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In five experiments, we investigated the speed of pitch resolution in a musical context. In
experiments 1–3, listeners were presented an incomplete scale~doh, re, mi, fa, sol, la, ti! and then
a probe tone. Listeners were instructed to make a rapid key-press response to probe tones that were
relatively proximal in pitch to the last note of the scale~valid trials!, and to ignore other probe tones
~invalid trials!. Reaction times were slower if the pitch of the probe tone was dissonant with the
expected pitch~i.e., the completion of the scale, or doh! or if the probe tone was nondiatonic to the
key implied by the scale. In experiments 4 and 5, listeners were presented a two-octave incomplete
arpeggio, and then a probe tone. In this case, listeners were asked to make a rapid key-press
response to probe tones that were relatively distant in pitch from the last note of the arpeggio. Under
these conditions, registral direction and pitch proximity were the dominant influences on reaction
time. Results are discussed in view of research on auditory attention and models of musical pitch.
© 2001 Acoustical Society of America.@DOI: 10.1121/1.1367254#
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I. INTRODUCTION

Attention is of paramount importance in guiding the b
havior of human beings. In recent years, empirical resea
has focused on attention in the visual system. Visual at
tion must rapidly and continuously shift between differe
spatial locations in response to environmentally signific
events. Shifts in visual attention are not dependent on
movements, but they occur in real time~Posner, 1985!. In
particular, there is evidence that the time taken to shift vis
attention from one spatial location to another is proportio
to the angular separation of these two points~Tsal, 1983;
Downing and Pinker, 1985!. This finding suggests that visua
attention moves within an analog representation, and
spatial relations and distance information are directly rep
sented by the structure of that representation.

Similar principles apply to auditory attention. Rhod
~1987! found that the time taken to shift auditory attention
three dimensional space was a linearly increasing functio
the angular distance moved, at least for distances up to
degrees. This finding suggests that both visual and audi
spatial information are represented analogically, and
similar constraints apply to movements of visual and au
tory attention within these representations. Another locati
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based characteristic known in visual attention, inhibition
return~Posner and Cohen, 1984!, was recently demonstrate
for auditory attention by Mondoret al. ~1998! and by Spence
and Driver~1998!, further illustrating parallel features in vi
sual and auditory attentional shifts.

In this investigation, we further examined shifts in aud
tory attention. However, rather than examine shifts from o
spatial location to another, we examined shifts in attent
between different pitches. Our investigation was motiva
by two theoretical considerations. First, the analysis of pi
by the auditory system is, in an important sense, analog
to spatial analysis by the visual system. The analysis of
sual space occurs early in processing. Responses at diffe
parts of the retina are mapped retinotopically onto the p
mary visual cortex. In contrast, the analysis of spatial inf
mation may occur quite late in auditory processing, only
ter information from the two ears is combined. Rather th
spatial location, it is frequency that is analyzed at ea
stages of auditory processing. Different acoustic frequen
create vibrations at different segments of the basilar me
brane, leading to a tonotopic organization of pitch in t
primary auditory cortex.

A second consideration was that there is an extens
body of research concerned with musical pitch resulting
several models describing psychological relationships
tween pitches as they occur in musical contexts~e.g., Deut-
il:
3021(6)/3021/10/$18.00 © 2001 Acoustical Society of America
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sch, 1982; Krumhansl, 1990!. These models, and the empir
cal work supporting them, provided a solid foundation up
which to make predictions about the speed with wh
pitches can be resolved in a musical context. In particu
when attention is focused on one pitch~the attended pitch!,
the speed with which a new pitch is resolved may be in
enced by the psychological distance between the atten
pitch and the new pitch.

One early model of pitch—the helical model—conside
two dimensions: pitch height, which is proportional to t
logarithm of the fundamental frequency of a complex to
and pitch chroma, which treats as equivalent those to
whose fundamental frequencies are separated by an oc
More recent models of pitch have acknowledged the imp
tance of other dimensions of pitch relationships, such
pitch contour, and tonal function~for reviews, see Dowling
and Harwood, 1986; Krumhansl, 1990!.

It is widely agreed that proximity in pitch height—o
‘‘pitch proximity’’—has a significant influence on perceive
relationships between pitches. Tones that are proxima
pitch height are perceived to be highly related, listeners
pect melodic patterns in which sequential tones are proxi
in pitch height, and proximal tones tend to form percept
groups when played consecutively. Pitch proximity m
have a greater influence than spatial location on audi
grouping. Deutsch~1975! presented musical materials to li
teners in a manner such that location information sugge
one grouping of sounds, while pitch proximity suggested
conflicting grouping of sounds. She presented two ma
scales simultaneously to listeners, one ascending and
other descending. Successive tones in each of the two s
were presented alternately to the left and right ears, such
when a tone from the ascending scale was presented to
right ear, a tone from the descending scale was presente
the left ear. Listeners did not accurately perceive the loca
of pitches. Rather, listeners grouped the tones in a way
preserved pitch proximity. This effect, known as the ‘‘sca
illusion,’’ indicates that pitch proximity may override spati
location in auditory grouping.

