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Effects of harmonics on relative pitch
discrimination in a musical context

LAUREL J. TRAINOR
McMaster University, Hamilton, Ontario, Canada

The contribution of different harmonics to pitch salience in a musical context was examined by re-
quiring subjects to discriminate a small (¥ semitone) pitch change in one note of a melody that re-
peated in transposition. In Experiment 1, performance was superior when more harmonics were pres-
ent (first five vs. fundamental alone) and when the second harmonic (of tones consisting of the first
two harmonics) was in tune compared with when it was out of tune. In Experiment 2, the effects of har-
monics 6 and 8, which stand in octave-equivalent simple ratios to the fundamental (2:3 and 1:2, re-
spectively) were compared with harmonics 5 and 7, which stand in more complex ratios (4:5 and 4:7,
respectively). When the harmonics fused into a single percept (tones consisting of harmonics 1, 2, and
one of 5, 6, 7, or 8), performance was higher when harmonics 6 or 8 were present than when harmon-
ics b or 7 were present. When the harmonics did not fuse into a single percept (tones consisting of the
fundamental and one of 5, 6, 7, or 8), there was no effect of ratio simplicity.

This paper examines the contribution of different har-
monics to relative pitch discrimination in a musical con-
text. Relative pitch discrimination refers to the ability to
compare the pitch interval (i.e., distance on a log frequency
scale) between one set of two tones and another, where the
fundamentals of the tones are at different absolute frequen-
cies (e.g., the distance between tones of 100 and 150 Hz is
equivalent to the distance between tones of 200 and 300
Hz, as the ratio between them is 2:3 in both cases). Pitch
discrimination in isolation has been shown to be better for
complex over sine tones with relatively low fundamental
frequencies (see, e.g., Fastl & Weinberger, 1981; Platt & Ra-
cine, 1985). The first question addressed in the present
paper is whether this result generalizes to pitch discrimina-
tion in a musical context, as defined by a simple melody
conforming to Western musical structure. The second ques-
tion is whether certain harmonics, that is, certain ratio re-
lationships to the fundamental, facilitate pitch perception
more than others in a musical context.

Several researchers have indicated that some harmonics
may be more important than others for facilitating pitch
discrimination. The dominance region refers to the band
of harmonics whose frequencies largely determine the per-
ceived pitch. Different researchers have proposed some-
what different dominance regions. Ritsma (1967) found that
the third, fourth, and fifth harmonics dominated the per-
ception of pitch for fundamental frequencies between 100
and 400 Hz. Plomp (1967) found that the dominance re-
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gion depended to some extent on the fundamental fre-
quency: The fourth and higher harmonics dominated for
fundamental frequencies up to 350 Hz, the third and higher
for fundamentals between 350 and 700 Hz, the second and
higher for fundamental frequencies between 700 and
1400 Hz, and the first for frequencies above 1400 Hz. Ter-
hardt proposed a fixed-frequency dominance region cen-
tered around 700 Hz (Terhardt, Stoll, & Seewann, 1982).

Moore, Glasberg, and Peters (1985) attempted to deter-
mine the dominance of individual partials in determining
the pitch of a complex by measuring the pitch shifts that
accompanied the mistuning of each harmonic. Measurable
pitch shifts were found only when one of the six lowest har-
monics was changed. Further, there were large individual
differences in that the 3 subjects showed maximal pitch shifts
for different mistuned harmonics. However, graphs for in-
dividual subjects (Moore et al., 1985, Figures 2, 3, and 4)
indicated that when one harmonic gave a much larger pitch
shift than the others, it was usually either Harmonic 1 (the
fundamental), Harmonic 2 (one octave above the fundamen-
tal), or Harmonic 4 (two octaves above the fundamental).

There is further evidence that octave harmonics may be
especially important in pitch processing. In an interval
discrimination task using two-tone complexes with miss-
ing fundamentals, where the tones were 3 or 4 harmonics
apart, Houtsma (1979) found that performance depended
greatly on the harmonic number of the lowest tone, a depen-
dence that he claimed is not reflected in either the optimum
processor (Gerson & Goldstein, 1978; Goldstein, 1973),
virtual pitch (Terhardt, 1974; Terhardt et al., 1982), or pat-
tern transformation (Wightman, 1973) models. Inspection
of the data indicated that peaks in performance occurred
when at least one of the two tones stood in an octave rela-
tionship to the missing fundamental.

