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Musical Genre Classification of Audio Signals
George Tzanetakis, Student Member, IEEE, and Perry Cook, Member, IEEE

Abstract—Musical genres are categorical labels created by humans to characterize pieces of music. A musical genre is characterized by the common characteristics shared by its members.
These characteristics typically are related to the instrumentation,
rhythmic structure, and harmonic content of the music. Genre hierarchies are commonly used to structure the large collections of
music available on the Web. Currently musical genre annotation
is performed manually. Automatic musical genre classification can
assist or replace the human user in this process and would be a
valuable addition to music information retrieval systems. In addition, automatic musical genre classification provides a framework for developing and evaluating features for any type of content-based analysis of musical signals.
In this paper, the automatic classification of audio signals into
an hierarchy of musical genres is explored. More specifically,
three feature sets for representing timbral texture, rhythmic
content and pitch content are proposed. The performance and
relative importance of the proposed features is investigated by
training statistical pattern recognition classifiers using real-world
audio collections. Both whole file and real-time frame-based
classification schemes are described. Using the proposed feature
sets, classification of 61% for ten musical genres is achieved. This
result is comparable to results reported for human musical genre
classification.
Index Terms—Audio classification, beat analysis, feature extraction, musical genre classification, wavelets.

I. INTRODUCTION

M

USICAL genres are labels created and used by humans
for categorizing and describing the vast universe of
music. Musical genres have no strict definitions and boundaries
as they arise through a complex interaction between the public,
marketing, historical, and cultural factors. This observation
has led some researchers to suggest the definition of a new
genre classification scheme purely for the purposes of music
information retrieval [1]. However even with current musical
genres, it is clear that the members of a particular genre share
certain characteristics typically related to the instrumentation,
rhythmic structure, and pitch content of the music.
Automatically extracting music information is gaining importance as a way to structure and organize the increasingly
large numbers of music files available digitally on the Web. It is
very likely that in the near future all recorded music in human
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history will be available on the Web. Automatic music analysis
will be one of the services that music content distribution vendors will use to attract customers. Another indication of the increasing importance of digital music distribution is the legal attention that companies like Napster have recently received.
Genre hierarchies, typically created manually by human experts, are currently one of the ways used to structure music content on the Web. Automatic musical genre classification can potentially automate this process and provide an important component for a complete music information retrieval system for
audio signals. In addition it provides a framework for developing and evaluating features for describing musical content.
Such features can be used for similarity retrieval, classification,
segmentation, and audio thumbnailing and form the foundation
of most proposed audio analysis techniques for music.
In this paper, the problem of automatically classifying audio
signals into an hierarchy of musical genres is addressed. More
specifically, three sets of features for representing timbral texture, rhythmic content and pitch content are proposed. Although
there has been significant work in the development of features
for speech recognition and music–speech discrimination there
has been relatively little work in the development of features
specifically designed for music signals. Although the timbral
texture feature set is based on features used for speech and general sound classification, the other two feature sets (rhythmic
and pitch content) are new and specifically designed to represent aspects of musical content (rhythm and harmony). The
performance and relative importance of the proposed feature
sets is evaluated by training statistical pattern recognition classifiers using audio collections collected from compact disks,
radio, and the Web. Audio signals can be classified into an hierarchy of music genres, augmented with speech categories. The
speech categories are useful for radio and television broadcasts.
Both whole-file classification and real-time frame classification
schemes are proposed.
The paper is structured as follows. A review of related work
is provided in Section II. Feature extraction and the three specific feature sets for describing timbral texture, rhythmic structure, and pitch content of musical signals are described in Section III. Section IV deals with the automatic classification and
evaluation of the proposed features and Section V with conclusions and future directions.
II. RELATED WORK
The basis of any type of automatic audio analysis system is
the extraction of feature vectors. A large number of different
feature sets, mainly originating from the area of speech recognition, have been proposed to represent audio signals. Typically
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they are based on some form of time-frequency representation.
Although a complete overview of audio feature extraction is beyond the scope of this paper, some relevant representative audio
feature extraction references are provided.
Automatic classification of audio has also a long history originating from speech recognition. Mel-frequency cepstral coefficients (MFCC) [2], are a set of perceptually motivated features that have been widely used in speech recognition. They
provide a compact representation of the spectral envelope, such
that most of the signal energy is concentrated in the first coefficients.
More recently, audio classification techniques that include
nonspeech signals have been proposed. Most of these systems
target the classification of broadcast news and video in broad
categories like music, speech, and environmental sounds. The
problem of discrimination between music and speech has received considerable attention from the early work of Saunders
[3] where simple thresholding of the average zero-crossing rate
and energy features is used, to the work of Scheirer and Slaney
[4] where multiple features and statistical pattern recognition
classifiers are carefully evaluated. In [5], audio signals are
segmented and classified into “music,” “speech,” “laughter,”
and nonspeech sounds using cepstral coefficients and a hidden
Markov model (HMM). A heuristic rule-based system for the
segmentation and classification of audio signals from movies
or TV programs based on the time-varying properties of simple
features is proposed in [6]. Signals are classified into two broad
groups of music and nonmusic which are further subdivided
into (music) harmonic environmental sound, pure music, song,
speech with music, environmental sound with music, and
(non-music) pure speech and nonharmonic environmental
sound. Berenzweig and Ellis [7] deal with the more difficult
problem of locating singing voice segments in musical signals.
In their system, the phoneme activation output of an automatic
speech recognition system is used as the feature vector for
classifying singing segments.
Another type of nonspeech audio classification system involves isolated musical instrument sounds and sound effects.
In the pioneering work of Wold et al. [8] automatic retrieval,
classification and clustering of musical instruments, sound effects, and environmental sounds using automatically extracted
features is explored. The features used in their system are statistics (mean, variance, autocorrelation) over the whole sound file
of short time features such as pitch, amplitude, brightness, and
bandwidth. Using the same dataset various other retrieval and
classification approaches have been proposed. Foote [9] proposes the use of MFCC coefficients to construct a learning tree
vector quantizer. Histograms of the relative frequencies of feature vectors in each quantization bin are subsequently used for
retrieval. The same dataset is also used in [10] to evaluate a feature extraction and indexing scheme based on statistics of the
discrete wavelet transform (DWT) coefficients. Li [11] used the
same dataset to compare various classification methods and feature sets and proposed the use of the nearest feature line pattern
classification method.
In the previously cited systems, the proposed acoustic features do not directly attempt to model musical signals and therefore are not adequate for automatic musical genre classification.