Musical context may introduce a number of other pro
erties that may influence perceived relationships betw
pitches, such as scale membership, contour, harmony,
tonality. Sensitivity to these properties arises through ex
sure to music organized along discrete sets of pitches kn
as scales. Research suggests that listeners readily ab
underlying scales~Cohen, 1991!, and that perceived relation
ships among pitches in a musical context are influenced
whether or not those pitches are members of the s
~Krumhansl, 1979!. Tones whose pitches are members of
scale are called diatonic tones. Tones whose pitches are
members of the scale are called nondiatonic tones. The m
common scale in Western music is the major scale, wh
has seven pitches per octave~doh, re, mi, fa, sol, la, ti!. The
first note of the scale is referred to as the tonic, and serve
a point of perceived stability in music. Other notes vary
their perceived stability, resulting in atonal hierarchy
~Krumhansl and Kessler, 1982!. Sensitivity to the scale and
the tonal hierarchy will be collectively referred to astonality.

Melodic contour, which we refer to asregistral direction
3022 J. Acoust. Soc. Am., Vol. 109, No. 6, June 2001
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~the up/down pattern of notes in a melody!, also may influ-
ence the speed of pitch resolution. If a melody involves p
of an ascending scale, for example, listeners may expect
ascending motion to continue. The latter prediction is ba
on the Gestalt principle of ‘‘good continuation,’’ which ha
been examined extensively in studies of music~e.g., Deut-
sch, 1999; Narmour, 1990!. Scale and contour are thought
be among the most significant influences on memory
melodies~Dowling, 1978!.

Harmony also may influence perceived pitch relatio
ships. The perception of harmony is influenced by sens
dissonance, but is also shaped by long term knowledge
music ~Bharucha and Stoeckig, 1986, 1987; Tekman a
Bharucha, 1992!. Only the sensory aspect of harmony w
addressed in this investigation. When two or more tones
sounded simultaneously, their combination may result
physical beating among partials. An excess of such bea
patterns is perceived as dissonance; an absence of such
ing is perceived as consonance~Plomp and Levelt, 1965!.1

Pitches that are consonant with each other may be perce
as psychologically related, even when they are presente
sequence~Krumhansl, 1995; Thompson and Stainton, 199!.
The latter effect may reflect sensitivity to the degree of sp
tral overlap among such tones, or result from an evalua
of sensory interactions that arise when the memory trace
one tone is combined with physically occurring properties
a subsequent tone.

To summarize, psychological relationships betwe
pitches are influenced by several factors including pi
proximity, tonality, registral direction, and dissonance.
this study, we examined whether these factors affect the t
it takes to shift auditory attention between pitches. Listen
were induced to focus on one pitch, and were then prese
a probe tone. They were asked to respond rapidly to cer
probe tones~‘‘valid’’ trials ! while ignoring others~‘‘in-
valid’’ trials!. We focused on four factors that may influen
psychological pitch distance, and, therefore, the time
quired to shift auditory attention through pitch space. S
cifically, we predicted that the time taken to resolve the pi
of a probe tone would be more rapid when

~1! the pitch of the probe tone is proximal to the expect
pitch ~proximity!;

~2! the probe tone is not dissonant with the expected t
~dissonance!;

~3! the probe tone is stable within the key defined by t
preceding context~tonality!; and

~4! the probe tone continues the registral direction sugge
by the preceding context~registral direction!.

There is precedent for using reaction time to evalu
pitch perception in a musical context. Janata and Reisb
~1988! examined the reaction time of listeners who were
structed to indicate as quickly as possible whether pr
tones were diatonic to the scale defined by a preceding
sical context. Reaction times were significantly faster
more stable tones within the key. The authors argued
differences in reaction time reflected listeners’ internal re
resentation of the tonal hierarchy. One question addresse
our investigation is whether such an influence is obser
3022Ranvaud et al.: Pitch resolution in musical context
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when responses to pitch are not contingent on an exp
~conscious! assessment of tonality.

We report the results of five experiments. The design
all experiments was adapted from studies of visual attent
in which participants responded rapidly to visual stimuli p
sented at varying distances from an initial fixation po
~Umiltá, 1988; Hikosakaet al., 1996; Egeth and Yantis
1997; Steinman and Steinman, 1998!. In experiments 1–3
listeners were presented an incomplete major scale, w
directed their attention to the note that would complete t
scale. Reaction times were obtained for different probe to
In experiments 4 and 5, an incomplete arpeggio was use
direct the attention of listeners to a certain note. Respon
were obtained for the same set of probe tones used in ex
ments 2 and 3. The results for scale and arpeggio cont
were compared to explore how psychological distances
tween pitches are affected by musical context.

II. EXPERIMENT 1

In experiment 1, we examined the speed with wh
listeners can resolve pitches following an incomplete ma
scale. Participants were first exposed to an incomplete m
scale~doh, re, mi, fa, sol, la, ti! in order to direct their atten
tion to a specific pitch~the completion of the scale, o
‘‘doh’’ !. A major scale was adopted because it is well est
lished that this context generates strong expectations for
pitch that completes the scale, i.e., doh~Krumhansl and
Shepard, 1979; Krumhansl, 1990!. The incomplete scale wa
followed by one of eight probe tones, and participants w
instructed to make a key-press response as soon as the
tected the pitch of the probe tone.

