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I. INTRODUCTION

In this chapter, we shall examine ways in which pitch combinations are ab-
stracted by the perceptual system. First, we shall inquire into the types of abstrac-
tion that give rise to the perception of local features, such asintervals, chords, and
pitch classes. Such features can be considered analogous to those of orientation
and angle sizein vision. There has developed sufficient understanding of sensory
physiology to justify speculation concerning how such abstractions are achieved
by the nervous system. Other low-level abstractions result in the perception of
global features, such as contour. Next, we shall consider how combinations of
features are abstracted so as to give rise to perceptual equivalences and similari-
ties. We shall then examine how these higher level abstractions are themselves
combined according to various rules.

Investigations into mechanisms of visual shape perception have led to a dis-
tinction between early processes, in which many low-level abstractionsare carried
outin parallel, and later processes, in which questions are asked of these low-level
abstractions based on hypotheses concerning the scene to be analyzed (Hanson &
Riseman, 1978). The distinction between abstractions that are formed passively
from “bottom up” and those that occur from “top down” is important in music
also. As we shall see, both types of processes play important roles in musical
shape analysis.

The final sections of the chapter are concerned with memory. We shall argue
that musical patterns are retained in parallel in a number of memory systems,
which correspond to different typesand levels of abstraction, and that information
from these different systems combine to determine memory judgments. We shall
examine the interactions that take place within these systems, as well as how the
outputs from these systems influence each other during retrieval.
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II. FEATURE ABSTRACTION

A. OCTAVE EQUIVALENCE

Itisclear that astrong perceptual similarity exists between tones that are sepa-
rated by octaves; that is, those whose fundamental frequencies stand in theratio of
2:1 (or apower of 2:1). Octave equivalence is implied in the musical systems of
many different cultures (Nettl, 1956). In the Western musical scale, tones that
stand in octave relation are given the same name, so that atoneis specified first by
its position within the abstracted octave and then by the octave in which it is oc-
curs (G,, F,, and so on). In one version of Indian musical notation, atoneis also
represented by aletter that designates its position within the octave, together with
adot or dots which designates the octave in which it occurs. So, for example, the
symbols m, m, m, m, and 'm represent tones that ascend by octave intervals. Fur-
thermore, in Western tonal music, unisons and octaves are treated as harmonically
interchangeable, and chord inversions are regarded as harmonically equivalent to
their parent chords.

Various observations related to octave equivalence have been made. Baird
(1917) and Bachem (1954) found that listeners with absolute pitch may some-
times place a note in the wrong octave, even though they name it correctly. Other
researchers have demonstrated generalization of response to tones that stand in
octave relation, in both people (Humphreys, 1939) including young infants (De-
many & Armand, 1984) and animals (Blackwell & Schlosberg, 1943). In addition,
interference effects in memory for pitch exhibit octave generalization (Deutsch,
1973b).

Given the perceptual similarity of tonesthat stand in octave relation, it has been
suggested that musical pitch should be treated as a bidimensional attribute; the
first dimension representing overall pitch level (pitch height) and the second di-
mension defining the position of the tone within the octave (tone chroma or pitch
class) (Babbitt, 1960, 1965; Bachem, 1948; Deutsch, 1969, 1986a, 1992; Forte,
1973; M. Meyer, 1904, 1914; Révész, 1913; Risset, 1969, 1971; Ruckmick, 1929;
Shepard, 1964, 1982). This suggestion is considered in detail in later sections of
the chapter.

B. PERCEPTUAL EQUIVALENCE OF INTERVALSAND
CHORDS

When two tones are presented either simultaneously or in succession, there
results the perception of a musical interval, and intervals are perceived as being
the same in size when the fundamental frequencies of their components stand in
the same ratio. This principle forms an important basis of the traditional musical
scale. The smallest unit of this scale is the semitone, which corresponds to a fre-
guency ratio of approximately 1:1.06. Tone pairs that are separated by the same
number of semitones are given the same name, such as major third, minor sixth,
and so on.
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Chords consisting of three or more tones are also classified in part by theratios
formed by their components. However, asimplelisting of theseratiosis not suffi-
cient to define a chord. For instance, major and minor triads are perceptually quite
distinct from each other, yet they are both composed of a major third (five
semitones) aminor third (four semitones), and a perfect fifth (seven semitones). It
is therefore of perceptual importance that the minor third lies above the major
third in the mgjor triad, and below it in the minor triad; this needs to be taken into
account in considering how chords might be abstracted by the nervous system.

Given the principles of octave and interval equivalence, one might hypothesize
that the perceptual equivalence of intervalswould persist if their componentswere
placed in different octaves. This assumption is frequently made by contemporary
music theorists, who describe such intervals as in the same interval class. How-
ever, traditional music theory assumes that such equivalence holds for ssimulta-
neous but not successive intervals. Simultaneous intervals whose components
have reversed their positions along the height dimension are treated as harmoni-
cally equivalent (Piston, 1948). Thus a simultaneous interval of n semitones is
considered in a sense perceptually equivalent to one of 12 — n semitones.

Experimental evidence has been obtained for the perceptual similarity of in-
verted intervals. Plomp, Wagenaar, and Mimpen (1973) had subjects identify in-
tervalsformed by simultaneous tone pairs and found that confusions occurred be-
tween those that were related by inversion (see also Deutsch & Roll, 1974). For
the case of intervals formed by successive rather than simultaneous tone pairs, it
appears that the perception of interval class does not occur directly, but rather
through a process of hypothesis confirmation, in which the features that are di-
rectly apprehended are pitch class and interval. The evidence for thisview is de-
scribed | ater.

C. PROPOSED PHYSIOLOGICAL SUBSTRATES

Various models have been advanced to explain the perceptual equivalence of
intervals and chords. Pitts and McCulloch (1947) hypothesized that the auditory
cortex is composed of layers, with each layer containing a tonotopic projection of
frequency-specific units. In each projection, units responding to frequencies that
are related by equal intervals are spaced equal distances apart. These layers are
arranged so as to produce columns of units that respond to the same frequencies.
The authors further hypothesized that a set of fibers traverse this columnar mass
parallel to each other in aslantwise direction; three such slanting fibers then define
athree-note chord. This proposed mechanism could mediate the transposition of
simultaneous intervals and chords, but would be unable to mediate transposition
of successive intervals, nor could it account for the perceptual similarity of inter-
vals and chords that are related by inversion.

An alternative hypothesis, suggested by Boomsliter and Creel (1961), was
based on the volley theory of pitch perception (Wever & Bray, 1930). The authors
pointed out that when two frequency combinations stand in the same ratio, they
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should generate the same temporal pattern of firing. One temporal pattern would
be produced by frequenciesthat stand in theratio of 2:3, another intheratio of 4:5,
and so on. They proposed that the perceptual equivalence of simultaneous inter-
vals is mediated by the recognition of such temporal patterns. One problem for
this model is that it requires the nervous system to follow frequencies at much
higher rates than have been demonstrated to occur (Edelman, Gall, & Cowan,
1988). As afurther problem, the model cannot account for the perceptual equiva-
lence of successive intervals and chords, nor for the perceptual similarity of inter-
vals and chords that are related by inversion.

Deutsch (1969) proposed a neural network that would accomplish the abstrac-
tion of low-level pitch relationships so asto produce anumber of equival encesthat
are found in the perception of music. This model was based on findings concern-
ing the abstraction of low-level features by the visual system, such as orientation
and angle size (Hubel & Wiesel, 1962).

The hypothesized neural network consists of two parallel channels, along each
of whichinformation is abstracted intwo stages. An outline of thismodel is shown
in Figure 1.The first channel mediates the perceptual equivalence of intervals and
chords under transposition. In the first stage of abstraction along this channel,
first-order units that respond to tones of specific pitch project in groups of two or
three onto second-order units, which in consequence respond to specific intervals
and chords (suchasC,, E,, and G,, or D, and G,). It is assumed that such linkages
occur only between units underlying pitches that are separated by an octave or
less. In the second stage of abstraction along this channel, second-order units pro-
ject to third-order units in such away that those second-order units that are acti-
vated by tones standing in the same rel ationship project onto the same unit. So, for
example, all unitsthat are activated by an ascending interval of four semitones (a
major third) project onto one unit, all those that are activated by a descending
interval of seven semitones (a perfect fifth) project onto a different unit, all those
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FIGURE 1 Model for the abstraction of pitch relationships. Pitch information is abstracted
along two parallel channels, one mediating transposition and the other mediating octave equi-
valence. (Adapted from Deutsch, 1969. ©1969 by the American Psychol ogical Association. Adapted
with permission.)
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that are activated by amajor triad project onto yet a different unit, and so on (Fig-
ure 2).

The second channel mediates the perceptual equivalence of tones that stand in
octaverelation. In thefirst stage of abstraction along this channel, first-order units
that respond to tones of specific pitch project to higher order units in such away
that those standing in octave relation project onto the same unit. These second-
order units then respond to tones in a given pitch class, regardless of the octavein
which they occur. In the second stage of abstraction along this channel, second-
order units project in groups of two or three onto third-order units, whichin conse-
quence respond to combinations of pitch classes. Such unitstherefore mediate the
perceptua similarity of intervals and chords that are related by inversion (Figure
3). This level of convergence is assumed to occur only for units that respond to
simultaneously presented tones.

Although no attempt has been made to confirm this model at the neurophysi-
ological level, the type of architecture that it postul ates has been shown to exist in
the auditory system. Neurons have been found that act as AND gates, as hypoth-
esized for the transposition channel, and others as OR gates, as hypothesized for
the octave equivalence channel. As another characteristic, auditory analyses are
often carried out in parallel subsystems, each of whichisorganized in hierarchical
fashion (see, e.g., Knudsen, du Lac, & Esterly, 1987; Schreiner, 1992; Suga, 1990;
Sutter & Schreiner, 1991).

More recently, Bharucha (1987, 1991) has hypothesized a more elaborate neu-
ral network, whose basic architecture has features that are similar to those pro-
posed by Deutsch (1969), and that also devel ops feature detectors for chords and
keys as aresult of passive exposure to the music of our tradition. This network is
described in Chapter 11.

D. CONTOUR

We use global aswell as specific cuesin recognizing music. Such cuesinclude,
for example, overall pitch range, the distribution of interval sizes, and the relative
proportions of ascending and descending intervals. Melodic contour plays a par-
ticularly important role here. As shown in Figure 4, melodies can be represented
by their distinctive contours, even when interval sizes are not preserved.

One line of experimentation involving contour was initiated by Werner (1925).
He reported that melodies could be recognized when they were transformed onto
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FIGURE 2 Two stages of abstraction along the transposition channel. (Adapted from Deutsch,
1969. ©1969 by the American Psychological Association. Adapted with permission.)
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FIGURE 3 Two stages of abstraction along the octave-equivalence channel. (Adapted from
Deutsch, 1969. ©1969 by the American Psychological Association. Adapted with permission.)

scales in which the octave was replaced by a different ratio, such as afifth or two
octaves, with these micro- or macro-octaves being divided into 12 equal intervals,
so producing micro- or macro-scales. Later, Vicario (1983) carried out a study to
determine how well listeners were able to recognize well-known melodies that
had been transformed in this fashion. The results of this study are shown in Figure
5. As can be seen, athough listeners were able to recognize such distorted melo-
dies to some extent, the distortions did impair melody recognition, with the
amount of impairment being afunction of the degree of expansion or compression
of the octave.

In another experiment, White (1960) found that listeners could recognize melo-
dies to some extent when all the intervals were set to 1 semitone, so that only the
sequence of directions of pitch change remained. Performance was enhanced
when therelative sizes of the intervals were retained, but their absolute sizeswere
altered. Further studies have confirmed that contour can serve as a salient cue to
melody recognition (see, e.g., Croonen, 1994; Dowling, 1978; Dowling & Fuji-
tani, 1971; Edworthy, 1985; Idson & Massaro, 1978; and Kallman & Massaro,
1979).
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FIGURE 4 Contoursfrom Beethoven piano sonatas as represented by Schoenberg: (a) from So-
natain C minor, Op. 10/I-111; (b) from Sonatain D, Op. 10/3-111, mm. 1-16. (From Schoenberg, 1967.)
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FIGURE 5 Percent correct recognition of melodies that have been transformed by compressing
or enlarging the octave to differing extents. (Adapted from Vicario, 1983.)

E. MELODIC ARCHETYPES

L. B. Meyer (1973) has argued that there are a few schemata that, either
through innate disposition or through experience with the music of our tradition,
we search for and find in melodies. One such schemais characterized by amelodic
leap, usually upward, which isfollowed by agradual progression back to thefirst
note. An example of such a “gap-fill” pattern is shown in the upper portion of
Figure 6. Another such schema, which Meyer called a “changing-note pattern”
consists of a stepwise movement around a prominent tone. For example, the pat-
tern might begin on the tonic, move one step down, then two steps up and then one
step down again (the sequence “do-ti-re-do”) as shown in the lower portion of
Figure 6.

Meyer argued that such schemata enter into the hierarchical representation of
melodies, particularly at higher levels, where they may be visually masked by the
lower level patterns in the written score. He conjectured that listeners categorize
melodies in accordance with the schemata that are involved at the highest struc-
tural level, regardless of the note-to-note structure of the mel ody.