For example, no information regarding the rhythmic structure
of the music is utilized. Research in the areas of automatic beat
detection and multiple pitch analysis can provide ideas for the
development of novel features specifically targeted to the analysis of music signals.
Scheirer [12] describes a real-time beat tracking system for
audio signals with music. In this system, a filterbank is coupled
with a network of comb filters that track the signal periodicities to
provide an estimate of the main beat and its strength. A real-time
beat tracking system based on a multiple agent architecture that
tracks several beat hypotheses in parallel is described in [13].
More recently, computationally simpler methods based on onset
detection at specific frequencies have been proposed in [14]
and [15]. The beat spectrum, described in [16], is a more global
representation of rhythm than just the main beat and its strength.
To the best of our knowledge, there has been little research
in feature extraction and classification with the explicit goal of
classifying musical genre. Reference [17] contains some early
work and preliminary results in automatic musical genre classification.
III. FEATURE EXTRACTION
Feature extraction is the process of computing a compact numerical representation that can be used to characterize a segment of audio. The design of descriptive features for a specific
application is the main challenge in building pattern recognition systems. Once the features are extracted standard machine
learning techniques which are independent of the specific application area can be used.
A. Timbral Texture Features
The features used to represent timbral texture are based on
standard features proposed for music-speech discrimination [4]
and speech recognition [2]. The calculated features are based
on the short time Fourier transform (STFT) and are calculated
for every short-time frame of sound. More details regarding
the STFT algorithm and the Mel-frequency cepstral coefficients
(MFCC) can be found in [18]. The use of MFCCs to separate
music and speech has been explored in [19]. The following specific features are used to represent timbral texture in our system.
1) Spectral Centroid: The spectral centroid is defined as the
center of gravity of the magnitude spectrum of the STFT