The question of whether harmonics standing in certain
ratio relationships to the fundamental facilitate pitch per-
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ception more than other harmonics has not been system-
atically addressed. However, effects of frequency ratio
simplicity have been studied in a number of other contexts.
Pythagoras is credited with having discovered that the
sounds produced by strings divided into simple ratios (e.g.,
1:2; 2:3) sound more pleasing than those of strings divided
into more complex ratios. Much more recently, Schellen-
berg and Trehub (1994b) reanalyzed the results of many
pitch interval studies to show that the relative simplicity of
frequency ratio between pairs of tones accounted for much
of the variance in similarity judgments, consonance and
dissonance judgments, and the relative ease of discrimi-
nating tone patterns. They used the reciprocal of the nat-
ural logarithm of the sum of the two integers forming the
ratio, when the ratio is in its simplest form, as an index of
ratio simplicity. The simplest ratio between the frequen-
cies of two tones (other than the unison, 1:1) is 1:2, which
results in the interval of an octave. This interval has a num-
ber of interesting properties. Across virtually all cultures,
tones an octave apart are perceived as being similar (Burns
& Ward, 1982; Dowling & Harwood, 1986). For example,
in Western musical structure as well as Indian rag struc-
ture, notes an octave apart have the same tone chroma, that
is, are given the same note name. The perceptual equiva-
lence of tones an octave apart is also found in young in-
fants, raising the possibility that octave equivalence reflects
basic auditory functioning, independent of experience
(Demany & Armand, 1984).

The second most simple ratio between the frequencies
of two tones within the octave range is 2:3, which results
in the interval of a perfect fifth. Perfect fifths are also com-
mon across musical systems (Kolinski, 1967; Nettl, 1956,
p. 54; Roederer, 1979, pp. 146—147), although they are not
as universal as octaves (see, e.g., Burns & Ward, 1982). A
few researchers have examined the role of perfect fifth in-
tervals in sequential processing (i.e., perfect fifths be-
tween successive tones). Melodies with perfect fifth inter-
vals between prominent tones are easier to process than are
those with more complex frequency relations. For example,
Trainor (1991) found that adults were better able to detect
a downward semitone (i.e., Yi2th octave) change in the third
note of a Western-based melody (C,—E,—G,—E,—C,) con-
taining an approximate 2:3 ratio that resulted in a dimin-
ished triad containing a 32:45 ratio than they were able to
detect the reverse. The effect of the simple frequency ratio
was found to be independent of whether the melody was
Western in structure or not. A non-Western melody con-
taining a 2:3 ratio was found to be easier to distinguish
from a similar melody containing a 32:45 ratio than the re-
verse (Trainor & Trehub, 1993a). Further, Western melodies
transposed by intervals of 2:3 were easier to compare than
were melodies transposed by other, more complex, inter-
vals (Trainor & Trehub, 1993b). Schellenberg and Trehub
(1994a) also found similar asymmetries in discrimination
in more musically impoverished contexts. Divenyi and Hirsh
(1974) found that temporal order discrimination of three-
tone sequences was superior when the tones were related
by small-integer frequency ratios than otherwise. Using an
adjustment methodology, J. Elliot, Platt, and Racine (1987)
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found that the accuracy of musical interval perception was
directly related to the simplicity of the frequency ratio of
the component notes. The findings of enhanced pitch pro-
cessing for melodies with prominent perfect fifth intervals
also extend to infants (Cohen, Thorpe, & Trehub, 1987;
Trainor, 1991; Trainor & Trehub, 1993a, 1993b), suggest-
ing that it may either be innate or involve precocious or in-
nately guided learning (Gould & Marler, 1987).

Frequency ratio effects are also evident with simulta-
neous tones. Typically, studies have examined the perceived
consonance (i.e., pleasantness) of tone combinations. When
two sine wave tones are combined there is little effect of
frequency ratio simplicity; rather, intervals smaller than a
critical bandwidth are perceived as relatively dissonant
(unless they approximate the unison), while intervals
larger than a critical band are perceived as relatively con-
sonant (Kameoka & Kuriyagawa, 1969a; Levelt, Van de
Geer, & Plomp, 1966; Plomp & Levelt, 1965; Terhardt,
1974). This phenomenon is referred to as fonal consonance.
Simultaneous complex tones whose fundamental frequen-
cies stand in small-integer ratios are perceived as more con-
sonant than those whose fundamental frequencies stand in
more complex ratios (Ayres, Aeschbach, & Walker, 1980;
Kameoka & Kuriyagawa, 1969b; Levelt et al., 1966;
Plomp & Levelt, 1965; Terhardt, 1974; Vos, 1986). The
usual explanation for this effect involves interactions be-
tween the harmonics. The simpler the ratio relation between
the fundamental frequencies of the complex tones, the
more harmonics they have in common. Thus, complex ratio
relations between two simultaneous complex tones result
in harmonics less than a critical bandwidth apart, which
interact in a similar fashion to the sine wave tones described
above, resulting in the perception of dissonance. The hy-
pothesis regarding the relation between consonance and
critical bandwidth has been further strengthened by Green-
wood (1991), who showed that across frequency, the small-
est separation between two tones that results in the per-
ception of consonance corresponds to a constant distance
along the basilar membrane.

Terhardt (1974, 1984) proposed that processing advan-
tages for simple frequency ratios could result from expo-
sure to the harmonic series that occurs in common com-
plex sounds, including speech and music. An alternative
explanation is that the auditory system is innately struc-
tured to be sensitive to small-integer frequency ratios. In
any case, the auditory system presumably evolved to make
use of information in the environment, including the struc-
ture of common complex sounds.