To ensure that participants responded to the pitch of
probe tone, rather than to other dimensions of the probe
~e.g., onset!, a go–no-go procedure was adopted in which
response criterion was specifically determined by pitch. L
teners were instructed that if the probe tone was less
three semitones from the tone that would complete the sc
they should respond as quickly as possible~valid probe
tones!, but if the probe tone was seven or more semito
from the tone that would complete the scale, they should
respond~invalid probe tones!. Thus, the decision to respon
was contingent on an analysis of pitch, and reaction tim
should be affected by the psychological distance between
expected pitch~next tone on the major scale! and the pitch of
the ~valid! probe tone.

A. Method

1. Participants

Fourteen participants~nine males, five females! with at
least three years of musical training were recruited for
periment 1 among the staff and student community at
Institute of Biomedical Sciences at the University of S˜o
Paulo. All participants were volunteers, their ages ran
from 19 to 50~mean526.4, s.d.59!, and all reported norma
hearing.
3023 J. Acoust. Soc. Am., Vol. 109, No. 6, June 2001
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2. Materials and tone construction

The tones to which participants were exposed were g
erated using MEL Professional V2.0 software acquired fr
Psychology Software Tools~PST, Inc., Pittsburgh; see
Schneider, 1988!, on an IBM-PC compatible Pentium com
puter. Tones were sine waves, and were each 150 m
length including 30 ms of onset and 30 ms of offset. Part
pants heard the stimuli through high-quality speakers a
comfortable listening level~approximately 70 dB! in a
sound-attenuated booth with reduced lighting. Participa
were tested individually, and responded by pressing a bu
on a joystick with their thumb, directly entering the data in
the computer.

3. Conditions and procedure

Details of the experimental design are shown, to sc
in Fig. 1. To avoid habituation, the first pitch of the scale w
one of four pitches, determined randomly for each trial:
~523 Hz!, A2 ~440 Hz!, G2 ~391 Hz! or F2 ~349 Hz!. There
were four valid probe tones for the C3 scale: C4, C]4, A3
and A]3. There were four invalid probe tones for the C
scale: F]4, G4, G2 and G]2. Valid and invalid probe tones
of the A2, F2, and G2 scales were transpositions of the
ample given.

After each response, participants were provided fe
back on their performance, as shown in Table I. If erro
were committed in the course of a block, new tests w
presented to the participants at the end of the block, such
the number of correct responses was the same for all co
tions. Altogether, each participant had to provide correct

FIG. 1. The experimental design of experiment 1. The vertical axis re
sents frequencies on a logarithmic scale; the horizontal axis represents
~s!. The letters at the right indicate the probe tones for a C major scale
beginning at C3. Valid probe tones are shown as a solid line and inv
probe tones are shown as a double line. Horizontal bars at the top ind
the duration of tones and intervals between tones.

TABLE I. Feedback~in italics! given to participants in experiment 1, ac
cording to their response in the different conditions.

Reaction time Valid probe tone Invalid probe tone

RT,130 Anticipated Error & anticipated
130,RT,1000 RT displayed Error
RT.1000 Slow Error
No response Slow Correct
3023Ranvaud et al.: Pitch resolution in musical context



te
f

ro

n
fo

he
u
al
tio
ir
e

6
wi

oid

es

sess
obe
-

ale
4,

lve
be

tion

nes

lity,
itch
is
is-

y
di-

elt
nce
he

hors

in-

ted
chy

ac-

m-
lid
ther
ich

ct
e

ho
ro
th
s

sponses to 192 tests~16 blocks of 12 tests each!, of which
half were valid, and half were invalid. The results presen
were thus based on 96 reaction times per participant, 24
each one of the four valid probe tones. The number of er
committed was also recorded.

Participants were tested on three separate experime
sessions. On the first day, they were given instructions
the task, and participated in a training session in which t
were informed ahead of time whether the probe tone wo
be valid or invalid. After completing the training session,
participants took part in a practice experiment, the reac
times of which were discarded. On the second and th
days, participants went through another practice experim
~the data being again discarded! before participating in the
experiment~8 random blocks of 12 tests each, 6 valid and
invalid, plus repeats to make up for mistaken responses,

FIG. 2. ~a! Mean reaction times~RT! for the four valid probe tones of
experiment 1, plotted as a function of dissonance relative to the expe
probe tone. According to Plomp and Levelt~1965!, the values of dissonanc
are as follows: C450, A352.40, A]353.34, C]455.32. The bars indicate
standard errors. Regression equations and squared correlations are s
~b! Percentage of errors committed by subjects in response to valid p
tones in experiment 1, plotted as a function of dissonance relative to
expected probe tone. Regression equations and squared correlation
shown.
3024 J. Acoust. Soc. Am., Vol. 109, No. 6, June 2001
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pauses after the third block and the sixth block to av
excessive fatigue!.

B. Results and discussion

The mean reaction times for the four valid probe ton
are shown in Fig. 2~a!. A one-way analysis of variance
showed a significant effect of probe tone,F(3,39)528.41,
p,0.001). Planned comparisons were conducted to as
the predictions. First, reaction times for the expected pr
tone, C4~mean5376 ms!, were significantly faster than re
action times across other valid probe tones~mean5468 ms!,
F(1,39)581.35,p,0.001. This result suggests that the sc
context indeed focused auditory attention on the pitch of C
so that no shift in auditory attention was required to reso
that pitch, leading to shortest reaction times for this pro
tone.

