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ABSTRACT

This study is concerned with the question whether there
is perceptual invariance of expressive timing under
tempo-transformation in audio recordings. This was in-
vestigated by asking listeners to distinguish between an
original recording and a time-stretched (i.e. tempo-
transformed) version. The original recordings were iden-
tified by a significant proportion of the participants. The
results suggest that expressive timing can function as a
clue in identifying a real performance. This is taken as
evidence for the tempo is timing-specific hypothesis, and
counter evidence for the relational invariance hypothe-
sis that predicts proportionally scaled expressive timing
to be perceived natural as well. The results are discussed
in the context of whether there is perceptual invariance
of expressive timing under tempo transformation. These
findings suggest the need for improvements to state-of-
the-art time-stretching algorithms.

1. INTRODUCTION

Perceptual invariance is an important theoretical issue in
cognitive science. It concerns the study of whether, and
if so, how certain event properties remain perceptually
invariant under transformation (e.g., [20]). Also for
computer music software it is a relevant topic since it
will influence the ease with which perceptually convinc-
ing transformations of musical data can be supported.

A well-known and uncontroversial example of per-
ceptual invariance in music is melody. When a melody
is transposed to a different register, it not only main-
tains its frequency ratios in performance, it is also per-
ceived as the same melody. As such, melody remains
perceptually invariant under transposition. Sequencer
and notation software take advantage of this characteris-
tic, and hence the transposition transformation is easily
supported.

With respect to other aspects of music, such as
rhythm, supporting transformations is less trivial.
While one might expect rhythm to scale proportionally
with tempo (i.e. being perceptually invariant under
tempo transformation), several empirical studies have
shown that this is not always the case (e.g., [8]).
Rhythms are timed differently at different tempi ([17]),
and listeners do not generally recognize proportionally
scaled rhythms as being identical when scaled to another
tempo ([3], [9]).

However, the relation between timing and tempo has
long be assumed perceptual invariant, both in computer
music and music cognition research. Most sequencers
have a tempo controller, suggesting timing to be scal-
able with tempo. It is a result of representing timing
and tempo-change in computer music systems as a con-
tinuous function of score position (a so-called tempo
curve; [4], [11]). While such a representation captures
the tempo deviations as measured in a recording, it in
fact also suggests that the shape of a tempo curve is in-
dependent of the number of events (or note density), the
rhythmic structure (i.e. differentiated durations), and the
overall tempo of the performance. However, a simple
test, like changing the tempo of a recorded track of a
drummer playing a certain groove, will reveal to a lis-
tener that timing cannot be simply represented like that:
a tempo-transformation will sound awkward ([11]).

2. THIS STUDY

The present study investigates whether expressive tim-
ing is perceptually invariant under tempo transformation
in a variety of musical repertoires, aiming to resolve
this rather undecided issue in music perception.* A rela-
tively large-scale experiment (N = 307) was conducted
using fragments from commercially available audio re-
cordings from a variety of musical repertoires. Both ex-
periments included original and tempo-transformed ver-
sions of these audio recordings and tested whether lis-
teners were able to identify the original recording by
focusing on the use of expressive timing in those per-
formances.

3. EXPERIMENT

3.1. Aim

The aim of the experiment was to systematically study
the effect of tempo on the identification of an original
recording in two musical genres: “Jazz” and “Classical”.
The participants were asked to listen to a number of
sound examples and to indicate whether it was an origi-
nal recording or a time-stretched version (i.e. a slowed-
down or speeded-up version of the original), referred to
as identification task. All tempo-transformed sound ex-
cerpts were time-stretched by the same amount (either
20% faster or slower), ten sound examples were used for



each musical genre, all responses were forced-choice (no
open responses), and a confidence scale was used.

The experiment came in two versions: one used re-
cordings from the Jazz repertoire, the other fragments
from the Classical repertoire. Except for the stimuli
used, the design of both versions was identical.

3.2. Hypotheses
For the identification task two hypotheses will be con-
sidered: the relational invariance hypothesis and the
tempo-specific timing hypothesis. In the experimental
design used, the first hypothesis is in fact the null hy-
pothesis. It predicts no significant difference in responses
to the original and tempo-transformed excerpts: both
excerpts will sound equally natural, so that the respon-
dents will consider both versions musically plausible
performances, and, consequently, just guess what is an
original recording.

