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Category-Boundary Effects and Speeded Sorting
With a Harmonic Musical-Interval Continuum:

Evidence for Dual Processing

Robert J. Zatorre
Brown University

In the first experiment, a continuum of 10 harmonic musical intervals was con-
structed from a minor to a major third. Four pairs of stimuli with constant physical
distances were presented to seven musicians in a two-interval forced-choice dis-
crimination task. Either silence, an interfering tone, or a noise burst was interposed
between the two stimuli in a pair. Unbiased discriminability was found to be
consistently higher for pairs straddling the boundary between two categories than
for the endpoint pairs. The interfering tone lowered overall discrimination but left
the shape of the function unchanged, whereas the noise burst had no effect. Ex-
periment 2 used a simitar paradigm, but the continuum consisted of the single
tone that had cued the minor-major distinction for intervals. Discrimination of
this series did not show consistent changes as a function of continuum position.
In Experiment 3, triads that varied in either interval or overall pitch were presented
to musicians for sorting according to one dimension or another. The result was
that there were much longer latencies to sort according to interval when pitch
varied irrelevantly than vice versa. These results demonstrate that there are changes
in discriminability associated with learned categories and suggest that there may
be two hierarchically organized stages. A dual-processing model is discussed in
which the listener has available both auditory and categorical information.

In a now classic article, Miller (1956)
pointed out that identification of unidimen-
sional stimuli was closely linked to the capacity
of shortrterm memory; however, in the realm
of speech perception an exception to this for-
mulation was reported. Liberman, Harris,
Hoffman, and Griffith (1957) found that lis-
teners were not able to perceive graded dif-
ferences between stimuli but rather tended to
hear only discrete changes between one pho-
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netic category and another. This phenomenon
became known as categorical perception, and
was first believed to be unique to speech pro-
cessing (cf. Eimas, 1963; Liberman, Harris,
Kinney, & Lane, 1961; Mattingly, Liberman,
Syrdal, & Halwes, 1971). Later versions (Fu-
jisaki & Kawashima, 1969,1970,1971;Pisoni)
1973, 1975) added an auditory-processing
stage to explain listeners' ability to discrimi-
nate within-category stimuli at above-chance
levels.

The hypothesis of a special speech-pro-
cessing mechanism has been criticized in re-
cent years. One important critique is that of
Macmillan, Kaplan, and Creelman (1977),
who pointed out that (a) most research into
categorical perception has not used bias-free
measures of discriminability and (b) in most
speech-perception studies, identification ability
may be underestimated by providing too few
categories. Thus, discrimination that is higher
than predicted might be explained by the lis-
tener's ability to further categorize the stimuli
rather than by the existence of an auditory-
processing stage (cf. Liberman, Harris, Eimas,
Lisker, & Bastian, 1961).
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A second critique of categorical perception
has emerged from work with nonspeech an-
alogues of speech sounds. When certain non-
speech stimuli are presented under conditions
comparable to those used in categorical-per-
ception experiments, results very similar to
those that had been labeled as "categorical"
may be obtained (Cutting & Rosner, 1974;
Cutting, Rosner, & Foard, 1976; Miller, Wier,
Pastore, Kelly, & Dooling, 1976; Pastore, Ah-
roon, Baffuto, Friedman, Puleo, & Fink, 1977;
Pisoni, 1977; Raz & Brandt, 1977).1

Yet another set of stimuli that has yielded
categorical-like results is musical intervals, and
they form the focus of the present investiga-
tions. Locke and Kellar (1973), Blechner
(1977), and Siegel and Siegel (1977) reported
that when a continuum is constructed between
one musical category and another (e.g., minor
and major thirds), musically trained subjects
were able to parse the stimuli into discrete
categories. Furthermore, discrimination data
showed a peak near the boundary between
these categories.

Other studies on musical-interval perception
have extended the earlier findings. Burns and
Ward (1978) used temporally successive (mel-
odic) intervals whose absolute frequency var-
ied over a small range so that only the relative
frequency change between two notes of an in-
terval could be used as a cue (and not the
absolute frequencies of the individual notes).
Categorical effects were clearly elicited under
these conditions when using a two-interval
forced-choice procedure. However, when an
adaptive psychophysical paradigm was used
for discrimination, only a small amount of
training was found sufficient to eliminate the
peaks in discrimination previously noted. On
the other hand, when these same listeners were
retested on fixed step-size discrimination, the
peaks near the boundary were found once
more. These results led Burns and Ward to
conclude that categorical perception is related
to the degree of stimulus uncertainty asso-
ciated with the procedure used. With high-
uncertainty situations, the conditions for oc-
currence of categorical perception are maxi-
mized.

Another study on musical-interval percep-
tion was that of Zatorre and Halpern (1979),
who used simultaneous (harmonic) intervals.

In standard identification and discrimination
tasks the results once more showed musicians
perceiving in a manner similar to that termed
categorical for speech, whereas nonmusicians
did not generally show these effects. In this
study, discrimination was consistently much
higher (by approximately 25%) than predicted
on the basis of the identification function with
the strict categorical prediction, unlike the
functions obtained by Burns and Ward, which
were generally well predicted by the same for-
mula. Zatorre and Halpern argued that the
good performance on discrimination was
partly due to the availability of auditory in-
formation. It was possible that subjects based
their discriminations partly on differences be-
tween the top notes of the interval pairs (in
addition to interval size) because the bottom
note was held constant. However, when a task
was constructed in which the absolute pitch
level varied randomly from stimulus to stim-
ulus (paralleling the procedure used by Burns
and Ward, 1978, with melodic intervals), Za-
torre and Halpern's subjects were unable to
consistently identify or discriminate the stim-
uli. This result was attributed to the lack of
contextual cues for subjects to base their judg-
ments on. The discrepancy between perfor-
mance on melodic and harmonic intervals re-
mains to be explained, however.