(1)

is the magnitude of the Fourier transform at frame
where
and frequency bin . The centroid is a measure of spectral
shape and higher centroid values correspond to “brighter” textures with more high frequencies.
2) Spectral Rolloff: The spectral rolloff is defined as the frebelow which 85% of the magnitude distribution is
quency
concentrated
(2)
The rolloff is another measure of spectral shape.
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3) Spectral Flux: The spectral flux is defined as the squared
difference between the normalized magnitudes of successive
spectral distributions
(3)
and
are the normalized magnitude of the
where
Fourier transform at the current frame , and the previous frame
, respectively. The spectral flux is a measure of the amount
of local spectral change.
4) Time Domain Zero Crossings:
(4)
function is 1 for positive arguments and 0 for
where the
is the time domain signal for frame
negative arguments and
. Time domain zero crossings provide a measure of the noisiness of the signal.
5) Mel-Frequency Cepstral Coefficients: Mel-frequency
cepstral coefficients (MFCC) are perceptually motivated
features that are also based on the STFT. After taking the
log-amplitude of the magnitude spectrum, the FFT bins are
grouped and smoothed according to the perceptually motivated
Mel-frequency scaling. Finally, in order to decorrelate the
resulting feature vectors a discrete cosine transform is performed. Although typically 13 coefficients are used for speech
representation, we have found that the first five coefficients
provide the best genre classification performance.
6) Analysis and Texture Window: In short-time audio
analysis, the signal is broken into small, possibly overlapping,
segments in time and each segment is processed separately.
These segments are called analysis windows and have to
be small enough so that the frequency characteristics of the
magnitude spectrum are relatively stable (i.e., assume that the
signal for that short amount of time is stationary). However, the
sensation of a sound “texture” arises as the result of multiple
short-time spectrums with different characteristics following
some pattern in time. For example, speech contains vowel
and consonant sections which have very different spectral
characteristics.
Therefore, in order to capture the long term nature of sound
“texture,” the actual features computed in our system are the
running means and variances of the extracted features described
in the previous section over a number of analysis windows. The
term texture window is used in this paper to describe this larger
window and ideally should correspond to the minimum time
amount of sound that is necessary to identify a particular sound
or music “texture.” Essentially, rather than using the feature
values directly, the parameters of a running multidimensional
Gaussian distribution are estimated. More specifically, these parameters (means, variances) are calculated based on the texture
window which consists of the current feature vector in addition
to a specific number of feature vectors from the past. Another
way to think of the texture window is as a memory of the past.
For efficient implementation a circular buffer holding previous
feature vectors can be used. In our system, an analysis window
of 23 ms (512 samples at 22 050 Hz sampling rate) and a texture
window of 1 s (43 analysis windows) is used.
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7) Low-Energy Feature: Low energy is the only feature that
is based on the texture window rather than the analysis window.
It is defined as the percentage of analysis windows that have less
RMS energy than the average RMS energy across the texture
window. As an example, vocal music with silences will have
large low-energy value while continuous strings will have small
low-energy value.
B. Timbral Texture Feature Vector
To summarize, the feature vector for describing timbral texture consists of the following features: means and variances of
spectral centroid, rolloff, flux, zerocrossings over the texture
window (8), low energy (1), and means and variances of the first
five MFCC coefficients over the texture window (excluding the
coefficient corresponding to the DC component) resulting in a
19-dimensional feature vector.
C. Rhythmic Content Features
Most automatic beat detection systems provide a running estimate of the main beat and an estimate of its strength. In addition to these features in order to characterize musical genres
more information about the rhythmic content of a piece can be
utilized. The regularity of the rhythm, the relation of the main
beat to the subbeats, and the relative strength of subbeats to the
main beat are some examples of characteristics we would like
to represent through feature vectors.
One of the common automatic beat detector structures consists of a filterbank decomposition, followed by an envelope extraction step and finally a periodicity detection algorithm which
is used to detect the lag at which the signal’s envelope is most
similar to itself. The process of automatic beat detection resembles pitch detection with larger periods (approximately 0.5 s to
1.5 s for beat compared to 2 ms to 50 ms for pitch).
The calculation of features for representing the rhythmic
structure of music is based on the wavelet transform (WT)
which is a technique for analyzing signals that was developed
as an alternative to the STFT to overcome its resolution
problems. More specifically, unlike the STFT which provides
uniform time resolution for all frequencies, the WT provides
high time resolution and low-frequency resolution for high
frequencies, and low time and high-frequency resolution for
low frequencies. The discrete wavelet transform (DWT) is a
special case of the WT that provides a compact representation
of the signal in time and frequency that can be computed
efficiently using a fast, pyramidal algorithm related to multirate
filterbanks. More information about the WT and DWT can
be found in [20]. For the purposes of this work, the DWT
can be viewed as a computationally efficient way to calculate
an octave decomposition of the signal in frequency. More
(center
specifically, the DWT can be viewed as a constant
frequency/bandwidth) with octave spacing between the centers
of the filters.
In the pyramidal algorithm, the signal is analyzed at different
frequency bands with different resolutions for each band. This is
achieved by successively decomposing the signal into a coarse
approximation and detail information. The coarse approximation is then further decomposed using the same wavelet decomposition step. This decomposition step is achieved by successive
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2) Low-Pass Filtering:
(8)
i.e., a one-pole filter with an alpha value of 0.99 which is used
to smooth the envelope. Full wave rectification followed by
low-pass filtering is a standard envelope extraction technique.
3) Downsampling:
(9)
in our implementation. Because of the large pewhere
riodicities for beat analysis, downsampling the signal reduces
computation time for the autocorrelation computation without
affecting the performance of the algorithm.
4) Mean Removal:
(10)
is applied in order to make the signal centered to zero for the
autocorrelation stage.
5) Enhanced Autocorrelation:
Fig. 1.