On the other hand, if a significant proportion of the
respondents is able to identify the original correctly,
this will support the tempo-specific timing hypothesis.
This hypothesis is based on the idea that expressive
timing in music performance (defined as the local devia-
tions from isochrony as well as more global changes in
tempo) is intrinsically related to global tempo. When
expressive timing is simply scaled to another tempo
(i.e., slowing it down or speeding it up proportionally)
this may make the performance sound awkward or un-
natural, and hence easier to identify as an tempo-
transformed version. In addition, one could argue that if
performers adapt their timing to the global tempo in a
non-proportional way (as was shown at least for some
musical styles; [5], [6]) it might well be that listeners
are sensitive to this as well; A performance that is
tempo-transformed may sound awkward since the ex-
pressive timing is not adapted in a way a musician
would normally do.

3.3. A parallel: motion in early film

The main hypothesis (i.e. tempo-specific timing) could
be informally illustrated with an example from motion
perception in film. Think, for instance, of early films
featuring, .e.g., Buster Keaton. In films of that period,
movements, like walking, often look a bit awkward.
This is actually caused by a difference in the speed of
recording and that of the projection (using a higher
frame rate in projection). Interestingly, our perception
tells us —immediately but indirectly— that something
is wrong with the rate of the projection. Indirectly, be-
cause we perceive the timing of the movements (e.g.,
walking) to be strange, and we deduce from that that the
tempo (or rate of projection) must be wrong. If the tim-
ing of walking movements (cf. expressive timing in
music performance) would be invariant with rate (cf.
global tempo in music performance) we would not have
noticed anything peculiar.

3.4. Method1

3.4.1. Participants

The participants (N=307) responded to an invitation
that was sent to a variety of professional mailing lists,
and to students from the University of Amsterdam and
Northwestern University.

3.4.2. Internet support

The responses were collected in an online internet ver-
sion of the experiment using standard web browser
technologies (i.e. HTML, CGI and Java scripts). The
experimental setup and stimuli were generated using
POCO ([10]).

3.4.3. Materials and stimulus preparation

The experiment came in two versions, Jazz and Classi-
cal, using different stimuli but an identical design. The
stimuli consisted of five original recordings and five
tempo-transformed versions of these originals (in
MPEG4 format). The tempo-transformed versions were
constructed using commercial time-stretching software
(ASD, manufacturer: Roni Music).2 All stimuli were
processed using the same equalization and signal proc-
essing settings. The order (original or tempo-
transformed version first) and direction of the transfor-
mation (slower or faster) were randomly selected. All
sound excerpts were taken from the beginning of a re-
cording (the first n seconds) and consisted of one or
more musical phrases. The resulting ten stimuli were
presented in random order and blocked per artist.

3.4.4. Procedure

Participants were asked to visit a temporary webpage of
the online experiment. First, they were asked to test
their computer and audio system with a short sound ex-
cerpt, and adjust the volume to a comfortable level.
Next, they were asked to select the musical genre (“Jazz”
or “Classical”) with which they considered themselves
most familiar. Finally, the participants were instructed
a) to listen –as often as needed– to a single sound ex-
ample, focusing on the use of expressive timing as if
they were a judge in a music performance master class
(ignoring possible timbral artifacts), and b) to answer
the questions listed on the screen (see Figure 1).

Figure 1. Fragment of the online interface.
                                                
1 Due to space restrictions, for a details see [13].
2 The manufacturer could not provide any information on the signal
processing method used; Future experiments will use an even more
advanced time-stretching algorithm ([2]).



4. RESULTS

4.1. Results for the Classical version

The results of the identification task (“Is this an original
recording?”) are shown in Figure 2. It can be seen that
the participants (N = 175) could correctly identify the
original. All responses are highly significant.

Figure 2. Results of the Classical version of the Ex-
periment (N = 175). An = in the stimulus-label refers
to an original recording, a < and a > respectively to a
slower and faster tempo-transformed version (*
p<0.05; ** p<0.01; *** p<0.001).

4.2. Results for the Jazz version

The results of the identification task (“Is this an original
recording?”) are shown in Figure 3. Here as well, the
participants (N = 132) seemed to be able to correctly
identify the original; All responses significantly differ
from chance (one-tailed binomial test), except for one
recording (discussed below). In comparison to the Clas-
sical version of the experiment, the results in the Jazz
version are more pronounced. Suggesting that, indeed,
in Jazz, expressive timing plays an even more important
role: expressive timing (e.g., swing or groove) cannot
just be scaled to another tempo without sounding awk-
ward.