The experiment that follows was designed
to investigate the existence of two sources of
information in the discrimination of harmonic
musical intervals. One source corresponds to
simple pitch information, whereas the other
corresponds to the availability of category
coding, in this case major or minor. I postu-
lated that if an auditory-processing stage exists,
it should be possible to interfere selectively
with it and thereby reduce overall discrimi-
nation without affecting the peak. A further
issue concerns clarifying the relationship be-
tween identification and discrimination. A fi-
nal aim of this experiment was to determine
if categorical effects hold up when the data
are analyzed in terms of signal-detection the-
ory, an important issue in light of the criticisms
made by Macmillan et al. (1977).

1 Note, however, that the results using rise time have
recently been called into question (Kewley-Port & Pisoni,
1982; Rosen & Howell, 1981).
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Experiment 1

Method
Subjects. Seven musically trained persons from the

Providence area were used as subjects. Their mean age
was 24, and the mean number of years they spent studying
and playing an instrument was 13.5. No subject reported
possession of absolute pitch or any history of hearing dis-
orders.

Stimulus materials. Stimuli were produced on a PDP-
8 computer. A continuum of two simultaneously presented
pure tones was constructed. The lower tone was constant
and corresponded to the note G (392.0 Hz); the top tone
of the continuum varied in 10 logarithmically equal steps
(11.1 cents each) from B flat (466.2 Hz) to B natural
(493.9 Hz). The continuum thus covered the range from
minor third (GB flat, 300 cents) to major third (GB, 400
cents). For convenience, the stimuli in the continuum are
numbered from 1 to 10; 1 corresponds to the 300-cent
stimulus, 2 to the 311.1 -cent stimulus, and so forth. Each
two-note interval had a total duration of 500 msec. Am-
plitude was sent to the same nominal parameter for pro-
duction of each stimulus; presentation to subjects was at
75 dB SPL, A scale, as measured at the headphones with
a sound pressure meter.

In addition to the continuum just described, two types
of interference stimuli were constructed. The tone inter-
ferers consisted of 500-msec pure tones at a frequency
133.3 cents above the midpoint frequency of the top tones
of the two intervals being discriminated; thus it was at a
constant distance for each pair of intervals. The distance
of 133.3 cents was chosen on the basis of results by Deutsch
(1972), which showed maximal interference to occur in
this range in a tonal memory task. The other interference
stimulus consisted of 500 msec of broad-band white noise.
All stimuli were band-pass filtered between 100 and 1000
Hz with a Krohn-Hite 3550 analog filter. A comparison
of the spectral characteristics of the noise burst and the
tones showed that the overlap for the two types of stimuli
was almost complete. However, the noise burst was about
10 dB louder than the tones when measured at the head-
phones.

Procedure. For the discrimination task, four pairs of
stimuli were chosen from the 10-stimulus continuum: two
within-category and two between-category. Within-category
and between-category pairs were chosen simply oh the
basis of proximity to the endpoints (within) or proximity
to the midpoint of the continuum (between). The chosen
pairs were always a constant distance apart on the con-
tinuum (i.e., the ratios of the top notes of the two intervals
were constant at 22.2 cents).2 Pairs 1-3 and 8-10 were
considered to be within-category; 4-6 and 5-7 were between-
category pairs.

The discrimination task itself was the two-interval
forced-choice (2IFC) method.3 On each trial two different
stimuli from one of the four pairs previously described
were presented in one or another order; the subjects' task
was to determine which of the two stimuli sounded "more
minor," and to respond accordingly by pressing one of
two keys on a teletype in front of them (Key 1 if the first
stimulus was more minor, Key 2 if the second was more
minor). Each pair was presented 15 times per block of
trials for three blocks of trials, with short rests between

blocks. Order of stimulus presentation was counterbalanced
(so that Pairs 1-3 and 3-1 appeared 15 times each, etc.).
All eight possible pairs were presented in a pseudorandom
order of 120 trials per block, for total of 360 trials per
experimental session.

In Condition 1 (no interference) there were 1.5 sec of
silence interposed between the two stimuli in the discrim-
ination pair. In Condition 2 (tone interference) the inter-
ference tone previously described was placed between the
two intervals to be discriminated; this tone started 500
msec after the offset of the first interval and ended 500
msec before the onset of.the second interval. Subjects were
told to disregard the interfering tone as much as possible
and to respond on the basis of the first and last signals
presented. In Condition 3 the interfering stimulus was the
noise burst previously described; subjects were told to dis-
regard this interferer also.

Subjects were tested individually or in groups of three
or fewer in a quiet room. The three conditions were run
in the order described for all seven subjects, with at least
1 week between sessions. On each testing day listeners
were given five trials per discrimination pair as practice
before the actual test began.

Once the three sessions were finished, subjects returned
for an identification task. Only six of the original seven
subjects were available for this session. All 10 intervals in
the continuum were presented in a single random order
of 20 repetitions each. A 6-point rating scale was used for
identification, and subjects were told to distribute their
responses approximately equally among the 6 categories
(where 1 was "most minor," 6 was "most major"), and
the remaining categories corresponded to different degrees
of major and minor. Again, 5 repetitions of each stimulus
were given as practice before each session. Subjects were
tested interactively with the PDP-8 in both identification
and discrimination tasks; accordingly, the time interval
between trials varied depending on the speed of response.
However, there was always at least 1 sec between the last
response and the onset of the next trial.

Results

Discrimination ability was measured by
calculating an unbiased sensitivity index. As

2 Minimum discriminability for pitch is difficult to eval-
uate because it varies significantly with the nature of the
stimuli, tasks, and subjects' training. However, the average
deviation for adjustment of simultaneous intervals has been
reported to be in the vicinity of 20 cents, depending on
the interval (Moran & Pratt, 1926; Rakowski, 1976; Ward,
1954). Because the fixed discrimination distance in this
experiment was 22.2 cents, it follows that performance
should be in the appropriate range to be sensitive to ex-
perimental manipulations.

