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I. INTRODUCTION

In this chapter the processing of pitch combinations is examined at several levels.
First, we inquire into the types of abstraction that give rise to the perception of local
features. Such features may be considered analogous to those of orientation or angle
size in vision. We have 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
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as contour. Next, we consider how combinations of such features are abstracted so as
to give rise to pereeptual equivalences and similaritics. We then examine processing
where these higher level abstractions are themselves combined according to various
rules.

Investigations into mechanisms of visual shape pereeption have led to a distinction
between an carly process, where many low-level abstractions are passively carried out
in parallel, and a later process, where questions are asked of these low-level abstrac-
tions based on hypotheses about the seene to be analyzed (Hanson & Riseman, 1978).
This distinction between abstractions that are formed passively from “bottom-up”
and those that result from a “top-down” process is important in music also. As we
shall sce, much of musical shape analysis occurs only when the context is such as to
allow for the confirmation of expectations.

The final sections of the chapter are concerned with memory. It is clear that a
musical scquence is retained simultancously at different levels of abstraction and that
the information at these different levels combines to influence memory judgments.
Interactions occurring within the different memory systems are examined, as are the
ways the outputs of these systems interact during retrieval.,

II. FEATURE ABSTRACTION

A. Octave Equivalence

It is clear that a strong perceptual similarity exists between tones separated by
octaves—that is, whose fundamental frequencies stand in the ratio of 2:1 (or a power
of 2:1). In the Western musical scale tones that stand in octave relation are given the
same name so that a tone is specified first by its position within the abstracted octave
and then by the octave in which it is placed (Gg, Fy, etc.). Octave duplications also
oceur in the scales of other cultures (Nertl, 1956).

Various experimental observations related to octave equivalence have been re-
ported. Baird (1917) and Bachem (1954) have both found that listeners with absolute
pitch may sometimes place a note in the wrong octave, even though they name it
correctly. Experiments using conditioning procedures have demonstrated generaliza-
tion of response to tones separated by octaves, both in people (Humphreys, 1939) and
in animals (Blackwell & Schlosberg, 1943). Interference effects in memory for pitch
have also been shown to exhibit octave generalization (Deutsch, 1973a).

Given the pereeptual similarity between tones separated by octaves, it has been
suggested that pitch be treated as a bidimensional attribute: the first dimension repre-
senting overall pitch level or tone beight, and the second defining the position of a tone
within the octave, or tone chroma (Meyer, 1904, 1914; Révész, 1913; Ruckmick, 1929;
Bachem, 1948; Shepard, 1964). Contemporary music theorists make an analogous
distinction between pitch and pitch class (Babbite, 1961, 1965; Forte, 1973).
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B. Interval and Chord Equivalence

When two tones are presented either simultaneously or in succession, there results
the pereeption of a musical interval, and intervals are perccived as being the same size
when the fundamental frequencies of their components stand in the same ratio. This
principle forms an important basis for the traditional musical scale. The smallest unit
of this scale is the semitone, which corresponds to a frequency ratio of approximately
1:1.06. Tonc pairs separated by the same number of semitones are given the same
name, such as major third, minor sixth, and so on. Contemporary music theory also
treats tone pairs scparated by the same number of semitones as perceptually equiva-
lent.

Chords consisting of three or more simultaneous tones are also classified in part on
the basis of the frequency ratios of their components. However, a simple listing of
these ratios is not sufficient to define a chord. For example, a major triad and a minor
triad both have as their components a major third (five semitones) and a minor third
(four semitones) and a fifth (seven semitones). Thus, the fact that the minor third lies
above the major third in the one instance and below it in the other is of perceptual
importance, and needs to be taken into account in considering how chord abstraction
might be achieved by the nervous system.

Given the principles of octave equivalence and interval equivalence, one might
hypothesize that intervals whose components are placed in different octaves are also
perceptually equivalent. This assumption is frequently made by contemporary music
theorists who refer to such intervals as in the same interval class. However, traditional
music theory assumes this equivalence for simultaneous but not for successive inter-
vals. Simultancous intervals whose components have reversed position by being
placed in different octaves are termed inversions (Piston, 1948). Thus, a simultaneous
interval of # semitones is considered perceptually cquivalent to a simultaneous inter-
val of 12-n semitones.

Laboratory cvidence for the perceptual similarity of inverted intervals has been
obtained. Plomp, Wagcenaar, and Mimpen (1973) required subjects to idcntify inter-
vals formed by simultancous tone pairs, and they found that confusions occurred .
betw cen intervals that were inversions of cach other. Further evidence was provided
by Deutsch and Roll (1974) and is discussed below.

For the case of intervals formed by successive tone pairs, the experimental evidence
is complicated. \s will be discussed below, it appears that interval class perception
here occurs only indireetly through a process of hypothesis confirmation, where the
features dircetly apprehended are pitch class and interval.

C. Proposed Physiological Substrates

Following Drobisch (1846, 1855), various psychologists have suggested that the
phenomenon of the tone chroma (or pitch class) be accommodated by representing
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pitch as a helix, with tones separated by octaves lying most proximal within each turn
of the helix. One can take this suggestion literally and propose that such a mapping of
pitch exists in the auditory system, so that columns are formed of neural units that
respond to tones spaced at octave intervals. Unfortunately, there is no physiological
evidence for such columnar organization. On the other hand, units have been found
that ¢xhibit peaks of sensitivity at octave intervals. Such units could mediate the
perceptual equivalence of tones standing in octave relation, and this hypothesis is
deseribed in detail below.

Various maodels for the perceptual equivalence of intervals and chords have been
advanced. Pitts and McCulloch (1947) proposed that the auditory cortex is composed
of layers, cach layer containing a topographic projection of frequency-specific units.
In cach projection, units responding to frequencies related by equal intervals are
spaced cqual distances apart. These layers are arranged so as to produce columns of
units that respond to the same frequencies. They further hypothesized the existence
of fibers that traverse this columnar mass parallel to each other in a slantwise direc-
tion. Three such slanting pathways would therefore define a three-note chord. Such a
mechanism could mediate transposition of simultaneous intervals and chords but
could not mediate transposition of successive intervals nor the perceptual similarity of
intervals and chords related by inversion.,

Another mechanism, suggested by Boomsliter and Creel (1961), was based on the
volley theory of pitch perception (Wever & Bray, 1930). They pointed out that when
the components of two frequency combinations stand in the same ratio, these combi-
nations should generate the same pattern of firing. That is, one pattern would be
produced by the ratio 2:3, another by the ratio 4:5, and so on. They therefore
proposed that the perceptual equivalence of simultancous intervals is mediated by
recognition of these patterns. This model would require an ability on the part of the
nervous system to follow frequencies at much higher rates than has been established
(Deutsch & Deutsch, 1973). A further difficulty for the model is that it cannot
account for the pereeptual equivalence of successive intervals and chords nor for the
similarity of inverted intervals and chords.

Deutsch (1969) proposed a mechanism for the abstraction of first-order pitch rela-
tionships that accommodates both octave equivalence and also the equivalence of
intervals and chords under inversion. This hypothesis was modeled on findings con-
cerning the abstraction of low-order specific features by the visual system, such as
orientation and angle size, It appears that such abstractions are accomplished in
several stages (Hubel & Wiesel, 1962). Units with circular receptive fields' appear to
project onto higher order units in such a way that units whose receptive ficlds taken
together form straight lines converge onto the same higher order units. These higher
order units respond to lines of specific orientation presented in a specific position in
the visual field. It further appears that these higher order units project onto yet higher
order units in such a way that those units responding to lines presented in a given

"The receptive field of a unit is that region which, when stimulared, causes a change in the activity of this
unit,
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Fig. 1. Flow diagram for abstraction of pitch relationships. It is assumed’ that pitch information is
simultanconsly abstracted along two parallel channels, one mediating transposition phenomena and the
other mediating octave equivalence effects (from Deutsch, 1969),

orientation but in different positions in the visual field converge onto the same unit.
These units thercfore respond to lines of specific orientation presented in different
positions in the visual ficld.

The proposed mechanism for abstraction of first-order pitch relationships consists
of two parallel channels along cach of which information is abstracted in two stages
(Fig. 1). Channel A mediates the pereeptual equivalence of intervals and chords under
transposition. In the first stage of abstraction along this channel, first-order units
responding to tones of specific pitch are linked in groups of two and three to second-
order units. ‘I'hese units therefore respond to specific intervals and chords (such as the
combination of Cy, I and Gy, or of )5 and Gs). It is assumed that such linkages occur
only between units underlying pitches that are separated by an octave or less. In the
sccond stage of abstraction these second-order units are linked to third-order units in
such a way that all units that arc activated by tones standing in the same relationship
are linked together. So, for example, all units activated by an ascending interval of
four semitones (a major third) converge onto one unit, all units activated by a descend-
ing interval of seven semitones (a perfect fifth) converge onto another unit, all units
activated by a major triad onto another unit, and so on (Fig. 2).2

Channel B mediates the equivalence of tones separated by octaves (tone chroma or
pitch class). In the first stage of abstraction along this channel, first-order units
responding to tones of specific pitch are linked in such a way that units underlying
tones separated by octaves converge onto the same second-order unit. These units
therefore respond to tones in a given pitch class regardless of actual pitch. In the
sccond stage of abstraction, these second-order units converge in groups of two and

20nly intervals and chords formed out of clements of the 12-tone chromatic scale are described here, for
the purpose of clarity, However, it is assumed that first-order units responding to tones that are not
clements of the 12-tone seale are also linked 1 higher order units in this fashion. This theory therefore
makes no assumptions about temperament.
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Fig. 2. T'wo stages of abstraction along the transposition channel (from Deutsch, 1969).

three onto third-order units, which therefore respond to pitch class combinations
(Fig. 3). Such units would mediate the perceptual similarity of inverted intervals and
chords. Since it is assumed that interval class is directly apprehended only where
simultancous intervals are concerned, this level of convergence is assumed to occur
only for units that respond to simultancously presented toncs.