Assuming octave equivalence, each harmonic of a com-
plex tone corresponds to a tone in the octave above the
fundamental. For example, consider a tone whose funda-
mental is 100 Hz. The third harmonic, 300 Hz, has the same
tone chroma as 150 Hz. Thus, with octave equivalence, the
ratio between the fundamental and the third harmonic is
2:3 (100:150). Similarly, the fourth, fifth, sixth, seventh,
and eighth harmonics stand in 1:2, 4:5, 2:3, 4.7, and 1:2
ratios to the fundamental. If the auditory system is struc-
tured to easily compare or combine very simple frequency
ratios, the sixth harmonic (2:3 ratio with the fundamental)
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might add more to the pitch salience of a complex tone
than would the fifth harmonic (4:5 ratio with the funda-
mental). Similarly, the eighth harmonic might add more to
the pitch salience than would the seventh (1:2 versus 4:7).
In the following experiments, the effects of harmonics
on relative pitch discrimination in a melodic context are ex-
amined. In Experiment 1, the effects of sine versus complex
waves and of in-tune versus out-of-tune harmonics on pitch
salience are examined. In Experiment 2, the pitch salience
of tones that have harmonics with simple versus more com-
plex ratio relations to the fundamental are compared.

EXPERIMENT 1

The ability to detect a pitch change in a five-note melody
based on the major triad was compared in two sets of con-
ditions. In the first, individual tones were either sine waves
or complex waves consisting of the first five harmonics.
Following findings for isolated tones (Fastl & Weinberger,
1981; Platt & Racine, 1985), relative pitch discrimination
was expected to be superior for sequences composed of
complex over sine wave tones. In the second set, tones con-
sisted of either an in-tune or a mistuned version of the first
two harmonics. Poorer relative pitch discrimination was
expected in the latter case. One study is of interest in this re-
gard. Cohen (1982) compared melodic discrimination for
sequences of tones composed of two sine waves related ei-
ther by perfect fifths (2:3) or by the ratio 8:11. The latter
is like a mistuned version of the former. Performance was
superior with the tones related by 2:3 than 8:11.

A go/no-go vigilance task was used (e.g., see Trainor &
Trehub, 1992). The standard melody repeated continuously
in transposition, that is, at different pitch levels, forming
a background against which changes were to be detected.
Every now and then a trial occurred. On control trials, the
standard melody repeated; on experimental or change tri-
als, the third note of the melody was lowered in pitch by
Y4 of a semitone. The subject’s task was to respond when
a change in the pitch of one note was heard on any repeti-
tion of the melody. The time at which a trial occurred was
not signaled to the subject in any way. Thus, control trials
were indistinguishable from the repeating background of
standard melody repetitions. There were several reasons
for this choice of task. First, it provides a way to maintain
a strong, constant musical context. Second, although it was
initially developed as an infant methodology, it has proved
to be useful with adults in comparing the ease of detect-
ing changes across different conditions (Lynch, Eilers,
Oller, & Urbano, 1990; Schellenberg & Trehub, 1994a;
Trainor & Trehub, 1992, 1993a, 1993b, 1994).

Method

Subjects. The subjects were 20 adults (3 male, 17 female), 19 to
36 years of age (mean = 23 years). All reported normal hearing and
were free of colds at the time of testing. No adults were professional
or serious amateur musicians, although some had taken music
lessons (8 had 0 years, 11 had 1-5 years, and 1 had 5-10 years of
lessons).

Apparatus. Participants were tested individually in an Industrial
Acoustics Company sound-attenuating booth. The experiment was

controlled, and the sounds produced, by a Macintosh Ilci computer
containing an Audiomedia II card (digidesign) that allowed 16-bit
sound generation at a sampling rate of 22.1 kHz. The sounds were
amplified by a Denon amplifier (PMA-480R) and presented through
a single GSI loudspeaker (with a very flat response over frequency)
located inside the booth. A response button box and feedback lights,
also located inside the booth, were connected via a custom-made inter-
face to a Strawberry Tree 1/O card in the computer.

Stimuli. There were four conditions. In the sine condition, all tones
were sine waves. In the complex condition, all tones consisted of the
first 5 harmonics. In the in-tune condition, all tones consisted of the
first two harmonics. In the out-of-tune condition, all tones consisted
of Harmonic 1 and a mistuned second harmonic at 1.875 X Har-
monic 1. This ratio represents a semitone (i.e., Yi2th octave) mis-
tuning. It results in a strong perception of dissonance (see, e.g., Schel-
lenberg & Trehub, 1994b), thus increasing the chance of detecting
an effect of mistuning should there be one. Within each condition,
harmonics were added in sine phase at equal amplitudes.