Asatest of this hypothesis, Rosner and Meyer (1982) took short melodic pas-
sages from recordings of classical music, and classified them as either gap-fill or
changing-note at the highest structural level. Subjects without musical training
learned to sort these melodies into two groups, even though the subjects were
given no theoretical explanation for these two classifications. As the authors ar-
gued, this experiment indicated that we do indeed invoke such schematain listen-
ing to music. This conclusion was reinforced in alater study by Rosner and Meyer
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FIGURE 6 lllustrations of melodic archetypes. The upper illustration, from Geminiani’s Con-
certo Grosso in E Minor, Op. 3, No. 3, shows a gap-fill pattern. The lower illustration, from Mozart's
Symphony No. 41 in C Major (K.551) shows a changing note pattern. See text for details. (Adapted
from Rosner & Meyer, 1982.)

(1986). When subjects without formal musical training were asked to rate the de-
gree of similarity between pairs of melodies that were either gap-fill or changing-
note, they judged melodies with the same underlying schema as more similar to
each other than those with different underlying schemata.

F. INTERVAL CLASS

When different two-tone combinations form the same interval by appropriate
octave displacement, these combinations are held to be in the sameinterval class.
For example, C, paired with Ds, form the same interval class as G, paired with F,.
The conditionsunder whichinterval classformsabasisfor perceptual equivalence
are complex ones. Experimental evidence for such equivalence has been obtained
for smultaneous intervals, as described earlier (Deutsch & Roll, 1974; Plomp et
al., 1973). Further evidence is provided by the general observation that we easily
recognize root progressions of chordsin different instantiations.

Where successive interval s are concerned, however, theissueisacomplex one.
If interval classwereindeed aperceptual invariant, we should have no difficulty in
recognizing amelody when its component tones are placed haphazardly in differ-
ent octaves. This issue was examined in an experiment by Deutsch (1972c). The
first half of thetune " Yankee Doodle” was generated in different versions. First, it
was produced without transformation in each of three adjacent octaves. Second, it
was generated in such away that each tone was in its correct position within the
octave (i.e., the interval classes were preserved) but the octave placement of the
tones varied haphazardly within the sasme three octaves. Third, the tune was gener-
ated asaseriesof clicks, so that the pitch information wasremoved entirely but the
rhythm remained. (A “scrambled-octaves’ version of “Yankee Doodle” appears
on the compact disc by Deutsch, 1995.)
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The different versions of the tune were played to separate groups of subjects,
who were given no clues asto itsidentity other than being assured that it was well
known. Although the untransformed melody was universally recognized, the
scrambled-octaves version was recognized no better than the version in which the
pitch information was removed entirely. However, when the subjects were later
told the name of the tune, and so knew what to listen for, they were able to follow
the scrambled-octaves version to alarge extent. This shows that the subjects were
able to use pitch class to confirm the identity of the tune, although they had been
unable to recognize it in the absence of cues on which to base a hypothesis.

This experiment provides strong evidence that perception of interval class,
where successions of tones are concerned, requires the involvement of an active,
“top-down” process, in which the listener matches each tone asiit arrives with his
or her image of the expected tone. On this line of reasoning, the extent to which
interval classis perceived by the listener depends critically on his or her knowl-
edge and expectations.

Other experimental findings have further supported the claim that interval class
is not directly apprehended where successions of tones are concerned. In an ex-
periment on short-term recognition of melodies, Deutsch (1979) presented listen-
erswith astandard six-tone melody, followed by a comparison melody. The com-
parison melody was always transposed up 4 semitones from the standard. On half
the trials the transposition was exact, and on the other half two of the tonesin the
transposed melody were permuted, while the melodic contour was unchanged.

There were four conditions in the experiment. In the first, the standard melody
was played once, followed by the comparison melody. In the second, the standard
melody was repeated six times before presentation of the comparison melody. In
the third condition, the standard melody was again repeated six times, but now on
half of the repetitions it was transposed intact an octave higher, and on the other
half it was transposed intact an octave lower, so that the intervals forming the
melody were preserved. In the fourth condition, the standard melody was again
repeated six times, but now on each repetition the individual tones were placed
alternately in the higher and lower octaves, so that the interval classes were pre-
served, but the intervals themselves were altered.

It was found that exact repetition of the standard melody resulted in a substan-
tial improvement in recognition performance, and an improvement also occurred
when the standard melody was repeated intact in the higher and lower octaves.
However, when the standard melody was repeated in such a way that its tones
alternated between the higher and lower octaves, performance was significantly
poorer than when it was not repeated at all. This experiment provides further evi-
dencethat interval class cannot be considered afirst-order perceptual feature. Re-
peating a set of intervals resulted in memory consolidation; however, repeating a
set of interval classes did not do so.

The issue was further addressed in a study by Deutsch and Boulanger (1984).
Musically trained subjects listened to novel melodic patterns which they recalled
in musical notation. Examples of these patternsare given in Figure 7. Each pattern
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FIGURE 7 Examplesof sequencesused in different conditions of the experiment on the effect of
octave jumps on recall of melodic patterns. At the right are shown the percentages of tones that were
correctly recalled in the correct serial positions in the different conditions. (Adapted from Deutsch &
Boulanger, 1984. ©1984 by the Regents of the University of California.)

consisted of a haphazard ordering of thefirst six notes of the C-major scale. Inthe
first condition, all the tones were taken from a higher octave; in the second, they
were al taken from a lower octave. In the third condition, the individual tones
alternated between these two octaves, so that roughly two thirds of the intervals
formed by successive tones spanned more than an octave. The percentages of
tones that were correctly notated in the correct seria positions in these different
conditions are also shown in Figure 7. It can be seen that performance in the third
condition was substantially poorer than in the other two.

The findings from these three experiments are in accordance with the two-
channel model of Deutsch (1969), which assumes that neural linkages that under-
lie the abstraction of successive intervals occur only between units responding to
pitchesthat are separated by no more than an octave. It isinteresting in thisregard
to consider the use of octave jumps in traditional music. On the present line of
reasoning, such jumps can be made with impunity, provided the musical settingis
such that the displaced tone is anticipated by the listener. We should therefore
expect that octave jJumps would tend to be limited to such situations. Indeed, this
appearsto bethe case. For example, amelodic line may be presented several times
without transformation. A clear set of expectations having been established, a
jump to a different octave occurs. The passage in Figure 8a, for instance, occurs
after it has been presented several times without octave jumps. Another such situ-
ation is where the harmonic structure is clear and unambiguous, so that again the
displaced tones are highly probable. Thisisillustrated in the segment in Figure 8b.

The technique of 12-tone composition uses very frequent octave jumps, and
this raises the question of whether the listener does indeed identify as equivalent
different presentations of the same tone row under octave displacement. Given the
evidence and arguments outlined earlier, such recognition should be possible in
principle, but only if the listener is very familiar with the material, or if its struc-
ture is such as to give rise to strong expectations (see also L. B. Meyer, 1973).
Other work on melodic expectancy (see, in particular, L. B. Meyer, 1973,
Narmour, 1990) is described elsewhere in this volume (see Chapter 12).
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FIGURE 8 Two examples of octave jumps in traditional Western music. Here the jumps are
readily processed. (a) From Beethoven, Rondo in C, Op. 5, No. 1; (b) from Beethoven, Sonatain C
minor, Op. 10, No. 1.

I1l. HIGHER ORDER ABSTRACTIONS

Giventhat linkages are formed between first-order pitch elements, we may next
inquireinto how higher order abstractions are further derived so asto lead to per-
ceptual equivalences and similarities. We recognize visual shapes when these dif-
fer in size, position in the visua field, and to some extent in orientation. What
transformations result in anal ogous equivalences in music?

Theorists have long drawn anal ogies between perception of pitch relationships
and relationships in visual space (Helmholtz, 1859/1954; Koffka, 1935; Mach,
1906). In contrast with visual space, however, pitch was conceived as represented
along one dimension only. As Mach (1906/1959) wrote:

A tonal seriesis something which is an anaogue of space, but is a space of one dimension

limited in both directions and exhibiting no symmetry like that, for instance of a straight

line running from right to left in a direction perpendicular to the median plane. It more

resembles avertical right line...
More recently, several investigators have shown that auditory analogues of visual
grouping phenomena may be created by mapping one dimension of visual space
into log frequency and the other into time (Bregman, 1978; Deutsch, 1975c; Div-
enyi & Hirsh, 1978; Van Noorden, 1975). The principle of proximity emerges
clearly, for example, in the visual representation of the sequence shown in Figure
5 of Chapter 9. We may therefore inquire whether analogues of visual perceptual
equivalences also exist in the way we represent music (Julesz & Hirsh, 1972).

A. TRANSPOSITION

Von Ehrenfels (1890), in hisinfluential paper on form perception, pointed out
that when amelody is transposed it retains its essential form, the Gestaltqualitat,
provided the relations among the individual tones are preserved. In thisrespect, he
argued, melodies are similar to visual shapes; these retain their perceptual identi-
ties when they are trandated to different locations in the visual field (Deese &
Grindley, 1947).
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A number of factors have been found to influence the extent to which atrans-
posed and dlightly altered melody is judged as similar to the original one. For
example, when the original and transposed melodies can be interpreted as in the
same key, and the successive tones comprising the mel odies form the same num-
ber of steps along the diatonic scale, they are generally judged as very similar to
each other; thisis true whether or not the intervals forming the melody are pre-
served (Bartlett & Dowling, 1980; Dewitt & Crowder, 1986; Dowling, 1978,
1986; Takeuchi & Hulse, 1992; Van Egmond & Povel, 19944). This can be taken
to reflect the projection of pitch information onto overlearned alphabets, as de-
scribed later (see Figures 12 and 13).

Several investigators have hypothesized that the extent to which a transposed
melody is perceived as similar to the original is influenced by the key distance
between them; for example, that amelody first played in C major will bejudged as
more similar when it istransposed to G major than to F major (see, e.g., Cuddy &
Cohen, 1976; Cuddy, Cohen, & Mewhort, 1981; Trainor & Trehub, 1993; Van
Egmond, Povel, & Maris, in press). However, the explanations for apparent key
distance effects are controversial (see, e.g., Takeuchi, 1994; Takeuchi & Hulse,
1992; Van Egmond & Povel, 1994a). Another factor that has been implicated is
pitch distance. Several researchers have reported that the closer two melodies are
in pitch range, the greater their perceived similarity (Frances, 1958/1988;
Hershman, 1994; Van Egmond & Povel, 19944, Van Egmond et al., in press). Fi-
nally the coding model of Deutsch and Feroe (1981) has been used as a predictor
of perceived similarity between transposed melodies (Van Egmond & Povel,
1996); thiswork is described later.

B. INVERSION AND RETROGRESSION

We may next inquire whether further equivalences can be demonstrated for
musical shapes that are analogous to their visuospatial counterparts. Schoenberg
(1951) argued that transformations similar to rotation and reflection in vision re-
sult in perceptual equivalencesin music also. He wrote:

The unity of musical space demands an absolute and unitary perception. In this space ...
there is no absolute down, no right or |eft, forward or backward ... Just as our mind always
recognizes, for instance, a knife, a bottle or a watch, regardless of its position, and can
reproduceit in theimagination in every possible position, even so amusical creator’'s mind
can operate subconsciously with arow of tones, regardless of their direction, regardless of
the way in which amirror might show the mutual relations, which remain agiven quantity.

This statement may be compared with Helmholtz's (1844) description of imag-
ined visuospatial transformations:

Equipped with an awareness of the physical form of an object, we can clearly imagine all
the perspective images which we may expect upon viewing it from this or that side (see
Warren & Warren, 1968, p. 252)

On this basis, Schoenberg proposed that a row of tones may be recognized as
equivalent when it is transformed in such a way that all ascending intervals be-
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comedescending onesand viceversa (“inversion”), whenitispresentedin reverse
order (“retrogression”), or when it istransformed by both these operations (“retro-
grade-inversion”). Figure 9 illustrates Schoenberg’s use of his theory in composi-
tional practice. As Schoenberg (1951) wrote:

The employment of these mirror forms corresponds to the principle of the absolute and
unitary perception of musical space.

Schoenberg did not conceive of the vertical dimension of musical space simply as
pitch, but rather as pitch class. His assumptions of perceptual equivalence under
transposition, retrogression, inversion, and octave displacement are fundamental
to 12-tone composition (Babbitt, 1960, 1965). In this procedure, a given ordering
of the 12 tones within the octave is adopted. The tone row is repeatedly presented
throughout the piece; however, the above transformations are allowed on each
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FIGURE 9 Schoenberg'sillustration of histheory of equivalence relations between pitch struc-
tures, taken from his Wind Quartet, Op. 26. (From Schoenberg, 1951.)
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presentation. It is assumed that the row is perceived as an abstraction in its differ-
ent manifestations.

Whether such transformations indeed result in perceptual equivalences is de-
batable. In the visual case, we must have evolved mechanisms that preserve the
perceptual identities of objects regardless of their orientation relative to the ob-
server. An analogous argument cannot be made for inversion and retrogression of
sound patterns. A second doubt is based on general experience. Sound sequences
may become unrecognizable when they are reversed in time, as the reader can
confirm by attempting to decode a segment of speech when it is played backward.
Furthermore, many inverted three-note combinations are perceptualy very dis-
similar to the combinations from which they are derived. For example, a minor
triad is an inversion of a major triad, yet the two are perceptually quite distinct
from each other. It would appear that when inverted and retrograde patterns are
recognized, thisis accomplished at alevel of abstraction that is equivalent to the
one that alows us to recite a segment of the alphabet backwards or to invert a
series of numbers (Deutsch & Feroe, 1981). For other discussions of the percep-
tual status of 12-tone compositions, see Krumhansl, Sandell, and Sergeant (1987),
Frances (1958/1988), and in particular Thomson (1991).