Although no attempt has been made to confirm this model at the neurophysiologi-
cal level, some relevant findings may be cited. Suga, O'Neill, and Manabe (1979)
deseribe neurons in the auditory cortex of the bat that showed facilitation when the
first harmonic of a tone was delivered simultancously with the second harmonic so
that the combination formed a perfect fifth., Other units showed facilitation when the
first and third harmonics were simultancously presented, so that the combination
formed an octave; yet others showed facilitation when the second and third harmonics
were simultancously presented, so that the combination formed a fourth. Such units
often responded poorly to single tones in isolation but strongly and consistently when
the appropriate tonal combination was presented. On the above model, units with
such characteristics are hypothesized to occur at the first stage of abstraction along
Channel A, i.c., the channel mediating interval and chord pereeption.,

Fvans (1974) reports the existence of neurons in the auditory cortex of the cat that
exhibit peaks of sensitivity at more than one band of frequencies. Peaks spaced at
octave intervals were commonly found. Also Suga and Jen (1976) note the presence of
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INVERTIBLE
CHORDS

Fig. 3. T'wo stages of abstraction along the channel mediating octave cequivalence effeets (from
Deutseh, 1964).
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neurons in the auditory cortex of the bat that showed two peaks of sensitivity that
were approximately harmonically related. They write: “since no neurons with a
double peaked tuning curve were found at the periphery . . . itis cvident that harmon-
ically related components in acoustic signals are converging on some single neurons at
higher levels in the auditory system.” In the above model, units with these charac-
teristics were hypothesized to occur at the first level of abstraction on Channel B, i.c.,
as mediating octave equivalence for single tones.

Units with other patterns of facilitation were also found in these neurophysio-
logical studies. This is hardly surprising since the cat and the bat would not be ex-
pected to have the same mechanisms for abstraction of pitch relationships as humans.
However, it is interesting that the two classes of neuron hypothesized on the model
have been shown to exist, i.c., those with multiple peaks for single tones, and those
that require the presentation of specific tones in combination to be securely ac-
tivated, Furthermore, examples of neurons with characteristics as specifically hypoth-
esized on the model were uncovered in these studies.

D. Contour

In recognizing a segment of music, we employ global as well as specific cues. These
include, for example, overall pitch range, the distribution of interval sizes, the propor-
tion of ascending versus descending intervals, and so on. The use of global cues has
been best documented for the case of contour in the processing of linear sequence. As
shown in the examples in Fig. 4 (taken from Schoenberg, 1967) melodies can be
represented by their distinetive contours. We appear to be very sensitive to such
information. For example, Werner (1925) found that listeners were able to recognize
familiar melodies when these were transformed onto very small scales, so that the
intervals were grossly distorted in size. Later, White (1960) found that listeners were
able to recognize melodies to some extent when all the intervals were arbitrarily set to
one semitone, so that the interval information was entirely removed, apart from the
directions of pitch change. When the relative sizes of the intervals were retained, even
though their absolute sizes were altered, performance was considerably enhanced.
Recent studies by Dowling (1978), Dowling and Fujitani (1971), Idson and Massaro
(1978), and Kallman and Massaro (1979) have confirmed and extended such findings.

T T IIA\
A= 2
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Fig. 4. Contours fram Beethoven piano sonatas as represented by Schoenberg. a. from Sonata in C
minor, Op. 10/1-H1, m 1-8. b, from Sonata in D, Op. 10/3-11, m 1-16 (from Schoenberg, 1967),
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E. Interval Class

If different two-tone combinations form the same interval by appropriate octave
displacement, these combinations are held to be in the same interval class. For exam-
ple Cy and Ds in combination form the same interval class as G, and Fg. Whether
interval class identity gives rise to perceptual equivalence is a matter for debate. As
mentioned above, experimental evidence for such equivalence has been found where
simultancous intervals are concerned (Plomp et al., 1973; Deutsch & Roll, 1974).
Further compelling evidence is provided by the fact that we easily recognize root
progressions of chords as abstractions.

Where successive intervals are concerned, however, the issue is complicated. If
interval class were indeed a perceptual invariant, we should experience no difficulty
in recognizing a melody when its component tones are placed in different octaves.
This issue was examined experimentally by Deutsch (1972a). The first half of the
tune “Yankee Doodle” was generated under various conditions. First, it was produced
without transformation in cach of three adjacent octaves. Then, it was generated such
that cach tone was in its correct position within the octave, but the choice of octave
placement varied randomly between these same three octaves. And finally, the tune
was generated as a series of clicks so that the pitch information was entirely removed
but the rhythmic information retained. This was to provide a measure of identifica-
tion performance on the basis of rhythm alone.

The different versions of the tune were played to separate groups of subjects, who
were given no clues to its identity besides being assured that it was well known.
Although the untransformed versions were universally recognized, recognition of the
randomized octaves version was no better than for the version where the pitch infor-
mation was removed entirely. However, when the subjects were later informed of the
identity of the tune, and were again presented with the randomized octaves version,
they now found they were able to follow the tune to a large extent. They were thus
able to use octave generalization to confirm the identity of the tune, even though they
had been unable to recognize it in the absence of prior information. It was concluded
that this confirmation was achieved by the listeners’ imagining the tune simultane-
ously with hearing the randomized octaves version. In this way they could match each
note as it arrived with their auditory image and so confirm that the two were indeed in
the same pitch class.

It would appear from this experiment that interval class can be perceived, but not as
a first-order abstraction. Rather, perception occurs indirectly through a process of
hypothesis testing in which the listener uses pitch class to transpose each tone to the
appropriate octave, followed by perception of interval which enables the hypothesis to
be confirmed or disconfirmed. By this line of reasoning, interval class, where succes-
sive intervals are concerned, is perceived through an active top-down process, in
contrast with interval and pitch-class perception, which result from a passive
bottom-up process. The extent to which interval class is perceived would then depend
critically on the expectations of the listener.

Deutsch examined this issue again (1976, 1979), using a short-term recognition
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paradigm. Listeners were presented with a standard six-tone melody, followed by a
comparison melody. The comparison was always transposed up four semitones from
the standard. On half of the trials, this transposition was exact so that the set of
intervals and their orders were preserved. On the other half, two of the tones in the
transposed melody were permuted. The permuted tones were always a semitone
apart in pitch, and no tones were permuted that were cither at the beginning or the
end of the melody or that were adjacent to cach other. Thus, in the permuted
sequences, four out of the five successive intervals were changed in size by a semitone;
however, the contour of the melody*(as defined by the sequence of directions of pitch
change) was unaltered regardless of whether or not the comparison melody was an
exact transposition of the standard. (This invariance of contour was necessary to
insure that contour could not be used as a basis for recognition judgments.)

There were four conditions in the experiment. In the first condition the standard
melody was presented once, followed by the comparison melody. In the second
condition the standard melody was repeated six times before presentation of the
comparison melody. Here, all repetitions were exact. In the third condition the
standard mclody was again repeated six times, but now on half of the repetitions the
melody was transposed in its entirety an octave higher and on the other half it was
transposed an octave lower. In the fourth condition the standard melody was again
repeated six times, but now on each repetition the individual tones in the melody were
placed alternately in the higher and the lower octaves.

The results of the experiment are shown on Fig. 5. It can be seen that exact
repetition of the melody produced a substantial improvement in comparison perfor-
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Fig. 5. Percent errors in different conditions of experiment studying the cffects of octave displacement
on consolidation of melodic information (from Deutsch, 1979).
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mance, and an improvement also occurred when the melody was repeated intact in
the higher and lower octaves. However, when the melody was repeated such that its
component tones alternated between the higher and lower octaves, performance was
significantly poorer than when the melody was not repeated at all. This experiment
again strongly indicates that interval class cannot be treated as a first-order perceptual
feature. Repetition of a set of successive intervals resulted in consolidation of memory
for these intervals; however, repetition of a set of interval classes did not do so.

These findings are as expected on the model of Deutsch (1969), since this model
assumes that the linkages that give rise to abstraction of successive intervals occur
between units underlying specific pitches, and not between higher order units under-
lying pitch classes. Idson and Massaro (1978) proposed an alternative explanation.
They argued that the placement of the tones in different octaves resulted in an
alteration of melodic contour, and that this in turn acted to disrupt recognition
performance. As evidence for this they point out that when the component tones of
melodies were placed in different octaves but contour was preserved, recognition of
these melodies was at a higher level than when contour was not preserved (Dowling &
Hollombe, 1977; Idson & Massaro, 1978). However, preservation of contour would
be expected to improve performance regardless of how interval calss is perceived,
since contour alone has been shown to be a powerful cue in melody recognition
(Werner, 1925; White, 1960, Dowling, 1978). Once the listener has guessed the
identity of the melody on the basis of contour (or any other cue for that matter), he
can then confirm or disconfirm his hypothesis by a process of matching each tone as it
arrives with its octave equivalent (Deutsch, 1972a, 1978a). The findings on the pres-
ervation of contour are not, therefore, evidence against an explanation in terms of
Deutsch’s (1969) model.

Idson and Massaro (1978) proposcd instead that melody recognition is mediated by
two processes: first, recognition of the succession of pitch classes, and second, recog-
nition of contour (the sequence of directions of pitch change). If their hypothesis were
correet, then recognition of melodics where pitch class and contour are preserved but
the component tones are in different octaves should be at as high a level as recognition
of untransformed melodies. However, Kallman and Massaro (1979) found that this
transformation resulted in a significant decrement in recognition performance. This
poses a severe difficulty for Idson and Massaro’s theory.

Kallman and Massaro (1979) also investigated the effect on recognition performance
of preserving contour under octave displacement but altering pitch class by randomly
raising or lowering cach tone by one or two semitones. They found that recognition
performance under this transformation was considerably poorer than where pitch
class was preserved. However, this result would also be expected on the hypothesis-
testing argument, for just as a perception of the correct set of pitch classes would tend
to confirm a hypothesis, so would perception of an incorrect set of pitch classes tend
to disconfirm it.