A second planned comparison revealed that reac
times for the probe tone C]4 ~mean5482 ms! were signifi-
cantly longer than reaction times across other probe to
~mean5433 ms!, F(1,39)523.51,p,0.001. This finding is
consistent with predictions based on dissonance and tona
as this pitch is perceived as dissonant with the expected p
~C4! and it is not diatonic to the scale. Yet this finding
inconsistent with predictions based on proximity and reg
tral direction: the pitch of C]4 is only one semitone awa
from the expected pitch and is in the expected registral
rection. According to the analysis of Plomp and Lev
~1965!, C]4 has a greater degree of perceived dissona
with the expected pitch, C4, than any other probe tone. T
quantitative values of dissonance obtained by these aut
were used to plot values of the abscissa in Fig. 2~a!.

The remaining two probe tones, A3 and A]3, showed
intermediate reaction times, which were statistically indist
guishable~463 and 459 ms, respectively!. These two probe
tones have similar levels of dissonance with the expec
probe tone at C4. The tones also have similar tonal hierar
values as quantified by Krumhansl and Kessler~1982!, even
though only one of these probe tones~A3! is diatonic to the
established key. As shown in Table II, regressions of re
tion times as a function of dissonance@shown in Fig. 2~a!#
and tonality both show a high correlation coefficient (r 2

50.845 and 0.895 respectively,p,0.05).
In addition to analyzing reaction times, we also exa

ined the proportion of incorrect responses for each va
probe tone. This analysis was performed to assess whe
psychological distance influenced the accuracy with wh

ed

wn.
be
e
are
nce,
TABLE II. Squared correlations (r 2) between mean reaction times and % errors as a function of dissona
pitch proximity, and tonality. An asterisk indicates statistical significance at the 0.05 level.

Reaction time % Errors

Experiment No. Dissonance
Pitch

proximity Tonality Dissonance
Pitch

proximity Tonality

1 0.845* 0.429 0.895* 0.976* 0.053 0.747
2 0.949* 0.101 0.729 0.886* 0.000 0.576
3 0.710 0.055 0.469 0.989* 0.067 0.789
4 0.331 0.667 0.005 0.016 0.980* 0.161
5 0.001 0.968* 0.276 0.009 0.997* 0.780
3024Ranvaud et al.: Pitch resolution in musical context
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listeners classified probe tones. The distribution of incorr
responses among the four valid probe tones was consi
with the reaction time data, as shown in Fig. 2~b!. Errors
were highly nonrandom~chi squared ~3!566.9, 3 p
,0.001). The pattern of errors suggests that processing
expected tone, C4, was a much easier task than proce
tones at A3 or A]3, and C]4 ~in the order!. As shown in
Table II, the percentage of correct responses was stro
related to dissonance (r 250.976,p,0.01).

III. EXPERIMENTS 2 AND 3

Experiment 1 indicated that listeners responded m
quickly to a probe tone with an expected pitch than to
probe tone with an unexpected pitch. In addition, react
times increased linearly with dissonance relative to the
pected probe tone, and decreased with the tonal stabilit
the probe tone relative to the key established by the pre
ing scale. The slowest reaction time, observed for the pr
tone at C]4, was expected on the basis that it is psycholo
cally distant from the expected note of C4. Although C4 a
C]4 are proximal in pitch~separated by only one semitone!,
they are highly dissonant with each other, and psycholo
cally distant from each other in a C major context~Krum-
hansl, 1990!. Overall, dissonance and tonality were stro
predictors of the reaction time.

Experiments 2 and 3 were conducted for three reas
First, listeners in experiment 1 were extensively trained
respond to valid probe tones within 1 s, and several
sponses were measured for each probe tone. It is pos
that such extensive training may have encouraged listene
develop explicit strategies of responding that are not ty
cally invoked when shifting auditory attention betwe
pitches under normal conditions of music listening, a
which might mask the automatic pitch encoding proces
under investigation. Experiments 2 and 3 were designe
verify whether the results of experiment 1 would be obtain
without elaborate training and exposure to the experime
protocol. Second, the tones used in experiment 1 were
waves, but pitch perception in most musical contexts
volves more familiar timbres. We considered the possibi
that pitch resolution for sine tones may be influenced
somewhat different factors than pitch resolution for mo
familiar timbres. Thus, the stimuli used in experiments 2 a
3 consisted of sampled piano tones.

