses
were faster when tone laterality and the requisite response
were in agreement—that is, on the same side (M =
378 msec)—than when they were on opposite sides (M =
394 msec), indicative of a Simon effect. The two-way inter-
action between pitch height and response was also signifi-
cant [F(1,14) = 5.67, MS, = 273.37, p < .05], indicating a
SMARC effect. Responses were faster for low pitch—left re-
sponses and for high pitch—right responses (M = 382 msec)
than for low pitch—right responses and high pitch—left re-
sponses (M = 390 msec). Other main effects or interactions
were not significant (ps > .29). Figure 1 plots the RT dif-
ferences captured by both of these interactions as a function
of the type of compatibility (Simon, SMARC).

To reveal the time course of each of the two observed
effects (auditory accessory Simon effect and SMARC
effect), we conducted distribution analyses of these RTs
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Figure 1. Mean reaction times (RTs, in milliseconds) as a func-
tion of Simon compatibility and SMARC compatibility.
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Figure 2. The Simon effect and SMARC effect (reaction time
difference between imcompatible and compatible conditions) as
a function of bin.

(De Jong, Liang, & Lauber, 1994; Ratcliff, 1979). Sepa-
rate analyses were conducted on the Simon effect and
the SMARC effect. For these analyses, correct RTs over
all trials for each participant were rank ordered from the
fastest to the slowest for each of the two compatibility
conditions (compatible, incompatible). Each RT distribu-
tion was divided into quintile bins. The mean RT for each
bin was submitted to an ANOVA with compatibility and
bin as within-participants factors. For the Simon effect,
the main effects of both compatibility [F(1,14) = 26.84,
MS, = 324.32, p < .001] and bin [F(4,56) = 129.30,
MS, = 1,085.36, p < .001] were significant. Most
importantly, the two-way interaction was significant
[F(4,56) = 4.82, MS, = 79.84, p < .005]. The Simon
effect was observed for the first four bins (ps < .001),
but was absent for the slowest bin (p > .99) (Figure 2A).
For the SMARC effect, the main effects of both compat-
ibility [F(1,14) = 5.28, MS, = 337.79, p < .05] and bin
[F(4,56) = 134.73, MS, = 1,064.10, p < .001] were sig-
nificant. However, the two-way interaction was far from
significant (¥ < 1). The SMARC effect was constant
across the RT bins (Figure 2B).

Error Rate

The two-way interaction between tone laterality and
response was significant [F(1,14) = 8.42, MS, = 13.65,
p < .05], indicating an accessory Simon effect. Partici-
pants responded more accurately when tone laterality and
the response were on the same side (1.7%) than on the
opposite sides (3.6%). Other main effects or interactions
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were not significant (ps > .09). No significant SMARC
effect was observed in error rate (0.5%; pitch height X
response, F' < 1).

DISCUSSION

The accessory Simon effect and the accessory SMARC
effect were obtained simultaneously in the present experi-
ment. Performance was better when the right responses
were accompanied by the presentation of a right lateral-
ized tone and when the left responses were accompanied
by the presentation of a left lateralized tone than it was
when the reverse combinations were presented. In addi-
tion, an accessory SMARC effect was revealed with better
performance when the right responses were accompanied
by the high-pitched tone and the left responses were ac-
companied by the low-pitched tone than when the right
responses were accompanied by the low-pitched tone and
the left responses were accompanied by the high-pitched
tone. Thus, the present study revealed that both lateral-
ity and pitch height of a presented tone can automatically
activate congruent responses, even when the tone is an
accessory stimulus that is different from the task target
and when the auditory modality is task irrelevant. This
result indicates that the SMARC effect in previous studies
(Lidji et al., 2007; Rusconi et al., 2006) was not due to the
task settings and that pitch height of auditory stimulus is
strong enough to influence the horizontal responses over
the target modality of the task.

In contrast with the significant two S—R effects, S—S
congruency effect was not observed in the present experi-
ment. The two-way interaction between tone laterality and
the pitch height was not significant for either RT (p = .33)
or error rate (p = .09). Moreover, the S—S congruency ef-
fect trended in the opposite directions for RT (2 msec) and
error rate (—0.7%). Although pitch height influences its
representation in cognitive space (see, e.g., Mudd, 1963),
the combination of pitch height and tone laterality did not
influence speeded horizontal responses on the basis of a
visual target.