Other theorists have proposed representations of pitch relationshipsin terms of
distances in multidimensional space. For example, in order to capture the close
perceptual similarity between tones that stand in octave relation, it has been sug-
gested that pitch be represented as a helix, with the vertical axis corresponding to
pitch height and tones separated by octaves lying closest within each turn of the
helix (Drobisch, 1855; Pickler, 1966; Shepard, 1964, 1982; Ueda & Ohgushi,
1987). The helical model is discussed in detail in Section IV.

More el aborate representations have al so been proposed that would capture the
complex patterns of pitch relationships that we invoke in listening to tonal music.
For example, Longuet-Higgins (1962a, 1962b, 1978) has suggested that “tonal
space” may be characterized as athree-dimensional array: Tones that are adjacent
along the first dimension are separated by fifths, those adjacent along the second
dimension by major thirds, and those adjacent along the third dimension by oc-
taves. The intervals of tonal music then appear as vectors in this tonal space. If
tonesthat arerelated by octaves aretreated as equivalent, then an array such asthat
shown in Figure 10 is obtained. As can be observed, closely related tones, such as
comprise the C-magjor scale, form a compact group in this array, so that akey can
be defined as a neighborhood in tonal space. Similar representations have been
proposed by others, such as Hall (1974) Balzano (1980), and Shepard (1982).

The spatial modeling of pitch relationships has a long tradition among music
theorists. In particular, 18th century theorists developed circular configurations
that would capture degrees of modul ation between keys. In these models, adjacent
positions along such circles depict close modulations, and positions that are fur-
ther removed depict more distant ones. Later theorists such as Weber (1824) and
Schoenberg (1954/1969) have produced related spatial models (Werts, 1983).
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(From Longuet-Higgins, 1978.)

C.PITCHALPHABETS

An alternative model for the representation of pitch relationshipsintonal music
was proposed by Deutsch and Feroe (1981). The model assumes that, through
extensive exposure to such music, the listener acquires a repertoire of hierarchi-
cally embedded al phabets, most prominently the chromatic scale, diatonic scales,
and triads. An outline of the model isshown in Figure 11, taking as an examplethe
key of C major. At the lowest level, the chromatic aphabet serves as the parent
alphabet from which families of subalphabets are derived. The major and minor
scales are represented at the next-higher level; these can be expressed in terms of
proximal distances along the chromatic alphabet. Triads are represented at the
next-higher level; these can be expressed in terms of proximal distances along
diatonic alphabets. Lerdahl (1988) has proposed an elaboration of Deutsch and
Feroe'shierarchy of al phabetsthat al so takes account of anumber of other charac-
teristics of tonal music, such as patterns of proximity between chords.

Compositional practice reflects our use of such overlearned alphabets. For ex-
ample, in the short-term transposition of matives, the number of steps along an
alphabet is often preserved, and even when such transpositionsresult in alterations
ininterval size, they still appear appropriate to the listener. Figures 12 and 13 give
two such examples. Thefirst, from aBach fugue, shows amotive that traversesthe
D-major scale four times in succession, each time beginning on a different posi-
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FIGURE 11 A hierarchy of embedded pitch alphabets. (Adapted from Deutsch & Feroe, 1981.

©1981 by the American Psychological Association. Adapted with permission.)

tion along this scale. The second, from a Schubert impromptu, shows amoative that
traverses the Ab-minor triad five timesin succession, each time beginning at differ-
ent positions along this triad.

The hypothesisthat pitch structures are represented in terms of such embedded
alphabets has received experimental support. Deutsch (1980) asked subjects to
listen to sequences of tones drawn from such alphabets, and to recall what they
heard in musical notation. It was found that when errorsin notation occurred, they
rarely departed from the alphabet that had been presented. In general, sequences
wererecalled very accurately when they could be simply represented as hierarchi-
cal structures, with different pitch alphabets at different levels of the hierarchy
(see later).

Further evidence comes from reports that melodies were better remembered
when they were composed only of tonesin aparticular diatonic set than when they
also included tones outside the set (Cuddy et a., 1981; Dowling, 1991; Frances,
1958/1988). Presumably, adhering to adiatonic set madeit likely that the listener
would invoke akey, and so use overlearned pitch al phabets as an aid to memory. It
has also been reported that changing the context of a melody so as to suggest a
different key rendered the melody more difficult to recognize (Dowling, 1986).
Yet other studies have found that transpositions of melodies that did not involve a
change in key were judged as very similar to the original melodies, regardless of
whether or not the intervals were preserved (Bartlett & Dowling, 1980; Dewitt &
Crowder, 1986; Dowling, 1978, 1986; Takeuchi & Hulse, 1992; Van Egmond &
Povel, 1994). In addition, an alteration in a melody was easier to detect when it
could be interpreted as a departure from its key, and so involved a departure from
the al phabets appropriate to the key (Franceés, 1958/1988, Dewar, Cuddy, & Mew-
hort, 1977; Dowling, 1978).
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FIGURE 12 Transposition along the aphabet of the D-mgjor scale. The same pattern is pre-
sented four timesin succession at different positions along the scale. Because the major scale consists
of unequal intervals, there result differences in the intervals comprising the pattern. The ladder at the
right displaysthe scale. From J. S. Bach, TheWell-Tempered Clavier, Book 1, FugueV. (From Deutsch,
1977.)

An important point originally made by music theorists (seein particular, L. B.
Meyer, 1956) isthat in the context of an established key, the various scale degrees
tend to be assigned differing levels of prominence by the listener. The tonic is
generally perceived as the most prominent, followed by the mediant and domi-
nant, and these in turn are followed by the remaining scale degrees, with the other
tones of the chromatic scale lowest in the hierarchy.

Laboratory findings have provided evidence that such hierarchies of promi-
nence influence our processing of musical patterns in various ways. They have
been found to influence perceived relatedness between tones (Krumhansl, 1979,
1990a), patterns of confusion between tones in short-term memory (Krumhansl,
1979), expected continuations of melodies (Schmuckler, 1989), and thetimetaken
to attribute keysto musical segments (Janata & Reisberg, 1988). Such hierarchies
of prominence also correlate with the frequency of occurrence of the different
scale degrees in the tonal music of our tradition (Krumhansl, 1990a).

Music theorists have also pointed out that there are hierarchies of prominence
for triads within established keys, with the triad on the tonic heard as the most
prominent, followed by the triad on the dominant, then the subdominant, and so
on. In addition, it appears that the harmonic functions of chords influence the ex-
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FIGURE 13 Transposition along the alphabet of the Ab-minor triad. The same pattern is pre-
sented five times in succession, at different positions along this triad. Because the triad consists of
uneven intervals, there result differencesin the intervals comprising the pattern. The ladder at the right
displays the triad. From F. Schubert, Four Impromptus, Op. 90, No. IV.

tent to which they are perceived asrelated to each other (Krumhansl, Bharucha, &
Kessler, 1982; Bharucha & Krumhansl, 1983) and the probability that they will be
confused in memory (Bharucha & Krumhansl, 1983; Krumhang & Castellano,
1983). Furthermore, alterationsin the tonal context in which chords are presented
affect patterns of memory confusion and judgments of rel atedness between them
(Bharucha & Krumhansl, 1983). Such hierarchies of prominence for chords
within akey also appear to correlate with their frequency of occurrencein Western
tonal music also (Krumhansl, 1990a).

D. HIERARCHICAL ENCODING

We now turn to the question of how pitch sequencesin tonal music are encoded
and retained in memory. Music theorists have argued that the tonal music of our
tradition is composed of segments that are organized in hierarchical fashion (see,
e.g., Lerdahl & Jackendoff, 1983; L. B. Meyer, 1956, 1973; Narmour, 1990;
Schenker, 1956). It is reasonabl e to suppose that this form of organization reflects
the ways in which musical information is encoded and retained in memory. As
Greeno and Simon (1974) point out, we appear to retain many different types of
information as hierarchies. In someinstances, theinformation isstored in theform
of concepts that refer to classes (Collins & Quillian, 1972). We also appear to
retain hierarchies of rules (Gagné, 1962; Scandura, 1970), of programs (Miller,
Galanter, & Pribram, 1960) and of goals in problem solving (Ernst & Newell,
1969). Visual scenes appear to be retained as hierarchies of subscenes (Hanson &



10. THE PROCESSING OF PITCH COMBINATIONS 367

Riseman, 1978; Navon, 1977; Palmer, 1977; Winston, 1973). The phrase structure
of a sentence lends itself readily to hierarchical interpretations (Miller & Chom-
sky, 1963; Y ngve, 1960).

Restle (1970) and Restle and Brown (1970) have provided experimental evi-
dence that we readily acquire serial patterns as hierarchies that reflect the struc-
tures of these patterns. Parallel theoretical developments by Simon and his col-
leagues (Simon, 1972; Simon & Kotovsky, 1963; Simon & Sumner, 1968) and by
others (Leewenberg, 1971; Jones, 1974, 1978; Vitz & Todd, 1967, 1969) have
addressed the ways in which we acquire and retain serials patterns in terms of
hierarchies of operators.

Deutsch and Feroe (1981) have proposed amodel of the way in which we rep-
resent pitch sequencesin tonal music. In essence, the model can be characterized
asahierarchical network, at each level of which structural units are represented as
organized sets of elements. Elements that are present at any given level are elabo-
rated by further elements so asto form structural units at the next-lower level, until
the lowest level isreached. The model also assumes that Gestalt principles of per-
ceptual organization, such as proximity and good continuation, contribute to orga-
nization at each hierarchical level.

The model invokes hierarchies of operators, and a simplified version is as fol-
lows:

1. Astructureisnotated as (A, A, ..., A LA L 5 ALLA L 0 A), whereAJ.
is one of the operators n, p, s, N, or p. (A string of length k of an operator A is
abbreviated kA.)

2. Each structure (A, A, ..., *, ..., A,) has associated with it an alphabet, o.
The combination of a structure and an alphabet is called a sequence (or subse-
quence). This, together with the reference element r, produces a sequence of notes.

3. Theeffect of each operator in astructure is determined by that of the opera-
tor closest to it, but on the same side as the asterisk. Thus the operator n refers to
traversing one step up the alphabet associated with the structure. The operator p
refersto traversing one step down this a phabet. The operator srefersto remaining
in the same position. The two operators n' and p' refer to traversing up or down i
steps along the alphabet, respectively.

4. The values of the sequence of notes (A, A, ..., *, ..., A), a, I, where a. is
the alphabet and r the reference element, are obtained by taking the value of the
asterisk to be that of .

5. To produce another sequence from the two sequencesA= (A, A,, ..., *, ...,
A)a,adB=(B,B, .., * ..,B), B, where o and p are two alphabets, we
define the compound operator pr (prime). A[pr]B;r, where r is the reference ele-
ment, refers to assigning values to the notes produced from (B,, B, ..., *, ..., B))
such that the value of * is the same as the value of A, when the sequence A is
applied to the reference element r. Values are then assigned to the notes produced
from(B,,B,, ..., *, ..., B)) such that the value of * isthe same asthe value of A,,
and so on. This gives a sequence of length m x n. Other compound operators such
asinv (inversion) and ret (retrograde) are analogously defined.
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To characterize the advantages of the model, let us consider the sequence
shown in Figure 14b. This may, in principle, be represented in terms of steps that
traverse the chromatic scale: A basic subsequence that consists of one step up this
scale is presented four times in succession; the second presentation being four
steps up from the first, the third being three steps up from the second, and the
fourth five steps up from the third. However, this analysis assigns prominence to
the basic subsequence, and does not rel ate the various transpositions to each other
inamusicaly meaningful way.

In contrast, amusical analysis of this pattern would describeit asontwo hierar-
chical levels, in which a higher level subsequence is elaborated by a lower level
subsequence. At the higher level, shown on Figure 14a, there is an arpeggiation
that ascends through the C-mgjor triad (the notes C-E-G-C). At the lower level,
shown in Figure 14b, aneighbor embellishment precedes each note of thetriad, so
creating a two-note pattern. This hierarchical structure is represented in the dia-
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FIGURE 14 A seriesof pitches represented on two hierarchical levels. (a) At the higher level,
thereisan arpeggiation of the C-major triad. (b) At the lower level, each note of thetriad is preceded by
one a semitone lower, so forming atwo-note pattern. (c) This hierarchical structure shown in diagram
form. (Adapted from Deutsch & Feroe, 1981. ©1981 by the American Psychological Association.
Adapted with permission. )
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gram in Figure 14c. According to the formalism just outlined, the pattern can be
represented as:

A=(*3n)C,
B=(p,*)Cr
S=A[pr]B, C,

where C, represents the C-magjor triad, Cr the chromatic scale, and C, the refer-
ence element.