A\ further point should here be made. In the experiment by Idson and Massaro
(1978). subjects were given the names of a small set of test melodies, and they were
presented with these melodies under various transformations for hundreds of trials,



9. The Processing of Pitch Combinations 281

allowing ample opportunity for hypothesis-testing. On the other hand Deutsch
(1972a) and Kallman and Massaro (1979) presented subjects with cach melody only
once and did not inform them of the identities of these melodies so that hypothesis
testing was much more difficult, In comparing the results from these two types of
paradigm, we find that recognition performance where pitch class was preserved but
octave placement was randomized was considerably better in the study of Idson and
Massaro than in the other two studies. This difference would be expected on the
theory that listeners recognize interval class through the mediation of hypothesis-
testing, but provides a further difficulty for Idson and Massaro’s model.

In this regard it is instructive to consider the use of octave jumps in traditional
music. If the present line of reasoning is correct, such jumps can be made with
impunity provided the musical setting is such that the displaced tone is expected by
the listener. We should therefore suppose octave jumps to be limited to such situa-
tions. Indeed, this appears to be the case. In one such situation a melodic line is
presented several times without transformation, .\ clear set of expectations having
thus been established, a jump to a different octave occurs. The melodic line on Fig.
6a, for instance, occurs after this line has been presented several times with no octave
jumps. Another such situation is where the harmonic structure is clear and unam-
biguous, so that again the displaced tones are highly probable to the listener. This is
illustrated in the segment shown on Fig. 6b. It should also be observed that when
octave jumps oceur in traditional music, often the identical pitch class is quickly
repeated in the new octave. This also occurs in the segment in Fig. 6b. According to
the model of Deutsch (1969), this pitch class identity should be recognized directly.
The repeated pitch class then provides a means of placing the tones in the new
octave in correct relationship with the tones in the previous octave.

The technique of 12-tone composition employs very frequent octave jumps (see
below). This raises the question of whether the listener does in fact recognize as
pereeptually equivalent two presentations of the same tone row under octave dis-
placement. Given the evidence and arguments outlined above, such recognition
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Fig. 6. "I'wo examples of the use of octave jumps. In these instances the jumps are readily processed.
a. from Beethoven, Rondo in €, Op. 5, No 1. b. from Beethoven, Sonata in € minor, Op. 10, No. 1.
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should be possible in principle, but only if the listener is very familiar with the
material, or if its structure is such as to arouse strong expectations (sec also Meyer,
1973).

111. HIGHER ORDER ABSTRACTIONS

Given that linkages are formed between first-order pitch elements, we may next
inquire how higher order abstractions are further derived so as to lead to perceptual
cquivalences and similaritics. We recognize visual shapes as equivalent when these
differ in size, orientation, or position in the visual field. What transformations result
in analogous cquivalences in music?

Theorists have long drawn an analogy between perception of pitch relationships
and of relationships in visual space (1 Ielmholtz, 1859; Mach, 1906; Koffka, 1935). In
contrast with visual space, however, pitch was conceived as represented along one
dimension only. As Mach (1906) wrote: .

A tonal serics occurs in something which is an analogue of space, but is a space of one
dimension limited in both directions and exhibiting no symmetry like that, for instance of 1

straight line running from right to left in a direction perpendicular to the median plane. It
maore resembles a vertical right line, ...

More recently, several investigators have shown that auditory analogues of visual
grouping phenomena may be ereated by mapping one dimension of visual space into
log frequency and the other into time (Van Noorden, 1975; Deutsch, 1975a; Breg-
man, 1978; Divenyi & Hirsh, 1978). In the visual representation of the sequence
shown on Fig. 11 of Chapter 4, for example, the principle of proximity emerges
clearly. We may therefore inquire whether auditory analogues also exist for percep-
tual cquivalences found in vision (Julesz & Hirsh, 1972).

Von Ehrenfels (1890) in his influential paper on form perception, pointed out that a
melody when transposed retains its essential form, the Gestaltqualitat, provided that
the relations among individual tones are unaltered. In this respect, he argued,
melodies are similar to visual shapes. On our present intermodal analogy, transposing
a melody would be like translating a shape to a different location in the visual field.
Shapes may be moved in this way without destroying their pereeptual identities
(Deese & Grindley, 1947). Similarly, transposing melodics to different pitch levels
may leave identification of these melodics unimpaired.?®

We may next inquire whether further equivalences can be demonstrated for musi-
cal shapes that are analogous to their visuospatial counterparts. Schoenberg (1951)

¥I'his is clear from everyday experience where long-term memory i% concerned (Deutsch, 1969; Attneave
& Olson, 1971) and also oceurs in some short-term situations (Divenyi & Hirsh, 1978). However, short-
term recognition of transposed melodies may be ditficult (Attneave & Olson, 1971; Cuddy & Cohen, 1976;
Dowling, 1978). This probably reflects the projection of interval information onto highly overlearned
unequal-interval scales (Deutsch and Feroe, 1981).
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argued that transformations similar to rotation and reflection in vision result in per-
ceptual equivalences in music also. THe wrote:
The unity of musical space demands an absolute and unitary perception. In this space. . . there is no
absolute down, no right or left, forward or backward. . .. Just as our mind always recog-
nizes, for instance, a knife, a bottle or a wateh, regardless of its position, and can reproduce it
in the imagination in every possible position, even so a musical ereator’s mind can operate
subconciously with a row of rones, regardless of rtheir direction, regardless of the way in
which a mirror might show the murual relations, which remain a given quantity.

This statement may be compared with Helmhboltz’s (1844) description of imagined
visuospatial transformations:

Iiquipped with an awareness of the physical form of an object, we can clearly imagine all the
perspective images which we may expeet 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 wben it is transformed such that all ascending intervals become descending
intervals and vice versa (“inversion™)4, when it is presented in reverse order (“retro-
gression”), or when it is transformed by both these operations (“retrograde-inversion”).
Figure 7 illustrates Schoenberg's use of his theory in compositional practice. \s he
Wrote:

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

Schoenberg did not conceive of the vertical dimension of musical space simply as
pitch, but rather as pitch class. That is, he assumed that octave displacement would
not destroy the perceprual identity of a musical configuration. His assumptions of
pereeptual equivalence under transposition, retrogression, inversion, and octave dis-
placement are fundamental to the theory of 12-tone composition (Babbitt, 1961,
1965). "T'his compositional technique employs the following procedure. A given order-
ing of the 12 tones within the octave is adopted. This tone rowis repeatedly presented
throughout the picees however, the above transformations are allowed on each presen-
tation, It is assumed that the row as an abstraction is perecived in its different
manifestations.

Whether such transformations indeed result in perceptual equivalences is debatable.
In the visual case we must have evolved perceptual mechanisms that preserve the
identities of objects regardless of their orientation relation to the observer. An analo-
gous argument cannot be made for the case of inversion and retrogression of sound
sequences. .\ second doubt is based on general experience. Sound sequences may be
unrccognizable when reversed in time, as the reader can determine by attempting to
decode a segment of speech played backward. Furthermore, many inverted three-note
combinations are pereeptually very dissimilar. For example, the major and minor

*The use of the term “inversion™ as defined by contemporary music theorists should not be confused
with the traditional use of the rerm defined earlier.,
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Fig. 7. Schoenberg's illustration of his theory of equivalence relations between pitch structures—taken
from his Wind Quarter, Op. 26 (from Schoenberg, 1951).

triads arc inversions of cach other; however, it appears quite implausible to regard
them as pereeptually equivalent. Rather it would scem that recognition of inverted
and retrograde patterns is generally accomplished at a level of abstract coding equiva-
lent to that which allows us to recite a segment of the alphabet backward, or to invert
a sequence of numbers (Deutsch and Feroe, 1981).

At all events, a substantial body of music theory, aimed at defining equivalence and
similarity relations between sets of pitches, is based on these assumptions of equiva-
lence under retrogression and inversion, as well as the assumptions of pitch class and
interval class identity. Although these theories are essentially concerned  with
stimulus structure, they do have implications about psychological representation.
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A good example of this type of theory was provided by Chrisman (1971). He first
defined the term “pitch-set” to refer to the set of elements derived from any collection
of pitches, such that all members of a pitch class in the collection are represented by a
_ unique clement corresponding to that pitch class. In order to determine the intervallic

relationships in a pitch-sct, the elements of the pitch-sct are given in ascending order,
beginning with any pitch in the set. All members of the pitch-set are then contained
within the octave above this initial pitch.

FFrom any pitch-set whose elements have been placed in ascending order and within
a single octave, one can construct an array which describes the intervallic structure of
the sct. Such an array consists of a lincar succession of intervals and is termed a
“successive-interval array.” Fach element of the array corresponds to the number of
semitones between suceessive pitch-class representatives in the pitch-set. The array
also includes the interval between the last note in the pitch-set and the first note an
octave higher.

Cyclic reorderings of clements in cach successive interval array are useful for
determining intervallic relationships between pitch-sets with differing pitch contents.
To take Chrisman’s example, the pitch-sets S, T and V have different pitch contents
and produce three different interval arrays: .\, B, and C.

Pitch-Set Interval-Array
S=C,C E, Ff G, A, B A = 1-3-2-1-3-1-1
T =C, D§ E, F, F§, A\, B B = 3-1-1-1-3-2-1
Vi=C D, DS FE G G AN C = 2-1-3-1-1-1-3

When the clements in these arrays are cyclically reordered, the arrays are shown to
be equivalent.

A = 1-3-2-1-3-1-1

B =3-1-1-1-3-2-1  Py(B) = 1-3-2-1-3-1-1
C=2-1-3-1-1-1-3  P3(C0) = 1-3-2-1-3-1-1

Thesets Tand Voare, thus by this definition, shown to be transpositions of the set S.
\nother, much more claborate formulation was proposced by Forte (1973). Forte
was concerned not only with the conditions under which sets of pitches should be
considered cquivalent, but also with defining similarity relationships between pitch-
sets. He used two measures of similarity, one based on pitch class intersection and the
other on interval elass intersection. For other work on pitch-sets sce Howe (1963),
Lewin (1960, 1962), Perle (1972, 1977), and ‘Teitelbaum (1963).