3 Note that this procedure differs from the more common
discrimination tasks used in speech research; it was chosen
on the basis of Macmillan et al.'s advice in that it is the
most straightforward way of determining sensitivity and
because it is relatively robust with respect to inequality
of variance in the underlying distributions.
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suggested by Macmillan et al. (1977), for a
2IFC task this index equals d'2iFC/*J2', this in-
dex corresponds to the d' that would be ob-
tained in a yes-no detection paradigm and is
referred to hereafter simply as d'.4

The principal result is presented in Figure
1, which shows mean d' scores calculated sep-
arately for each subject then averaged across
subjects for each condition. The most striking
effect is the large increase in discriminability
for the two between-category pairs as com-
pared to within-category pairs. An analysis of
variance (ANOVA) on these scores shows a
highly reliable effect of position on the con-
tinuum, F(3, 18) = 19.70,;? < .001. Post hoc
tests using Tukey's honestly significant differ-
ence (HSD) procedure indicated that only the
differences between the two between-category
and the two within-category pairs differed sig-
nificantly (p < .05).

The second finding of interest is that In-
terference Condition 2 (tone) lowered overall
performance but left the peak in the function
unchanged relative to the troughs (see Figure
1); in other words, the functions for Conditions
1 and 2 remained parallel. Condition 3 (noise)
had no noticeable effect on discrimination.
The analysis showed a main effect of condition,

• »vCOND. 1 (NO INTERFERENCE)
. . COND. 2(TONE INTERFERENCE)

COND. 3 (NOISE INTERFERENCE)

+ 2 r

d'

1

1-3 4-6 5-7
DISCRIMINATION PAIRS

8-10

Figure 1. Mean d' scores for seven musicians in the dis-
crimination task of Experiment 1 as a function of position
on the continuum and interference conditions.

-2

1-3 4-6 5-7
DISCRIMINATION PAIRS

8-10

Figure 2. Mean response bias scores for discrimination
data of Experiment 1, Condition 1 for seven listeners,as
a function of continuum position. (A negative value of
beta corresponds to a bias to respond by pressing Key 2;
a positive value corresponds to a bias to respond by pressing
Key 1.)

F(2,12) = 12.70, p < .005, but no interaction.
Post hoc tests confirmed that only the differ-
ence between Condition 2 and the others was
significant. The average decrement in d' be-
tween Conditions 1 and 2 was .76.

Because the signal-detection theory allows
the separation of sensitivity from response bias,
it is of interest to examine bias in this task.
Figure 2 shows the mean beta scores for the
seven subjects in Condition 1 of the discrim-
ination task. A negative value of beta corre-
sponds to a bias to respond by pressing Key
2 (i.e., that the second stimulus was more mi-
nor than the first), whereas the opposite is true
of a positive bias score. There was a large
change in beta as a function of position on
the continuum, F(3, 18) = 11.08, p < .01.

4 For several subjects, p(H) and/or p(FA) reached 1.00
and .00, respectively, where p(H) 'and p(FA) are the pro-
portion of hits (H) and false alarms (FA). In such cases,
d' is indeterminate; however, following the suggestion made
by Macmillan et al,, it was assumed that proportions of
1 and 0 are experimentally indistinguishable from .995
and .005, respectively, thereby giving a maximum d' score
of 3.65. It should be kept in mind that these estimates of
discriminatory ability are likely to be less reliable than
others.
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Post hoc tests showed all means to be signif-
icantly different from one another except for
the values for the two between-category com-
parisons. Changes in response bias for Con-
ditions 2 and 3 were essentially identical to
those for Condition 1.

The next important result concerns the re-
lation between identification and discrimi-
nation. The identification was monotonically
increasing, but there were larger changes in
ratings near the middle of the continuum than
at the endpoint regions, F(3, 15) = 16.03, p <
.001, and post hoc tests confirmed that the
within-category differences were indeed
smaller than the between-category differences.

Discrimination data were predicted from
the identification data in two ways. First, two-
category identification functions were used to
predict discrimination on the basis of the strict
categorical hypothesis that discrimination is
totally limited by identification (for simplicity,
this is referred to as the "Haskins predic-
tion").5 Two-category identification functions
were obtained from the rating data by col-
lapsing Responses 1,2, and 3 into one category
and Responses 4, 5, and 6 into the other. The
second way the identification data were used
to predict discrimination was by the method
outlined by Braida and Durlach (1972) and
advocated by Macmillan et al. (1977). With
this procedure a d' score is obtained from pairs
of stimuli according to'how well the subject
was able to use different ratings for the pair
of stimuli in question. This is referred to as
the signal-detection prediction.

Because the two predictions use different
dependent measures, direct comparison is
problematic. However, the predicted propor-
tion correct from the Haskins formula may
be converted to a d' score for comparison with
the signal-detection prediction.6 This function
is shown in Figure 3 along with the obtained
d' scores and the signal-detection prediction.
When all three sets of values were analyzed it
was found that the effects of obtained versus
predicted, F(2,10) = 35.3, p < .001, and con-
tinuum position, F(3, 15)= 24.8, p< .001,
were significant, but there were no interaction
effects. Post hoc tests showed that both pre-
dictions significantly underestimated obtained
performance; however, the Haskins prediction
underestimated true discrimination more than
the signal-detection model did.

d'

OBTAINED DISCRIMINATION
PREDICTED DISCRIMINATION

(SDT MODEL)

PREDICTED DISCRIMINATION
(HASKINS MODEL)

1-3 4-6 5-7
DISCRIMINATION PAIRS

8-10

Figure 3. Obtained and predicted discrimination data for
six subjects in Experiment 1, Condition 1. (Predicted scores
are based on [a] the signal-detection model, which cal-
culates the d' corresponding to a detection task from rating
data in identification and [b] a d' score derived from the
Haskins formula, which assumes discrimination to be to-
tally limited by identification.)