A more complex example is given in Figure 15 and is represented on three
structural levels as follows:

A=(*4p)b,
B=(*,np)b,
S=A[pr](B, 4(*))[inv, 5pr](B, (*)) D,

In many other hierarchical representations of music, such as the one proposed by
Schenker, and the other coded element models referred to earlier, elements at al
but the lowest level are rule systems rather than actual notes. In contrast, in the
present model, a sequence of notes (or subsequence) is realized at each structural
level. This property confers anumber of processing advantages to the listener. For
example, it enables the encoding of such subsequencesin terms of laws of figural
goodness, such as proximity and good continuation, and also enables the invoca-
tion of melodic archetypes such as the gap-fill and changing-note patterns, de-
scribed by L. B. Meyer (1973). In addition, it enables different pitch al phabets to
be invoked at different structural levels, so facilitating the process of generating
hierarchical representations from the musical patterns that we hear. As a related
point, notesthat are present at any given level arealso present at al levelsbelow it.
In consequence, the higher the level at which anote is represented, the more often
and so themorefirmly it isrepresented. This hasthe consequencethat higher level
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FIGURE 15 Morecomplex hierarchy illustrating the Deutsch and Feroe model. Passage isfrom
Bach’'s Sinfonia 15, BWV 801. (From Deutsch & Feroe, 1981. ©1981 by the American Psychological
Association. Adapted with permission.)
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subsequences act to cement lower level subsequences together. Another process-
ing advantage of the model isthat it enables sequencesat different structural levels
to be encoded as chunks of a few items each, which in turn is conducive to good
memory performance (Estes, 1972; Wickelgren, 1967).

One hypothesisthat arises from this model isthat sequences of tones should be
processed more easily when they can be parsimoniously represented in accor-
dance with its rules. This hypothesis was examined in an experiment by Deutsch
(1980). Musically trained listeners were presented with sequences of tones, which
they recalled in musical notation. Examples of the sequences are shown in Figure
16. The passage in Figure 16a (a“ structured sequence”) consists of a higher level
subsequence of four elements that acts on alower level subsequence of three ele-
ments. The passage in Figure 16b (an “ unstructured sequence”) consists of a hap-
hazard reordering of the one in Figure 16a, and does not lend itself to a similar
parsimonious representation. It was predicted, on the basis of the model, that the
structured sequences would be notated more accurately than the unstructured
ones.

Another factor was also examined in this experiment. It has been found in stud-
ies using strings of verbal materials that we tend to recall such strings in accor-
dance with their temporal grouping (Bower & Winzenz, 1969; McLean & Gregg,
1967; Mueller & Schumann, 1894). This effect was found to be so powerful asto
offset grouping by meaning (Bower & Springston, 1970). Analogous results were
also obtained using nonverbal materials (Dowling, 1973; Handel, 1973; Restle,
1972). It was predicted, therefore, that temporal grouping would affect ease of
recall of the present tonal sequences also. In particular, temporal grouping in ac-
cordance with pitch structure was expected to enhance performance, whereas
grouping in conflict with pitch structure was expected to result in performance
decrements.

Given these considerations, sequences such as these were each presented in
three temporal configurations (Figure 17). In the first, the tones were spaced at
equal intervals; in the second, they were spaced in four groups of three, so that
they were segmented in accordance with pitch structure; in the third, they were
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FIGURE 16 Examplesof sequencesused in the experiment to study utilization of pitch structure
in recall. Sequence (a) can be represented parsimoniously as a higher level subsequence of four ele-
ments that acts on alower level subsequence of three elements. Sequence (b) consists of a haphazard
reordering of the notes in sequence (&) and cannot be represented in such a parsimonious fashion.
(Adapted from Deutsch, 1980.)
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FIGURE 17 Typesof tempora segmentation used in the experiment to study the utilization of
pitch structurein recall. (a) Sequence unsegmented. (b) Sequence segmented in groups of three, so that
segmentation is in accordance with pitch structure. (c) Sequence segmented in groups of four, so that
segmentation isin conflict with pitch structure.

spaced in three groups of four, so that they were segmented in conflict with pitch
structure.

Large effects of pitch structure and temporal segmentation were obtained. For
structured sequences that were segmented in accordance with pitch structure, per-
formance levelswere very high. For structured sequences that were unsegmented,
performance levels were till very high, though slightly lower. For structured se-
quences that were segmented in conflict with pitch structure, however, perfor-
mance levels were much lower. For unstructured segquences, performance levels
were considerably lower than for structured sequences that were segmented in
accordance with their structure or that were unsegmented, but were in the same
range as for structured sequences that were segmented in conflict with pitch struc-
ture.

Figure 18 shows the percentages of tones that were correctly recalled in their
correct serial positionsin the different conditions of the experiment. Typical bow-
shaped curves are apparent, and in addition, discontinuities occur at the bound-
aries between temporal groupings. This pattern of results indicates that the sub-
jects tended to encode the temporal groupings as chunks, which were retained or
lost independently of each other. This pattern isvery similar to that found by oth-
ers with the use of verbal materials (Bower & Winzenz, 1969).

The transition shift probability (TSP) provides a further measure of interitem
association. This is defined as the joint probability of either an error following a
correct response on the previous item, or of a correct response following an error
onthe previousitem (Bower & Springston, 1970). If groups of elementstend to be
retained or lost as chunks, we should expect the TSP values to be smaller for
transitions within a chunk, and larger for the transition into the first element of a
chunk. It was indeed found that TSPs were larger on the first element of each
temporal grouping than on other elements. This is as expected on the hypothesis
that temporal groupings serve to define subjective chunks that are retained or lost
independently of each other.
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FIGURE 18 Serid position curves for the different conditions of the experiment to study the
utilization of pitch structure in recall. 3: Temporal segmentation in groups of three. 4: Temporal seg-
mentation in groups of four. O: No temporal segmentation. S; Structured sequence. U: Unstructured
sequence. (From Deutsch, 1980.)

In general, these results provide strong evidence that listeners perceive hierar-
chical structures that are present in tonal sequences, and that they use such struc-
turesinrecall. For the structured sequences used here, the listener needed only to
retain two chunks of three or four items each; however, for the unstructured se-
guences, no such parsimonious encoding was possible. The error rates for the un-
structured sequences were much higher than for the structured ones, in accordance
with the hypothesis that they imposed a much heavier memory load.

Another study was carried out by Van Egmond and Povel (1996). A paired
comparison paradigm was used to investigate perceived similarities between mel-
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odies and their transpositions, when the latter had been altered in various ways.
The Deutsch and Feroe model was used as a qualitative predictor of the degree of
perceived similarity between the original and transposed melodies. The authors
hypothesized that the larger the number of items by which the codes for the origi-
nal and transposed mel odies differed, the more dissimilar the two melodies would
appear.

More specifically, Van Egmond and Povel predicted that an exact transposition
would be judged as most similar to the original melody, because its code would
differ only intermsof oneitem: the key. For atransposition that was chromatically
atered, the prediction concerning perceived similarity would depend on whether
the transposed mel ody could be represented parsimoniously in the same key asthe
original. If it could be so represented, then its code would differ in terms of only
one item: the reference element. If it could not be so represented, then its code
would differ in terms of two items: the key and the reference element. Finally, a
transposition that was diatonically altered would be judged as most dissimilar to
the original melody, because its code would differ in terms of six items: the key
and five structure operators.

The experimental findings confirmed the hypothesis. Exact transpositionswere
judged as most similar to the original melodies. Chromatically altered transposi-
tions that could be interpreted as in the same key as the original melodies were
judged as more similar than were those that could not be so interpreted. Transpo-
sitions that were diatonically altered were judged as more dissimilar than were
chromatically altered transpositions.

Two other studies are relevant here. Oura (1991) presented subjectswith amel-
ody, which they recalled in musical notation. She found that tones that were repre-
sented at higher structural levels were recalled better than those that were repre-
sented at lower levels. Dibben (1994) had subjectslisten to amusical segment, and
then to apair of reductions, and she asked them to determine which reduction best
matched the original. She found that the subjects chose the version that matched
the full segment at higher structural levels. The findings from both these studies
are in accordance with the prediction from Deutsch and Feroe (1981) that the
higher up a note or sequence of notes is represented, the more often it is repre-
sented, and so the more firmly it should be embedded in memory.

So far we have been considering the processing of asingle melodic line. How-
ever, tonal music generally involves several such lines, and even where only oneis
presented, a harmonic progression is generally implied. We can assume that such
progressions are also encoded in hierarchical fashion. In addition, the use of paral-
lel linear sequences, which must themselves combine to form an acceptable har-
monic sequence, places constraints on the choice of elements in each sequence;
thisin turn serves to reduce the processing load.

E.KEY ATTRIBUTION

We now consider the process whereby the listener attributes akey to a passage.
As is evident from general experience, we tend to make such decisions quickly
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and accurately, often on the basis of very little information. However, there is
much disagreement concerning which cues we use in making these decisions, and
the relative weightings that we give to these cues.

One approach to this issue stresses the identities of the pitches in the passage,
independent of their orderings. For example, it is assumed that when presented
with the diatonic collection C, D, E, F, G, A, and B, the listener will attribute the
key of C mgjor. It is further hypothesized that when presented with other pitches
taken from the chromatic scale (such as F or D), thelistener will bemorelikely to
reject the hypothesis of C major and will search instead for a different key (see,
e.g., Longuet-Higgins, 1962a, 1962b, 1978).

This approach accords well with general experience; however, the experimen-
tal evidence indicates that other factors also play arole. In one experiment, West
and Fryer (1990) presented subjects with a quasi-random ordering of the tones of
adiatonic scale, followed by a probe tone. The subjects judged how suitable the
probe tone was as a tonic, in the context of the sequence that had been presented.
Even musically trained subjects did not judge the major mode tonic as most suit-
able. Instead, ratings for the major mode tonic, mediant, dominant, and subdomi-
nant did not differ significantly from each other, although together they were rated
more highly than were the other tones of the diatonic scale. It would appear, then,
that simply hearing adiatonic collection of pitches, independent of their ordering,
is not sufficient for reliable key attribution.

Krumhansl and colleagues have elaborated on the role of the diatonic collec-
tionin key attribution (see Krumhansl, 1990a, for areview). Subjectslistened to a
context sequence, which was followed by a probe tone, and they judged how well
the probe tone appeared to fit in the context that was provided. The context pat-
terns were configured so as to provide strong cues for key identification; for ex-
ample, one consisted of a major scale, and another of a sequence of chords that
formed a cadence. It was found that the subjects generally gave the tonic the high-
est rating, and from this it was argued that they were treating the tonic as the most
appropriate candidate for atonal center.

The explanation for the findings of Krumhansl and colleagues has been the
subject of considerable debate (see, e.g., Butler, 1989, 1990; Krumhansl, 1990b;
West & Fryer, 1990). It was pointed out that in these experiments the tones that
were included in the context set were generally given higher ratings than were
those that were not so included. Further, there were strong correlations between
the number of times atone appeared in the context set and the strength of itsrating
by the subject. On such grounds, it was argued that the subjects’ ratings could have
reflected short-term memory factors rather than knowledge of hierarchies of
prominence for tones within keys (see Section V). On the other hand, it could also
be argued that the subjects were drawing on their long-term memories for the
relative frequencies of occurrence of tones within a key; this could in turn have
influenced judgments of hierarchies of prominence. The extent to which ratings
were here driven by short-term memory, long-term memory, or yet other factors
remains unresolved.
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Other theorists have argued that the order in which tones appear isimportant to
key attribution, whether or not the tones are confined to a diatonic collection. As
illustration, we can take two musical passages shown in Figure 16. Passage (a) in
this figure (G-F#-G-D-Ci-D-B-A#-B-G-F-G) clearly invokes the key of G magjor,
even though two of these tones (C# and A#) are not included in the G-major scale.
Passage (b) consists of a haphazard reordering of the tones in passage (a) and
clearly does not evoke awell-defined key. Comparison of these two passagesindi-
cates that when tones are so ordered as to enable asimple structural description, a
key appropriate to thisdescriptionisreadily invoked. However, when thetonesare
not so ordered, key attribution is more ambiguous.

Another illustration is based on the passage in Figure 19a, which is derived
from the example used by Deutsch and Feroe (1981) and is discussed in Deutsch
(1984). This passage may be described as an arpeggiation that ascends through the
C-major triad (E-G-C) such that each tone of the triad is preceded by a neighbor
embellishment, so creating a two-tone pattern. In this way, the key of C mgjor is
clearly attributed, despite the fact that two of the tones (D# and F#) are not part of
the C-mgjor scale. An algorithm that assigns overwhel ming importance to the col-
lection of pitchesin the passage would attribute the key of E minor instead. How-
ever, if the same sequence of tonesis played backward, asin Figure 19b, the key of
E minor is now invoked. Other orderings also invoke E minor, even when the
passage ends on the note C, asin the example in Figure 19c.

Why, then, is the key of C major so clearly attributed in the pattern shown in
Figure 19a, but not in the other patterns? Deutsch (1984) suggested that when
presented with a succession of tones, the listener forms groupings based on pitch
proximity and, other things being equal, assigns more prominence to the last tone
of each grouping. So from the sequence in Figure 193, the groupings (D$-E), (Fé-
G), and (B-C) areformed. ThetonesE, G, and C are then targeted to be combined
at ahigher level so as to produce an arpeggiation of the C-major triad. In conse-
quence, the key of C major isinvoked. However, given the retrograde of the pat-
tern shown in Figure 19b, the groupings (C-B), (G-F¥), and (E-D¥) are formed
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FIGURE 19 Pitchseriesthat illustrate the effects on key attribution of different temporal order-
ings of agiven collection of tones. See text for details. Pattern (@) is derived from Figure 1 of Deutsch
and Feroe (1981). (Adapted from Deutsch, 1984.)
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instead, and in consequence the tones B, F, and D# are targeted for higher level
grouping. Because these tones form the dominant triad in E minor, and because all
the tonesin the passage arein the E-minor scale, thiskey isattributed. On thisline
of reasoning, the process of key assignment isacomplex one, involving such fac-
tors as low-level groupings, knowledge of the pitches forming diatonic collec-
tions, and knowledge of hierarchies of prominence for tones within different keys.