The extent to which the structures defined by such theories are processed by the
listener remains to be determined. As noted by Garner (1974), some structures that
exist in a stimulus configuration are perecived readily, others with difficulty, and yet
others not atall. \ fundamental problem with this body of theory concerns the basic
cquivalence assumptions on which it rests. The issuc of interval class is a thorny one,
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and the assumptions of equivalence under retrogression and inversion are also debata-
ble. Reservations about these equivalence assumptions have also been raised recently
by music theorists (Browne, 1974; Howe, 1974; Benjamin, 1974).

Other theorists have attempted to represent pitch relationships in terms of distances
in a multidimensional space. Drobisch (1846, 1855) proposed that pitch be repre-
sented in three dimensions as a helix, with the vertical axis corresponding to pitch
height, and tones separated by octaves lying closest within cach turn of the helix. This
representation reflects the perceptual closeness of the octave relationship. Shepard
(Chapter 11) provides a detailed theoretical formulation that elaborates on this model.

Longuet-Iliggins (1962a,b) has proposed that “tonal spacc” be represented as a
three-dimensional array. Tones adjacent along the first dimension are separated by
fifths, thosc adjacent along the second dimension by major thirds, and those adjacent
along the third dimension by octaves. The intervals of tonal music then appear as
vectors in this tonal space. If tones that are separated by octaves are treated as
cquivalent, an array is obtained such as shown on Fig. 8. Note that a closely related
set of tones, such as comprise the C-major scale, forms a compact group, so that a key
can be defined as a neighborhood in this space. Longuet-Higgins proposed that when
presented with a segment of music, the listener initially selects a given region of space,
thus attributing a key. However, if his choice forces him to engage in large jumps
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Fig. 8. Array hypothesized by Longuet-HHiggins for the representation of “tonal space.” See text for
details (from Longuet-Higgins, 1978).
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within this region, the listener abandons it and selects instead a region where the tones
are more compactly represented, thus attributing a new key.

Another approach to the mapping of tonal space was taken by Krumhansl (1979).
She performed an experiment in which subjects were presented with a set of context
tones which were followed by two tones played in succession. The context tones were
cither the chord of the C-major triad or the C-major scale. Subjects judged on cach
trial how similar the first tone was to the sccond in the tonal system suggested by this
context.  Multidimensional scaling of the similarity ratings produced a three-
dimensional conical structure around which tones were ordered according to pitch
height. ‘The components of the major triad formed a closely related cluster near the
vertex of the cone; the remaining tones of the diatonic scale formed a less closely
related subset that was further from the vertex; and the nondiatonic tones were widely
dispersed, still further from the vertex. It is expected that different contexts would
give rise to different patterns of similarity relationships using this technique. In the
traditional music of our culture, the minor scale should produce a different configura-
tion, and entirely different patterns would be expected from those familiar with other
types of music. However, the study is important in demonstrating that pitch rela-
tionships arc represented in a complex and well-defined fashion in a highly overlearned
tonal context.

IV. ALPHABETS AND HIERARCHIES

We next consider a further level of abstraction, in which pitch information is
mapped onto a relatively small set of highly overlearned alphabets. Although these
differ from one culture to another, the use of such alphabets appears to oceur cross-
culturally. T'he invocation of a relatively small number of alphabets, cach of which
consists of a relatively small number of steps, allows for music of considerable com-
plexity without the penalty of heavy processing load (Miller, 1956; Garner, 1974). In
the tonal music of our tradition, the 12-tone chromatic scale forms a parent alphabet
from which a family of subalphabets is derived, such as major scale, minor scale,
major triad, and so on. Fich of these subalphabets is itslf a family of subalphabets
that are related by transposition. Other alphabets involve chord progressions, such as
progression along the cycle of fifths.

The ready mapping of musical sequences onto pitch alphabets is reflected in the
finding that short-term transposition often tends to oceur along such alphabets rather
than in terms of exact interval sizes (Fig. 9). The consequent alterations in interval size
do not produce an impression of musical “incorrectness.” This contrasts with trans-
position in long-term situations, where exact intervals are generally preserved instead
(Deutsch, 1969; \ttneave & Olson, 1971). Short-term perceptual equivalences, there-
fore, appear to be more heavily influenced by pitch content than are long-term
pereeptual equivalences.
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Fig. 9. “I'ransposition along the alphabet of the seale. A given configuration is presented four times in
suecession at different positions along the scale. Since the scale has uncqual intervals, there results a
variation in the set of intervals involved. Ladder ar righe displays scale. From Bach, J. S. The Well-Tempered
Clavier, Book 1, Fugue V (from Deutsch, 1977), :

The invocation of scalar alphabets in short-term situations has been studied by
several investigators. Frances (1958) found that listeners were better able to detect
alterations in tonal than in atonal melodies. Similar conclusions were reached by
Dewar (1974) and Dewar, Cuddy, and Mewhort (1977). Dewar also observed that for
tonal melodies, when the altered tone was in the same diatonic scale as the other
tones, discrimination accuracy was poorer than when the altered tone departed from
this scale. Dowling (1978) further observed that listeners had considerable difficulty
in distinguishing between exact transpositions of melodies to new keys and shifts
along the same diatonic scale where intervals were not. preserved.

The tonal music of our tradition is also composed of small segments that are
systematically organized in hierarchical fashion. It is reasonable to suppose that such
hicrarchical organization reflects the ways in which musical information is abstracted
and retained. s Greeno and Simon (1974) point out, many different types of infor-
mation appear to be retained as hierarchies. In some instances, the information stored
is in the form of coneepts that refer to classes (Collins & Quillian, 1972). We also
appear to retain hierarchies of rules (€ sagné, 1962; Scandura, 1970), hierarchies of
programs (Miller, Galanter, & Pribram, 1960), and hierarchics of goals in problem
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solving (Frnst & Newell, 1969). Visual scenes appear to be represented as hierarchies
of subscenes (Winston, 1973; Palmer, 1975; Navon, 1977; Hanson & Riseman, 1978).
The phrase structure of a sentence lends itsclf readily to hicrarchical interpretations
(Yngve, 1960; Miller & Chomsky, 1963).

Experiments by Restle and Brown (1970 and Restle (1970) have demonstrated that
we readily acquire serial patterns as hicrarchies that reflect the structures of these
patterns. In their experiments, subjects were presented with a row of six lights, which
came on and off in repetitive sequence, and their task was to predict which light
would come on next. The sequences were structured as hierarchies of operators. For
example, if the basic subsequence is X = (1 2), then the operation R (“repeat of X™)
produces the sequence 12 1 2; the operation M (“mirror-image of X”) produces 1 2 6
5; and the operation ‘T' (“transposition +1 of X”) produces 1 2 2 3. By recursive
application of such operations, long sequences can be generated that have compact
structural descriptions. For example, the sequence 1212232365655 45 4 can be
described as MCT(RCU(1)) and corresponds to the stractural tree shown on Fig. 10.

Using sequences constructed in this fashion, Restle and Brown (1970) showed that
the probability of error in prediction increased monotonically with the level of trans-
formation along such a structural tree. For example, the highest probability of error in
a sequence such as on Fig. 10 occurred at Locations 1 and 9, the next highest at
lLocations 5 and 13, and so on. From this and other evidence, it was concluded that
the observer organizes information in accordance with such structures. Parallel
theoretical developments by Simon and his colleagues (Simon & Kotovsky, 1963;
Simon & Sumner, 1968; Simon, 1972) and by others (Leewenberg, 1971; Jones, 1974,
1978; Vitz & Todd, 1967, 1969) also utilized hierarchies of operators.

Deutsch and Feroe (1981) argue that sequences in tonal music have characteristics
not reflected in the above formalisms, and they advance a model for the encoding of
pitch sequences as hicrarchies of operators, which takes these characteristics into
account. In essence, the model may be characterized as a hierarchical network at each
level of which, structural units are represented as organized sets of elements. Ele-
ments that are present at any one level are elaborated by further clements so as to form
structural units at the next-lower level, until the lowest level is reached. It is also
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Fig. 10. 'Tree diagram of a long, regular binary pattern (from Restle, 1970).
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assumed that Gestalt principles such as Proximity and Good Continuation contribute
to organization at cach hicrarchical level.

The following are the rules for a simplified version of the system; however, the
reader is referred to Deutsch and Feroe (1981) for a description of the full system:

L. A structure is notated by (Ay, Ay, ..o Ara A 5 A Avesy - Ay ), where A;
isone of the operators n, p, s, n', or p'. (A string of length k of an operator A is abbrevi-
ated kA.)

2. Fachstructure (A Ay, ... %, ... ,A,) hasassociated with it an alphabet, a. The
combination of a structure and an alphabet is called a sequence (or subsequence). This,
together with the reference element r, produces a sequence of notes.

3. The effect of cach operator in a structure is determined by that of the operator
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
refers to traversing one step down this alphabet. ‘The operator s refers to 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, \y,....%,...,.)\4), @, r, where e is the
alphabet and r the reference element, are obtained by taking the value of the asterisk
to be that of r.

5. To prn_ducu another sequence from the two sequences A = (N, g, %0 AR,
a, and B = (B,,B,,...,*,...,B,), B, where « and B are two alphabets, we define the
compound operator pr (prime). Alpr|B;r, where ris the reference element, refers to
assigning values to the notes produced from (B, By, ..., *,...,B,), such that the value of
* is the same as the value of Ay, when the sequence A is applied to the reference
clement r, Values are then assigned to the notes produced from (By,Bs,...,*,...,By),
such that the value of * is the same as the value of Ay, and so on. This gives a sequence
of length m x n. Other compound operators such as inv (inversion) and ret (retro-
grade) are analogously defined.
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Fig. 11, Fxample o illustrate the model of Deutsch and Feroe for the internal representation of pitch
sequences (see text for details). Passage is from Bach’s Sinfomia 15, BWV 801 (from Deutsch & Feroe,
1981
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To give a simple example of the use of the formalism, Sequence 1ol Fig. 16 is
represented as

A = (* 3p)Gie
B = (*,p,n)Cr
§ = Alpr|B,G;

where Gy, represents the G-major triad, Cr the chre ymatic scale, and G; the reference
clement.