Third, it is possible that the large reaction time observ
for the probe tone at C]4 was partially related to the asym
metric distribution of valid and invalid probe tones~see
method section, experiment 1!. Valid probe tones were mor
distant in pitch from invalid probe tones in the lower regis
~between 13 and 18 semitones! than from invalid probe tones
in the upper register~between 5 and 10 semitones!. This
asymmetry may have made it more difficult to distingui
between higher pitched valid and invalid probe tones th
between lower pitched valid and invalid probe tones. Th
the large reaction time at C]4 may have resulted, in par
from a difficulty in discriminating this pitch from upper in
valid pitches. Experiments 2 and 3 eliminated this asymm
try.
3025 J. Acoust. Soc. Am., Vol. 109, No. 6, June 2001
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We noted that reaction times for the first two respon
to each probe tone in experiment 1 illustrated the same tr
as the mean reaction time for the full set of 24 respon
~386, 448, 474 and 490 ms versus 376, 463, 460 and 482
respectively, for probe tones C4, A3, A]3, and C]4!. Thus,
experiments 2 and 3 limited the number of responses to t

A. Method

1. Participants

Twelve women and eight men from the York Universi
community, ranging in age from 19 to 31~mean524.3! par-
ticipated in experiment 2. Ten received undergraduate co
credit for their participation, and ten were voluntee
Twelve women and three men, aged between 18 and
~mean 23.1! participated in experiment 3. Twelve receive
undergraduate credit for their participation and three w
volunteers. The number of years of formal musical traini
of participants ranged from zero to greater than ten~mean
56.8 years! in experiment 2 and from zero to ten~mean53.4
years! in experiment 3. All participants reported norm
hearing.

2. Materials and tone construction

Tones were taken from the internal timbre set of
Power Macintosh computer. The timbre of all tones was
sampled piano sound of the Roland piano~for an acoustic
description, see Fletcher and Rossing, 1991!, with funda-
mental frequencies set to equal temperament tuning. Stim
were presented to listeners in a sound attenuated b
through Sennheiser HD-480 headphones. Responses
entered directly onto a computer.

3. Conditions and procedure

The stimuli used for experiments 2 and 3 were identi
and are illustrated in Fig. 3. Listeners were presented
incomplete C major scale, followed by a pause of 700 m
and then a probe tone in each trial. The seven notes of
incomplete scale, C3, D3, E3, F3, G3, A3, B3, were ea
350 ms in duration, as was the duration of the probe to
There were eight probe tones.

FIG. 3. The experimental design of experiments 2 and 3.
3025Ranvaud et al.: Pitch resolution in musical context
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Participants were instructed to make a rapid key-pr
response if the probe tone was two or fewer semitones f
the last tone of the incomplete scale~ti!; otherwise they
should make no response, and wait for the next trial. T
four valid probe tones were A3, A]3, C4, and C]4. For both
experiments 2 and 3, the maximum reaction time accept
was set to 2000 ms. The four invalid probe tones were
F]3, E4, and F4. Upper and lower probe tones were sy
metric in pitch distance from the reference tone: valid pro
tones were exactly 1 or 2 semitones above or below
reference tone~ti!, and invalid probe tones were 5 or 6 sem
tones above or below the reference tone.

In experiment 2 each probe tone was presented
twice, regardless of whether correct responses were obta
thus minimizing participant exposure to the experimen
procedure. In experiment 3, each invalid probe tone was
sented twice, but each valid probe tone was presente
many times as needed to obtain two valid key-press
sponses~i.e., responses under 2000 ms!. Thus, if no response
to a valid probe tone was made by 2000 ms, that trial w
repeated at a randomly determined position later in the
perimental session. The order in which probe tones w
presented was randomized independently for each par
pant.

Experiments 2 and 3 also differed in the following way
In experiment 2, listeners were given minimal training, w
an emphasis on accuracy, and proceeded to the experime
soon as they succeeded in correctly classifying~unspeeded!
16 probe tones in a row~i.e., each possible probe ton
twice!. Once the experiment began, there were no trial
placements for mistaken responses, and therefore the nu
of correct responses was not always the same for all pr
tones or participants.

In experiment 3, participants were trained with one
of practice trials involving all valid probe tones, and anoth
set of practice trials involving all invalid probe tones. Pa
ticipants were given the opportunity to switch back and fo
between these two practice sets until they felt comforta
with the distinction between valid and invalid probe tone
Emphasis was on speed, and participants were given f
back on their performance during the practice trials~reaction
time in ms!.

B. Results and discussion

The mean reaction times obtained in experiments 2
3, shown in Fig. 4~a!, illustrate the same trend observed
experiment 1. Figures 4~a! and ~b! illustrate linear fits of
mean reaction times and error-rates for valid probe ton
respectively, as a function of dissonance. These anal
generally suggest that longer reaction times and higher e
rates occurred for probe tones that were more dissonant
the expected probe tone. Table II illustrates that reac
times in experiment 2 also supported the importance of
nality. Asymmetry in pitch distance of valid and invali
probe tones about the reference tone, or the developme
explicit strategies following extensive training, were thus n
likely to have been essential to the results of experimen
Details of the experimental design, the instructions, and
training procedures appeared to influence absolute value
3026 J. Acoust. Soc. Am., Vol. 109, No. 6, June 2001
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reaction times and error rates, but the essential patter
reaction times, and how they related to dissonance, was
served. In all three experimental contexts, reaction tim
were more strongly related to dissonance and tonality tha
pitch proximity and registral direction.