In all other respects, the conditions were identical. A standard 5-note
melody repeated in transposition (i.e., at different absolute frequen-
cies, but with the same distances between the tones of the melody).
The melody was based on the major triad, a very common form in
Western musical structure (Figure 1). In the key of C major, for ex-
ample, it consisted of the sequence C,~E,~G,~E,—C, (fundamen-
tal frequencies: 261.6, 329.6, 392.0, 329.6, 261.6 Hz). In the com-
parison melody, the third (highest) note was lowered by Y4 of a
semitone (e.g., G4, 392.0 Hz, became 386.4 Hz). In multiharmonic
conditions, all harmonics of the changed note were lowered by ¥4 of
a semitone as well, of course. Successive frequencies were related
using equal temperament tuning. This makes transposition more
straightforward, and is presumed to have little perceptual effect since
even trained musicians show large variation in both interval tuning
studies and performance of sequential musical intervals (Rakowski,
1990). Melody notes were contiguous and lasted 400 msec, includ-
ing 10-msec rise and decay times, resulting in an onset-to-onset of
400 msec between notes. Successive melodies were separated by
1,200 msec. In order to create a good musical context, successive
melodies were transposed to closely related keys (i.e., were 5 or 7
semitones apart). Starting notes of successive melodies were chosen
randomly from the set Bb, F, C, G, and D (466.2, 349.2, 261.6, 392.0,
293.7 Hz), so that the above constraint was met. In other words, suc-
cessive melodies started on notes that were adjacent on this list.

In the training phase (see Procedure), the standard melody re-
peated as in the experimental phase, but the change to be detected
was much larger. For the first three training trials, the third note was
raised 6 semitones (i.e., /2 of an octave; e.g., Gy, 391.6 Hz, became
C#s, 554.4 Hz). In the remaining training trials, the third note was
raised 3 semitones (i.e., ¥4 of an octave; e.g., G, 391.6 Hz, became
Bb, 466.2 Hz). Tones were presented at approximately 60 dB(C).

Procedure. Listeners were seated in the sound-attenuating booth
opposite the experimenter, who wore headphones and listened to
masking music so as to be unaware of whether a control or change
trial was being presented. Throughout the test session, the standard
melody repeated continuously in transposition in a quasi-random
order (see stimuli), in such a way that no two consecutive repetitions
were at the same pitch level. The repeating standard melody formed
a constant musical context and constituted the background against
which changes were to be detected. When the participant was atten-
tive, the experimenter called for a trial by pressing a button on the
response-recorder button box. Trials were not identified in any way
for the experimenter or the listener. There were variable numbers of
repetitions of the standard melody between trials, depending on the
subject’s readiness. The minimum was two, and there was no fixed
maximum. On half the trials, the melody was presented with the
changed note (see Stimuli); on the other half (control trials), the
standard melody was presented. Thus, control trials were indistin-
guishable from the repeating background. Equal numbers of change
and control trials were presented in quasi-random order (no more than
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Figure 1. The fundamental frequencies of the standard mel-
ody in the five transpositions (change frequency indicated in paren-
theses).

three consecutive control trials) for a total of 24 trials per condition.
Listeners were instructed to raise a hand when they detected a
change. The experimenter relayed responses (hand raising) to the
computer via a second button on the response box. If there was a cor-
rect response during the 1.6-sec period that began with the third
(changed) note of the melody, a feedback light was illuminated. No
light was illuminated for responses occurring in the absence of a
change. The computer recorded all responses during the 1.6-sec re-
sponse interval on both change and control trials.

The test phase of each condition was preceded by a training phase
with larger changes (see Stimuli). Participants who did not meet
a training criterion of four consecutive correct responses within 20
trials were eliminated. In fact, no subjects failed training in any of
the experiments. All participants completed two conditions and filled
out a short questionnaire about their musical background in a single
test session of approximately 45 min. Ten subjects completed the
sine and complex conditions and another 10 completed the in-tune
and out-of-tune conditions. For each group, half the subjects re-
ceived one condition first and the other half received the other con-
dition first.
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Results and Discussion

For each participant in each condition, the proportions
of responses on change trials (hits) and control trials (false
alarms) were transformed to d' scores according to yes/no
tables of signal detection theory (P. V. Elliot, 1964). Oc-
casional proportions of 0 or 1 present a problem because
they result in infinite d’ scores. These scores are believed
to be statistically infinite rather than truly infinite (see
Macmillan & Kaplan, 1985), arising from the sampling
error inherent in a limited number of trials. To circumvent
this difficulty, the scores were transformed prior to con-
version to d'. Proportions were calculated by adding %2 to
the number of actual responses (out of 12) and dividing by
the number of possible responses plus 1 (i.e., 13). This
transformation maintains the original ranking of scores and
has little effect on d' values (see Thorpe, Trehub, Morron-
giello, & Bull, 1988). A d' of 0 represents chance perfor-
mance; the maximum d' achievable under these condi-
tions is 3.50.

As can be seen in Figure 2, top panels, relative pitch pro-
cessing was superior for complex over sine wave tones,
and relative pitch processing suffered when the second har-
monic was mistuned. The effects of primary interest were
the within-subject effects, so two separate analyses of vari-
ance (ANOVAs) were conducted with order of conditions
as a between-subjects factor and either sine/complex or in-
tune/out-of-tune as a within-subject factor. In both cases,
there was no effect of order and no interaction involving
order. There were, however, significant effects of both sine/
complex [F(1,8) = 12.63, p <.008] and in-tune/out-of-tune
[F(1,8) = 7.78, p <.025].