Discussion

These results support a dual-processing
model. In this view, when an interfering tone
is presented between the two intervals to be
discriminated, it interferes with the internal
auditory representation of the stimulus but
does not affect memory for the binary variable
that results from categorization. The outcome
is a decrement in performance but no drop
in the peak relative to the trough because cat-
egorical information is still available to make
decisions even after interference. When no in-
terference is present, the listener makes use of
both sources of information for the between-
category comparisons but retains only auditory

5 The formula used to calculate predicted discrimination
wasp(D) = .5 [pl(A)p2(A) + pl(B)p2(B)] + [pl(A)p2(B) +
pl(B)p2(A)], where pl(A) is the probability that Stimulus
1 is identified as A, p2(A) is the probability that Stimulus
2 is identified as A, and so forth.

* Total proportion correct is equal to [p(H) + p(CR)]/
2, where p<CR) is the proportion of correct rejections
(CR). Using the formula for response bias, beta equals
z[p(H)] + z[p(FA)]; and the fact that p(CR) + p(FA) =
1 allows the calculation of d' if the value corresponding
to beta is known.
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information as the basis for within-category
discrimination.

The fact that noise interference had essen-
tially no effect is important in that it points
to a specialization of the auditory-processing
stage. The noise burst, although spectrally
overlapping with the intervals and somewhat
louder, was apparently not processed by the
hypothetical auditory memory system. It can
at least be said that the memory trace for a
musical interval is not disrupted by all auditory
stimuli. Such a conclusion is also in agreement
with Deutsch's (1970) finding that memory
for tones is not disrupted by concurrent mem-
orization of words.7

This dual-processing model might still be
criticized on the basis of the arguments out-
lined by Macmillan et al. (1977). In particular,
it might be claimed that categorical perception
did not occur because discrimination was not
limited by identification; rather, it was con-
sistently better than predicted by a more or
less equal amount throughout the continuum,
a result typical of continuous perception. Be-
cause identification functions did not predict
discrimination very well, it might be wiser to
call the effect of category-boundary effect (cf.
Wood, 1976). However, accepting the defini-
tion of categorical perception given by Mac-
millan et al. (equivalence of identification and
discrimination) would fail to distinguish the
discrimination functions found here from
functions without peaks at the boundary.

There appear to be two important effects
to account for theoretically: (a) the peak in
discrimination and (b) the higher than pre-
dicted results. Macmillan et al. noted the pos-
sibility of just this combination of results and
claimed that it can be totally explained by a
unidimensional model with inequality of
stimulus spacing along a psychological di-
mension. They criticized the dual-processing
explanation by the following analogy:
The trouble with this model lies in its embarrassing lack
of parsimony: It is equivalent to a simpler model in which
the existence of the boundary is ignored. (The situation
is analogous to deciding which of two weights is heavier
by first comparing each with a 1-kg standard. If one weight
is heavier than the standard and the second lighter, then
choose the first; if not, put the two weights themselves on
opposite arms of a pan balance. Clearly, the use of the
standard weight does not affect the outcome of this two-
step decision process.) (Macmillan et al., 1977, p, 467)

This analogy is invalid, however, because it

does not reflect the task in question; it assumes
performance is constrained only by sensory
noise and not memory noise.

Let us consider the following modification
of the example. Two weights are presented in
succession, each of which is placed on a scale
.that records weight. Under these conditions
the observer need only compare the two values
to decide which is heavier; therefore, the ob-
server will be constrained by the scale's res-
olution (sensory noise) and his or her memory
for the two values to be compared (memory
noise). Now let us further assume that our
subject, a trained weightlifter, is familiar with
the values along the scale that correspond to
certain standard weights. There will now be
two sources of information for him to use: his
memory for the values on the scale as well as
knowledge about the weights' proximity to a
standard value. He should therefore perform
much better under these circumstances, and
a dual-processing theory would predict a peak
in discrimination at values close to the mid-
point between two standards.

The applicability of this example to the
present results should be obvious. Note that
this model involves a change from previous
dual-processing models (e.g., Fujisaki & Ka-
washima, 1971; Pisoni, 1973), since in those
models phonetic information only is used for
between-category discrimination. In the cur-
rent formulation, auditory information is
available for all stimulus comparisons. If au-
ditory information were not being used in be-
tween-category discrimination, then the peak
should have remained unchanged after inter-
ference. Because the peak fell by about the
same amount as the within-category points,
the amount of auditory information available
must have been approximately constant across
the continuum.

This model also gives a plausible explana-
tion for the observed changes in response bias.

7 Massaro (1970) reported that noise was an effective
interference stimulus in a tonal memory task, although
tones provided more interference. The discrepancy between
that finding and the current one can probably be accounted
for by task and stimulus variables. It is of interest to spec-
ulate, however, that musicians may have learned to "tune
out" irrelevant noise when making musical judgments,
which would account for the lack of interference effect in
the case of the noise stimulus.
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In the cases where two stimuli drawn from the
minor category are presented, the listener per-
ceives both as minor but can still discriminate
them to some extent, If we assume that the
subject is more certain about the second stim-
ulus presented than the first, he or she will
tend to respond by pressing Key 2 more of
the time when unsure because the subject
knows the second stimulus was definitely a
minor interval. Conversely, when two major
stimuli are presented, the subject will be cer-
tain that the second stimulus, at least, was
major and so will tend to say that the first
must have been more minor, thereby biasing
the responses toward pressing Key 1. When
the stimuli come from separate categories there
should be no consistent bias because on the
average the second stimulus is major as often
as minor.