The design of experiment 2 meant that responses w
not always obtained when a valid probe tone was presen
and different probe tones elicted a different number of
sponses~0, 1, or 2!. The number of responses made to ea
of the eight probe tones of experiment 2 was recorded a
1, or 2, and a repeated measures ANOVA was conducted
the resultant data. As expected, there were significantly m
responses made to valid probe tones~mean51.54 responses
per probe tone! than to invalid probe tones~mean50.39 re-
sponses per probe tone!, F(1,19)5128.04,p,0.0001. This
finding indicates that participants were sensitive to the d
ference between valid and invalid probe tones.

Among valid probe tones, there were significantly mo
responses made to the expected note, C4, than to other
probe tones,F(1,19)515.17,p,0.001. Among unexpected
valid probe tones, there were significantly more respon
made to A3 than to A]3 or C]4, F(1,19)516.05, p
,0.001. Finally, there were significantly more respons
made to A]3 than to C]4, F(1,19)516.38,p,0.001. These
findings parallel the reaction time data obtained in expe
ment 1, and suggest that as the psychological distance
tween probe tones and the expected note increased, pa
pants tended to overestimate the distance in semito
between the probe tone and the last note of the scale.

Reaction times obtained in experiment 3 were asses
in a two-way ANOVA, with repeated measures on pro
tone~four valid probe tones! and example~two responses for

FIG. 4. ~a! Mean reaction times~RT! for the four valid probe tones of
experiments 2~upper line! and 3~lower line!. The values of dissonance ar
as follows: C450, A352.40, A]353.34, C]455.32. ~b! Percentage of er-
rors committed by subjects in response to valid probe tones in experim
2 ~unfilled squares! and 3~filled squares!, plotted as a function of dissonanc
relative to the expected probe tone. Regression equations and square
relations are shown.
3026Ranvaud et al.: Pitch resolution in musical context
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each probe tone!. As expected, there was a main effect
probe tone,F(3,42)52.8508,p50.05, but no main effect o
example,F(1,14)51.0547, ns, and no interaction betwe
probe tone and example,F(3,42)51.3413, ns. These find
ings, summarized in Fig. 4~a!, illustrate that the time taken to
respond to different probe tones depended on the pitch
those probe tones.

As in experiment 1, the mean reaction time for the e
pected note, C4~mean5678.37 ms!, was lower than the
mean reaction time for other probe tones~mean5743.84
ms!, but in this case the difference was not significa
F(1,42)51.60, ns. However, the mean reaction time for d
tonic notes~C4 and A3, mean5668.32 ms! was significantly
lower than the mean reaction time for nondiatonic no
~A]3 and C]4, mean5786.62 ms!, F(1,42)56.95, p
50.02. This finding supports the importance of one aspec
tonality in determining reaction times: scale membership
addition, the mean reaction time for the probe tone at C]4
~mean5825.47 ms!, the most dissonant note with respect
the expected note, was significantly longer than the m
reaction time for all other notes~mean5694.80 ms!,
F(1,42)56.36, p50.02. This finding supports the impo
tance of dissonance in determining reaction times. Taken
gether, the results again suggest that the time taken to
attention from one pitch to another is proportional to t
psychological distance between pitches, and that this
tance is influenced by tonality and the degree of dissona
between pitches.

IV. EXPERIMENTS 4 AND 5

Experiments 1–3 indicated that listeners respond m
slowly to unexpected notes than to expected notes follow
an incomplete major scale. Experiments 4 and 5 were c
ducted to examine the effect for another musical contex
one that generates an expected note that is not proxim
the last note of the context. Listeners were presented an
complete two-octave arpeggio~E2, G]2, B2, E3, G], B3!
followed by a probe tone. In this case, listeners were
structed to make a rapid key-press response to probe t
that were greater than three semitones from the last tone~the
reference tone! of the arpeggio. Thus, the distance of va
and invalid probe tones from the reference tone was inver
The arpeggio was used to direct the attention of participa
to the next expected note of the arpeggio, E4. Again t
experimental approaches were taken, paralleling the
proaches of experiments 2 and 3. The approach of exp
ment 4 was to minimize training~preventing the develop
ment of complex strategies in responding to the probe ton!
and to emphasize accuracy. The approach of experime
was to increase training and emphasize speed of respon

A. Method

1. Participants

Twelve women and eight men from the York Universi
community, ranging in age from 19 to 31~mean524.3!, par-
ticipated in experiment 2. Ten received undergraduate co
credit for their participation, and ten were volunteers. S
teen women and three men, aged between 18 and 54~mean
23.0! participated in experiment 3 thirteen received und
3027 J. Acoust. Soc. Am., Vol. 109, No. 6, June 2001
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graduate credit for their participation and six were volu
teers. The number of years of formal musical training
participants ranged from zero to greater than ten~mean56.8
years! in experiment 2 and from zero to ten~mean52.9
years! in experiment 3. All but four of these participants als
took part in experiments 2 and 3. All participants report
normal hearing.

2. Materials and tone construction

The materials and tone construction were the same
those used in experiments 2 and 3.

3. Conditions and procedure

The stimuli used for experiments 4 and 5 are illustra
in Fig. 5. Listeners were presented an incomplete E ma
arpeggio, followed by a pause of 700 ms, and then a pr
tone. The six notes of the arpeggio, E2, G]2, B2, E3, G]3,
B3, were each 350 ms in duration, as was the duration of
probe tone. There were eight probe tones. Participants w
instructed to make a rapid key-press response if the pr
tone was three or more semitones from the last note of
arpeggio; otherwise they should make no response, and
for the next trial. Thus, the response criterion was rever
with respect to that used in experiments 2 and 3. That
participants in experiments 3 and 4 were instructed that t
should not respond to probe tones whose pitch was proxi
to the final tone of the arpeggio.

