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ABSTRACT

The estimation of the perceived tempo is required in many
MIR applications. However, automatic tempo estimation
itself is still an open problem due to the insufficient un-
derstanding of the inherent mechanisms of the tempo per-
ception. Published methods only use the information of
rhythm pattern, so they may meet the hal f /double tempo
error problem. To solve this problem, We propose to use
statistic model to investigate the association between tim-
bre and tempo and use timbre information to improve the
performance of tempo estimation. Experiment results show
that this approach performs at least comparably to existing
tempo extraction algorithms.

1 INTRODUCTION

The perceived tempo is an apparent and descriptive feature
of songs, and it gives the listener a direct impression of the
music emotion. According to this feature, one can search for
songs with his expectant speed quickly. Therefore, tempo is
a useful property of songs.

The automatic extraction of tempo information directly
from digital audio signals is still an open problem, because
the association between tempo and other music attributes
such as rhythm pattern, melody and timbre, is not yet very
well understood. Thus it attracts a lot of researchers, and
many perceived tempo identification algorithms are publish-
ed. State-of-the-art methods regard tempo identification as
an optimization problem. They search the best tempo esti-
mation of a song under the constraints of the rhythm pat-
terns, like periodicity and strength of onsets. For example,
[3] uses dynamic programming to find the set of beat times
that optimize both the onset strength at each beat and the
spacing between beats (tempo). The formulation of tempo
estimation in terms of a constraint optimization problem re-
quires a clear understanding of the inherent mechanisms of
tempo perception. However, people barely know what fac-
tors and how these factors affect the perceived tempo. And
that is why sometimes, the most salient tempo estimation is
not the perceived tempo but half or double of it.

Fortunately in spite of the insufficient understanding of
perceived tempo, it is still possible to solve the tempo esti-
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mation problem by using statistic models, whose effective-
ness has been proved in the fields of speech recognition and
natural language processing. In [2], Seyerlehner et al. refor-
mulates the tempo estimation in terms of a nearest neighbor
classification problem. For a testing song, [2] compares its
rhythm pattern with those in the training set. And the tempo
of the most similar song in the training set is assigned to
the testing song. The promising reported results show that,
the statistic model, which is the nearest neighbor algorithm
in [2], is able to capture the complex association between
rhythm pattern and perceived tempo. And more importantly,
statistic models facilitate the investigation of the factors that
influence the perception of tempo, without knowing how
they work.

In fact, except for the rhythm pattern, timbre is one of the
factors that can affect the human perception of tempo. It can
be noted that, songs with high perceived tempo are usually
quite noisy while those with low perceived tempo are usu-
ally quiet. One explanation is that noisy timbre can intensify
the tension of fast songs while smooth timbre can make slow
songs more peaceful. In this paper, we try to mine the as-
sociation between timbre and perceived tempo by using a
parameterized statistic model. And a novel tempo estima-
tion method is proposed by taking advantage of the learned
statistic model. Our approach first uses a state-of-the-art
method to generate several tempo candidates. Then, the
likelihood of each candidate is computed based on the tim-
bre feature of the song. Finally, the candidate with the high-
est likelihood is regarded as the tempo of the song. Exper-
iments show that significant improvement is achieved com-
paring with the state-of-the-art algorithm we use.

The remainder of this paper is organized as follows: the
motivation of our research is presented in Section 2. De-
tails of our algorithm is introduced in Section 3. Section 4
is the experiments and discussion of the results. Section 5
concludes the paper.

2 MOTIVATION

The perceived tempo of certain pieces might vary depending
on different human subjects [5]. Although this ambiguity
makes it difficult to estimate the perceived tempo, many ef-
forts have been made on the automatical tempo estimation.
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Figure 1. Illustration of FPs of two songs. The upper pane
is the FP of a song with tempo value 208 bpm (3.4 Hz); the
lower pane is the FP of a song with tempo value 104 bpm
(1.7 Hz).