Beat histogram calculation flow diagram.

(11)
highpass and lowpass filtering of the time domain signal and is
defined by the following equations:
(5)
(6)
,
are the outputs of the highpass (g) and
where
lowpass (h) filters, respectively after subsampling by two. The
DAUB4 filters proposed by Daubechies [21] are used.
The feature set for representing rhythm structure is based
on detecting the most salient periodicities of the signal. Fig. 1
shows the flow diagram of the beat analysis algorithm. The
signal is first decomposed into a number of octave frequency
bands using the DWT. Following this decomposition, the
time domain amplitude envelope of each band is extracted
separately. This is achieved by applying full-wave rectification,
low pass filtering, and downsampling to each octave frequency
band. After mean removal, the envelopes of each band are then
summed together and the autocorrelation of the resulting sum
envelope is computed. The dominant peaks of the autocorrelation function correspond to the various periodicities of the
signal’s envelope. These peaks are accumulated over the whole
sound file into a beat histogram where each bin corresponds to
the peak lag, i.e., the beat period in beats-per-minute (bpm).
Rather than adding one, the amplitude of each peak is added to
the beat histogram. That way, when the signal is very similar to
itself (strong beat) the histogram peaks will be higher.
The following building blocks are used for the beat analysis
feature extraction.
1) Full Wave Rectification:
(7)
is applied in order to extract the temporal envelope of the signal
rather than the time domain signal itself.

the peaks of the autocorrelation function correspond to the time
lags where the signal is most similar to itself. The time lags of
peaks in the right time range for rhythm analysis correspond
to beat periodicities. The autocorrelation function is enhanced
using a similar method to the multipitch analysis model of
Tolonen and Karjalainen [22] in order to reduce the effect
of integer multiples of the basic periodicities. The original
autocorrelation function of the summary of the envelopes, is
clipped to positive values and then time-scaled by a factor of
two and subtracted from the original clipped function. The
same process is repeated with other integer factors such that
repetitive peaks at integer multiples are removed.
6) Peak Detection and Histogram Calculation: The first
three peaks of the enhanced autocorrelation function that are in
the appropriate range for beat detection are selected and added
to a beat histogram (BH). The bins of the histogram correspond
to beats-per-minute (bpm) from 40 to 200 bpm. For each peak
of the enhanced autocorrelation function the peak amplitude
is added to the histogram. That way peaks that have high
amplitude (where the signal is highly similar) are weighted
more strongly than weaker peaks in the histogram calculation.
7) Beat Histogram Features: Fig. 2 shows a beat histogram
for a 30-s excerpt of the song “Come Together” by the Beatles.
The two main peaks of the BH correspond to the main beat at
approximately 80 bpm and its first harmonic (twice the speed) at
160 bpm. Fig. 3 shows four beat histograms of pieces from different musical genres. The upper left corner, labeled classical,
is the BH of an excerpt from “La Mer” by Claude Debussy. Because of the complexity of the multiple instruments of the orchestra there is no strong self-similarity and there is no clear
dominant peak in the histogram. More strong peaks can be seen
at the lower left corner, labeled jazz, which is an excerpt from a
live performance by Dee Dee Bridgewater. The two peaks correspond to the beat of the song (70 and 140 bpm). The BH of
Fig. 2 is shown on the upper right corner where the peaks are
more pronounced because of the stronger beat of rock music.
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The prominent peaks of this summary enhanced autocorrelation function (SACF) correspond to the main pitches for that
short segment of sound. This method is similar to the beat detection structure for the shorter periods corresponding to pitch
perception. The three dominant peaks of the SACF are accumulated into a PH over the whole soundfile. For the computation
of the PH, a pitch analysis window of 512 samples at 22 050 Hz
sampling rate (approximately 23 ms) is used.
The frequencies corresponding to each histogram peak are
converted to musical pitches such that each bin of the PH corresponds to a musical note with a specific pitch (for example A4
440 Hz). The musical notes are labeled using the MIDI note
numbering scheme. The conversion from frequency to MIDI
note number can be performed using
(12)
Fig. 2. Beat histogram example.