Experiment 2

The results from Experiment 1 suggest that
changes in discrimination are associated with
learned categories. There is a confounding
factor, however, in that the peak in discrimi-
nation always occurs near the midpoint of the
continuum. Thus, it may be that range-related
contextual effects are playing a role. The lis-
teners might be simply bisecting the range, for
example: such effects must be separated from
any effects due to the presence of categories
or boundaries.

One approach to this problem is to examine
perception of the isolated minimal acoustic
cue necessary for a distinction between two
categories, in this case the pitch of the top note
of the interval. If range-related effects are re-
sponsible for the discrimination peak, then it
should not matter whether the tones are pre-
sented alone Or as part of a musical interval.
Also, a possible criticism of Experiment 1 is
that no evidence was given that the task ac-
tually compelled the subjects to the use the
categories they had presumably learned. Thus,
it is theoretically possible that the results ob-
tained in the first experiment would have been
obtained even in the absence of interval in-
formation. A secondary purpose of Experi-
ment 2, therefore, was to answer this potential
criticism.

Blechner (1977) performed an experiment
in which chords or single'tones were presented

to musicians for discrimination. The basic re-
sult was that single tones did not produce re-
liable peaks; however, in one condition a slight
peak was found, though it was not in the place
predicted by the identification function. Mu-
sical chords, on the other hand, always pro-
duced large peaks near the boundary. Ble-
chner's experiment, however, suffers from the
sorts of difficulties described by Macmillan et
al., and it therefore appeared useful to attempt
a study similar to Experiment 1 using a con-
tinuum of single tones. Thus, the acoustic cues
are held constant across conditions (interval
or single tone), but in the case of single tones
the sounds are not categorizable as a major
or minor.

Method

Subjects. Seven musically trained listeners participated,
two of whom had already taken part in Experiment 1.
Other subject characteristics were the same as in Exper-
iment 1.

Stimulus materials. The stimulus continuum was con-
structed in precisely the same manner as in Experiment
1 except that the lower tone was omitted. This resulted
in a single-tone continuum from B flat to B natural in 10
logarithmically equal steps. The same interference tones
as in Experiment 1 were also used in one condition of
this experiment.

Procedure. To provide comparison data and for pur-
poses of replication, I first tested the five new subjects
on Condition 1 from Experiment 1. Next, the discrimi-
nation procedure from Experiment 1 was repeated but
using only the single-tone continuum without interference.
Finally, single-tone discrimination proceeded with a tone
interference as in Condition 2 of Experiment 1. This latter
condition was included because pilot results indicated a
ceiling effect with the single-tone continuum. In all other
respects the discrimination procedure was exactly as in
Experiment 1.

Results

The results are shown in Figure 4 as mean
d', which was calculated separately for each
subject and then averaged. The first result of
note is the replication of the discrimination
peak for the interval continuum. For the single-
tone continuum it is notable that, without in-
terference, this discrimination is much easier
than for the comparable interval continuum.
As for the presence of peaks, the situation is
less clear. Without interference there is cer-
tainly no peak. In the interference condition
there was a good deal of individual variation,
with some subjects showing distinct peaks and
others a totally flat function.
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d1

• • INTERVAL

•----.SINGLE TONE (NO INTERFERENCE)
• .SINGLE TONE (TONE INTERFERENCE)

1-3 4-6 5-7 8-10
DISCRIMINATION PAIRS

Figure 4. Mean d1 scores for seven musicians for the three
conditions of Experiment 2 as a function of position on
the continuum.

An ANOVA was performed on the d' values
with position on the continuum as one factor
and condition (interval, single note, single note
with interference) as the second factor. Sig-
nificant results were observed for both main
effects as well as the interaction: condition,
F(3, 18) = 12.53, p < .005; continuum, F(2,
12) = 12.06, p < .005; interaction, F(6, 36) =
4.66, p < .005. Post hoc tests indicated sig-
nificantly higher discrimination for the two
middle pairs in the case of the interval con-
tinuum, as in Experiment 1. No significant
differences were found for the single-tone con-
tinuum without interference, but this is not
surprising as many scores were near ceiling
on this task. For the single-tone continuum
with interference it was found that the d' value
from the high end of the continuum (Pair 8-
10) was significantly lower (p < .05) than for
Pair 5-7; the other three points did not differ
from one another.

Discussion

The single-tone discrimination data clearly
differ from the interval discrimination results,
and in this respect the findings parallel Ble-
chner's (1977) results. The results of a study
by Kopp and Livermore (1973) are also rel-
evant here. They gave nonmusicians a single-
tone continuum for identification and dis-
crimination. Analysis via signal detection

showed large changes in response bias near the
boundary but no peak in true discriminability.

There is one troubling feature of the present
results, however: Although there is no statis-
tically reliable peak as such, in the single-tone-
with-interference condition there is one data
point at the end of the continuum that differs
from one near the middle. Inspection of the
individual results suggests that for a few lis-
teners, at least, discrimination was indeed bet-
ter for stimuli from the midpoint of the con-
tinuum. Yet every subject demonstrated sub-
stantially larger differences between the middle
stimuli and the extremes for the intervals than
for the single tones (i.e., the functions were
always more peaked for the interval contin-
uum). Thus, it appears that range-related ef-
fects may contribute a small component to
the peak in discrimination performance. Nev-
ertheless, the peaks observed with intervals
are of greater magnitude as well as greater
reliability than those seen with single tones.
Therefore, it is reasonable to conclude that
discrimination peaks with intervals are not
due simply to bisecting the range or other con-
textual effects but rather are more likely pri-
marily related to the existence of categories
and boundaries.

Another interesting aspect of these results
is that single-tone discrimination without in-
terference appears to be much better than the
equivalent interval discrimination, even
though the same frequency ratios were used
in both cases (e.g., one subject did not miss
a single trial out of 450 in this condition). It
is possible that the generally poorer discrim-
ination when simultaneous intervals were pre-
sented may have been due to some sort of
masking of the upper tone by the lower one.