Figure 3. Results of the Jazz version of the Experi-
ment (N = 132). An = in the stimulus-label refers to
an original recording, a < and a > respectively to a
slower and faster tempo-transformed version (*
p<0.05; ** p<0.01; *** p<0.001; + significant mis-
identification).

As mentioned, there was one intriguing exception: the
jazz fragment performed by the Mehldau trio. This was

significantly misidentified. This means that the tempo-
transformed version was judged by a significant major-
ity to be an original, and vice versa. However, it is un-
clear what caused this peculiar mix-up.3

Finally, the overall results of the Classical version
of the experiment were significantly different from the
null hypothesis (χ2[9] = 122.50, p<.0001). In the Jazz
version of the experiment this is even more pronounced
(χ2[9] = 133.12, p<.0001). This suggests a stronger
sensitivity to the use of expressive timing as a cue in
recognizing an original recording for the jazz repertoire.

5. SUMMARY AND DISCUSSION

The experiment reported in this short paper was con-
cerned with the question of whether listeners can identify
an original recording when asked to focus on the expres-
sive timing used. This was investigated by asking lis-
teners to distinguish between an original audio recording
and a tempo-transformed version. The results show that a
significant majority of the participants could identify an
original performance, and more clearly so for sound ex-
cerpts from the Jazz than the Classical repertoire.

Since the expressive timing in the tempo-
transformed stimuli was in fact relationally invariant
with the original stimuli, the relational invariance hy-
pothesis predicts no preference for the original over the
tempo-transformed version. This contradicts the experi-
mental results of the present study: listeners were, in
most cases, able to identify the original versus the
tempo-transformed version. This is taken as evidence for
the tempo-specific timing hypothesis in jazz and classi-
cal music: expressive timing, when applied at the ap-
propriate tempo, can function as a clue in identifying an
original performance.

However, some alternative explanations of the re-
ported results have to be considered. One could be the
possible artifacts of the signal processing method that
may have helped the identification of the tempo-
transformed stimuli (cf. footnote 2). While the parame-
ter settings and tempo range used were carefully decided
on to minimize artifacts (using the results of a pilot
study; [13]), and listeners were instructed to focus on
the expressive timing (not on possible timbral artifacts),
we cannot be sure this had at least some effect. How-
ever, arguing the other way around, if artifacts would
have played a role in deciding on what is an original
recording, one would expect much higher identification
rates. Furthermore, it cannot explain the misidentifica-
tion of the Mehldau example.

Another factor that could have influenced the results
is that listeners may have based their judgments on
tempo preference, instead of whether expressive timing
was used in a musically convincing way. While the lat-
ter was instructed, it may be that some listeners, when
in doubt, simply selected the tempo they preferred.
However, a further experiments are needed to separate
between these important factors.

Nevertheless, these results might come as no sur-
prise to musicians. In the music literature one often

                                                
3 The stimuli used can be found at http://www.hum.uva.nl/mmm/exp1



finds discussions of how to select the appropriate
tempo, and how and when to apply the appropriate tim-
ing. Musicians tend to adapt their timing to the tempo
used, bringing out other structural levels of the music at
different tempi (see [1]). Besides changing the depth of
the expressive timing (relative modulation depth or
amount of rubato) — which still could be proportional
to the timing at a slower tempo (cf. [19]) — also the
timing patterns themselves change significantly (cf.
[15]). Furthermore, the results confirm what has been
found in several in music performance studies ([1], [5],
[6]).

In addition, the present study can also be seen as an
evaluation of the state-of-the-art time-stretching technol-
ogy. It suggests that time-stretching algorithms might
need additional information in order to keep the quality
of the original timing similar under tempo transforma-
tion. Recent sound signal processing research is indeed
focusing on such enhancements (e.g., [7], [20]), trying
to incorporate structural and stylistic knowledge to
make a tempo-transformation sound more natural.
Computational models of rhythm perception might be
of good use in such research  ([11], [14]).

In conclusion, the present study shows that rela-
tional invariance (cf. a tempo controller on a MIDI se-
quencer) is, in general, too simplistic a model of the
interaction between expressive timing and global tempo
in music performance. It suggests the need for richer
models of expressive timing and tempo than might be
currently considered in computer music systems ([11],
[14], [15]).
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