Bharucha (1984a, 1984b) in paralel hypothesized a similar process that he
termed “melodic anchoring.” He suggested that a tone becomes “anchored” to its
successor if the two are related stepwise along a chromatic or diatonic scale. He
further hypothesized that the second tone contributes more than the first oneto the
listener's sense of key. Bharucha (1984a) provided evidence for this view in a
number of experiments.

The importance of order information to key attribution has been stressed par-
ticularly by Brown and Butler (see Brown, 1988; Brown & Butler, 1981; Brown,
Butler, & Jones, 1994; Butler, 1983, 1992; Butler & Brown, 1984). The authors
argued that in attributing akey, listeners rely more on rare than on common inter-
vals, because these correlate less ambiguously with a particular diatonic set, and
so provide more reliable information for key identification (Browne, 1981). They
also argued that listeners make more accurate key assignments based on rareinter-
vals when these are presented in a temporal order that implies the goal-oriented
harmonies that most frequently occur in tonal music. So, for example, when a
musical event contains a tritone that is so configured as to imply a dominant-to-
tonic progression, the appropriate key will be readily invoked.

Finaly, it isevident that other factors areinvolved in the process of key attribu-
tion, such as harmony, rhythm, and meter; however, because of space limitations
these factors are not considered here.

IV. PARADOXES BASED ON PITCH CLASS

As described earlier, the pitch of atoneis held to vary along two dimensions:
The monatonic dimension of height defines its position along a continuum from
low to high, and the circular dimension of pitch class definesits position within the
octave (Babbitt, 1960, 1965; Bachem, 1948; Charbonneau & Risset, 1973;
Deutsch, 1969, 1972c, 1973b, 1986a; Deutsch & Boulanger, 1984; Forte, 1973;
M. Meyer, 1904, 1914; Révész, 1913, Risset, 1969, 1971; Ruckmick, 1929;
Shepard, 1964, 1982; Ueda & Ohgushi, 1987).

In order to accommodate the dimensions of pitch class and height in asingle
spatial representation, it has been suggested that pitch be depicted as a geometri-
caly regular helix, in which the entire structure maps into itself under transposi-
tion (Drobisch, 1855; Shepard, 1964, 1965, 1982). Such arepresentation is shown
in Figure 20, and it can be seen that tones that are separated by octaves are de-
picted as in close spatial proximity. This geometrical model assumes that the di-
mensions of pitch class and pitch height are orthogonal, so that the pitch class of a
tone would not influence its perceived height.
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FIGURE 20 Pitch represented as ageometrically regular helix. (Adapted from Shepard, 1965.)

Shepard (1964) noted that the helical model of pitch has an intriguing conse-
quence. If one could suppress the monotonic component of height, leaving only
the circular component of pitch class, al tones that were related by octaves could
be mapped onto the same tone, which would then have aclearly defined pitch class
but an indeterminate height. In thisway, the tonal helix would be collapsed into a
circle, and judgments of pitch would become completely circular.

In an associated experiment, Shepard generated a set of tones, each of which
consisted of 10 sinusoidal components that were separated by octaves and whose
amplitudes were determined by afixed, bell-shaped, spectral envelope. The pitch
classes of the tones were varied by shifting the components up or down in log
frequency, holding the position and shape of the envelope constant. Shepard ar-
gued that because the spectral envelope remained fixed, the perceived heights of
these tones would remain constant as their pitch classes were varied.

Subjects listened to ordered pairs of such tones, and they reported in each case
whether they heard an ascending or adescending pattern. When the toneswithin a
pair were separated by one or two steps along the pitch class circle (Figure 21)
judgments were determined almost entirely by proximity. When the tones were
separated by larger distances along the circle, the tendency to follow by proximity
gradually lessened, and when they were separated by exactly a half-octave, as-
cending and descending judgments occurred equally often.

Shepard (1964) concluded from these findings that the dimensions of pitch
class and height were indeed orthogonal, arguing that such a view would at all
events be expected on common sense grounds:

tonality [i.e., pitch class] seems quite anal ogous to the attribute of being clockwise or coun-
terclockwise. One of two nearby points on a circle can be said to be clockwise from the
other; but it makes no sense to say how clockwise asingle point is absolutely.

However, this conclusion does not necessarily follow from Shepard’s findings.
Where judgments were heavily influenced by proximity, any effect of pitch class
on perceived height could have been overwhelmed by this factor. Furthermore,
because the data were averaged across pitch classes, any effect of pitch class on
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FIGURE 21 Thepitchclasscircle.

perceived height would have been lost in the averaging process. Theissue of whe-
ther the pitch class of a tone might influence its perceived height therefore re-
mained unresolved in Shepard’s study.

A. THE TRITONE PARADOX

Given such considerations, Deutsch (1986a) had subjectslisten to ordered pairs
of tones that were related by a half-octave (or tritone), and they reported in each
case Whether they heard an ascending or adescending pattern. Each tone consisted
of six octave-related components, whose amplitudes were scaled by a bell-shaped
spectral envelope. In order to control for possible effects of the relative amplitudes
of the components of the tones, and aso to examine the effects of varying their
overall heights, the tone pairs were generated under envel opes that were placed at
six different positions along the spectrum, which were spaced at half-octave inter-
vals.

It was reasoned that because the tones within each pair were in opposite posi-
tions along the pitch class circle, proximity could not here be used as a cue in
making judgments of relative height. So if the assumption of orthogonality were
correct, these judgments would not beinfluenced by the pitch classes of the tones.
But it was also reasoned that an interaction between the two dimensions might
emerge: Thelistener might perceive tonesin one region of the pitch classcircle as
higher and tones in the opposite region as lower.

More specifically, it was conjectured that listeners might arrange pitch classes
asacircular map, similar to aclock face. This map might have a particular orien-
tation with respect to height. For example, C could bein the 12:00 position and F#
in the 6:00 position, so that the listener would perceive the tone pairs C-F (and B-
F and C#-D) as descending, and tone pairs F#-C (and F-B and G-C#) as ascending.
If, on the other hand, this map were oriented so that F# stood in the 12:00 position
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and Cinthe 6:00 position, the listener would instead perceive thetone pair C-F as
ascending and the pair F4-C as descending.

The hypothesis of an effect of pitch class on perceived height was strikingly
confirmed: The judgments of most subjects showed that tonesin one region of the
pitch class circle were perceived as higher and those in the opposite region as
lower. Another striking finding also emerged: The rel ationship between pitch class
and perceived height differed radically from one subject to another. Figure 22
presents, as an example, the judgments of two subjects who showed particularly
clear and consistent relationships between pitch class and perceived height. (The
judgments were averaged over tones generated under all six spectral envelopes.)
The first subject heard tone pairs Ci-G, D-G#, D§-A and E-A# as ascending and
tone pairs F-C, G-Ck, G¥-D, A-D#, A#-E, and B-F as descending. In contrast, the
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FIGURE 22 The tritone paradox as perceived by two different subjects. The graphs show the
percentages of judgmentsthat atone pair formed a descending pattern, plotted asafunction of the pitch
class of thefirst tone of the pair. Notations on the right show how the identical series of tone pairswas
perceived by these two subjects. (Data from Deutsch, 1986a.)
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second subject heard tone pairs B-F, C-F4, Ci-G, D-G#, D#-A, and E-A# as descend-
ing and pairs F¥-C, G-C#, G#-D, and A-D# as ascending. So for the most part, when
thefirst subject heard an ascending pattern, the second subject heard a descending
one, and vice versa. In consequence, also as shown in Figure 22, extended patterns
formed of such tone pairs were heard by these two subjects as producing entirely
different melodies.

Figure 23 shows the perceptual orientations of the pitch class circle that were
derived from the judgments of these two subjects. For the first subject, the peak
pitch classes (i.e., those that stood at the highest position along the pitch class
circle) were Gk and A; however, for the second subject, the peak pitch classeswere
Ct and D instead.

Figure 24 shows the judgments of four more subjects whose patterns were less
pronounced than were those shown in Figure 22. These data were taken from ex-
perimentsin which four spectral envel opes were used, which were spaced at half-
octave intervals, and the judgments under these four envel opes were averaged. It
can be seen that all four subjects showed clear relationships between pitch class
and perceived height; however, the form of the relationship varied from one sub-
ject to another. (A set of stimulus patterns comprising a full experiment such as
this one appears on the compact disc by Deutsch, 1995).

Deutsch, Kuyper, and Fisher (1987) performed a study to examine perception
of the tritone paradox in a general population. A group of subjects were selected
ontheonly criteriathat they were undergraduates at the University of Californiaat
San Diego, had normal hearing, and could judge reliably whether pairs of sine-
wave tonesthat wererelated by atritone formed ascending or descending patterns.
The judgments of most of the subjects reflected clear relationships between pitch
class and perceived height. Furthermore, computer simulations showed that the
patterns obtained in this experiment were extremely unlikely to have occurred by
chance. It was concluded that the tritone paradox existsto highly significant extent
in this general population.

HEIGHT

FIGURE 23 Perceptua orientations of the pitch class circle, derived from the judgments of the
two subjects whose data are displayed in Figure 22. The circle on the left is derived from the graph
shown in the upper portion of Figure 22, and the circle on the right from the graph shown in the lower
portion. The pitch classes that mark the highest position along the circle are called peak pitch classes.
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FIGURE 24 Thetritone paradox as perceived by four more subjects.

B. THE SEMITONE PARADOX

We next inquire as to what happens when more than one tone is presented at a
time. Deutsch (1988b) examined this issue using a basic pattern that consisted of
two sequentially presented tone pairs, which were diametrically opposed along
the pitch class circle. An example of such a pattern is shown in Figure 25. On one
side of the circle the second tone was higher than thefirst (in this example, Gt was
followed by A) and on the other side the second tone was lower (in this example,
D# wasfollowed by D). In general, subjects linked the tones sequentially in accor-
dancewith pitch proximity, so that they perceived the pattern astwo stepwiselines
that moved in contrary motion. However, the higher line could be heard as ascend-
ing and the lower line as descending, or vice versa.

Subjects were presented with such sequential tone pairs, and they judged in
each case whether the line that was higher in pitch formed an ascending or a de-
scending pattern. From these judgments it was inferred which pitch classes were
heard as higher and which as lower. Taking the tone pairs in Figure 25, for ex-
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FIGURE 25 Example of pattern giving rise to the semitone paradox, together with two alterna-
tive perceptual organizations. Tones G# and D# are presented simultaneously at T1, and tonesA and D
at T2. Listeners organize this pattern as two stepwise lines that move in contrary motion; that is, they
hear the ascending line G#-A together with the descending line D#-D. However, some listeners hear
the ascending line as higher [Percept (a)] while other listeners hear the descending line as higher
[Percept (b)]. (Adapted with permission from Deutsch, 1988h. ©1988 by The Regents of the Univer-
sity of California.)

ample, if the subject heard the higher line as ascending, this indicated that he or
she perceived G# and A as higher and D# and D aslower [asin Percept (a)]. How-
ever, if the subject heard the higher line as descending, thisindicated that he or she
perceived D# and D as higher and G# and A as lower [asin Percept (b)].

Just aswith thetritone paradox, subjects’ judgments herereflected orderly rela-
tionships between the pitch classes of the tones and their perceived heights. Also
as with the tritone paradox, the form of this relationship varied radically from one
subject to another. Thisis illustrated in the judgments of two subjects shown in
Figure 26. For the first subject, tones F, F, G, G#, A, and A¥ were heard as higher
and C, C#, D, and D} were heard aslower. In contrast, for the second subject, C#, D,
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FIGURE 26 The semitone paradox as perceived by two different subjects. The graphs show the
percentages of trials in which a tone was heard as part of the higher line, plotted as a function of the
pitch class of the tone. For both subjects, when the pattern was transposed, the ascending and descend-
ing lines appeared to interchange positions. Moreover, in general, when the first subject heard the
higher line as ascending, the second subject heard it as descending, and vice versa. Notations on the
right show how the identical series of patterns was perceived by these two subjects. (Reprinted with
permission from Deutsch, 1988b. ©1988 by The Regents of the University of California.)

and D# were heard as higher and F, F4, G, G#, A, A%, and B were heard aslower. In
consequence, also as shown in Figure 26, musical passages produced by series of
such tone pairs were heard by these two subjectsin entirely different ways.

C.THE MELODIC PARADOX

We can further ask what happens when more complex patterns are presented.
Deutsch, Moore, and Dolson (1986) investigated this question using patterns con-
sisting of three sequentially presented tone pairs. Specifically, the pattern shownin
Figure 27 was played in two different keys. In C major, the pattern consisted of the
succession of tones D-E-F played together with B-A-G. In F§ mgjor, the tones G#-
At-B were played together with E§-D3-C#.

When this pattern was heard unambiguously, the listeners always organized the
tones sequentially in accordance with pitch proximity. So they heard one melodic
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FIGURE 27 Pattern giving rise to the melodic paradox, together with alternative perceptual
organizations. Tones D and B are simultaneously presented at time T1, tones E and A are presented at
T2, and tones F and G are presented at T3. This pattern is generally heard as two stepwise lines that
movein contrary motion. However, somelisteners hear the higher line as descending and the lower line
as ascending [Percept ()], whereas others hear the higher line as ascending and the lower line as
descending [Percept (b)]. (From experiment by Deutsch et al., 1986.)

line that ascended by a minor third, together with another that descended by a
major third. However, also as shown in Figure 27, the descending line could be
heard as higher and the ascending line aslower [asin Percept (a)] or the ascending
line could be heard as higher and the descending line as lower [asin Percept (b)].