The four valid probe tones were F3, F]3, E4, and F4.
For both experiments 4 and 5, the maximum reaction ti
acceptable was set to 2000 ms. The four invalid probe to
were A3, A]3, C4, and C]4. As in experiments 2 and 3
upper and lower probe tones were symmetric in pitch d
tance from the reference tone: valid probe tones were exa
5 and 6 semitones above or below the reference tone,
invalid probe tones were 1 and 2 semitones above or be
the reference tone.

In experiment 4, each probe tone was presented tw
regardless of whether correct responses were obtained
experiment 5, each invalid probe tone was presented tw
but each valid probe tone was presented as many time
needed to obtain two valid key-press responses~i.e., re-
sponses under 2000 ms!. Thus, if no response to a vali

FIG. 5. The experimental design of experiments 4 and 5.
3027Ranvaud et al.: Pitch resolution in musical context
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probe tone was made by 2000 ms, that trial was repe
later in the experimental session. The order in which pro
tones were presented was randomized independently for
participant. Other differences between experiments 4 an
were the same as those described for experiments 2 an

B. Results and discussion

Mean reaction times and the percentage of errors
tained in experiments 4 and 5 are shown in Figs. 6~a! and
~b!, plotted as a function of pitch proximity relative to th
expected note. Table II summarizes regression analyses
ducted on both mean reaction times and error-rates for v
probe tones. These analyses suggest that reaction time
error-rates were not strongly related to dissonance and to
ity, but rather, were more strongly related to pitch proxim
and registral direction.

As in experiment 2, different probe tones elicted a d
ferent number of responses in experiment 4~0, 1, or 2!.
Significantly more responses were made to valid probe to
~mean51.46 responses per probe tone! than to invalid probe
tones ~mean50.70 responses per probe tone!, F(1,19)
523.26,p,0.0001. This finding indicates that, as with th
scale context, participants were sensitive to the differe
between valid and invalid probe tones. Among valid pro
tones, there were significantly more responses made to p
tones in the expected registral direction~E4 and F4! than to
probe tones in the unexpected registral direction,F(1,19)
518.67,p,0.001. This finding suggests that the arpegg
unlike the scale, directed attention in an upward directi
There were no other significant effects.

FIG. 6. ~a! Mean reaction times~RT! for the four valid probe tones of
experiments 4~upper line! and 5~lower line! plotted as a function of pitch
proximity relative to the expected probe tone, E4. Values of pitch proxim
were E450, F451, F]3510, F3511; the units are semitones.~b! Percent-
age of errors committed by subjects in response to valid probe tone
experiments 4~upper line! and 5~lower line! as a function of pitch proxim-
ity.
3028 J. Acoust. Soc. Am., Vol. 109, No. 6, June 2001
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Reaction time data obtained in experiment 5 were
sessed in a two-way ANOVA, with repeated measures
probe pone~four valid probe tones! and example~two ex-
amples!. As expected, there was a main effect of probe to
F(3,54)56.43, p,0.001, but no main effect of example
F(1,18),1.0, ns, and no interaction between probe tone a
example, F(3,54),1.0, ns. Planned comparisons show
that the mean reaction time was lower for the expected pr
tone, E4~mean5601.82 ms!, than for the other three prob
tones ~mean5745.03 ms!, F(1,54)59.20, p,0.005. This
result suggests that the arpeggio context focused aud
attention on the pitch of E4, so that no shift in audito
attention was required to resolve that pitch, leading to sh
est reaction times for this probe tone.

The mean reaction time was also significantly lower
probe tones in the same registral direction~E4 and F4, mean
5620.86 ms! than for probe tones in the opposite regist
direction ~F3 and F]3, mean5797.61 ms!, F(1,54)518.69,
p,0.0001. Finally, among the three unexpected probe to
~F3, F]3, F4!, the two extreme notes~furthest away from the
last note of the context, F3 and F4, mean5712.92 ms! had
marginally lower reaction times than the note that was clo
in pitch ~F]3, mean5809.26 ms!, F(1,54)53.70, p,0.06.
The latter finding suggests that pitch proximity may infl
ence reaction times following an incomplete arpeggio.

Overall, the results of experiments 4 and 5 support
notion that the time taken to resolve pitch depends on
psychological distance between the attended pitch and a
sented pitch. In this case, however, registral direction a
pitch proximity appeared to influence the psychological d
tance between pitches.

V. GENERAL DISCUSSION

The results of this investigation indicate that the tim
taken to respond to probe tones varies significantly depe
ing on the pitch of that probe tone. In particular, pitch res
lution in a musical context was determined by the psyc
logical distance between the expected and actual pitch of
probe tone. This finding is analogous to effects reported
the visual system: response times for different visual cues
proportional to the distance between the location of the
tial visual focus and the location of the target cue. In th
case, the focus of auditory attention was established by g
erating a strong expectation for the completion of a pi
pattern~scale or arpeggio!, which is a location in pitch space
Delays in responding to different pitches are interpreted
the time taken for participants to shift auditory attention fro
the expected pitch to the pitch of the probe tone.