Wiegand and Wascher (2007) have assumed that two
types of the Simon effects exist and that they are based
on distinct underlying mechanisms. One is a visuomotor
Simon effect, which depends on a transmission of visuo-
motor information and is characterized by the decreasing
effect function over time. The other Simon effect is cogni-
tive in nature and is assumed to derive from cognitive code
interference; it is characterized by stable or increasing
effect function over time. In the present experiment, the
two-way interaction between bin and compatibility was
significant for the Simon effect but not for the SMARC
effect. The accessory SMARC effect was constant across
RT bins. The auditory accessory Simon effect disappeared
at the fifth bin, whereas it was constant across the first
four bins. The effect function was not precisely decreas-
ing (see Figure 2). In fact, for an auditory Simon effect,
previous studies have reported a stable or an increasing ef-
fect function, thereby suggesting the presence of cognitive
code interference (see, e.g., Proctor et al., 2005; Wascher,
Schatz, Kuder, & Verleger, 2001). Although both the ac-

cessory Simon effect and the SMARC effect may be cog-
nitive in nature, they appear to have exhibited different
time courses in the present experiment. The Simon effect
and the SMARC effect did not interact. The three-way in-
teraction did not even approach significance in either the
RT (p = .82) orerror rate (p = .75) analysis. Although ad-
ditive factors logic (Sternberg, 1969) predicts an interac-
tion when two effects emerge within the same processing
stage, it should be noted that an absence of the significant
interaction (in the present case) does not guarantee that
the two effects necessarily emerge at separate stages. One
interpretation of our observation of different time courses
of Simon versus SMARC effects (along with possible ad-
ditivity of these effects) is that different mechanisms may
be associated with them. However, this interpretation is
tentative and should not be viewed as conclusive.

In previous SMARC studies (Lidji et al., 2007; Rusconi
et al., 2006), the SMARC effect was obtained only with
musically experienced participants when the pitch height
was irrelevant to the task. In the present study, all of the
participants had experience with musical training of ap-
proximately 1.3 h per week during 9 years of elementary
and junior high school compulsory education. Except for
1 participant, they had additional music experience of 2 to
15 years, partially in parallel with the compulsory educa-
tion. However, the amount of additional music experience
did not correlate with the size of the SMARC effect (r =
.02 for RT and » = .07 for error rate). The musical experi-
ence during elementary and junior high school might have
been sufficient to form the spatial-musical association
that elicits the SMARC effect. Moreover, we used only
two pitches in the present study. As a result, each tone was
uniquely defined as high or low in relation to the other
tone. Using just two tones may also facilitate the SMARC
effect for musically less experienced participants.

The present study revealed that the laterality and the
pitch height of a presented tone can simultaneously af-
fect the right and left responses, even when the tone is
irrelevant to the task. In addition to tone pitch, vertical
stimulus location (Cho & Proctor, 2003; Nishimura &
Yokosawa, 2006), number (Dehaene et al., 1993; Nuerk
et al., 2004), member of ordinal sequences (Gevers et al.,
2003), and time (Ishihara et al., 2008; Santiago et al.,
2007) are all known to differentially affect the selection
of horizontally arranged response keys. As was pointed
out by Rusconi et al. (2006) and Lidji et al. (2007), the
SMARC effect may be a variant of the orthogonal compat-
ibility effect (i.e., up—right/down—left advantage). Pitch
height is closely related to vertical spatial location (e.g.,
Melara & O’Brien, 1987). Thus, the orthogonal compat-
ibility effect and the SMARC effect may reflect explicit
and implicit vertical spatial properties of a stimulus. The
SMARC effect’s being smaller than the Simon effect in
the present study is consistent with the size difference be-
tween the orthogonal and the parallel compatibility effects
(see Nishimura & Yokosawa, 2006). In addition, different
time courses for Simon and orthogonal SRC effects, with
the latter being constant over time, were reported in Cho
and Proctor (2005). A similar dissociation of time course
also appears to hold for Simon and SNARC effects (see,
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e.g., Mapelli, Rusconi, & Umilta, 2003). These effects of
nonhorizontal stimulus features on horizontal responses
may be explained within a single theoretical framework
(see Proctor & Cho, 20006), at least to a large extent. Fu-
ture research concerning mechanisms responsible for
commonalities as well as differences underlying these ef-
fects will advance our understanding of basic aspects of
the interaction between perception and action.
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