The highest peaks of the lower right corner indicate the strong
rhythmic structure of a HipHop song by Neneh Cherry.
A small-scale study (20 excerpts from various genres) confirmed that most of the time (18/20) the main beat corresponds
to the first or second BH peak. The results of this study and the
initial description of beat histograms can be found in [23]. Unlike previous work in automatic beat detection which typically
aims to provide only an estimate of the main beat (or tempo) of
the song and possibly a measure of its strength, the BH representation captures more detailed information about the rhythmic
content of the piece that can be used to intelligently guess the
musical genre of a song. Fig. 3 indicates that the BH of different
musical genres can be visually differentiated. Based on this observation a set of features based on the BH are calculated in
order to represent rhythmic content and are shown to be useful
for automatic musical genre classification. These are:
• A0, A1: relative amplitude (divided by the sum of amplitudes) of the first, and second histogram peak;
• RA: ratio of the amplitude of the second peak divided by
the amplitude of the first peak;
• P1, P2: period of the first, second peak in bpm;
• SUM: overall sum of the histogram (indication of beat
strength).
For the BH calculation, the DWT is applied in a window of
65 536 samples at 22 050 Hz sampling rate which corresponds
to approximately 3 s. This window is advanced by a hop size of
32 768 samples. This larger window is necessary to capture the
signal repetitions at the beat and subbeat levels.
D. Pitch Content Features
The pitch content feature set is based on multiple pitch detection techniques. More specifically, the multipitch detection algorithm described by Tolonen and Karjalainen [22] is utilized.
In this algorithm, the signal is decomposed into two frequency
bands (below and above 1000 Hz) and amplitude envelopes are
extracted for each frequency band. The envelope extraction is
performed by applying half-wave rectification and low-pass filtering. The envelopes are summed and an enhanced autocorrelation function is computed so that the effect of integer multiples
of the peak frequencies to multiple pitch detection is reduced.

where is the frequency in Hertz and is the histogram bin
(MIDI note number).
Two versions of the PH are created: a folded (FPH) and unfolded histogram (UPH). The unfolded version is created using
the above equation without any further modifications. In the
folded case, all notes are mapped to a single octave using
(13)
where is the folded histogram bin (pitch class or chroma
is the unfolded histogram bin (or MIDI note
value), and
number). The folded version contains information regarding
the pitch classes or harmonic content of the music whereas the
unfolded version contains information about the pitch range of
the piece. The FPH is similar in concept to the chroma-based
representations used in [24] for audio-thumbnailing. More
information regarding the chroma and height dimension of
musical pitch can be found in [25]. The relation of musical
scales to frequency is discussed in more detail in [26].
Finally, the FPH is mapped to a circle of fifths histogram so
that adjacent histogram bins are spaced a fifth apart rather than
a semitone. This mapping is achieved by
(14)
where is the new folded histogram bin after the mapping and
is the original folded histogram bin. The number seven corresponds to seven semitones or the music interval of a fifth. That
way, the distances between adjacent bins after the mapping are
better suited for expressing tonal music relations (tonic-dominant) and the extracted features result in better classification
accuracy.
Although musical genres by no means can be characterized
fully by their pitch content, there are certain tendencies that
can lead to useful feature vectors. For example jazz or classical
music tend to have a higher degree of pitch change than rock
or pop music. As a consequence, pop or rock music pitch histograms will have fewer and more pronounced peaks than the
histograms of jazz or classical music.
Based on these observations the following features are computed from the UPH and FPH in order to represent pitch content.
• FA0: Amplitude of maximum peak of the folded histogram. This corresponds to the most dominant pitch
class of the song. For tonal music this peak will typically
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Fig. 3. Beat histogram examples.