The experimental designs illustrated in Figs. 1, 3, an
allowed an evaluation of four influences on pitch distan
Pitch proximity was defined in terms of a log frequency sc
~number of semitones!. Measures of dissonance and tonal
were drawn from the work of Plomp and Levelt~1965! and
Krumhansl~1990!, respectively. Regression curves of rea
tion times as a function of these factors were determined
evaluated for their goodness of fit~Table II!. Another param-
eter, registral direction, was assessed by comparing reac
times for probe tones in the expected registral direction w

y

in
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reaction times for probe tones in the opposite registral dir
tion.

The process of shifting attention between pitches
pears to be constrained by different factors depending
whether the preceding context is an incomplete major s
or an arpeggio. Perceived dissonance and tonality playe
important role in the scale context, while neither of the
parameters were significant factors in the arpeggio cont
For the arpeggio context, reaction times were significan
faster for probe tones that continued the registral direction
the arpeggio than for probe tones that reversed the regi
direction of the arpeggio. There was also moderate sup
for an influence by pitch proximity following the arpegg
context.

One interpretation of these results is that expectan
following the arpeggio context are most strongly associa
with general ~gestalt! principles of pitch relationships
whereas expectancies following the scale context are m
strongly associated with harmony and tonality. Thus,
scale context may have invoked a more musical represe
tion of pitch distance, which then determined reaction tim
The arpeggio, in contrast, did not appear to invoke a r
musical representation of pitch distance, and judgments w
therefore based on more general auditory principles~see
Bregman, 1990; Deutsch, 1999!.

This interpretation may appear to conflict with resea
conducted by Krumhansl and her associates, who found
harmonic materials induce a strong sense of tonality~Krum-
hansl, 1990!. Two aspects of the harmonic stimuli used
those studies should be borne in mind, however. First, th
studies involved minimizing effects of pitch height by usin
circular tones~Shepard, 1964!. In contrast, we used noncir
cular tones~sine tones or piano tones!, and thus did not in-
hibit influences from pitch proximity. Second, the harmon
materials in studies reviewed by Krumhansl~1990! were
chord sequences, whereas we used an ascending arp
that extended across two octaves.

There are other possible explanations for the differen
observed for the scale and arpeggio contexts. First, whe
the scale context involved stepwise melodic motion~i.e., in-
tervals no greater than two semitones!, the arpeggio involved
leaps between successive notes, and also extended ac
greater range of frequencies. The involvement of melo
leaps and the large extent of movement in the arpeggio c
text may have conveyed a strong sense of direction, dista
and momentum, thus overwhelming any influences by h
mony and key.

Another factor may be the distance between the
pected pitch and the valid probe tones. In the arpeggio c
text, the expected pitch~Fig. 5! was either the same or
semitone removed from the higher pitched valid probe ton
but 10 and 11 semitones away from the lower pitched va
probe tones. In the scale context, this difference was con
erably reduced~0 and 1 semitone away from the high
pitched valid probe tones; 2 and 3 semitones away from
lower pitched valid probe tones!. Thus, any effects of regis
tral direction for the arpeggio context may have been b
stered by proximity to the attended pitch. That is, lo
pitched valid and invalid probe tones may have been diffic
3029 J. Acoust. Soc. Am., Vol. 109, No. 6, June 2001
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to discriminate because both categories are distant in p
from the expected pitch.

A notable feature of the scale results is a proportio
increase of mean reaction times over experiments 1–3. T
ing into account the details of the experimental desig
these three experiments might be classified as easiest~experi-
ment 1!, of intermediate difficulty~experiment 3!, and most
difficult ~experiment 2!. Mean reaction times increase a
cordingly at a ratio of 1:1.6:3.1. Interestingly, the slopes
the fits of reaction times as a function of dissonance incre
across these experiments in the same way, the coeffic
ratios being 1:1.5:2.9. Moreover, these linear fits, when
trapolated backwards, all cross the abscissa at about the
point ~reaction time50, dissonance5220, approximately!.
This finding suggests that the cognitive processes involve
recognizing the expected valid probe tone~doh!, which take
longer in more difficult situations, continue at a constant r
in the search and analysis of the remaining valid probe ton

VI. CONCLUSIONS

The organization of pitch space and of shifts of audito
attention in this space depend on musical context, wh
shapes this space and directs auditory attention to a g
position within the space. A familiar scale produces a pi
space in which yardsticks calibrated with dissonance and
nality are the best instruments to measure psychological
tance. An arpeggio, in contrast, creates a pitch space
which psychological distances are determined more by r
istral direction and proximity.
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1Dissonance, as described by Plomp and Levelt~1965!, is a complex con-
cept that involves perceptual judgment, sensory organization of the coc
and physical beats between harmonics of complex tones. Quantitative
ues of dissonance between complex tones were obtained by these au
by summing the separate contributions of dissonance between the cl
pairs of the pure tones that constituted the first six harmonics of e
complex tone. The values of dissonance for pure tones were extracted
measurement of the percentage of listeners who described two pure ton
consonant.
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