The most likely interpretation of the sine/complex ef-
fect is that the higher harmonics increase the salience of
the perceived pitch. An alternative explanation is that sub-
jects are not familiar with the sine wave timbre because sine
waves occur rarely in the natural environment, and this af-
fected their ability to compare tones with this timbre.
However, it might be argued that subjects are also not fa-
miliar with the 5-harmonic complex where the compo-
nents are added in sine phase at equal amplitudes. In fact,
the sine wave stimuli sound subjectively close to a flute tim-
bre, so degree of familiarity with the timbre seems an un-
likely explanation.

As can be seen in Figure 2, top panels, and confirmed
in a  test, there was no significant difference between per-
formance on the complex condition, where tones consisted
of the first 5 harmonics, and performance on the in-tune
condition, where tones consisted of the first 2 harmonics.
While it might be tempting to conclude that Harmonics 3,
4, and 5 did not contribute to pitch salience, such a con-
clusion is probably unwarranted because the power of this
test is low. Different subjects were tested in each condition,
and there were relatively few subjects (10) in each condi-
tion who completed relatively few trials (24). (The smaller
the number of trials, the greater the error variance.) The top
panels in Figure 2 suggest that performance on the out-of-
tune condition might have been better than performance on
the sine condition, but this difference is also not signifi-
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Figure 2. d' performance by condition: top left panel, sine versus complex (Experiment 1). Top right
panel, in-tune versus out-of-tune (Experiment 1). Middle panels, 1-5 versus 1-6 and 1-2-5 versus 1-2-6 (Ex-
periment 2). Bottom panels, 1-7 versus 1-8 and 1-2-7 versus 1-2-8 (Experiment 2). Error bars represent the

standard error of the mean.

cant. However, ¢ tests revealed that performance on out-of-
tune was above chance levels [#(9) = 2.3, p <.03] (although
if the number of # tests performed is taken into considera-
tion, this effect is also not significant at .05). Performance
on sine was not significantly above chance levels.
Musical training (i.e., number of years of music lessons)
was not significantly correlated with performance on any
condition, or with the difference in performance between
the sine/complex or in-tune/out-of-tune conditions. How-
ever, no subjects were professional musicians, and the
number of years of music lessons is not necessarily a good
index of musical ability, so this null finding should not be
taken to confirm that musical experience or ability has no
effect on relative pitch processing with these stimuli.

EXPERIMENT 2

In this experiment, the question of whether harmonics
standing in octave-equivalent octave and perfect fifth re-
lationships to the fundamental would facilitate pitch per-
ception more than harmonics standing in more complex
relationships was examined. The eighth harmonic is three
octaves above the fundamental. The seventh harmonic,
when reduced to its octave-equivalent frequency in the oc-
tave above the fundamental, stands in a ratio of 4:7 with
the fundamental. Thus, it was expected that relative pitch
discrimination would be superior when tones contained
Harmonic 8 over Harmonic 7. The sixth harmonic, when re-
duced to its octave-equivalent frequency in the octave
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above the fundamental, stands in a 2:3 ratio with the fun-
damental, and the fifth harmonic in a 4:5 ratio. Similarly,
performance was expected to be superior when tones con-
tained Harmonic 6 over Harmonic 5.

In order to test the differential effects of these harmon-
ics, it was desirable to use widely spaced harmonics, as there
is evidence that adjacent harmonics can interact (Moore
etal., 1985; Moore, Glasberg, & Shailer, 1984). Thus, tones
consisting of the fundamental and one of Harmonics 5, 6,
7, or 8 were used. Most experimental studies, as well as
theories (e.g., Gerson & Goldstein, 1978; Goldstein, 1973;
Terhardt, 1974, Terhardt et al., 1982; Wightman, 1973), of
pitch perception have focused on complex sounds with
successive harmonics. While the pitch of complexes of non-
successive harmonics can be ambiguous in the absence of
the fundamental (see, e.g., Schouten, Ritsma, & Cardozo,
1962), subjects are able to track the missing fundamental
in a musical interval task (Houtsma, 1979; Gerson & Gold-
stein, 1978). In the present experiments, the fundamental
was always present.

However, tones consisting of such widely spaced har-
monics tend to segregate perceptually into their sine wave
components (Bregman, 1990; Van Noorden, 1975). Thus,
in considering how different harmonics interact with the
fundamental in providing input to pitch processors, it is
also informative to manipulate how readily the components
of each tone fuse into a single percept. In general, the
melodic context, in which the timbre of successive tones
remains the same (i.e., all components move in parallel
between successive notes) would be expected to promote
fusion (Bregman, 1990; McAdams, 1984). However, the
addition of more harmonics would also be expected to pro-
mote fusion. It was hypothesized that the addition of the
second harmonic would increase the integration of each of
these stimuli, and this hypothesis was tested in a mini-
experiment.! In a two-interval forced choice design, each
trial consisted of two versions of the major triad melody
from Experiment 1, where the versions differed in the tim-
bre of the tones. Subjects, who had had some experience
performing auditory psychoacoustic tasks, were told that
all tones contained a high, isolated harmonic. They were
asked to indicate whether it was easier to hear out the high
harmonic as a separate tone in the first or second melody.
Three subjects completed all four conditions. Each condi-
tion consisted of 24 trials. Two conditions were at the high-
est fundamental frequency level to occur in the following
experiment (Bb,—Ds—Fs—Ds—Bb,; 466.2, 554.4, 659.3,
554.4,466.2 Hz) and two were at the lowest (C,—E,—G,—
E,—C,; 261.6, 329.6, 392.0, 329.6, 261.6 Hz). Crossed
with this factor, in one condition, melodies consisting of
tones containing Harmonics 1 and 5 were compared to mel-
odies consisting of tones containing Harmonics 1, 2, and 5.
In the other condition, melodies consisting of tones con-
taining Harmonics 1 and 8 were compared to tones contain-
ing 1, 2, and 8. Each subject in each condition chose the
melody whose tones did not contain the second harmonic
as easiest to hear out the high harmonic between 92% and
100% of the time. Thus, the presence of the second har-