•

•

•

•

correspond to the tonic or dominant chord. This peak
will be higher for songs that do not have many harmonic
changes.
UP0: Period of the maximum peak of the unfolded histogram. This corresponds to the octave range of the dominant musical pitch of the song.
FP0: Period of the maximum peak of the folded histogram. This corresponds to the main pitch class of the
song.
IPO1: Pitch interval between the two most prominent
peaks of the folded histogram. This corresponds to the
main tonal interval relation. For pieces with simple
harmonic structure this feature will have value 1 or 1
corresponding to fifth or fourth interval (tonic-dominant).
SUM The overall sum of the histogram. This is feature is
a measure of the strength of the pitch detection.

E. Whole File and Real-Time Features
In this work, both the rhythmic and pitch content feature
set are computed over the whole file. This approach poses no
problem if the file is relatively homogeneous but is not appropriate if the file contains regions of different musical texture.
Automatic segmentation algorithms [27], [28] can be used to
segment the file into regions and apply classification to each
region separately. If real-time performance is desired, only the
timbral texture feature set can be used. It might possible to com-

pute the rhythmic and pitch features in real-time using only
short-time information but we have not explored this possibility.
IV. EVALUATION
In order to evaluate the proposed feature sets, standard statistical pattern recognition classifiers were trained using realworld data collected from a variety of different sources.
A. Classification
For classification purposes, a number of standard statistical
pattern recognition (SPR) classifiers were used. The basic idea
behind SPR is to estimate the probability density function (pdf)
for the feature vectors of each class. In supervised learning a labeled training set is used to estimate the pdf for each class. In
the simple Gaussian (GS) classifier, each pdf is assumed to be
a multidimensional Gaussian distribution whose parameters are
estimated using the training set. In the Gaussian mixture model
(GMM) classifier, each class pdf is assumed to consist of a mixture of a specific number of multidimensional Gaussian distributions. The iterative EM algorithm can be used to estimate
the parameters of each Gaussian component and the mixture
weights. In this work GMM classifiers with diagonal covariance
matrices are used and their initialization is performed using the
-means algorithm with multiple random starting points. Finally, the -nearest neighbor ( -NN) classifier is an example
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Fig. 4. Audio classification hierarchy.
TABLE I
CLASSIFICATION ACCURACY MEAN AND STANDARD DEVIATION

of a nonparametric classifier where each sample is labeled according to the majority of its nearest neighbors. That way, no
functional form for the pdf is assumed and it is approximated
locally using the training set. More information about statistical
pattern recognition can be found in [29].
B. Datasets
Fig. 4 shows the hierachy of musical genres used for evaluation augmented by a few (three) speech-related categories. In
addition, a music/speech classifier similar to [4] has been implemented. For each of the 20 musical genres and three speech
genres, 100 representative excerpts were used for training. Each
19 h)
excerpt was 30 s long resulting in (23 * 100 * 30 s
of training audio data. To ensure variety of different recording
qualities the excerpts were taken from radio, compact disks, and
MP3 compressed audio files. The files were stored as 22 050 Hz,
16-bit, mono audio files. An effort was made to ensure that
the training sets are representative of the corresponding musical
genres. The Genres dataset has the following classes: classical,
country, disco, hiphop, jazz, rock, blues, reggae, pop, metal.
The classical dataset has the following classes: choir, orchestra,
piano, string quartet. The jazz dataset has the following classes:
bigband, cool, fusion, piano, quartet, swing.
C. Results
Table I shows the classification accuracy percentage results of
different classifiers and musical genre datasets. With the exception of the RT GS row, these results have been computed using a
single-vector to represent the whole audio file. The vector consists of the timbral texture features [9 (FFT) 10 (MFCC)
19 dimensions], the rhythmic content features (6 dimensions),

Fig. 5. Classification accuracy percentages (RND
WF whole file).