It may be observed that this form of representation results in considerable par-
simony of encoding. Further, the employment of distinet alphabets at different struc-
tural levels enables an encoding in terms of proximal relationships, so that the princi-
ple of proximity is uphcld (see Chapter 4).

\ more complex musical example is shown on Fig. 11 and is represented as on three
structural levels as follows:

A o (*“'I'P}b;r
B = (*,n,p)by
§ = Alprl(B.4()linv,Spri(B,(*)D;

So far we have considered the processing of a single melodic line. However, tonal
music s.{um.all\ involves several such lines, and even where only one is presented a
harmonic progression is often implicd. 1t is assumed that such progressions may also
be encoded in hicrarchical fashion. The use of parallel lincar sequences, which must
themselves combine to form an aceeptable harmonie sequence, places constraints on
the choice of clements in cach sequence, and this in turn serves to reduce processing
I{J.l(l

The present model may be related to characterizations of hicrarchical structure in
tonal music advanced by music theorists, The most important development in this
field is that of Heinrich Schenker (1868-1935), who proposed a hierarchical system
for tonal music that has points of similarity with the system proposed by Chomsky for
linguistics (Chomsky, 1963). On Schenker's system music is considered as a hierarchy
in which pitch cvents at any one level are considered “prolonged” by sequences of
pitch events at the next- lower level. Three basic levels are distinguished in the sys-
tem. First, there is the surface representation or foreground; sccond, there is the
middleground; and third, there is the background or Ursatz. The Ursatz is itself con-
sidered a prolongation of the triad. For literature on Schenkerian analysis and related
theoretical formulations, see particularly Lerdahl and Jackendorff (1977), Meyer
(1973), Narmour (1977), Salzer (1962), and Schenker (1956,1973) and Yeston (1977).

V. MEMORY SYSTEMS

We assume that separate memory systems exist for retaining information at dif-
ferent levels of abstraction. Craik and Lockhart (1972) have made the general argu-
ment that the higher the level of abstraction, or “depth of processing” of information,



292 Diana Deutsch

the longer its persistence in memory. This may indeed be true of music. It is clear
from general experience that memory for melodic and harmonic intervals persists for
considerably longer than memory for absolute pitch values (Deutsch, 1969; Attneave
& Olson, 1971); memory for higher order abstractions may well persist for longer
still. Such differences in the persistence of memory would have the consequence that
when retention of a musical sequence is examined following different time periods, it
is likely to reflect different forms of encoding,

In previous sections we have examined the question of encoding in detail, and we
now turn to a consideration of the influences acting on information in storage. This
question has been explored in depth for the system retaining absolute pitch values,
and a little is also known about the system retaining interval information, and the
system retaining higher level abstractions.

A. The System Retaining Absolute Pitch Information

When listeners make pitch comparison judgments between tones that are separated
by a silent retention interval, accuracy declines gradually as the retention interval is
lengthened (Koester, 1945 Tarris, 1952; Bachem, 1954; Wickelgren, 1966, 1969).
However, the rate of memory deterioration here is very slow. For example, Harris
(1952) found that following a retention interval of 15 see, a difference of a small
fraction of a semitone could still be reliably discriminated. This stands in sharp
contrast to comparison performance when a sequence of extra tones is interpolated
during the retention interval. In an experiment by Deutsch (1970a), listeners were
sclected for obtaining a score of 100% correct in comparing tone pairs that were
separated by a six-sccond retention interval. The test tones were either identical in
pitch or they differed by a semitone. When cight extra tones were then interpolated
during this interval, the error rate rose to 40%, even though the listeners were in-
structed to ignore the interpolated tones. In a further experiment by Deutsch (1970b),
this performance deerement was shown not to be due to attention distraction nor to a
general memory overload, since only a minimal decrement occurred when spoken
numbers were interpolated instead. "This was true even when the subjects were simul-
tancously required to recall the interpolated numbers. It was concluded that pitch
memory is subjeet to interference caused specifically by other tones.

Further experiments demonstrated that tones interact with cach other in memory in
an orderly and systematic fashion. Such interactions were shown to be a function of
both the piteh relationships between the interacting tones and their closeness in serial
p(mlltm.

In onc experiment, the effect of a tone that formed part of a sequence interpolated
between two test tones was studied as a function of its pitch relationship to the first
test tone (Deutsch, 1972b). Subjects compared the pitches of two tones that were
separated by a five-second retention interval during which a sequence of six extra
tones was interpolated. The test tones were taken from the 12-tone chromatic scale,
and ranged from Middle C ro the B above. In half of the sequences the test tones were
identical in pitchs in the other half they differed by a semitone. The pitches of the
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intervening tones were also taken from the 12-tone chromatic scale and ranged from
the Fft below Middle C to the F an octave and a half above. 'The tones were chosen at
random from this range with certain restrictions.®

The experiment consisted of eight conditions. In all conditions but the last, a tone
whose pitch bore a critical relationship to the pitch of the first test tone was placed in
the sccond serial position of the intervening sequence. The relationship between the
critical intervening tone and the first test tone varied between identity to a whole-tone
separation. A unique value of pitch separation was incorporated in each of the seven
conditions, these values being placed at equal intervals of 1/6 tone within this whole
tone range. | lowever, in the eighth condition, the pitch of the tone in the second serial
position was chosen in the same way as were the other pitches in the intervening
sequence. This last (*null”) condition therefore provided a baseline against which the
effects of the critical interpolated tone could be evaluated.

It was found that the effect of the critical interpolated tone on'memory for the test
tone varied systematically as a function of their pitch relationship. When the critical
interpolated tone was identical in pitch to the first test tone, memory facilitation
occurred. With increasing pitch separation between the first test tone and the critical
interpolated tone, the error rate rose progressively; it peaked at a separation of 2/3
tone and declined ro baseline at roughly a whole tone separation.,

Further experiments have reinforeed and elaborated on these findings of specific
interactions within the pitch memory system. One study investigated the effects of
including in an intervening sequence a tone that was a semitone removed from the
first test tone (Deutsch, 1973b). It was found that when the test tones were identical
in pitch, including in the intervening sequence a tone that was either a semitone
higher or a semitone lower, an increase in errors resulted. When both a tone a
semitone higher and also a tone a semitone lower were included in the intervening
sequence, a substantially greater inerease in errors occurred than when only one of
these was included. Further, when the test tones differed in pitch by a semitone,
including in the intervening sequence a tone that was identical in pitch to the second
test tone; there was a subsrantial increase in errors. An increase in errors that was
however significantly smaller also occurred when the critical intervening tone was a
semitone removed from the first test tone, but on the opposite side of the pitch
continuum to the sccond test tone. When both of these tones were included in the
same intervening sequence, a significantly greater increase in errors was produced
than when only one of these was included.

This experiment demonstrated at least two separable disruptive effects in pitch
memory. First, the inclusion of a tone that was a semitone removed from the tone to
be remembered produced a small but significant disruptive effeet which cumulated in
size when two such tones, one higher and the other lower than this tone, were both
included. Sccond, a significantly larger disruptive effect occurred when the test tones

#No sequences contained two tones of the same pitch class. Further, all tones were excluded from any
sequence that lay withing and including, 2 whole tone range in cither direction from the first test tone, or
that were displaced by an octave from this range. This gap was necessary to prevent the random inclusion
of tones in the eritical range under study.
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differed in pitch and the critical interpolated tone was identical in pitch to the second
test tone.

To explain the second (and larger) of these two disruptive cffects, the following
hypothesis was advanced (Deutsch, 1972¢). Memory for the pitch of a tone is laid
down simultaneously both on a pitch continuum and also on a temporal or order
continuum. \s time proceeds, this memory distribution spreads in both directions,
but particularly along the temporal continuum. As a result of this spread, when a tone
of the same pitch as the second test tone is presented in the interpolated sequence, the
subject sometimes concludes that this had been the first test tone. That is, errors of
misrecognition result from the subject correctly recognizing that a tone of identical
pitch to the second test tone had oceurred, but being uncertain when it had occurred.

‘This hypothesis, which is described in detail in Deutsch (1972¢), gives rise to
various predictions. First, we should expect errors of misrecognition to be more
numerous when the critical interpolated tone is placed carly in the intervening se-
quence rather than late, since here there would be a greater chance of temporal or
order confusion. That is, the closer the critical interpolated tone is to the first test
tone, the more difficult it should be to discriminate their two positions along a
temporal or order continuum and so the greater the number of misrecognition errors.

S0, in a further experiment subjects made pitch recognition judgments between
tone pairs that were separated by a sequence of six interpolated tones. In sequences
where the test tones differed in pitch, a tone that was identical in pitch to the second
test tone was sometimes placed in the second serial position of the intervening se-
quence, sometimes in the fifth serial position, and sometimes no such tone was
included. It was found that the critical interpolated tone produced an increase in
errors at both scrial positions compared with sequences containing no such tone;
however, the effect was much more pronounced when the critical tone was placed
carly in the intervening sequence rather than late (Deutsch, 1975b). This finding
therefore corroborated the hypothesis.

Also in this experiment, in sequences where the test tones were identical in pitch,
the effeet was studied of including a tone that was a semitone removed from the test
tone, as a function of its serial position in the interpolated sequence. No serial position
effect was here found. So it scems that the first source of disruption, in contrast, docs
not depend on the serial position of the critical interpolated tone,

Given this large serial position effect based on interpolating a tone of identical pitch
to the second test tone, we can ask whether this is due to a deterioration of informa-
tion along a temporal continuum, or whether this effect is a function of order rather
than time. An experiment was performed to investigate this question. Subjects com-
pared the pitches of two tones that were separated by a sequence of six interpolated
tones. In sequences where the test tones differed in pitch, a tone identical to the
second test tone was placed either in the second serial position of the intervening
sequence, or in the fifth serial position, or no such tone was interpolated. The exper-
iment studied the effect of lengthening the pause following the first test tone, and also
of lengthening the pause preceding the second test tone. The different temporal
conditions arc shown on Fig. 12. Now if this serial position effect were due simply to
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Fig. 12. Temporal pavameters used in two experiments investigating the effects of unfilled delays on
piteh recognition. Graph on left plots error rates in sequences where the test tones differed and a tone
whose pitch was identical to the sceond test tone was placed in the intervening sequence. Graph on right
plots error rates in sequences where a tone of identical piteh to the first test tone was interpolated. Numbers
2 and § indicate that the eritical tone was placed in the second and fifth serial positions of the intervening
sequence, respectively; “07 indicates that no such tone was interpolated.

interactions along a temporal continuum, we should expect substantial changes in the
shape of the effeet to result from such temporal manipulations. However, as shown on
Fig. 14, the serial effect oceurred under all temporal conditions. It would appear,
therefore, that this deterioration of information takes place along an order continuum,
which is not sensitive to temporal variations, at least in the range investigated here
(Deutsch, in preparation).