Analogous effects were found to occur here also: When the pattern was played
in one key, it was perceived with the higher line ascending. However, when the
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pattern was played in the other key, it was heard with the higher line descending
instead. So transposing the pattern from one key to the other led to a perceived
interchange of voices. Furthermore, when the pattern was played in one of the
keys, it was heard with the higher line as ascending by some listeners, but as de-
scending by others.

Deutsch (1988a) performed afurther experiment, in which thistwo-part pattern
was played in six different keys: C, D, E, F, G4, and A% major. The judgments of
four subjects were examined, and they all showed orderly effects of key and also
differed radically in the direction in which key influenced their judgments. In con-
sequence, extended passages formed of such patterns were heard by these subjects
in entirely different ways.

Asillustration, Figure 28 displays the percepts of two of the subjects. Thefirst
subject heard the pattern in the keys of C and D with the higher line ascending, yet
inthe keysof E, F¥, and G# with the higher line descending. The second subject, in
contrast, heard the pattern in the keys of D, E, F¥, and G with the higher line
ascending, yet in thekeysof C and A§ with the higher line descending. Thusfor the
most part when thefirst subject heard the higher line ascending, the second subject
heard it descending, and vice versa. Thisis also illustrated in the notation on the
right-hand part of the figure.

D.IMPLICATIONS OF THESE MUSICAL PARADOXES

The paradoxes described here show that pitch class and pitch height are not
orthogona dimensions; rather, the perceived height of a tone is systematically
related to its position along the pitch class circle, when other factors are controlled
for.

The paradoxes are surprising on anumber of grounds. First, they provide strik-
ing violations of the principle of perceptual equivalence under transposition; a
principlethat had been assumed to be universal. In the case of the tritone paradox,
transposing the pattern from one key to another can cause it to appear to change
from an ascending pattern to a descending one, and vice versa. In the case of the
paradoxes involving two-part patterns, transposition can result in a perceived in-
terchange of voices.

Another surprising implication concerns absolute pitch, afaculty that is gener-
aly assumed to be very rare. Because the mgjority of listeners experience these
musical paradoxes, this meansthat the majority of ushave at least apartial form of
absolute pitch, in that we hear tones as higher or lower depending simply on their
note names, or pitch classes. It isinteresting that other studies have also indicated
that absolute pitch is more prevalent than had earlier been assumed, at least in
partial form. Terhardt and Ward (1982) and Terhardt and Seewann (1983) found
that musicians were able to judge whether or not a passage was played in the
correct key, even though they did not possess absolute pitch as conventionally
defined. Further, Halpern (1989) reported that when musically untrained subjects
were asked to hum thefirst notes of well-known songs on different occasions, they
wereremarkably consistent in their choices of pitchesfrom one session to another.
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FIGURE 28 Melodic paradox as perceived by two different subjects, when presented in six
different keys. In general, as the pattern was transposed, the ascending and descending lines appeared
to interchange positions. Moreover, for the most part when the first subject heard the higher line as-
cending, the second subject heard it descending, and vice versa. Notations on the right show how the
identical series of patterns was perceived by these two subjects. (Adapted from Deutsch, 1988a.)

An ingenious study by Levitin (1994) provided further evidence that many
people possess a latent form of absolute pitch. He had subjects select a CD that
contained a popular song, with which they were very familiar. The subjects were
asked to hold the CD, close their eyes, imagine the song, and then reproduce it by
singing, humming, or whistling. The first tone that the subject produced was then
compared with the equivalent one on the CD. Levitin found that one out of four
subjects produced the same pitch (or pitch class) as the equivalent one on the CD,
and half the subjects produced a tone whose pitch (or pitch class) was within a
semitone of the equivalent. Virtually none of the subjects claimed to have absolute
pitch, and the effect appeared to be independent of the subjects’ musical back-
ground.

Another surprising outcome of this work concerns the striking differences be-
tween people in how these paradoxes are perceived. These differences are as pro-
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nounced among experienced musicians as among listeners without musical train-
ing. It isto the basis of such differences that we now turn.

E. BASISOF THE TRITONE PARADOX

Studies exploring the bases of these musical paradoxes have focused largely on
the tritone paradox. A number of experiments have examined the involvement of
spectral factorsin thiseffect. Deutsch (1987) generated such tritone pairs under 12
different spectral envelopes, with peaks spaced at 1/4-octaveintervals, so that their
positions varied over a three-octave range. Although the relationship between
pitch class and perceived height was found sometimes to vary as a function of the
overall height of the spectral envelope, and sometimes also as a function of the
relative amplitudes of the components of the tones, such variations tended to be
small in absolute terms (see also Dawe, Platt, & Welsh, 1998; Deutsch, 1994;
Giangrande, 1998).

A number of informal observations led the author to hypothesize that the
tritone paradox might be related to the processing of speech sounds. It was conjec-
tured that the listener develops a long-term representation of the overal pitch
range of hisor her speaking voice. Included in thisrepresentation isaspecification
of the octave band in which the largest proportion of pitch values occurs. The
listener then takesthe pitch classes delimiting this octave band for speech asmark-
ing the highest position along the pitch class circle; thisin turn determines his or
her orientation of the pitch class circle with respect to height.

In atest of this hypothesis, Deutsch, North, and Ray (1990) selected a group of
subjects who showed clear relationships between pitch class and perceived height
in making judgments of the tritone paradox. Wetook a15-min recording of natural
speech from each subject, and from this recording we identified the octave band
containing the largest number of pitch values. Comparing across subjects, we ob-
tained a significant correspondence between the pitch classes defining this octave
band and those marking the highest position along the pitch class circle, as deter-
mined by judgments of the tritone paradox.

Two versions of the hypothesis relating the tritone paradox to the pitch range of
speech may then be advanced. Thefirst does not assume that the pitch range of an
individual’s speech is itself determined by a learned template. The second, and
broader, version assumes that we acquire such atemplate as aresult of exposureto
speech around us. This template is then used both to constrain our own speech
output and also to evaluate the speech of others. If the second hypothesis were
correct, we would expect the orientation of the pitch class circle to be similar for
people in agiven linguistic subculture, but to vary among peoplein different sub-
cultures.

In areview of the literature concerning the pitch ranges of speech in different
linguistic communities, Dolson (1994) described evidence in support of this sec-
ond hypothesis. First, most people confine the pitch range of their speech to
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roughly an octave. Second, within a given linguistic community, in general the
speech of females is close to an octave above that of males; for this reason, a
template based on pitch class rather than pitch would enable the mapping of male
and femal e speech onto asingle mental representation. Further, the pitch ranges of
speech differ remarkably little within a given linguistic community (except, of
course, for the difference between sexes); however, there are considerable varia-
tionsin the pitch ranges of speech across different linguistic communities. More-
over, thereisasurprising lack of correlation between the pitch range of aperson’s
speech and physiological parameters such as his or her height, weight, chest size,
and laryngeal size. Thisindicates that the pitch range of an individual’s speaking
voiceis based on cultural consensus.

Deutsch (1991) performed a further experiment to test the cultural hypothesis.
The judgments of two groups of subjects were compared: The first group had
grown up in California and the second group had grown up in the South of En-
gland. The two groups were found to differ statistically in their perceptions of the
tritone paradox, so that frequently when a Californian subject heard the pattern as
ascending, a subject from the South of England heard it as descending, and vice
versa (Figure 29).

Other laboratories have obtained further evidence for a geographic association.
Giangrande (1998) found that a group of subjects at Florida Atlantic University
produced a distribution of peak pitch classes that was similar to the one found by
Deutsch (1991) among Californians. Treptoe (1997) found avery similar distribu-
tion among subjects at the University of Wisconsin, Steven’s Point. In contrast,
Daweet al. (1998) found that agroup of studentsat McMaster University, Ontario,
produced a distribution that was quite similar to the one found by Deutsch (1991)
for subjects from the South of England.

Examining this correlate in greater detail, Ragozzine and Deutsch (1994) dis-
covered a regiona difference in perception of the tritone paradox within the
United States. Among subjects who had grown up in the area of Youngstown,
Ohio, the perceptions of those whose parents had also grown up in this region
differed significantly from those whose parents had grown up elsewhere within
the United States. These findings indicate that perception of the tritone paradox is
influenced by a template that is acquired in childhood. Further evidence was pro-
vided by Deutsch (1996), who found a significant correlation between the way
children and their mothers heard the tritone paradox. This correlation was ob-
tained even though the children had all been born and raised in California,
whereas their mothers had grown up in many different geographical regions, both
within and outside the United States.

We can then ask why such a speech-related template would have evolved. Be-
causethe pitch of speech varieswith the speaker’semotional state, atemplate such
as hypothesized here could be useful in enabling listeners to make arapid evalua-
tion of such states. It isalso possible that this template could be useful in commu-
nicating syntactic aspects of speech.
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FIGURE 29 Didtributions of peak pitch classes in two groups of subjects. The first group had
grown up in the south of England and the second group had grown up in California. (Reprinted with
permission from Deutsch, 1991. ©1991 by The Regents of the University of California.)

We can then ask whether these perceptual paradoxes occur in natural musical
situations. In unpublished experiments, the author has found that the effects per-
sisted with the use of tone complexes whose partials were stretched slightly, so
that they did not stand in octave relation. The effects also persisted when the sinu-
soidal components of the tones were replaced by sawtooth waves, so that the
power spectrum of each complex was similar to one produced by several instru-



390 DIANA DEUTSCH

ments playing simultaneously. Furthermore, imposing a vibrato, a tremolo, or a
fast decay such as occurs with a plucked string did not destroy the effects. Most
interestingly, the tritone paradox was produced, at least in someindividuals, when
each tone of a pair consisted of a single harmonic series, with the relative ampli-
tudes of the odd and even harmonics adjusted so that the tones were roughly equi-
valent in perceived height. It appears, therefore, that effects such as these might
well be found in music performed by live instruments, when the composer has
introduced ambiguities of height, such as in orchestral pieces by Debussy and
Ravel.

V. THE PITCH MEMORY SYSTEM

In this section, we present a theoretical framework for the representation of
music in memory. This framework is derived from one originaly proposed by
Deutsch (1972a, 1975a, 1975d; Deutsch & Feroe 1975), which was based on a
series of findings on memory for pitch and for relationships based on pitch. These
findings are reviewed, together with more recent findings by the author and other
investigators.

It is evident from general considerations that memory for music must be
the function of a heterogeneous system, whose various subdivisions differ in
the persistence with which they retain information. For example, the system
that subserves memory for pitch relationships must be capable of retaining
information over very long periods of time, whereas this is not true of the
system that retains absolute pitch values. Similarly, the system that retains
temporal patterns must preserve information for considerably longer than the
system that retains absol ute values of duration. Based on such considerations,
we can assume that when memory for amusical pattern is tested after differ-
ent time periods have elapsed, apparent differences in its form of encoding
would emerge. (A similar argument concerning memory in general has been
made by Craik and Lockhart, 1972.)

More specifically, the model assumes that musical information isinitially sub-
jected to a set of perceptual analyses, which are carried out in different subdivi-
sions of the auditory system. Such analyses result in the attribution of values of
pitch, loudness, duration, and so on, as well as values of abstracted information,
such as harmonic and melodic interval s, durational relationships, and timbres. Itis
further assumed that in many of these subsystems, information is represented
along arrays that are tonotopically organized with respect to a simple dimension,
such as pitch or duration, or some higher level dimension such asinterval size.

The model further assumes that the outputs of such analyses are projected onto
arrays in corresponding subdivisions of the auditory memory system. Thus, for
example, one subdivision retains values of pitch, and othersretain values of dura-
tion, loudness, melodic interval size, and so on. Information isstored in parallel in
these different subdivisions; however, the time constants of storage for these sub-



10. THE PROCESSING OF PITCH COMBINATIONS 391

divisions vary considerably. It is further assumed that specific interactions take
place within these subdivisions that are analogous to those that occur in systems
processing auditory information at the incoming level. The outputs of these differ-
ent subdivisions then combine during retrieval of information from memory.

Within thisframework, anumber of different issues may be considered. We can
focus on memory for alow-level attribute such as pitch, and inquire concerning
how values of this attribute are represented in storage, and also how they are ac-
cessed during retrieval. We can also examine how values of different attributes
interact with each other in storage and influence each other in retrieval. Here we
review the evidence on these issues, focusing largely on the systems underlying
memory for pitch and pitch relationships.

A.THE SYSTEM THAT RETAINSABSOLUTE PITCH
VALUES

In considering the characteristics of the system that retains absolute pitch val-
ues, anumber of hypotheses may be advanced. For example, such memory might
simply deteriorate with the passage of time. Another possibility isthat pitch infor-
mation isretained in ageneral storethat islimited in terms of the number of items
it can retain, so that memory loss results from a general information overload. As
athird possibility, memory for pitch might be the function of an organized system
whose elements interact in specific ways.