709

monic led to significantly greater fusion of the harmonics
into a single percept.

In Experiment 2, therefore, the contribution of various
harmonics to relative pitch discrimination under conditions
of more or less fusion was examined by comparing condi-
tions where the tones consisted of the following harmon-
ics: 1 and 8 versus 1 and 7; 1, 2, and 8 versus 1, 2, and 7;
1 and 6 versus 1 and 5; 1, 2, and 6 versus 1, 2, and 5.

Method
Subjects. The subjects were 40 adults (13 male, 27 female), 19
to 30 years of age (mean = 22 years). No adults were professional or
serious amateur musicians, although some had taken music lessons
(12 had 0 years, 15 had 1-5 years, and 13 had 5-10 years of lessons).
Stimuli. The melodies and changes were identical to those of Ex-
periment 1. However, the harmonic structure of the tones was differ-
ent. The fundamental was present in all conditions. Two factors var-
ied across conditions: the simplicity of the ratio between the high
harmonic and the fundamental, and whether or not the second har-
monic was present (affecting how fused the components were per-
ceived to be). Conditions will be identified according to the harmonic
structure of the tones: 1-5; 1-6; 1-7; 1-8; 1-2-5; 1-2-6; 1-2-7; 1-2-8.
Apparatus. The apparatus was identical to that of Experiment 1.
Procedure. Ten subjects completed both 1-5 and 1-6; 10 com-
pleted both 1-7 and 1-8; 10 completed both 1-2-5 and 1-2-6; and 10
completed both 1-2-7 and 1-2-8. In each case, half the subjects received
one condition first and halfreceived the other condition first. Within
each condition, the procedure was identical to that of Experiment 1.

Results and Discussion

Performance was generally better when Harmonics 5 or
6 were present than when Harmonics 7 or 8 were present
and when Harmonic 2 was present than when it was absent
(Figure 2, two lower rows). The predicted effects of ratio
complexity occurred only when Harmonic 2 was present
(i.e., when the tones fused into a single percept). Under
this condition, relative pitch discrimination was superior
when tones contained harmonics standing in octave and
perfect fifth relations to the fundamental. Hit and false
alarm rates were transformed to d' scores as in Experi-
ment 1. An overall repeated measures ANOVA was con-
ducted with low/high harmonics (i.e., 1-5, 1-6, 1-2-5, 1-2-6
vs. 1-7, 1-8, 1-2-7, 1-2-8), degree of fusion (i.e., 1-5, 1-6,
1-7, 1-8 vs. 1-2-5, 1-2-6, 1-2-7, 1-2-8), and order of con-
ditions (i.e., 1-5, 1-7, 1-2-5, or 1-2-7 first vs. 1-6, 1-8, 1-2-6,
or 1-2-8 first) as between-subjects factors and ratio com-
plexity (i.e., 1-5, 1-7, 1-2-5, 1-2-7 vs. 1-6, 1-8, 1-2-6, 1-2-8)
as a within-subject factor. There was a significant effect of
low/high harmonics [F(1,32) = 4.27, p <.05]. In general,
the lower the harmonic, the greater its influence on the pitch.
Degree of fusion was also significant [F(1,32) = 11.95,
p <.002], with higher performance when Harmonic 2 was
present than when it was absent. There was no effect of
order or any interactions with order. The main effect of ratio
complexity was not significant, but the interaction be-
tween ratio complexity and degree of fusion was significant
[F(1,32) = 11.68, p <.002]. This interaction was explored
further by conducting separate analyses for the conditions
in which Harmonic 2 was present and those in which it
was absent.
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For the less fused stimuli, an ANOVA with low/high har-
monics (i.e., 1-5, 1-6 vs. 1-7, 1-8) as a between-subjects
factor and ratio complexity (i.e., 1-5, 1-7 vs. 1-6, 1-8) as
a within-subject factor revealed a significant effect only of
low/high harmonics [F(1,18) = 7.41, p <.02]: Performance
was superior with the lower harmonics. There was no ef-
fect of ratio complexity. On the other hand, for the more
fused stimuli, an ANOVA with low/high harmonics (i.e.,
1-2-5, 1-2-6 vs. 1-2-7, 1-2-8) as a between-subjects factor
and ratio complexity (i.e., 1-2-5, 1-2-7 vs. 1-2-6, 1-2-8) as
a within-subject factor revealed only an effect of ratio
complexity [F(1,18) = 11.71, p <.003], with superior per-
formance when the ratio of the harmonic to the fundamen-
tal was simpler (Figure 2, two lower rows).