‘There is a second prediction from the hypothesis of loss of temporal or order
information. Suppose that we plotted crrors precisely as a function of the pitch
relationship between the first test tone and a critical interpolated tone, in 1/6 tone
steps as deseribed carlier, and we also variced the pitch difference between the two test
tones. Then, in sequences where the critical interpolated tone and the second test tone
are placed on the same side of the pitch continuum relative to the first test tone, the
peak of errors should oceur where the critical interpolated tone is identical in pitch to
the second test tone. That is, a shift in the pitch of the sccond test tone, when the
pitch of the first test tone is held constant, should result in a parallel shift in the peak
of errors produced by the critical interpolated tone.

This prediction was tested in another experiment (Deutsch, 1975b). Here, when
the test tones differed in pitch, this difference was cither 1/3 tone, 1/2 tone, or 2/3
tone. Lrrors were plotted as a function of the pitch of a tone placed in the second serial
position of an interpolated sequence, whose relationship to the pitch of the first test
tone varied in 1/6 tone steps between identity and a whole tone separation. Whenever
the second test tone was higher in pitch than the first, the critical interpolated tone
was also higher; whenever the second test tone was lower, the critical interpolated tone
was also lower. So, when the second test tone and the critical interpolated tone were
scparated from the first test tone by the same pitch distance, they were also identical
in pitch to cach other.
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Fig. 13.  Percent errors in pitch comparisons in sequences where the test tones differed in pitch, and the
critical interpolated tone was placed on the same side of the first test tone along the pitch continuum. Errors
were plotted as a function of the pitch relationship between the first test tone and the critical interpolated
tone. (—) Test tones separated by 1/3 tone. (---) test tones separated by 1/2 tone. (---) test tones separated
by 2/3 tone (from Deutsch, 1975b).

The results of this experiment are shown in Fig. 13. It can be seen that when the
test tones were /3 tone apart, crrors peaked when the critical interpolated tone was
1/3 tone removed from the first test tone, and so when it was identical in pitch to the
sceond test tone. Similarly, when the test tones were 2/3 tone apart, errors peaked
when the critical interpolated tone was 2/3 tone removed from the first test tone, and
s0 again when it was identical in pitch to the second test tone. So, here a shift in the
pitch of the second test tone relative to the first did indeed result in the predicted shift
in the peak of errors produced by the eritical interpolated tone. But note also that
when the first and sccond test tones were a semitone apart, errors peaked not at a
semitone but at 2/3 tone. This can be explained by assuming that the first source of
disruption that peaks at 2/3 tone is superimposed on the present source of disruption
produced by a relationship of identity or near identity between the second test tone
and the critical interpolated tone.
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In considering possible bases for this first source of disruption, two points should
be noted. The first is that the relative frequency range over which this oceurs corre-
sponds well with the range over which centrally acting lateral inhibition has been
found in physiological studies of the auditory system (Klinke, Boerger, & Gruber,
1969, 1970). Second, we can remember that the error rate cumulates when two such
disruptive tones are interpolated, placed one on either side of the test tone along the
pitch continuum (Deutsch, 1973b). There is an analogy here with lateral inhibitory
interactions found in systems handling sensory information at the incoming level,
where there is a cumulation of inhibition from stimuli placed on cither side of the test
stimulus (Ratliff, 1965). Evidence for lateral inhibition has been found in the system
that handles pitch information at the incoming level (Carterctee, Friedman, & Lovell,
1969, 1970; Houtgast, 1972). It was therefore theorized that elements of the pitch
memory system are arranged as a recurrent lateral inhibitory network, analogous to
those found in systems handling incoming sensory information. Elements of this
system are activated by tones of specific pitch, and are organized tonotopically on a
log frequency continuum (Deutsch & Feroe, 1975.)

Now, if this were so, we might hope to obtain an effect which would not be
expected on other grounds. It has been found in physiological studies of peripheral
receptors that when a unit that is inhibiting a neighboring unit is itself inhibited by a
third unit, this releases the originally inhibited unit from inhibition. This phenome-
non is known as disinhibition. Applying this to our present situation, we might expect
that if a tone that was inhibiting memory for another tone were itself inhibited by a
third tone, this could cause memory for the first tone to return. More specifically, in
sequences where the test tones are identical in pitch, if two critical tones were
interpolated—one always 2/3 tone removed from the first test tone and the other
further removed along the pitch continuum—then the error rate should vary sys-
tematically as a function of the pitch relationship between the two critical interpolated
tones. I'he error rate should be highest when these two tones are identical in pitch,
decline as the second critical tone moves away from the first, dip maximally at a 2/3
tonce separation, and then return to bascline, The curve produced should therefore be
roughly the inverse of the curve plotting the original disruptive cffect.

Accordingly, the following experiment was performed. Subjects compared the
pitches of two test tones, which were separated by a sequence of six interpolated
tones. A tone which was 2/3 tone removed from the first test tone was always placed
in the second serial position of the interpolated sequence. Frrors were then plotted as
a function of the pitch of a further tone, which was placed in the fourth serial position,
whose relationship to the tone in the second serial position varied in 1/6 tone steps
between identity and a whole-tone separation. As can be seen in Fig. 14, a systematic
return of memory was indeed obtained. The error rate in sequences where the second
critical interpolated tone was identical in pitch to the first was significantly higher
than bascling; further, the error rate where the two critical interpolated tones were
separated by 2/3 tone was significantly lower than baseline. A first-order inhibitory
function was also obtained experimentally, using subjects selected on the same crite-
rion as for the disinhibition study. This function was then used to calculate the
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Fig. 14. Pcreent errors in pitch recognition obtained experimentally and predicted theoretically. Open

triangles display pereent errors in a baseline experiment that varied the pitch relationship between a test
tone and a eritical interpolated tone. (The open triangle at the right displays percent errors where no tones
were interpolated in the eritical range under study.) Filled cireles display percent errors in an experiment
where a tone that was 2/3 tone removed from the test tone was always interpolated. Errors are plotted as a
Tunction of the pitch relationship berween this tone and a second critical interpolated tone that was further
removed along the pitch continuum. Open cireles display percent errors for the same experimental condi-
tions predicted theoretically from the lateral inhibition model. (Filled and open circles at the right display
percent errors obtained experimentally and assumed theoretically where no further critical tone was
interpolated (from Deutsch & Feroe, 1973).

theoretical disinhibition function. \s shown in Fig. 13, there is a good corre-
spondence between the disinhibition function derived experimentally and that de-
rived theoretically. This experiment provides strong evidence that pitch memory
clements are indeed arranged as a lateral inhibitory network, analogous to those
handling incoming sensory information.

I. Octave Generalization Effects

So far we have been considering interactions in memory between tones that are
separated by less than an octave. We can now ask whether these effects take place
along an array that is organized simply in terms of pitch, or whether an abstracted
octave array, such as hypothesized on pp. 275-276, is also involved.
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In one experiment (Deutsch, 1973a), subjects compared the pitches of two tones
that were separated by a sequence of six interpolated tones. This experiment studied
the effects of including in the interpolated sequence tones that bore the same relation-
ships to the test tones as had been found earlier to produce disruption, but that were
further displaced by an octave. In sequences where the test tones were identical in
pitch, the effects were studied of interpolating two tones, onc semitone higher than
the test tone and the other a semitone lower, except that the critical tones were also
" displaced an octave up or down. In sequences where the test tones differed, the effects
were investigated of interpolating a tonc of the same pitch as the second test tone, but
. that was also displaced an octave up or down. It was found that a substantial gencrali-
zation of disruptive effect occurred from tones placed in the higher octave, and a
weaker effect oceurred from tones placed in the lower octave. However, the error rate
was greatest when the critical tones were placed in the middle octave. From this
pattern of results it was concluded that these disruptive effects take place along both a
monotonic pitch continuum and also along an abstracted octave array.

2. Memory Consolidation

When a tone of identical pitch to the first test tone is included in an intervening
sequence, the effeet on memory is facilitatory rather than disruptive. In one experi-
ment, subjects compared the pitches of two tones that were separated by a sequence
of interpolated tones. In one condition, four tones were interpolated; in another, six
tones were interpolated; in yet another, six tones were again interpolated, with a tone
of identical pitch to the first test tone placed in the second serial position of the
interpolated sequence. It was found that the error rate was lowest in sequences where
the pitch of the first test tone was repeated, even compared with sequences containing
fewer interpolated tones. We can conclude that the pitch memory system is subject to
consolidation through repetition (Deutsch, 1975¢).

However, in another experiment it was found that this consolidation effect is very
sensitive to the serial position of the repeated tone. Here, subjects made pitch com-
parison judgments between tone pairs that were separated by a sequence of six
interpolated tones. In some sequences a tone of the same pitch as the first test tone was
placed in the second serial position of the interpolated sequence; in other sequences
such a tone was placed in the fifth serial position; and in yet other sequences no such
tone was interpolated. 1t was found that the facilitation effect was much more pro-
nounced when the repeated tone was in the second serial position than in the fifth;
indeed, this effect was statistically significant only for sequences where the repeated
tone was in the second serial position (Deutsch, 1975¢).

