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The expression and individual character of a2 musical performance re-
sides in its microstructure, which includes variarion in the exact timing and
intensities of the tones played. Each performance has a unique microstruc-
ture which cannot be reproduced exactly by a human performer. even
though repeated performances by the same artist are often highly similar.
Objective performance analysis (Seashore, 1936) thus makes it possibie to
distinguish an identical copy from a repeat performance with a high degree
of confidence.

A demonstration of this capability was provided by an unexpected
discovery during the analysis of 28 different recorded performances of Rob-
ert Schumann’s famous piano piece, “Triumerei” (Repp, 1992). The mea-
surements revealed beyond any reasonable doubt that one recording of
older vintage, by the German pianist Elly Ney (Electrola WDLP 561),
contained two identical sections four measures long. ’

The first eight measures of *“Triumerei” are followed by a repeat sign
in the score, which is obeyed in nearly all performances. When the expres-
sive microstructures of the first and second renditions are measured and
compared. they are usually found to be quite similar in any given perfor-
mance, but never identical. Since artists are not machines. there is always a
certain amount of uncontrolled variation in timing and intensity, in addi-
tion to any variation introduced deliberately by the artist. Such variation
was also observed between the two renditions of the first four measures in
Elly Ney’s recording. The two renditions of measures 5-8, however, were
virtually identical, within the limits of measurement error.

The evidence is presented in Fig. 1. Figure 1(a) shows the differences
between the first and second renditions in the inter-onset intervals (IOIs)
between successive (clusters of) tones, as measured in the digitized acoustic
waveform (see Repp, 1992). Most of the intervals correspond to eighth-
notes in the score; any longer I01s were scaled down to the same level (e.g.,
the duration of a.quarter-note IOl was divided by two). The vertical line
divides measures sim 1+ from measures 5-3. It is evident that the differ-
ences were much smaller in measures 5-3 than in measures {—4. This was
confirmed statistically by a one-way analysis of variance on the absolute
difference values [F(1,50) = 23.41, p <0.0001].

Thre= additional considerations suggested that the two renditions of
measures 5-8 were in fact identical. First, the differences observed in that
section of the music were within the range of measurement error estimated
by Repp (1992). The two 25-ms discrepancies in measure 8 occur in adja-
cent positions and are of opposite sign. which sugges®a single larger mea-
surement error in locating a tone onset. This was confirmed by re-examina-
tion of the waveforms. Second. the average differeace in measures |—+ was

— 18.38 ms (s.d. = 31.65 ms), which indicates a slower tempo in the sec-
ond than in the first rendition. whereas the average differencegin measures
5-8 was 1 ms (s.d. = 8.36 ms), suggesting identical tempi. The third and
most important argument is that, whereas the differences found in measures
14 are quite typical of those found between two renditions of the same
music by the same artist (cf. Repp, 1990, 1992), agresment as high as that
observed in measures -3 has never been encountered by this author. The
highest correlation between the 101 in the two renditions of measures 1-3

.for any individual artist was 0.95 (Repp, 1992); for Elly Ney, the correla-
tion was 0.92 for measures {4 but 0.998 for measures 5-3.
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These arguments are further corroborated by intensity measurements.
The particular measure employed here was the rms sound level of the funda-
mental frequency (FO) in the spectra of successive melody tones. deter-
mined by a FFT overa 51.2-ms window whose left edge coincided with tone
(cluster) onset. as determined in the waveform (cf. Repp, 1993). Figure
1(b) shows the differences between the first and second renditions in this
measure. Again. the absolute differences in the second haif are much
smaller than those in the first half [ F(1,48) = 16.76. p <0.0003].

Although the sound spectra were determined automatically and thus
error-free. errors in locaring tone onsets. random surfacs noise from the
record. and rounding to the nearest dB value zaused measurement error in

" sound levels. Note that the largest discrepancy. in measure 3. coincides with

the single large timing measurement error (Fig. 1(a)]. The other discre-
pancies. too, seem within plausible error margins. The average difference in
measures 1 was 2.04 dB (s.d. = 3.56 dB), which suggesi¥a somewhat
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FIG. 1. Differences between the first and second renditions in (aVinter-onset intervals

(101s) and (b) sound levels of the fundamental frequencies ( F0) of the melody tones
in the spectrum. S
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FIG. 2. Acoustic waveforms of the two renditions of measures 1-3 (NEY2and NEY3. respectively. in this display ). The time scale is in seconds. The arrows mark the beginning of
measure 5. (The waveforms for measures 5-8 are slightly misaligned due 10 measures 14 being slightly longer overall in the second than in the first rendition.)

higher dynamic level in the second than in the first rendition, whereas the
average difference in measures 5-8 was only 0.5 dB (s.d. = 1.24 dB), sug-
gesting a slightly elevated level. There are not sufficient data available on
intensity measurements to judge whether such close agreement as observed
here in measures 5-8 could ever be achieved by an artist playing the same
music twice; however, it seems highly uniikely.

The essentially independent statistical comparisons of timing and in-
tensity patterns lead to the inescapable conclusion that the second rendition
of measures 5-8 is not only much more similar to the first rendition than is
the case for measures 14, but more similar than is humanly possible. This
indicates that measures 5-8 were in fact duplicated by the recording engi-
neers. This was presumably done to cover up some technical problem at the
time when the original 78-rpm recordings (dating from the late 1930s) were
transferred to LP format. This may be the first time that objective perfor-
mance analysis has uncovered such “surgery” in 2 commercial recording.

Of course, the same conclusion could have been reached by simply
comparing the raw acoustic waveforms or their amplitude envelopes. The
waveforms of the two renditions are shown in Fig. 2. Visual comparison
fully confirms the conclusion that the first halves of the waveforms are
different, whereas the second halves (starting at the arrows) are identical,
except for occasional spikes and other small differences caused by pops and
surface noise from the record. However, a comparison of waveforms may
not be practical if the location and extent of a duplicated portion are un-
known. Moreover, if copied music were processed in any way to conceal its
identity (e.g., by changing its tempo, filteri§ Sound, or mixing it with
another sound track), waveform comparisons would be much less informa-
tive, whereas analysis of musical microstructure, particulary of timing pat-
terns. could still reveal identity (cf. Howard e al.. in press).

A much more difficult question than that of literal identity would be
whether two different performances of the same music are by the same artist
or by different artists. Analysis of musical microstructure can provide rel-
evant information here, too, provided a database of many different perfor-
mancss of the same music is available. Repp (1992), for example. has ob-
served that different performances by the same artist, recorded many years
apart, stiil tend to be more similar to each other than to aimost any other
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performance by a different artist. Clearly, however. there is a much higher
margin of error here, which is inversely related to the size of the available
database.

The most difficult question to pose to a musical detective would be
whether two performances of different music are by the same artist or by
two different artists. This situation is comparable to that encountered in
forensic voice recognition, where the speech samples being compared usual-
ly differ in content. Although some individual artists are said to have a
recognizable individual style that is revealed in all their performances, this
is probably too subtle a characteristic to be demonstrated objectively at this
stage of the game. Once extensive performance databases are available,
however, the question could be addressed, especially since arists, unlike
criminals, are not motivated to disguise their individual characteristics.
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