=

= random, RT = real time,

and the pitch content features (five dimensions) resulting in a
30-dimensional feature vector. In order to compute a single timbral-texture vector for the whole file the mean feature vector
over the whole file is used.
The row RT GS shows classification accuracy percentage results for real-time classification per frame using only the timbral texture feature set (19 dimensions). In this case, each file
is represented by a time series of feature vectors, one for each
analysis window. Frames from the same audio file are never split
between training and testing data in order to avoid false higher
accuracy due to the similarity of feature vectors from the same
file. A comparison of random classification, real-time features,
and whole-file features is shown in Fig. 5. The data for creating
this bar graph corresponds to the random, RT GS, and GMM(3)
rows of Table I.
The classification results are calculated using a ten-fold crossvalidation evaluation where the dataset to be evaluated is randomly partitioned so that 10% is used for testing and 90% is
used for training. The process is iterated with different random
partitions and the results are averaged (for Table I, 100 iterations
were performed). This ensures that the calculated accuracy will
not be biased because of a particular partitioning of training and
testing. If the datasets are representative of the corresponding
musical genres then these results are also indicative of the classification performance with real-world unknown signals. The
part shows the standard deviation of classification accuracy for
the iterations. The row labeled random corresponds to the classification accuracy of a chance guess.
The additional music/speech classification has 86% (random
would be 50%) accuracy and the speech classification (male,
female, sports announcing) has 74% (random 33%). Sports
announcing refers to any type of speech over a very noisy
background. The STFT-based feature set is used for the
music/speech classification and the MFCC-based feature set is
used for the speech classification.
1) Confusion Matrices: Table II shows more detailed information about the musical genre classifier performance in the
form of a confusion matrix. In a confusion matrix, the columns
correspond to the actual genre and the rows to the predicted
genre. For example, the cell of row 5, column 1 with value 26
means that 26% of the classical music (column 1) was wrongly
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TABLE II
GENRE CONFUSION MATRIX

TABLE III
JAZZ CONFUSION MATRIX
Fig. 6.

Effect of texture window size to classification accuracy.
TABLE V
INDIVIDUAL FEATURE SET IMPORTANCE

TABLE IV
CLASSICAL CONFUSION MATRIX

classified as jazz music (row 2). The percentages of correct classification lie in the diagonal of the confusion matrix. The confusion matrix shows that the misclassifications of the system are
similar to what a human would do. For example, classical music
is misclassified as jazz music for pieces with strong rhythm from
composers like Leonard Bernstein and George Gershwin. Rock
music has the worst classification accuracy and is easily confused with other genres which is expected because of its broad
nature.
Tables III and IV show the confusion matrices for the classical
and jazz genre datasets. In the classical genre dataset, orchestral
music is mostly misclassified as string quartet. As can be seen
from the confusion matrix (Table III), jazz genres are mostly
misclassified as fusion. This is due to the fact that fusion is a
broad category that exhibits large variability of feature values.
jazz quartet seems to be a particularly difficult genre to correctly
classify using the proposed features (it is mostly misclassified
as cool and fusion).
2) Importance of Texture Window Size: Fig. 6 shows how
changing the size of the texture window affects the classification
performance. It can be seen that the use of a texture window
increases significantly the classification accuracy. The value of
zero analysis windows corresponds to using directly the features
computed from the analysis window. After approximately 40
analysis windows (1 s) subsequent increases in texture window
size do not improve classification as they do not provide any
additional statistical information. Based on this plot, the value of