[t was hypothesized that this consolidation effect results from the same process as
produces the errors of misrecognition discussed above—namely, the spread of mem-
ory distribution along a temporal or order continuum. When two such distributions
overlap, the overlapping portions sum, resulting in a stronger memory  trace
(Deutsch, 1972¢). This again raises the question of whether this serial position effect
is based on temporal factors, or whether it is simply a function of order. One might,
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for example, hypothesize that temporal proximity determines the amount of consoli-
dation in pitch memory. If this were the case, then interpolating a long pause between
the first test tone and the first interpolated tone should substantially reduce the
consolidation effect. Alternatively, one might hypothésize that some mechanism tags
the incoming stimuli in terms of order, and that consolidation takes place along such
an order continuum, independent of temporal variations.

An experiment was therefore carried out to evaluate the effects of varying temporal
parameters on the memory consolidation effect. Subjects compared the pitches of two -
tones that were separated by a sequence of six interpolated tones. A tone that was
identical in pitch to the first test tone was placed cither in the second serial position of _
the intervening sequence, or in the fifth serial position, or no such tone was included.
The experiment studied the effect of lengthening the pause following the first test
tone, and also of lengthening the pause preceding the second test tone. The different
temporal conditions together with their error rates are shown on Fig. 12. Thesc
temporal manipulations did not significantly alter the consolidation effect as a func-
tion of serial position. It appears, therefore, that within this temporal range, consoli-
dation takes place along a continuum that is organized in terms of order independent
of time (Deutsch, in preparation).

B. The System Retaining Interval Information

We now briefly consider the influences acting on interval information in storage.
Deutsch (1975d) proposed that memory for such information is based on a continuum
whose clements are activated by the simultancous or successive presentation of pairs
of tones. Tonc pairs that stand in the same ratio project onto the same elements and so
onto the same point along the continuum; tone pairs standing in closely similar ratios
project onto adjacent points; and so on. It was further hypothesized that interactive
effeets take place along this continuum that are analogous to those that occur within
the system retaining absolute pitch values. Such effects would include consolidation
through repetition and similarity-based interference.

An experiment was performed to test this hypothesis (Deutsch, 1978b). Subjects
compared the pitches of two test tones that were both accompanied by tones of lower
pitch. ‘T'he test tones were cither 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. Thus, when the test tones were identical,
the intervals formed by the test tone combinations were also identical. And when the
test tones differed, the intervals formed by the test tone combinations also differed.

T'he test tone combinations were separated by a sequence of six interpolated tones.
T'he tones in the second and fourth serial positions of the interpolated sequence 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 tone combination, the cerror rate was lower than when the sizes of the
intervals formed by the interpolated combinations were chosen at random. Further,
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when the intervals formed by the interpolated combinations differed in size by a
semitone from the interval formed by the first test tone combination, the error rate
was higher than when the sizes of the intervals formed by the interpolated combina-
tions were chosen at random,

This experiment, therefore, demonstrates the presence of both consolidation
through repetition and also similarity-based interference in memory for harmonic
intervals. This indicates that the system retaining such information is similar in
organization to the system retaining absolute pitch values.

C. Interactions between These Systems

So far we have examined interactions that take place within a given memory sys-
tem. We now turn to a consideration of how the outputs of the different systems
interact in determining memory judgments. First, we examine ways in which
abstracted information influences judgments of absolute pitch values. Then, we con-
sider how information in the pitch memory system might in turn influence memory
for pitch abstractions.

Since relational information is retained in parallel with pitch information, we might
expeet that judgments of sameness or difference in the pitches of two test tones would
be biased by a sameness or difference in the relational context in which these test
tones are placed. This possibility was investigated by Deutsch and Roll (1974). Sub-
jects compared the pitches of two tones that were both accompanied by tones of lower
pitch. The test tone combinations were separated 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; and these
patterns of relationship were present both when the test tones were identical in pitch
and also when these differed. It was found that relational context had a strong influ-
ence on pitch recognition judgments. When the test tones were identical but were
placed in different relational contexts, there resulted an inereased tendency for their
pitches to be judged as different. Further, when the test tones differed in pitch, but
were placed inan identical relational context, there resulted an increased tendency for
their pitches to be judged as identical. It was further found that when the test tones
differed, and the test tone combinations formed intervals that were inversions of cach
other, there also resulted an increase in errors of misrecognition. It was concluded
that this misrccognition cffeet was based on the pereeptual equivalence of the inverted
intervals.

Deutsch (in press) performed an analogous experiment to study the effect of
melodic relational context. Subjects compared the pitches of two tones that were
cach preceded by tones of lower pitch. The test-tone combinations were again
separated by a retention interval during which six extra tones were interpolated. A
strong cffect of melodie context was demonstrated, analogous to that found for har-
monic relational context,

Melodie relationships have been shown to influence pitch recognition judgments in
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another way. In listening to sequences, we process not only the individual tones, but
also the melodic intervals between them. These intervals then provide a framework of
pitch relationships to which the test tones can be anchored. Interpolated sequences
forming melodic configurations that are more easily processed should then be as-
sociated with enhanced performance.

As described in Chapter 4, there is considerable evidence that melodic sequences
are processed more effectively when these are composed of intervals of smaller
size rather than larger (reflecting the operation of the principle of Proximity). One-
would therefore expect that interpolated sequences composed of smaller melodic
intervals should be associated with higher performance levels than interpolated se- |
quences composed of larger intervals, In an experiment by Deutsch (1978a), qub}ects
compared the pitches of two tones that were separated by a sequence of six interpo-
lated tones. Performance was studied under four conditions. In Condition | the
interpolated tones were chosen at random from within a one-octave range, and they
were ordered at random. Condition 2 was identical to Condition 1 except that the
interpolated tones were arranged in monotonically ascending or descending order,
with the result that the average size of the melodic intervals in the sequence was
reduced. In Condition 3 the interpolated tones were chosen at random from within a
two-octave range and were also ordered at random. Condition 4 was identical to
Condition 3 except that the interpolated tones were arranged in monotonically ascend-
ing or descending order.

As shown on Fig. 15, the error rate was found to increase with an increase in the
average size of the melodic intervals comprising the sequence. There was no evidence
that monotonic ordering of the interpolated tones had any cffect (apart from produc-
ing a smaller average interval size), though this might have been hypothesized from
the principle of Good Continuation (sce Chapter 4).

It has been shown that there is a striking cross-cultural tendency for the frequency
of occurrence of a melodic interval to be inversely correlated with its size (Ortmann,
1926; Mcrriam, 1964; Fucks, 1962; Dowling, 1967; Jeffries, 1974; Deutsch, 1978d).
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Fig. 15. Percent errors in pitch comparisons as a function of the average size of melodic interval in the
sequence. Interpolated tones span a onc-octave range: A tones ordered at random; @ tones ordered

monotonically. Interpolated tones span a rwo-octave range: @ tones ordered at random; O tones ordered
monotonically (from Deutsch, 1978¢).
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One might hypothesize that this tendency is based on an increasing difficulty in the
processing of melodic intervals as the sizes of these intervals increase. As indicated
from the present experiment, this should in turn result in deereased accuracy in pitch
recognition.

T'wo related studics should here be cited. Deutsch (1974) had subjects compare the
pitches of two test tones that were separated by a sequence of cight interpolated tones.
In onc condition the interpolated tones were all drawn from the same octave as the test

“tones. In a sccond condition the interpolated tones were all drawn from the octave
higher. In a third condition they ‘were all drawn from the octave lower. In a fourth

. condition half of the interpolated tones were drawn from the octave higher than the
test tones and the other half from the octave lower, the order of octave placement
being random. It was found that when the interpolated tones were drawn from a
single adjacent octave, the error rate was lower than when they were all drawn from
the same octave. Flowever, when the interpolated tones were drawn from both the
octave higher and also the octave lower, the error rate was highest of all. In this last
condition the average size of the intervals formed by successive tones in the sequence
was considerably larger than in the other conditions, and it was concluded that these
large jumps made it very difficult to make use of the melodic information in the
interpolated sequence.

Another related study is that of Olson and Hanson (1977). They found, using
several different paradigms, that increased errors in pitch recognition were associated
with an increased pitch distance between the test tones and the interpolated tones.
Since only three interpolated tones were used in this study, this increased pitch
distance resulted in a significant increase in average interval size. These authors
suggest an interpretation of their results that is very similar to the present line of
reasoning.

Fvidence for interactions based on more complex encodings has also been obtained.
Krumhansl (1979) required subjects to compare the pitches of two test tones that were
scparated by a sequence of interpolated tones. Some of the sequences were con-
structed so as to suggest a tonality. It was found that for such sequences, when the
first test tone was in the same scale as the interpolated tones, recognition performance
was better than when it was outside this scale.

We should expecet that interactions taking place within the pitch memory system
would in wrn affect memory for abstracted information. For example, given the
memory consolidation effect produced by a repeated tone (Deutsch, 1975¢), we
should expect that sequences containing repeated tones would be better remembered,
cven in abstracted form, than sequences not containing repeated tones. Similarly,
given the large disruptive effect produced by interpolating two tones, one a semitone
higher than the tone to be remembered and the other a semitone lower (Deutsch,
1973b), we should expect that music composed in scales consisting mostly of semi-
tonal steps would be more difficult to remember than music composed in scales
consisting mostly of whole tone steps.

Erickson (1978) has argued that low-level effects, such as described here, have
probably exerted a strong influence on the evolution of music systems. For example,
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it appears true cross-culturally that musical sequences tend to contain one or two
tones that are repeated considerably more often than others. In our tonal system, for
example, the first tone of the scale (the tonic) has this property. Given the finding of
consolidation through repetition, we should expect that such repeated tones should be
particularly well remembered. Second, it appears true cross-culturally that small
melodic intervals oceur considerably more often than large ones. We have also seen
that recognition of the pitch of a tone is better in the context of a sequence consisting
of small melodic intervals rather than of large ones (Deutsch, 1978c). When we -
consider these two low-order effects together, we can see that a considerable process-
ing advantage is to be gained from a system in which there are a limited number of
anchor tones—which are well remembered through repetition—surrounded by satel-
lite tones which are linked to these anchor tones by pitch proximity. Thus, examina-
tion of these low-order effects enables us to develop an understanding of why musical
systems have evolved as they did. Such systems should therefore not be considered as
arbitrary sets of rules but rather as reflecting constraints imposed by our processing
mechanisms.