A common approach of state-of-the-art methods [1] is to
analyze the extracted rhythm patterns under the assumption
that one of the periodicities present in the rhythm patterns
corresponds to the perceived tempo. [1] evaluates eleven
algorithms by using two evaluation metrics as follows:

e Accuracy 1: the percentage of tempo estimates within
4 % (the precision window) of the ground-truth tempo.

e Accuracy 2: the percentage of tempo estimates within
4 % of either the ground-truth tempo, or half, double,
three times or one third of the ground-truth tempo.

In the evaluation of [1], for all eleven algorithms, accu-
racies 2 are much higher than accuracies 1. The average
increment is about 30%. This result shows that state-of-the-
art methods mainly suffer from the hal f /double and one —
third/triple tempo error problems (We will use "hal f /do—
uble” for both kind of errors). One possible reason is that
sometimes it is quite hard to pick the “most salient tempo”
from the rhythm pattern, as shown in the upper pane of Fig-
ure 1, which illustrates the Fluctuation Pattern (FP)[4] of a
song. The left light bar corresponds to a possible tempo of
104 bpm (1.7 Hz) and right light bar corresponds to a pos-
sible tempo of 208 bpm (3.4 Hz). It is hard to determine
which tempo is more salient.

Merely using rhythm pattern as the feature, the instance
based method [2] may meet the half/double tempo error
problem as well, because sometimes the rhythm pattern of
a song is very similar to that of a song with double tempo,
but different from a song with the same tempo. As shown in
Figure 1, the upper pane illustrates the FP of a song whose
tempo is 208 bpm and the lower one illustrates the FP of a
song whose tempo is 104 bpm.
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Since the tempo is an important parameter that reflects
the mood of a song, an estimated tempo which is half or
double of the ground truth might give the user a terrible ex-
perience. For example, a sad user intends to search a slow
song, but gets a bright one with double of the desired tempo.
In order to solve the hal f /double tempo error problem, we
decide to investigate possible factors that influence the per-
ception of tempo except for rhythm patterns. And we hope
these factors can be used to improve the accuracy of tempo
estimation. Noticing the phenomenon that songs with high
perceived tempo are usually quite noisy while those with
low perceived tempo are usually quiet, we choose timbre as
the factor into which we want to get deeper insights.

3 OUR METHOD

Without knowing how the timbre affects the perception of
tempo, we build a statistic model to capture the association
between tempo and timbre. Then, the statistic model is com-
bined with a state-of-the-art method to estimate the tempo of
a piece of music.

3.1 Training the statistic model

We train a statistic model as follows: (1) For each song in
the training set, we divide it into several 10-second seg-
ments, with neighboring segments overlapping 1/2 of the
length. (2) Each 10-second segment is further windowed
into 0.1-second frames. After extracting a 12-dimension
MFCC vector from each frame, the mean MFCC vector of
each 10-second segment is computed. Then the annotated
tempo is combined with the mean MFCC vector to form a
13-dimension tempo-timbre feature. (3) Finally, the aggre-
gate of tempo-timbre features of all songs in the training set
are used to train a GMMSs model, which describes the prob-
ability distribution of tempo-timbre feature.

3.2 Tempo prediction

We propose a tempo estimation method by using the pre-
trained statistic model. The process of predicting is given
below:

1. Partition a testing song into several 10-second seg-
ments with 5-second overlapping.

2. For each segment, use [3] to get a possible tempo.
Then, four additional tempi are generated by multi-
plying the original tempo with factor 0.33, 0.5, 2 and
3. Thus, there are five candidate tempi for a piece of
music, denoted as 7,7 = 1, ..., 5.

3. Compute the 12-dimension mean MFCC vector of each
segment, denoted as M.
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Figure 2. Histograms of ground truth tempo values for ball-
room, songs data sets.

4. For each 10-second segment, compute the probabil-
ity of the combination of T; and M in the pre-trained
statistic model. The candidate with the highest proba-
bility is determined as the tempo of the segment. The
mathematic expression is in equation(1).

T = arngaxP(Ti|M), (1)

where P(z]y) is the likelihood of = with respect to y.