Let us begin with the following observations. When a tone is presented, and
thisisfollowed immediately by another tone that is either identical in pitch to the
first or differs by asemitone, most listenersfind it very easy to determine whether
the two pitches are the same or different. The task continuesto be very easy when
asilent interval of 6 seconds intervenes between the tones to be compared. Al-
though memory for pitch has been shown to fade gradually with the passage of
time (Bachem, 1954; Harris, 1952; Koester, 1945; Rakowski, 1994; Wickelgren,
1966, 1969), the amount of fading during a silent retention interval of 6 secis so
small that it is barely apparent in this situation. However, when eight extra tones
areinterpolated during the retention interval, the task becomes strikingly difficult;
this is true even when the listener is instructed to ignore the interpolated tones.
Deutsch (19704) found that listeners who made no errorsin comparing such tone
pairs when they were separated by 6 sec of silence made 40% errors when eight
tones were interpolated during the retention interval. In a companion experiment,
either four, six, or eight tones were interpolated during aretention interval of con-
stant duration, and it was found that the error rate increased with an increasein the
number of interpolated tones.

We can conclude that memory for pitch is subject to a small amount of decay
with time, and also alarge interference effect produced by other tones. What, then,
isthe basis of thisinterference effect? One possibility isthat theinterpolated tones
produce attention distraction, and that attention to the tone to be remembered is
necessary for memory to be preserved. If thiswere the case, then theinterpolation
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of other materials would also result in memory loss, provided that these, too, dis-
tracted the listener’s attention. As another hypothesis, pitch information might be
held in a general store of limited capacity, along with other types of material.
Further materials that entered this store would then also impair pitch recognition.
Asathird hypothesis, pitch information might be retained in aspecialized system,
and memory loss might result from interactions that occur specifically within this
system.

In an experiment to examine these different hypotheses, Deutsch (1970c) had
subjects compare the pitches of two tones that were separated by aretention inter-
val of 5 sec duration. The test tones were either identical in pitch or they differed
by a semitone. In thefirst condition, six tones were interpolated during the reten-
tion interval (Figure 30). In the second, six spoken numbers were interpolated
instead. In both these conditions, listeners were asked to ignore the interpolated
materials and simply to judge whether the test tones were the same or different in
pitch. A third condition was identical to the second, except that the listeners were
asked to recall the numbers in addition to comparing the pitches of the test tones;
this ensured that the numbers were attended to and entered memory. In a fourth
condition, the subjects were asked simply to recall the numbers.

It was found that the interpolated tones produced a substantial impairment in
memory for the pitch of the test tone. However, the interpolated numbers pro-
duced only a minimal impairment, even when the subjects were asked to recall
them. In addition, the error rate in number recall was no higher when the subjects
were simultaneously performing the pitch-recognition task than when they could
ignore the test tones. This experiment indicated, therefore, that decrements in
pitch memory resulting from interpolated tones are due to interactions that take
place within a specialized system.

B. FURTHER EVIDENCE FOR A SEPARATE PITCH
MEMORY STORE

Further evidence has been obtained that pitch memory is the function of a spe-
cialized system. Deutsch (1974) had subjects compare the pitches of two test tones
that were separated by aretention interval that contained eight interpolated tones.

First Second
Test Interpolated Tones Test
Tone Tone

0 . | .
" A T T T T
7.8 i

FIGURE 30 Examplesof tone series used in experiments to examine the effects of interpolated
tones on memory for the pitch of atest tone.
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In one condition, theinterpolated toneswere al drawn from the same octave asthe
test tones, in a second they were all drawn from the octave above, and in a third
they were all drawn from the octave below. The interpolated tones produced sub-
stantial interferencein all conditions; however, the amount of interference varied
depending on the octave in which the interpolated tones were placed. The largest
performance decrement occurred when the interpolated tones were in the same
octave as the test tones, the next largest when they were in the octave above, and
the smallest when they were in the octave below. This experiment indicated, there-
fore, that the amount of interference produced by interpolated tones depends on
the pitch relationships between these and the test tones.

Semal, Demany, and colleagues have shown in a number of experiments that
interference in pitch memory results from interactions that take place in a system
that is sensitive to pitch relationships, but insensitive to other attributes of sound.
In one study, Semal and Demany (1991) had subjects compare the pitches of two
test tones that were separated by a retention interval containing six interpolated
tones. The test tones were sine waves, and in some conditions, the interpolated
tones were also sine waves whereas in others they were of complex spectral com-
position. Substantial decrements in pitch recognition occurred when the interpo-
lated tones were close in pitch to the test tones, regardless of their spectra. How-
ever, when the interpolated tones were remote in pitch from the test tones, the
amount of memory impairment they produced was substantially smaller, again
regardless of their spectra.

In afurther experiment, Semal and Demany (1991) studied the effect of inter-
polating tones that were composed of several harmonics of a missing fundamen-
tal. Again, memory performance depended essentially on the pitches of the inter-
polated tones and not on their spectral composition. Interpolated tones that were
close in pitch to the test tones were associated with poor performance, regardless
of their spectra. Performance levels were higher when the interpolated tones were
remote in pitch from the test tones, again regardless of their spectra.

In yet another experiment, Semal and Demany (1993) found that differencesin
the amplitudes of the interpolated tones had remarkably little effect on perfor-
mance. The amount of memory impairment produced by the interpolated tones
was not amonotonically increasing function of their amplitudes, neither did maxi-
mal interference occur when the amplitudes of the test and interpol ated toneswere
identical. The authors also found that pitch memory performance was affected
very little by whether or not the test and interpolated tones had the same time-
varying envelopes.

Semal, Demany, Ueda, and Halle (1995) had subjects make memory judgments
concerning words that were spoken at different pitches. The test words were sepa-
rated by aretention interval during which other materials were interpolated. The
interpolated materials were either themselves words that were spoken at different
pitches, or they were complex tones that were played at different pitches. The
amount of memory impairment produced by the interpol ated materials was found
to be greater when their pitches were close to those of the test words than when
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they were remote from them, regardless of whether words or tones were interpo-
lated. The authors concluded that the pitches of spoken words are not processed in
aspecialized “ speech module,” but rather in asystem that isresponsiblefor retain-
ing pitch information, disregarding other attributes of sound.

Other studies have explored the effects on pitch memory of varying the ear of
input of the test and interpolated tones. Deutsch (1978c) obtained sightly better
memory performance when the test and interpolated tones were presented to dif-
ferent earsrather than to the same ear; however, the difference between these two
conditionswasfairly small. Kallman, Cameron, Beckstead, and Joyce (1987) con-
firmed the small advantage produced by delivering the test and interpolated tones
to different ears; however, they found that this advantage was present only when
the ear of input for the interpol ated tones was fixed within a block—the procedure
used by Deutsch (1978c). When the ear of input for the interpolated tones varied
unpredictably from trial to trial, the advantage disappeared. These experiments
provide further evidence that the pitch memory store is remarkably imperviousto
other attributes of sound.

Finally, Pechmann and Mohr (1992) found that for certain subjects and under
certain conditions, information from different memory storesdid interfere slightly
with pitch recognition. Whereas for musically trained listeners, memory perfor-
mance was unaffected by the interpolation of spoken words or visual materials,
thiswas not true of musically untrained listeners, who showed small performance
decrements when other materials were interpolated. The precise reason for the
differences between these two groups of subjects obtained by Pechmann and
Mohr remains to be determined.

C. SPECIFIC INTERACTIONSWITHIN THE PITCH
MEMORY SYSTEM

We next inquire more specifically into the types of interaction that occur within
the system that retains pitch information. In one experiment, Deutsch (1972b) had
subjects comparethe pitches of two test tonesthat were separated by a sequence of
six interpolated tones. The test tones were either identical in pitch or they differed
by a semitone. The effects were explored of placing a tone whose pitch bore a
critical relationship to the pitch of the first test tone (the “critical tone”) in the
second serial position of theinterpolated sequence. Thisdistance varied in steps of
1/6 tone between identity and a whole-tone separation.

As shown in Figure 31, when the first test tone and the critical tone wereiden-
tical in pitch, memory facilitation was produced. As the pitch distance between
these two tones increased, errorsin pitch recognition also increased; they peaked
at 2/3-tone separation and then decreased, returning to baseline at roughly a
whole-tone separation.

Based on these findings, it was conjectured that pitch memory isthe function of
an array whose elements are activated by tones of specific pitch. These elements
are organized tonotopically on alog frequency continuum, and inhibitory interac-
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FIGURE 31 Percentages of errors in pitch recognition as a function of the pitch distance be-
tween the first test tone and a critical interpolated tone. The line labeled Null shows the error ratein a
control condition where all interpolated tones were at |east 1-1/2 tones removed in pitch from the first
test tone. The maximal error rate occurred when the critical interpolated tone was 2/3 tone removed
from the first test tone. (Reprinted with permission from Deutsch, 1972b. ©1972 American Associa-
tion for the Advancement of Science.)

tions take place along this array that are a function of the distance between the
interacting elements. It was further hypothesized that these interactions are analo-
gous to recurrent lateral inhibitory interactions that occur in systems processing
sensory information at the incoming level (Ratliff, 1965). When these elements
are inhibited, they produce weaker signals, and this in turn results in increased
errors in memory judgment.

A number of observations further support this conjecture. For example, the
relative frequency range over which memory disruption occurs corresponds well
with the range over which centrally acting lateral inhibition has been found in
physiologica studies of the auditory system (Klinke, Boerger, & Gruber, 1970).
As further evidence, error rates in pitch memory judgment cumulate when two
critical tones are interpolated, placed one on either side of thefirst test tone along
the pitch continuum (Deutsch, 1973a). Analogoudly, lateral inhibitory effects cu-
mulate when two inhibitory stimuli are placed, one on either side of the test stimu-
lus along avisuospatia continuum (Ratliff, 1965).

If the pitch memory system were indeed organized as arecurrent lateral inhibi-
tory network, one might also expect to find evidence for disinhibition: If atone
that was inhibiting memory for another tone were itself inhibited by athird tone,
memory for the first tone should return. Specifically, in sequences where the test
tones were identical in pitch, if two critical tones were interpolated, one always
2/3-tone removed from the test tone and the other further removed aong the pitch
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continuum, errors should vary as a function of the pitch relationship between the
two critical tones. The error rate should be highest when these two tones are iden-
tical in pitch, decline as the second critical tone moves away from the first, dip
maximally at a 2/3-tone separation, and then return to baseline. In other words, the
curve produced should be roughly the inverse of the curve plotting the original
disruptive effect.

To test this prediction, Deutsch and Feroe (1975) performed an experiment in
which subjects compared the pitches of two test tones when these were separated
by a sequence of six interpolated tones. A tone was always placed in the second
serial position of the interpolated sequence whose pitch was 2/3 tone removed
from that of thefirst test tone; that is, in arelationship expected to produce maxi-
mal inhibition. Errors were plotted as a function of the pitch of a second critical
tone, which was placed in the fourth serial position, whose pitch relationship to
the first critical tone varied in 1/6-tone steps between identity and a whole-tone
separation.

As can be seen in Figure 32, a systematic return of memory was indeed ob-
tained. The error rate in sequences where the second critical tone was identical in
pitch to thefirst was significantly higher than baseline, and the error rate where the
two critical toneswere separated by 2/3 tone was significantly lower than baseline.

A first-order inhibitory function was obtained in a companion experiment, and
this was used to calculate the theoretical disinhibition function, assuming that the
error rate was determined simply by the strength of the signal produced by the
element underlying thefirst test tone. Asalso shownin Figure 32, therewasagood
correspondence between the disinhibition function derived experimentally and the
one derived theoretically on the lateral inhibition model. This experiment there-
fore provided strong evidence that pitch memory elements are indeed arranged as
a lateral inhibitory network, analogous to those handling sensory information at
theincoming level.

D.ITEM AND ORDER INFORMATION

Thereisafurther effect that causesimpairment in pitch memory. When two test
tones differ in pitch, and the interpolated sequence includes a critical tone whose
pitchisidentical to that of the second test tone, increased errors of misrecognition
result. Thisincrease is greater when the critical toneis placed early in the interpo-
lated sequence rather than late (Deutsch, 1970b, 1972a; see also Butler & Ward,
1988).

In order to explain this effect, it was conjectured that pitch information is re-
tained both along both a pitch continuum and also along atemporal or order con-
tinuum, so as to produce a memory distribution such as shown in Figure 33. Ac-
cording to this conjecture, as time proceeds, this memory distribution spreads
along both continua, but particularly along the temporal continuum. Asaresult of
this spread, when the second test tone is presented, the subject recognizes that it
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FIGURE 32 Percentages of errors in pitch recognition obtained experimentally and predicted
theoretically. Dotted line displays percentage of errorsin a baseline experiment that varied the pitch
relationship between the first test tone and a critical interpolated tone. (Dotted line at right displays
percentage of errors where no tone was interpolated in the critical range.) Solid line displays percent-
age of errors in an experiment where a tone that was 2/3 tone removed from the first test tone was
aways interpolated. Errors are plotted as a function of the pitch relationship between this tone and a
second critical interpolated tone that was further removed along the pitch continuum. Dashed line
displays percentage of errors for the same experimental conditions predicted theoretically from the
lateral inhibition model. (Solid and dashed lines at right display percentages of errors obtained experi-
mentally and predicted theoretically where no further critical tone was interpolated.) (Adapted from
Deutsch & Feroe, 1975).

had occurred in the sequence, but is uncertain when it had occurred, and so some-
times erroneously assumes that it had been the first test tone. This hypothesis aso
would explain the dependence of the effect on the serial position of the critical
tone.