D. Memory for Hierarchically Structured Tonal Sequences

We now turn to a consideration of memory for tonal information which is projected
onto highly overlearned pitch alphabets, and which is organized in hierarchical fash-
ion. Deutsch and Feroe (1981) have proposed that, at this level, tonal sequences are
coded and retained as hierarchies of structures, cach of which is associated with a
given pitch alphabet. It is further proposed that such structures are encoded and
retained as chunks, along with their associated alphabets and rules of combination. If
this model is correct, then sequences that may be parsimoniously represented accord-
ing to its rules should be better retained than those where such parsimonious repre-
sentation is not possible.

An experiment was performed as a test of this hy pothesis (Deutsch, 1980, 1981). In
this experiment a second factor was also considered. It has been found in studies using
strings of verbal materials that we tend to recall such strings in accordance with their
temporal grouping (Mueller & Schumann, 1894; McLean & Gregg, 1967; Bower &
Winzenz, 1969). This effect can be so powerful as to mask grouping by meaning, and
so to obliterate the advantage incurred by such grouping (Bower & Springston, 1970).
Analogous results have been obtained using nonverbal materials (Restle, 1972;
Handel, 1973; Dowling, 1973). It was therefore expected that temporal grouping
would have a strong effect on recall of these sequences also. Grouping in accordance
with tonal structure was expected to result in enhanced performance, and grouping in
conflict with tonal structure to give rise to performance decrements.

‘The experiment employed the following paradigm. Musically trained subjects were
presented with sequences which they recalled in musical notation. The sequences
employed are shown in Fig. 16. It can be seen that those in Fig. 16A each consisted of
a higher level subsequence of four clements that acted on a lower level subsequence of
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Fig. 16.  Sequences used in first experiment to study utilization of structure in recall. Sec text for details
(from Deutsch, 1981).

three clements. T'he sequences in Fig. 16B cannot be represented in this parsimonious
fashion. ‘These cight sequences were cach presented in three temporal configurations,
which are illustrated in Fig. 17. In the first configuration (a), the tones were spaced at
equal intervals; in the second (b), they occurred in four groups of three, so that
segmentation was in accordance with tonal structure; in the third (c), they occurred in
three groups of four so that segmentation was in conflict with tonal structure.
‘T'able 1 shows the percentages of tones correctly recalled in their correct serial
positions in the different conditions of the experiment. Large effects of tonal structure
and temporal segmentation are apparent. For structured sequences that were seg-
mented in accordance with tonal structure, the performance level was extremely high.
For structured sequences that were unsegmented, the performance level was slightly
lower, though still very high. However, for structured sequences that were seg-
mented in conflict with tonal structure, the performance level was much lower. For
unstructured sequences the performance level was considerably lower than for struc-
tured sequences that were segmented in accordance with tonal structure or that were
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Fig. 17. Types of temporal segmentation employéd in first experiment to study utilization of structure
in recall. 2. Sequenee unsegmented. b, Sequence segmented in groups of three, so that segmentation was
in accordance with structure. ¢, Sequence segmented in groups of four, so that segmentation was in conflict
with structure,
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TABLE |
Utilization of Structure in Recall: Percent Correct Recall of Tones in Correct Serial Positions
in kxperiment 1"

Condition Percent correct.

Sequences structured in groups of 3

O8S. Not temporally segmented 93.5

3S. Temporally segmented in groups of 3 99.3

4S. Temporally scgmented in groups of 4 69.2
Sequences unstructured

OU. Not temporally segmented 52.0

3U. Temporally segmented in groups of 3 63.2

4U. Temporally segmented in groups of + 62.3

From Deutsch (1981).

unsegmented, but in the same range as for structured sequences that were segmented
in conflict with tonal structure.

The serial position curves for the different conditions of the experiment are shown
on Fig. 18. Typical bow-shaped curves are apparent, and in addition, discontinuities
can be seen at the boundaries between temporal groups. This provides further evi-
dence that temporal groups tend to be encoded as chunks and to be retained or lost
independently. This type of configuration is very similar to that obtained by others
with the use of verbal materials (Bower & Winzenz, 1969).

The transition shift probability (T'SP) 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 on
the previous item (Bower & Springston, 1970). If groups of elements tend to be
retained or lost as chunks, we should expect the TSP values to be smaller for tran-
sitions within a chunk and to be larger for the transition into the first element of a
chunk. ‘The TSP values for sequences segmented in temporal groups of three and four
are shown in Fig. 19A and B, respectively. It can be seen that the TSPs are larger on
the first clement of each temporal group than on the other elements. This is as
expected on the hypothesis that temporal groups serve to define subjective chunks
that are retained or lost independently of each other.

Finally, a very strong sensitivity to musical alphabet was demonstrated in this
experiment. s shown in Fig. 16, four sequences employed only a triadic alphabet,
two employed a diatonic alphabet, and two employed other tones from the 12-tone
chromatic scale. Of the 12 subjects who participated in the experiment, 6 remained
entirely within the alphabet of the sequence they were notating. (For example, in
nntaring sequences 2, 4, 6, and 8, all their incorrect responses, as well as their correct
ones, were G, B, or 1).) Of the remaining six subjects, five made between them a total
of only 15 responses that departed from the alphabet presented. This implies that the

- subjects were retaining information concerning alphabet independently of structure.

Now in this experiment, the structured sequences all consisted of a higher level
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Fig. 18.  Scrial position curves for the different conditions of the first experiment to study utilization of

structure in recall (Ffrom Deutseh, 1981).

subscquence of four clements that acted on a lower level subsequence of three ele-
ments. So compatible segmentation was always in groups of three and incompatible
segmentation in groups of four. One might therefore argue that the enhanced perfor-
mance found for structured sequences was due simply to an advantage conferred by
the size of temporal group. A second experiment was designed to control for this.
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Fig. 20. Scquences used in second experiment to study utilization of structure in recall. Sce text for
details (from Dewsch, 1981).

‘T'wo types of tonal structure were employed, and these are shown in Fig. 20. In the
first, shown in Fig. 20A, a higher level subsequence of four elements acted on a lower
level subsequence of three elements. In the second, shown in Fig. 20B, a higher level
subsequence of three elements acted on a lower level subsequence of four elements.
Enhanced performance was expected where the number of clements in the lower level
subsequence corresponded to the number within a temporal group, compared with
sequences where these numbers did not correspond. In addition, segmentation in
groups of two was examined. It was expected that where the lower level subsequence
consisted of three clements, such segmentation would result in considerable perfor-
mance deerements since it would conflict with tonal structure. However, where the
lower level subsequence consisted of four clements, segmentation in group of two
would be less disruptive since pauses would still be placed between tonal groups.
There were, therefore, six conditions in the experiment, shown in Table II. Also
shown arc the pereentages of tones correetly recalled in their correct serial positions in
these different conditions. It can be seen that performance levels were considerably
lower when temporal segmentation was in conflict with structure. When pauses were

TABLE I

Utilization of Structure in Recall:
Pereent Correet Reeall of Tones in Correct Serial Positions in Experiment 27

Condition Percent correct

Sequences structured in groups of 3

3-2. Temporally segmented in groups of 2 ) 45.4

3-3. Temporally segmented in groups of 3 93.1

1-4. Temporally segmented in groups of + 50.6
Sequences structured in groups of 4

4-2. ‘T'emporally scgmented in groups of 2 80.8

4-3. Temporally segmented in groups of 3 52.9

4-4. Temporally scgmented in groups of 4 85.4

“From Deutseh (1981).
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placed both between and within tonal groups (that is Condition 4-2), the performance
level was slightly lower than when the pauses were placed only between groups, but
considerably higher than when the pauses conflicted with tonal structure. The in-
teraction hetween size of tonal unit and size of temporal unit was highly significant,
reflecting the damaging effect of incompatible segmentation.
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Fig. 21.  Scrial position curves for the different conditions of the second experiment to study utilization
of structure in recall (from Deutsch, 1981).
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Figure 21 displays the pereentages of tones correctly recalled at cach serial position
in the different conditions of the experiment. It can be seen that again, discontinuitics
appear at temporal group boundaries, reflecting the formation of subjective chunks on
the basis of temporal proximity.

These two experiments lead to several conclusions. First, they demonstrate that
listeners pereeive hierarchical structures that are present in tonal sequences and can
utilize these structures in recall. For the structured sequences employed in this study,
the listener need only retain two .chunks of three or four items each; but for the
unstructured sequences no such parsimonious encoding was possible. The unstruc-
tred scquences therefore imposed a much heavier memory load, with resultant
performance decrements. Second, the experiments demonstrate that temporal seg-
mentation has a profound effeet on pereeived structure, as has been shown by others
with different materials. On our present line of reasoning, when segmentation is in
conflict with structure, there results a less parsimonious representation, which in turn
leads to decrements in recall.

For example, Sequence 2 in Fig. 20 would be encoded in the absence of temporal
segmentation as

' A = (309G
B = (2n %G
§ = Alpr|B,G,

However, with temporal segmentation in groups of four, the same sequence would

be encoded as

Il

A = 2n NG,

B = (2n,p,9G

C = (n,p.nHG

D = (p,2n%)G

§ = Alprl(B,C,D),Gs

Thus, four structures would need to be encoded and retained, together with their
alphabets and rules of combination. A much heavier memory load would therefore be
imposcd. '

VI. CONCLUSION

In the foregoing pages, we have considered the rules whereby abstractions based on
pitch are formed and also how pitch information is retained at the different levels of
abstraction. Where appropriate, we have considered underlying neurophysiological
mechanisms, and we have also attempted to draw on insights provided by music
theorists. The system that we are dealing with is clearly very complex, but an under-
standing of its operation is slowly developing.®

#This work was supported by United States Public Health Service Grant MH-21001,
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