Experiment 3

This experiment was designed to gather fur-
ther support for a distinction between two lev-
els of processing in the perception of musical
intervals by using the speeded-classification
paradigm. Wood (1975) has shown that two
levels of processing can be distinguished by
such a task. The assumption is that variation
of an irrelevant stimulus dimension will in-
terfere with speeded sorting only if the irrel-
evant dimension must first be processed by a
lower order mechanism. Alternatively, if the
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two stages are totally independent of one an-
other, then no interference would be expected.

Wood (1975) studied fundamental fre-
quency and place of articulation of consonant-
vowel syllables. When subjects were to classify
just two of the four possible stimuli on one of
the dimensions (control conditions), reaction
times (RTs) were equivalent. When all four
possible stimuli were combined in a block of
trials (orthogonal condition), classification ac-
cording to pitch was just as quick as in the
control condition, but classification of place
of articulation was slower by about 50 msec.
Evoked potentials recorded concurrently with
the sorting task also supported these results.
These results were interpreted as evidence that
a specialized mechanism was brought into play
when phonetic analysis was required and that
lower order information (fundamental fre-
quency) was extracted prior to the phonetic
identification. Wood also reported that this
pattern of results (asymmetric interference)
did not occur with two auditory dimensions,
such as pitch and intensity.

Further experiments with various other di-
mensions such as place and manner of artic-
ulation, vowel quality, and intensity (Eimas,
Tartter, Miller, & Keuthen, 1978; Miller, 1978;
Miller, Eimas, & Zatorre, 1979) have shown
various complex interactions, which appear to
reflect the different degrees of dependency of
various levels of processing (for a review see
Eimas, Tartter, & Miller, 1981).

As might be expected, the so-called pho-
netic-processing results have also been found
for certain nonspeech stimuli. Blechner, Day,
and Cutting (1976) found that variation in
intensity interfered with classification of rise
time but not vice versa. Pastore, Ahroon, Pu-
leo, Crimmins, Golowner, and Berger (1976)
reported a similar pattern for stimuli that var-
ied in tone-buzz relative onset time. Once
more, then, the auditory-phonetic distinction
seems to rely not so much on the presence of
phonetic processing per se but rather, as Ble-
chner et al. (1976) put it, "on the coding of
sounds within a hierarchically organized sys-
tem, or on the interaction of acoustic prop-
erties within such a system" (p. 265).

The application of this paradigm to musical
intervals should prove useful in supporting the
evidence found in the first two experiments
for a dual-processing hypothesis. Additionally,

musical intervals appear particularly well-
suited to this sort of technique because their
relatively simple acoustic structure permits
comparability between different classification
dimensions, unlike many speech experiments.
The auditory dimension in this experiment is
pitch (i.e., overall pitch of a chord, corre-
sponding to key in musical terminology). The
major-minor distinction is the symbolic higher
order dimension. A correlated condition (i.e.,
where both dimensions vary in a redundant
fashion) was not used because of the difficulty
in interpreting redundancy gains that may be
observed (cf. Eimas et al., 1981).

In a pilot study, the following four pure-
tone stimuli were constructed: low minor, low
major, high minor, and high major. The pitch
(low-high) dimension was cued by a semitone
change in both notes of the two-note chord,
whereas the major-minor dimension was cued
by the interval between the bottom and top
notes, as before. When this experiment was
attempted, only one listener could be found
that was able to classify the stimuli accurately
in the orthogonal condition; the rest were in-
consistent in their classification, although they
could perform correctly in the control con-
ditions. This result was surprising but corrob-
orates the finding of Zatorre and Halpern
(1979) that identification of harmonic intervals
is extremely difficult in the absence of a stable
pitch context.

To increase the musical nature of the stimuli
as well as to make the task easier it was decided
to use three-note chords as stimuli; this is the
experiment to be reported here.

Method
Subjects. A total of nine subjects was used, one of

whom performed at chance levels and was excluded. The
average musical training of the group was 10.5 years spent
studying or playing an instrument. Other characteristics
of the group were the same as in the previous experiments.

Stimulus materials. Stimuli were four pure-tone triads
generated by the PDP-8. Two low (key of F) and two high
(F-sharp) triads were constructed, one minor and one major
within each key, thus giving four chords: F minor (F, A
flat, C), F major (F, A, C), F-sharp minor (F sharp, A, C
sharp) and F-sharp major (F sharp, A sharp, C sharp).
Each stimulus was 250 msec in duration.

Procedure. The eight subjects were divided into two
groups of four; each received two control and two or-
thogonal conditions in an order given by a balanced Latin
square design. In the orthogonal conditions, all four possible
stimuli were presented in a pseudorandom order, and sub-
jects were instructed to press one of two buttons on the
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teletype with the index finger of the preferred hand. In
the orthogonal pitch condition the buttons were labeled
high and low, and subjects were instructed to ignore whether
the triads were minor or major. In the orthogonal interval
condition the buttons were labeled minor and major, and
subjects were asked to classify the stimuli accordingly, re-
gardless of key.

There were also two control conditions: In the interval
control condition two triads were chosen that shared the
same key (either F minor and major or F-sharp minor
and major), and only these two were presented in a pseu-
dorandom order for classification according to interval.
Subjects in the first group received one combination,
whereas those in the second received the other possible
combination of stimuli (e.g., if the first group heard the
two F triads, the other heard both F-sharp triads). The
same procedure was followed for the pitch control con-
dition, so that one group received the low and high (F and
F-sharp) major stimuli, whereas the oher received the two
minor triads. In all cases, right-left positioning of the
response buttons was counterbalanced across groups.