A later experiment lent further support to this conjecture. In this experiment,
the pitch difference between the first and second test tones was varied, and errors
were again plotted as afunction of the pitch relationship between thefirst test tone
and thecritical tone. It wasfound, as predicted, that in sequenceswhere the critical
tone and the second test tone were on the same side of thefirst test tone along the
pitch continuum, then asthe pitch of the second test tone shifted along this contin-
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FIGURE 33 Distribution hypothesized to underlie memory for the pitch of atone. See text for
details. (Adapted from Deutsch, 1972a.)

uum, the peak of errors produced by the critical tone shifted in parallel (Deutsch,
1975d).

E. MEMORY ENHANCEMENT THROUGH REPETITION

The conjecture that pitch memory is the function of atemporal or order con-
tinuum as well as a pitch continuum gives rise to a further prediction: When the
critical toneisidentical in pitch to thefirst test tone, memory performance should
be enhanced. More specifically, when the critical tone and the first test tone are
identical in pitch, their memory distributions should overlap along the temporal
continuum, and this should in turn produce a stronger memory trace for the first
test tone (Deutsch, 19724a). This enhancement in performance should be greater
when the critical toneis placed early in the interpolated sequence rather than late.
Such a pattern of results was indeed obtained in a number of experiments (e.g.,
Deutsch, 1970b, 1972a, 1975b).

F. OCTAVE GENERALIZATION

As described earlier, there is considerable evidence that pitch is represented
along arrays of both pitch height and pitch class. Thisleads usto inquire whether
interferencein pitch memory takes place along apitch height array, or apitch class
array, or whether both such arrays are involved.

In one experiment, Deutsch (1973b) had subjects compare the pitches of two
tones that were separated by six interpolated tones. The experiment explored the
effects of interpolating tones that bore the same relationship to the test tones as
had been found earlier to produce memory disruption, but that were further dis-
placed by an octave. In sequences where the test tones were identical, the effects
were studied of including two critical tones, one a semitone higher than the first
test tone and the other a semitone lower, but that were further displaced by an
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octave. In sequences where the test tones differed, the effects were studied of in-
cluding acritical tone that was identical in pitch to the second test tone, but again
displaced by an octave.

Substantial generalization of disruptive effect resulted from tones that were
displaced an octave higher, and aweaker effect from tones that were displaced an
octave lower. However, the increase in errors was largest from tones that were
placed in the middle octave. It was concluded that disruptive effectsin pitch mem-
ory take place both along an array of pitch height and also along an array of pitch
class.

G.PITCH PROXIMITY AND PITCH MEMORY

Memory for pitch isalso influenced by more general relationships between the
test and interpolated tones, and among the interpolated tones themselves. For ex-
ample, in listening to sequences such as we have been describing, the listener
processes not only the individual tones, but also the melodic intervals between
them. Theseintervalsthen provide aframework of pitch relationshipsto which the
test tones can be anchored. So interpolated sequences that form melodic configu-
rations that are more easily processed should be associated with enhanced perfor-
mance on these tasks.

Asdescribed in Chapter 9, there is considerable evidence that melodic patterns
are processed more effectively when these are composed of small rather than large
intervals, in accordance with the principle of proximity. One might then hypoth-
esize that in our present situation also, interpolated sequences that are composed
of small melodic intervals would be associated with higher performance levels
than those composed of larger ones. In an experiment to test this hypothesis,
Deutsch (1978a) had subjects compare the pitches of two test tones when these
were separated by asequence of six interpolated tones. There were four conditions
in the experiment. In the first, the interpolated tones were chosen at random from
within a one-octave range, and they were also ordered at random. The second
condition was identical to the first, except that the interpolated tones were ar-
ranged in monotonically ascending or descending order, so that the average size of
the melodic intervals was reduced. In the third condition, the interpolated tones
were chosen at random from within a two-octave range, and they were also or-
dered at random. The fourth condition was identical to the third, except that the
interpolated tones were arranged in monotonically ascending or descending order.

Asshown in Figure 34, the error rate was found to increase with an increasein
the average size of the melodic intervals formed by the interpolated tones. There
was no evidence that monotonic ordering of the interpolated tones had any effect,
beyond that of producing a smaller average interval size.

It has been shown that there is a striking cross-cultural tendency for the fre-
quency of occurrence of amelodic interval to be inversely correlated with itssize
(Deutsch, 1978d; Dowling, 1967; Fucks, 1962; Jeffries, 1974; Merriam, 1964;
Ortmann, 1926). One might hypothesi ze that thistendency is based on an increas-
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FIGURE 34 Percentages of errors in pitch recognition as a function of the average size of the
melodic interval in the sequence. Open triangle: Interpolated tones span a one-octave range and are
ordered monotonically. Filled triangle: Interpolated tones span a one-octave range and are ordered at
random. Open circle: Interpolated tones span atwo-octave range and are ordered monotonically. Filled
circle: Interpolated tones span a two-octave range and are ordered at random. (From Deutsch, 1978a.)

ing difficulty in processing melodic intervals as interval size increases. As indi-
cated in the present experiment, this should in turn result in decreased accuracy of
pitch recognition judgment.

In arelated study, Deutsch (1974) compared the effects on pitch recognition of
placing theinterpolated tonesin different octaves. In the condition wheretheinter-
polated tones were drawn from the same octave asthe test tones, the error rate was
higher than in conditions where they were drawn consistently from the octave
above or the octave below. However, the error rate was highest when the interpo-
lated tones were drawn from both the higher and the lower octaves. In this last
condition, the interpolated tones formed very large intervas, and as aresult, lis-
teners were unable to make use of frameworks of pitch relationships to which the
test tones could be anchored. Olson and Hanson (1977) also found that increased
distances between the test and interpolated tones were associated with increased
errorsin pitch recognition (see also Deutsch & Boulanger, 1984).

H.MEMORY FOR TIMBRE

We have presented evidence that the system underlying memory for pitch is
subject to specific interactive effects that depend on the pitch relationships be-
tween the test and interpolated tones, and that it is remarkably insensitive to other
attributes of sound. Starr and Pitt (1997) obtained evidence that the system under-
lying memory for timbre has analogous characteristics. Their study made use of
sets of tones, each of which consisted of a fundamental together with three adja-
cent harmonics. Thus one type of tone consisted of the fundamental together with
harmonics 2, 3, and 4; another consisted of the fundamental together with harmon-
ics 3, 4, and 5; and so on. Eight values of timbre were generated in accordance
with this algorithm, and in this way a “spectral similarity dimension” was cre-
ated. It wasfound in a preliminary study that tones were judged to be more differ-
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ent in timbre as the number of steps separating them along this dimension in-
creased.

Starr and Pitt employed a paradigm that was similar to the one used in the pitch
memory studies described earlier. Subjects made comparison judgments between
two test tones when these were separated by a retention interval during which
extratoneswereinterpolated. Thetest toneswere either identical in timbre or they
differed by three steps along the spectral similarity dimension. The amount of
memory impairment was found to increase monotonically asthe similarity intim-
bre between the first test tone and the interpolated tones increased. When the
amount of pitch distance between the test and interpolated tones was also varied,
the effect of timbre similarity persisted regardless of this pitch distance, and there
was only a negligible effect of pitch distance on memory for timbre.

The authors al so studied the effects of including asecond interpolated timbrein
the intervening sequence, and they found that this caused the interference effect of
the first interpolated timbre either to increase or to decrease, depending on the
distances in timbre involved. They concluded that these findings reflected an ef-
fect of disinhibition that isanalogousto that found by Deutsch and Feroe (1975) in
memory for pitch.

I.MEMORY FOR PITCH RELATIONSHIPS

Thereis evidence that the system underlying memory for pitch relationshipsis
organized in waysthat are similar to the one underlying memory for absol ute pitch
values. As described earlier, Deutsch (1969) has suggested that interval informa-
tion is place-coded in the nervous system. Deutsch (1975a) further proposed that
thisinformation is projected onto a memory array, such that memory for intervals
is the function of a continuum whose elements are activated by the simultaneous
Or successive presentation of pairs of tones. Tone pairs standing in the same ratio
project onto the same elements, and so onto the same point a ong the continuum;
tone pairs standing in closely similar ratios project onto adjacent points along the
continuum, and so on. It was further proposed that interactive effects take place
along this memory continuum that are analogous to those occurring in the system
that retains absolute pitch values. Such effects include memory enhancement
through repetition and similarity-based interference.

In considering this issue, informal studies by the author indicated that musi-
cally untrained listeners had difficulty in judging directly whether the intervals
formed by two pairs of toneswere the same or different in size. However, when the
same listeners made recognition judgments concerning absol ute pitch values, their
judgments were strongly influenced by the relational context in which the test
tones were placed: They tended to judge test tones asidentical in pitch when they
were presented in the context of identical harmonic intervals and to judge them as
different when they were placed in the context of different intervals (see also
Deutsch & Roll, 1974). Given these findings, an experiment was performed to
examineindirectly whether memory for harmonic interval s was subject to specific
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interactive effects similar to those found in memory for absolute pitch values
(Deutsch, 1978b).

Subjects compared the pitches of two test tones when these were both accom-
panied by tones of lower pitch. Thetest toneswere either identical in pitch or they
differed by a semitone. However, the tone accompanying the first test tone was
always identical in pitch to the tone accompanying the second test tone. So when
the test tones were identical, the intervals formed by the test-tone combinations
werealsoidentical. Similarly, when the test tones differed, the intervals formed by
the test-tone combinations also differed.

The test-tone combinations were separated by a sequence of six interpolated
tones. The tones in the second and fourth serial positions of the interpolated se-
guence were also accompanied by tones of lower pitch. It was found that when the
intervals formed by the interpolated combinations were identical in size to the
interval formed by the first test combination, the error rate was lower than when
the intervals formed by the interpolated combinations were chosen at random.
Furthermore, when the intervals formed by the interpol ated combinations differed
in size by a semitone from the interval formed by the first test combination, the
error rate was higher than when the sizes of the intervals formed by the interpo-
lated combinations were chosen at random.

This experiment indicated that effects analogous to those in the system retain-
ing absolute pitch information also occur in the system retaining abstracted pitch
values; namely, memory enhancement through repetition and similarity-based in-
terference.

J.MEMORY FOR DURATION

An experiment by Deutsch (1986b) on memory for duration showed that this
has characteristicsthat are anal ogous to those found in memory for pitch. Subjects
were presented with a pair of blips that defined a first test duration, followed by
another pair of blips that defined a second test duration, and they judged whether
the second test duration was identical to the first, or longer, or shorter.

In one set of conditions, a series of additional blips was interpolated during the
retention interval; these blips defined durations that were in the same range as the
test durations. When the interpolated durations were identical to thefirst test dura-
tion, performance levels were higher than when no blips were interpolated. This
effect was analogous to the enhancement of performance in pitch memory that
occurred when atone of identical pitch to the first test tone was interpolated. The
error rate was also considerably higher when the interpolated blips defined dura-
tions that were dightly removed from the first test duration, and judgments re-
flected distortionsin memory for thefirst test duration in the direction of theinter-
polated durations. This effect was anal ogousto the large misrecognition effect that
occurred in memory for pitch when atone that wasidentical in pitch to the second
test tone was interpolated (Deutsch, 1970b, 1972a).
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K. INTERACTIONSBETWEEN MEMORY SYSTEMSIN
RETRIEVAL

Onthe hypothesisthat memory for different attributesisafunction of anumber
of paralel subsystems, the question arises as to how the outputs of these sub-
systemsinfluence each other in retrieval. For example, we might expect that judg-
ments of sameness or difference between test tone pitches would be biased by
sameness or difference in some other attribute of the tones.

In one experiment, Deutsch and Roll (1974) investigated the effect on pitch
memory judgments of manipulating the harmonic relational context in which the
test tones were placed. Subjects compared the pitches of two test tones that were
both accompanied by tones of lower pitch. The test-tone combinations were sepa-
rated by a retention interval during which six extra tones were interpolated. In
some conditions, the harmonic intervals formed by the test-tone combinations
were identical, and in others they differed; these patterns of relationship were
present both when the test tones were identical and also when they differed. It was
found that relational context had a strong influence on pitch memory judgments.
When thetest toneswereidentical, but were placed in different relational contexts,
there was an increased tendency for their pitchesto be judged as different. Further,
when the test tones differed, but were placed in the identical relational context,
there was anincreased tendency for their pitchesto be judged asidentical. Further,
when the test tones differed, but the test-tone combinations formed interval s that
were inversions of each other, there resulted an increase in errors of
misrecognition. It was concluded that this misrecognition effect was based on the
perceptual equivalence of the inverted intervals (see Section I1).

Deutsch (1982) performed an anal ogous experiment to study the effect of me-
lodic relational context. Subjects compared the pitches of two tonesthat were each
preceded by tones of lower pitch. The test-tone combinations were again sepa-
rated by a retention interval during which six extra tones were interpolated. A
strong effect of melodic context was demonstrated, which was analogous to the
effect found for harmonic relational context.

VI. CONCLUSION

In the foregoing pages, we have considered the rules whereby we form abstrac-
tions based on pitch, and also how weretain pitch information at different level s of
abstraction. Where appropriate, we have considered underlying neurophysiol ogi-
cal mechanisms, and we have also drawn on insights provided by music theorists.
We have provided evidence that memory for pitch and for low-level pitch relation-
shipsisbased on anumber of highly specialized systems, and that at higher levels
pitch information is retained in the form of hierarchies. These findings have con-
tributed to the groundwork on which an understanding of the processing of pitch
combinations can be based.
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