Comparing the results of Experiments 1 and 2 (Figure 2)
suggests that adding higher harmonics either does not af-
fect performance or might actually depress it. For exam-
ple, performance did not differ significantly across Con-
ditions 1-2 (in-tune, Experiment 1), 1-2-6 (Experiment 2)
and 1-2-8 (Experiment 2). However, it appears that per-
formance was worse on 1-2-5 (Experiment 2) and 1-2-7
(Experiment 2) than it was on 1-2 (in-tune, Experiment 1),
although these differences were in fact not significant by
t tests. Performance on 1-7 (Experiment 2) and 1-8 (Ex-
periment 2) appeared to be lower than performance on 1
(sine, Experiment 1), but performance on 1-5 (Experi-
ment 2) and 1-6 (Experiment 2) appeared to be higher than
performance on 1 (sine, Experiment 1). However, none of
these effects were statistically significant. It should be
kept in mind that the power to discriminate these potential
differences is relatively low: These are between-subjects
effects, with only 10 subjects per condition who completed
only 24 trials each. The experiment was designed so the
effects of primary interest were within-subject. Of these,
performance on 1-2-6 was superior to performance on
1-2-5, and performance on 1-2-8 was superior to perfor-
mance on 1-2-7. On the basis of these data, then, it is not
possible to identify which of the following two interpreta-
tions is more likely: When the harmonics fuse into a sin-
gle percept, (1) adding Harmonic 6 or 8 increases pitch
salience more than adding Harmonic 5 or 7, or (2) adding
Harmonic 6 or 8 has no effect on pitch salience whereas
adding Harmonic 5 or 7 decreases pitch salience.

Performance on 1-7 and 1-8 did not differ significantly
from performance on 1 (sine), and performances on 1-7 and
1-8 were not above chance levels, again suggesting that
these conditions were particularly difficult. Further, per-
formance on 1-1.875 (out-of-tune) was superior to perfor-
mance on 1-8 [#(18) = 2.37, p <.03] (although, again, if
the number of ¢ tests is taken into consideration, this effect
is not significant at .05). Thus the presence of this mistuned
second harmonic appeared to add more to pitch salience
than did the presence of the eighth harmonic when it did
not fuse with the fundamental.

Again there were no significant correlations between
the number of years of music lessons and performance on
any condition, or the number of years of music lessons and
the difference between performance on any two conditions
completed by any subject. Further, an ANOVA comparing

the number of years of music lessons across the six groups
of subjects in Experiments 1 and 2 revealed no significant
differences in musical training.

GENERAL DISCUSSION

Experiment 1 showed that pitch discrimination in a mu-
sical context was superior when tones were composed of
the first five harmonics than when tones were sine waves.
Further, performance was higher when tones were com-
posed of an in-tune version of the first two harmonics than
when tones were composed of an out-of-tune version. Thus
these findings generalize to pitch perception in a musical
context: Pitch salience increases with the addition of har-
monics and decreases when harmonics are out of tune.

Experiment 2 showed that under conditions where the
harmonics fused into a single percept, pitch discrimination
was superior when Harmonic 8 was present over Har-
monic 7, and when Harmonic 6 was present over Har-
monic 5. Thus, pitch salience did not decrease strictly with
increasing harmonic number. Under these conditions, the
presence of harmonics standing in octave or perfect fifth
relations to the fundamental appear to have resulted in
greater pitch salience than when other nearby harmonics
were present. When the fundamental and harmonics fused
less into a single percept, there was no effect of the sim-
plicity of frequency ratio between the fundamental and har-
monics. Rather, pitch salience simply decreased with in-
creasing harmonic number.

It seems unlikely that combination tones arising from dis-
tortions in the inner ear could be responsible for these ef-
fects. The most common combination tones of two frequen-
cies, fhion and fiq,,, are of the form fiio, — fio OF Mgy —
(n = 1) fuign (Plomp, 1965; Roederer, 1979). The formula
Nfow = (1 = 1) fyign, When used with widely spaced har-
monics, results in negative numbers. Combination tones
of the form f;,, — fiow OCcurring between the high har-
monic of interest and the fundamental would simply be
one harmonic lower than the high harmonic. In fact, all
combination tones arising from the tones used in these ex-
periments would occur on harmonics or subharmonics of
the fundamental. Further, widely spaced tones give rise to
fewer, less intense combination tones and, for the most part,
only combination tones below the lowest tone are heard
(Plomp, 1965). It seems likely, then, that the enhanced
contributions of the sixth and eighth harmonics to pitch
perception arise more centrally in the auditory system.