5. Select the median of the tempi of all segments as the
estimated tempo of the testing song.

4 EXPERIMENTS AND DISCUSSION

Our experiments are based on two data sets that have been
used in [1, 2]. The ballroom data set consists of 698 thirty-
second audio excerpts, and the songs data set contains 465
audio clips from nine genres. Both data sets are publicly
available ! . The distributions of the annotated tempi in both
data sets are shown in Figure 2.

To make the results comparable to [1], we use the accu-
racy 1 mentioned in Section 2 as the evaluation criterion.
The error measure of [2] is used to visualize the errors, as
defined in equation (2).
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Figure 3. Comparative experiment results on ballroom and
songs data sets.

where t* is the predicted tempo value and ¢ is the ground
truth.

In our experiment, an 8-center GMMs model is used to
describe the probability distribution of the tempo-timbre fea-
ture. We use the well-known 10-fold cross validation strat-
egy to evaluate the proposed method on each data set.

Firstly, the results of our timbre-related method are com-
pared with those of Ellis’ method [3]. Our approach achieves
accuracies of 68.4% and 60.51% for ballroom data set and
songs data set respectively, while [3] only achieves 57.7%
and 34%. The visualization of the prediction results of both
methods on ballroom data set is illustrated in Figure 4, in
which the upper pane is the prediction error of proposed al-
gorithm and the medium pane is the error of [3]. We can see
that many hal f /double errors made by [3] are corrected by
our algorithm.

Secondly, in order to show the effectiveness of timbre-
related method, we compare our approach with algorithms
in [1, 2, 3]. The comparative experiment results are illus-
trated in Figure 3. The prediction results of eleven algo-
rithms , namely Miguel Alonso (A1, A2), Simon Dixon (D1,
D2, D3), Anssi Klapuri (KL), Eric Scherier (SC), George
Tzanetakis (T1, T2, T3) and Christian Uhle (UH), are ob-
tained from [1]. And the results of the instance based al-
gorithm, namely Klaus Seyerkehner (S1, S2), are obtained
from [2]. The last two darker bars represent the results of
Ellis’ method [3] (E) and our timbre related method (OT).
Our method has apparently higher accuracies in both data
sets than other state-of-the-art algorithms, in spite of a little
weakness in comparison with instance based approaches, S1
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Figure 4. Visualization of errors on ballroom data set, sorted in ascending order according to ground truth tempo. Upper pane
is the prediction errors of the proposed algorithm. Medium pane is the prediction errors of Ellis’ method [3]. Bottom pane is

the ground truth tempo.

and S2, on ballroom set. Howeyver, for the instance based ap-
proach, the high accuracy in ballroom data set relates much
to the tempo distribution of the data set. As it shows in Fig-
ure 2, data in the ballroom set concentrate on several certain
values-such as 100 bpm and 120 bpm-which makes it facile
to find the correct tempo using the nearest neighbor classi-
fication algorithm. This ascendency of S1 and S2 does not
occur in the songs data set, since the tempo distribution of
this set is close to normal distribution. And the result of our
method in songs set is equally good as, even better than, that
of S1 and S2. Thus, we may draw the conclusion that, our
timbre related algorithm performs at the same level as the
best current tempo estimation algorithms.

5 CONCLUSION

Current tempo estimation methods often meet the hal f /do—
uble tempo problem because it’s hard to pick the most salient
tempo merely by using the rhythm information of the indi-
vidual song. Noticing the fact that the timbre of a song is
relevant to its tempo, we use a statistic model to capture
the association between the two attributes. We also pro-
pose a novel tempo estimation approach by using the tim-
bre information. Experimental results based on two differ-
ent data sets show that our approach efficiently reduces the
half /double errors made by a sate-of-the-art tempo esti-
mation method, and performs at least equally well as other
tempo identification methods.

As with each supervised learning approach, the good per-
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formance of the proposed tempo estimation method requires
a large annotated training set that covers a wide tempo range
as well as various genres and musical styles. However, ap-
plying the statistic model to tempo extraction can help inves-
tigating the factors that affect tempo perception and improve
the accuracy of perceived tempo estimation.
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