40 analysis windows was chosen as the texture window size. The
timbral-texture feature set (STFT and MFCC) for the whole file
and a single Gaussian classifier (GS) were used for the creation
of Fig. 6.
3) Importance of Individual Feature Sets: Table V shows
the individual importance of the proposed feature sets for the
task of automatic musical genre classification. As can be seen,
the nontimbral texture features pitch histogram features (PHF)
and beat histogram features (BHF) perform worse than the timbral-texture features (STFT, MFCC) in all cases. However, in
all cases, the proposed feature sets perform better than random
classification therefore provide some information about musical
genre and therefore musical content in general. The last row of
Table V corresponds to the full combined feature set and the
first row corresponds to random classification. The number in
parentheses beside each feature set denotes the number of individual features for that particular feature set. The results of
Table V were calculated using a single Gaussian classifier (GS)
using the whole-file approach.
The classification accuracy of the combined feature set, in
some cases, is not significantly increased compared to the individual feature set classification accuracies. This fact does not
necessarily imply that the features are correlated or do not contain useful information because it can be the case that a specific
file is correctly classified by two different feature sets that contain different and uncorrelated feature information. In addition,
although certain individual features are correlated, the addition
of each specific feature improves classification accuracy. The
rhythmic and pitch content feature sets seem to play a less important role in the classical and jazz dataset classification compared to the Genre dataset. This is an indication that it is possible
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TABLE VI
BEST INDIVIDUAL FEATURES

that genre-specific feature sets need to be designed for more detailed subgenre classification.
Table VI shows the best individual features for each feature
set. These are the sum of the beat histogram (BHF.SUM), the
period of the first peak of the folded pitch histogram (PHF.FP0),
the variance of the spectral centroid over the texture window
(STFT.FPO) and the mean of the first MFCC coefficient over
the texture window (MFCC.MMFCC1).
D. Human Performance for Genre Classification
The performance of humans in classifying musical genre has
been investigated in [30]. Using a ten-way forced-choice paradigm college students were able to accurately judge (53% correct) after listening to only 250-ms samples and (70% correct)
after listening to 3 s (chance would be 10%). Listening to more
than 3 s did not improve their performance. The subjects where
trained using representative samples from each genre. The ten
genres used in this study were: blues, country, classical, dance,
jazz, latin, pop, R&B, rap, and rock. Although direct comparison of these results with the automatic musical genre classification results, is not possible due to different genres and datasets, it
is clear that the automatic performance is not far away from the
human performance. Moreover, these results indicate the fuzzy
nature of musical genre boundaries.
V. CONCLUSIONS AND FUTURE WORK
Despite the fuzzy nature of genre boundaries, musical genre
classification can be performed automatically with results significantly better than chance, and performance comparable to
human genre classification. Three feature sets for representing
timbral texture, rhythmic content and pitch content of music
signals were proposed and evaluated using statistical pattern
recognition classifiers trained with large real-world audio
collections. Using the proposed feature sets classification of
61% (nonreal time) and 44% (real time), has been achieved in a
dataset consisting of ten musical genres. The success of the proposed features for musical genre classification testifies to their
potential as the basis for other types of automatic techniques
for music signals such as similarity retrieval, segmentation and
audio thumbnailing which are based on extracting features to
describe musical content.
An obvious direction for future research is expanding the
genre hierarchy both in width and depth. Other semantic descriptions such as emotion or voice style will be investigated
as possible classification categories. More exploration of the
pitch content feature set could possibly lead to better performance. Alternative multiple pitch detection algorithms, for example based on cochlear models, could be used to create the
pitch histograms. For the calculation of the beat histogram we
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plan to explore other filterbank front-ends as well as onset based
periodicity detection as in [14] and [15]. We are also planning
to investigate real-time running versions of the rhythmic structure and harmonic content feature sets. Another interesting possibility is the extraction of similar features directly from MPEG
audio compressed data as in [31] and [32]. We are also planning to use the proposed feature sets with alternative classification and clustering methods such as artificial neural networks. Finally, we are planning to use the proposed feature set
for query-by-example similarity retrieval of music signals and
audio thumbnailing. By having separate feature sets to represent timbre, rhythm, and harmony, different types of similarity
retrieval are possible. Two other possible sources of information about musical genre content are melody and singer voice.
Although melody extraction is a hard problem that is not solved
for general audio it might be possible to obtain some statistical
information even from imperfect melody extraction algorithms.
Singing voice extraction and analysis is another interesting direction for future research.
The software used for this paper is available as part
of MARSYAS [33], a free software framework for rapid
development and evaluation of computer audition applications. The framework follows a client–server architecture. The C++ server contains all the pattern recognition,
signal processing, and numerical computations and is controlled by a client graphical user interface written in Java.
MARSYAS is available under the GNU Public License at
http://www.cs.princeton.edu/~gtzan/marsyas.html.
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