Before participating in the experiment, listeners were
familiarized with the four stimuli by indicating to them
which chords would be presented in musical notation as
well as by permitting them to listen to all four stimuli
several times. Before each of the four conditions the subjects
were told (and shown) which stimuli would be presented
and 20 practice trials were given with feedback on the
number of errors. The actual experimental conditions
consisted of 80 presentations of each stimulus, thus making
a total of 160 trials for each control condition and 320
trials for each orthogonal condition.

Results

The data files from each subject in each
condition were edited by removing all the RTs
from error trials, keeping track of the number
of errors. Mean and median RTs were cal-
culated for each block of trials that constituted
a condition for each subject. These means and
medians were entered into separate ANOVAS
with two factors: condition (control vs or-
thogonal) and dimension (pitch vs. interval).8

For simplicity, only median RT scores are re-
ported here; means showed essentially the same
pattern. The principal results are shown in
Table 1. Although there were significant main
effects for both condition and dimension, these
were subsumed under the interaction effect,
which was highly reliable, F(\, 7) = 14.03,
p < .01. Post hoc Tukey HSD tests showed
that the orthogonal interval condition was sig-
nificantly slower that the rest; the other three
medians did not differ (p > .05) from one
another.

Errors accounted for a relatively large pro-
portion of trials in the orthogonal interval
condition (6% average errors compared to 1%

Table 1
Average Median Reaction Times and Standard
Deviations for Four Conditions of Experiment 3

Condition

Control

Dimension

Pitch
Interval

M

376.6
408.1

SD

27.8 .
42.7

Orthogonal

M

436.9
654.5

SD

71.9
103.2

or 2% for the other conditions). Nevertheless,
an ANOVA for the error proportions showed
no significant main effects or interactions. In
any case, the greater number of errors for the
orthogonal interval condition corroborates the
slower latencies observed in that condition and
would speak against the occurrence of a speed-
accuracy trade-off.

An item analysis was also carried out on
the data from the orthogonal interval condition
to examine the possibility that some of the
stimuli may have been more responsible for
the observed effect than others. In particular,
it was thought that perhaps the low-minor and
high-major (F minor and F-sharp major)
chords were easier to respond to because they
contained the lowest and highest pitches of the
entire set. The result of this item analysis re-
vealed no significant effects for either median
RTs or error proportions as a function of stim-
ulus. Therefore, there is no evidence that sub-
jects responded faster to some stimuli than to
others in this condition.

Discussion

The pattern of results obtained in this ex-
periment suggests that processing of interval
information depends on the prior processing
of pitch, whereas the pitch decision can be
made independently of the intervals formed
by the stimuli. This result supports and extends
the data from the first two experiments with
respect to the existence of separate processing
levels.

In previous studies using this paradigm
(Blechner et al., 1976; Eimas et al., 1978; Pas-

8 A previous analysis showed no differences between the
two groups of subjects who received different control con-
ditions, so the two groups were combined for subsequent
analyses.
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toreetal., 1976; Wood, 1975) there has always
been the problematic issue of comparability
of the dimensions used; it is often difficult to
specify equivalent levels of discriminability
when such disparate dimensions as intensity
and place of articulation are used. Similar
problems arise when the two cues differ mark-
edly in duration (cf. Pastore et al., 1976). These
problems should* be much attenuated in this
study because the underlying cues in both pitch
and interval conditions involved semitone
changes in the component tones of the stimuli.
There may still be a slight problem in the con-
trol conditions in that only a single tone change
cues the minor-major distinction, whereas in
the low-high distinction all three tones differ
by a semitone. The availability of these mul-
tiple cues may have been responsible for the
slight increase in RT between the control pitch
and interval conditions (see Table 1), although
this increase was not statistically significant.

Note that in the orthogonal conditions,
which are of greatest interest, the two dimen-
sions are more nearly comparable. When all
four stimuli are presented and a decision on
the pitch dimension is called for, the cues are
given by the pitches of the top and bottom
notes (the central note is not a reliable cue).
A subject might still respond on the basis of
all three tones in the two extreme stimuli (F
minor and F-sharp major) thereby increasing
speed, but the item analysis previously de-
scribed indicates that this did not occur. In
the case of the orthogonal interval condition
there are also two cues: the interval between
the bottom and central notes and the interval
between the central and top notes (the bottom
and top notes form a constant perfect fifth at
all times).

It is of interest to note that the increase
between control and orthogonal conditions for
the interval dimension (246 msec) is much
larger than usually found in such studies, even
though the control latencies are roughly com-
parable. On the other hand, comparison of
the relative increase in interval classification
time between control and orthogonal condi-
tions shows that this increase is approximately
four times larger than the corresponding in-
crease for pitch. When evaluated in this fashion
other studies have found similar results: Eimas
et al. (1981) reported a relative increase of
about 8:1 for voicing versus pitch dimensions

and 3:1 for place and loudness. The data of
Pastore et al. (1976) are in the same range;
however, Wood's (1975) data show much larger
relative increases, on the order of 25:1. The
amount of interference in Experiment 3, when
measured in this manner, does not appear to
be as large as it seems at first glance, then, but
is instead comparable to some previous studies.

Another factor that is relevant to the sub-
stantial interference observed for interval clas-
sification is the lack of a stable pitch context
against which intervals may be judged. Because
the pitch varied randomly from trial to trial,
subjects may have found it difficult to establish
a stable contextual memory (cf. Zatorre &
Halpern, 1979). Studies of melodic recognition
(Dowling, 1982) have come to similar conclu-
sions regarding the role of tonal context.

In spite of these considerations, the fact re-
mains that listeners were able to accurately
classify the stimuli in the orthogonal interval
condition and that the interference effect was
very strong. This result, along with the data
from Experiments 1 and 2, upholds the idea
of a hierarchically organized processing system
in which pitch is extracted first and intervals
analyzed only after the pitch information has
been extracted.