The stimuli employed in Experiment 2 were peculiar in
that the harmonics were widely spaced. The use of widely
spaced harmonics minimizes the influence of neighboring
harmonics on the harmonic of interest, but such stimuli are
rare indeed in the natural environment. The wide spacing
may be related to some of the surprising results of compar-
isons across Experiments 1 and 2. For example, the addi-
tion of either Harmonic 7 or 8 to a sine wave, or the addition
of Harmonic 5 or 6 to a fundamental plus second harmonic
appears either to have had no effect or to actually have de-
creased pitch salience. Further, performance was superior
with tones composed of a fundamental plus second har-
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monic mistuned by a semitone than with a fundamental
and eighth harmonic. Thus widely spaced harmonics ap-
pear to lead to pitch processing difficulty in general.

The major models of pitch perception (e.g., the opti-
mum processor theory, Gerson & Goldstein, 1978; Gold-
stein, 1973; the virtual pitch theory, Terhardt, 1974; Ter-
hardt et al., 1982) are based largely on results of highly
controlled experiments with well-fused tones and impov-
erished contexts. Thus, until it is known whether the ratio
simplicity results generalize to a variety of contexts, and
until the relation between fusion and pitch salience is de-
termined, it is premature to examine models of pitch per-
ception in great detail with respect to the present results.
However, Houtsma (1979) pointed out that the optimum
processor model (Gerson & Goldstein, 1978) did not cap-
ture the domination of the octave harmonics on perceived
pitch with widely spaced harmonics. Should the results of
the present investigation generalize to different contexts,
the prior probabilities of the optimum processor model
could be modified to incorporate these effects.

The virtual pitch model (Terhardt, 1974, 1984; Terhardt
et al., 1982) was tested with stimuli from the present ex-
periments. The virtual pitch model performs an initial spec-
tral analysis, yielding a set of spectral pitches, including
effects of combination tones and pitch shifts in components
due to level and masking effects. Virtual pitches are inte-
ger factors of the spectral pitches. They are weighted ac-
cording to the number of components contributing to that
virtual pitch, the weight of the spectral pitches from which
they arise, the subharmonic number, and the accuracy of
nearly virtual pitch coincidences. The virtual pitches of
the various timbres used in the experiments reported here
were calculated using the VPITCHu3 computer program.?
For a given set of harmonics (i.e., frequency and dB listings),
the program produces a set of spectral and virtual pitches,
each with a frequency and weight. The frequency associ-
ated with the largest weight represents the pitch most likely
to be perceived, and the weights can be considered mea-
sures of the pitch salience. A mid-frequency fundamental
(466 Hz) was used. Sine wave tones were at 60 dB and each
component of two-component stimuli was at 57 dB; each
component of three-component stimuli was at 55.3 dB; and
each component of five-component stimuli was at 53 dB.

The virtual pitch weightings produced by the model
were in general agreement with the present experimental
results in that the more harmonics present, the more salient
the pitch, and the presence of lower harmonics resulted in
higher pitch salience than the presence of higher harmon-
ics. In addition, the superiority of the in-tune over the out-
of-tune combination was reflected in the obtained ratings.
However, the model predicted a large jump in pitch salience
from Complex 1-2 to Complex 1-2-3-4-5 (virtual pitch
weightings of .60 and 1.70, respectively), but performance
with these timbres was equivalent in the present experi-
ments. Interestingly, for Complexes 1-5, 1-6, 1-7, and 1-8,
spectral pitches at the two component frequencies had
much higher weights than did any virtual pitches (e.g., for
1-5, spectral pitch weights were .47 at 466 Hz, and .38 at
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2330 Hz, whereas the highest virtual pitch weight was .19
at 233 Hz). This is in agreement with the present finding
that these complexes did not fuse readily into one percept
with one pitch. The model did not capture the ratio sim-
plicity effects. Virtual pitch weights decreased from Com-
plex 1-2-5 to Complex 1-2-6 to Complex 1-2-7 to Com-
plex 1-2-8 (weights were .94, .89, .86, and .83, respectively),
whereas performance in Experiment 2 decreased from
Condition 1-2-6 to Condition 1-2-8 to Condition 1-2-5 to
Condition 1-2-7. If further studies reveal that the harmonic
ratio simplicity effects generalize to a variety of contexts,
the weights in Terhardt’s model could be adjusted to yield
appropriate results.

An alternative modeling approach would be to start
with an architecture that incorporates small-integer ratios
into its basic design, such as Patterson’s (1986) spiral pulse-
stream processor, whereby equally spaced pulses (nerve
firings) flow along a time line that is wrapped into a spi-
ral whose length doubles on each successive circuit.

A number of questions arise from the present results.
First, do the effects of harmonic ratio simplicity general-
ize to impoverished or nontonal contexts? Second, do the
effects of harmonic ratio simplicity also generalize to more
natural timbres (i.e., without widely spaced harmonics)?
Finally, following suggestions that the perceived consonance
of simultaneous tones is related to their degree of fusion
(see DeWitt & Crowder, 1987), are complexes with har-
monics standing in simple ratios to the fundamental (e.g.,
1-2-6 and 1-2-8 of Experiment 2) also perceived as more
fused (as well as having a better defined pitch) than com-
plexes with harmonics in more complex ratios (e.g., 1-2-
5 and 1-2-7 of Experiment 2)?
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