General Discussion

It appears from the first two experiments
that, at least under certain conditions, regions
exist where discrimination of musical intervals
is heightened, and these regions are associated
with the presence of categories along the con-
tinuum. The results from Experiment 2 qualify
this conclusion in that the discrimination
changes may be influenced by range-related
variables; however, these changes are of a much
smaller magnitude and are less reliable than
those associated with musical-interval cate-
gories. The interference results from Experi-
ment 1 provide evidence for a dual-processing
model in which auditory memory and cate-
gorical-elding mechanisms can be dissociated.
The data from Experiment 3 support this dis-
tinction and provide evidence that the stages
are hierarchically organized, with categorical
coding being a higher order process.

These results are in some ways similar to
those previously reported for speech, but it
would be unwise to overstate the similarities.
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Perhaps the most important difference between
the two classes of stimuli is that speech cat-
egories appear to be operative from or near
the time of birth (Eimas, Siqueland, Jusczyk,
& Vigorito, 1971) and therefore do not depend
on explicit training. There is at present no
compelling evidence that musical-interval cat-
egories have any such innate component, even
though a number of theorists have posited that
such categories exist and correspond to small-
integer frequency ratios that have either a
neural (Boomsliter & Creel, 1961; Roederer,
1973) or environmental (Terhardt, 1974,1978)
basis. The fact that in discrimination tasks
nonmusicians do not show the effects asso-
ciated with the presence of musical-category
boundaries (Blechner, 1977; Burns & Ward,
1978; Zatorre & Halpern, 1979) casts doubt
on the idea that there may be natural musical
categories (although under certain circum-
stances pitch categories can be used by non-
musicians in production; cf. Attneave & Olson,
1971). It might still be argued that nonmu-
sicians have lost an ability present earlier, much
like adult Japanese speakers are unable to dis-
criminate /r/ from /!/ (Miyawaki, Strange,
Verbrugge, Liberman, Jenkins, & Fujimura,
1975) even though infants can (Eimas, 1975).
This possibility is a real one, but it must be
kept in mind that most Western musical in-
tervals are quite different from those used in
other cultures and that there are many different
interval systems in the world. Thus the situ-
ation is not like that in speech perception
where the world's languages tend to place pho-
neme boundaries in similar regions (e.g.,
Abramson & Lisker, 1970). If musical-interval
categories are indeed learned and if speech
categories do not really depend on explicit
learning, then the categorical effects associated
with musical intervals and speech sounds may
in fact arise from different sources.

The data from these experiments also shed
some light on various theoretical descriptions
of categorical effects. Miller et al. (1976) pro-
posed afi explanation of discrimination peaks
at category boundaries by reference to the ex-
istence of a threshold along the continuum
and to the operation of Weber's law and mask-
ing effects. This explanation, although perfectly
plausible for some continua (such as voice on-
set time), cannot account for the results using
musical intervals. Pastore et al. (1976) pro-

posed a slightly different hypothesis in which
categorical perception is due to a limitation
along the continuum. Although this hypothesis
is not completely incompatible with results of
interval-perception studies, it is not altogether
clear what would constitute the limitation in
this case. The existence of many interval cat-
egories along the continuum would also be
difficult to explain, as would the cross-cultural
variations in the spacing of intervals along the
pitch continuum.

As for the dual-processing explanation of
discrimination peaks as opposed to a contin-
uous perception model, the final word must
clearly await further experimentation. The
dual-processing formulation provides a cogent
explanation of discrimination changes along
a continuum and is able to deal with the effects
of interfering stimuli on discrimination as well
as response bias changes along a continuum.
It is further supported by the pattern of in-
terference in the speeded-sorting task. It is
parsimonious as well, with respect to the as-
sumptions made about the role of auditory
memory. The continuous model can fit the
uneven spacing of stimuli along the psycho-
logical continuum but cannot explain it; the
dual-processing model provides a ready ex-
planation. A continuous model has no ready
explanation for the asymmetric interference
effects observed in Experment 3 either.

A related question is whether these results
can be taken to apply more generally. The
arguments presented have stressed the role of
coding mechanisms and auditory memory in
category-boundary and interference effects. It
may be expected, therefore, that similar effects
would be present whenever the details of stim-
ulus physical structure are not stored in mem-
ory but instead are reduced to a few discrete
categories. It is not claimed, then, that the use
of categorical coding is due to some basic sen-
sory limitation; rather, the degree to which
auditory or categorical information is used will
vary depending on the stimulus characteristics,
task demands, and so forth (cf. Burns & Ward,
1978).

There are some theoretical models of music
perception that bear some relationship to this
discussion. Deutsch (1969) presented a music-
recognition model based on a physiological
analogy. She proposed that lower order units
detect pitch and pass on the information to



BOUNDARY EFFECTS FOR MUSICAL INTERVALS 751

higher order units that are activated only by
certain combinations of pitches; in turn, these
units feed on to still higher level (more abstract)
units that determine frequency ratios between
tones. This hierarchical system fits in well with
the model described in this article, particularly
in the distinction between simple pitch and
intervals at a given pitch (which correspond
to the proposed auditory and categorical levels,
respectively). However, as previously men-
tioned, the role of contextual factors is ex-
tremely important in real musical situations.
Dowling (1982) has presented a model in
which interval judgments are referred to an
underlying context rather than being made di-
rectly, as in Deutsch (1969). In his view, tonally
organized music gives rise to a schema of a
scale, which in turn is used for the internal
organization and representation of intervals.
This model makes a great deal of sense because
of the difficulty encountered by musically
trained subjects in making interval judgments
(at least for harmonic intervals) when there is
no stable central tonal structure or key.

It may be fruitful, in closing, to view the
results from the present experiments as elu-
cidating the primary steps in a process that,
under normal circumstances, leads to the rec-
ognition of chords and intervals and eventually
melodies and songs. What remains unknown
at this point is how these primary stages are
integrated with abstract schemata such as
scales and how these levels interact with one
another.
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