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Abstract

In this master thesis, automatic musical genre classification is addressed

under a multilinear perspective. Inspired by a model of auditory cor-

tical processing, multiscale temporal and spectro-temporal modulation

features are extracted. Recently, such temporal and spectro-temporal

modulation features have been successfully used in various content-based

audio classification tasks, but not yet in musical genre classification. E-

ach recording is represented by a N -order feature tensor generated by

the auditory model. Thus, each ensemble of recordings is represented

by a (N + 1)-order data tensor created by stacking the N -order feature

tensors associated to the recordings, where N = 2 or N = 3 according to

type o modulation features are used. To handle large data tensors and

derive compact feature vectors suitable for classification, two new Non-

negative Tensor Factorization Algorithms (NTF) are proposed, namely

the Projected Landweber -NTF and Coordinate Wise-NTF based on Le-

ast Squares Error (LSE) minimization by employing projected gradient

techniques. These algorithms guarantee that the limit point of the opti-

mization is a stationary point. Additionally, three other multilinear sub-

space analysis techniques are employed as multilinear feature extraction

techniques, namely a classical Non-Negative Tensor Factorization, the

High-Order Singular Value Decomposition (HOSVD), and the Multiline-

ar Principal Component Analysis (MPCA). Classification is performed

by a Support Vector Machine (SVM) and a Nearest Neighbour (NN)

classifier. Stratified cross-validation tests on two well known datasets,

namely the GTZAN dataset and the ISMIR 2004 GENRE one, demon-

strate the advantages of the proposed NTF algorithms among the other

multilinear subspace analysis methods. The effectiveness of the proposed

approach exceeds the accuracies achieved by the state-of-the-art music

genre classification algorithms and is near 83.%.
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�http://cobweb.ecn.purdue.edu/ malcolm/interval/1998-010/
�http://www.isr.umd.edu/Labs/NSL/Software.htm
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hr(t) = t3e−4t cos(2πt) F.�66G

hs(f) = (1− f 2)e−
f2
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Hrate(t, ω, θ) = hrate(t, ω, θ) + jh̃rate(t, ω, θ) F.�6<G

Hscale(f,Ω, ϕ) = hscale(f,Ω, ϕ) + jh̃scale(f,Ω, ϕ). F.�68G
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⎞
⎟⎟⎠ . F<�1G
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�! ��� ����+� ������+� ��� ���
�� ��� 

������� A�� ���
�� 
��������� 
������	��� 
 
������ ��� ������+� �	 %���� �� �������+�

�	���%�������+� Fcomponent approachG�

,�
���� �-�-�- F�
���� �������� N6����� ��+��G D(��� �������� A 
��E	���

�� ������ �������� �!?�� FP + QG� �����	��'����� �!?�� P ��� ����	��'����� �!?�� Q�

�� �� ��
�%	�� �
� α
j1j2...jQ

i1i2...iP
�	���%�����E
���� �	 α̃

j1j2...jQ

i1i2...iP
�	��'���
���� �
� �
 �������

����	�������� x(p)
ip

��
 ������� ����	�������� x̃(p)
ip

��� p = 1, . . . , P ��� �
� y(q)
jq

�	 ỹ(q)
jq

���

q = 1, . . . , Q �	 �
� ����
��
 �������

α̃
j1j2...jQ

i1i2...iP
= αs1s2...sQ

r1r2...rP

∂y
(1)
s1

∂ỹ
(1)
j1

∂y
(2)
s2

∂ỹ
(2)
j2

. . .
∂y

(Q)
sQ

∂ỹ
(Q)
jQ

∂x
(1)
i1

∂x̃
(1)
r1

∂x
(2)
i2

∂x̃
(2)
r2

. . .
∂x

(P )
iP

∂x̃
(P )
rP

. F<�:G

$ 	?����� F<�:G 	���� ������ �� +������ 	���� �������
� ���������

$�$ *��-#�� �# ,
����&�

A�� �������� 
	
	�������� �!?�� ��� &����!�	�� 
��E
���� ��� 
� '������ 
�!?	�� ��� 

�� 

��������� !��	'���� 

� �

�	�
�� �	���	��� ��� '����+� 
�!?	�� ��� ��������� !��	'����

>� 
����
� &��
���� ��� ����&��
�� ��������� ��� 
�
*��+� �

�
�� �� 	*���
��
�� ��� �	

�������� �	 
���������� ������
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,�
���� �-�-�- F����5'�� ������ �G D(��� &�
 �������� A ∈ CI1×I2×...×IN ���

B ∈ C
I1×I2×...×IN � )
 !��
���! �
�� (A+ B) ∈ C

I1×I2×...×IN 	���� 
 �������� �	 ��
�%	���

(A+ B)i1i2...iN = ai1i2...iN + bi1i2...iN . F<�6/G

��!�
�� 
��E	��� ��� �
 '������ �����	�
 	��� ������� A �	 ��� 
��������� ����	�! λ�



� &���
���	� ���� ������� �&��� �!?�� ��� &����!�	�� �	 �
� A�

,�
���� �-�-�- F1����
��� ���#������G ,	��
��	M ��������A(l) ∈ CI1×I2×...×IN �

l = 1, 2, . . . ,M � ��� M ����	��� λ1, λ2, . . . , λM ∈ R� > �������� B = λ1A(1) +λ2A(2) + . . .+

λMA(M) �%	� ��� �&�� �!?� ��� &����!�	�� �	 �
�� A(l) (l = 1, 2, . . . ,M)�

����
 	������� +��!��,�

,�
���� �-�-�- F	�
�'�
�� 1
���'��G D(��� �������� A ∈ CI1×I2×...×IM ��� B ∈
CJ1×J2×...×JN � )
 	���	���� �����	�
 �� 
�
� �
�� &	���	� im ��� in� �	 �
��� &�!�����

|Im| = |Jn| = p� 
��E	��� �� 〈A,B〉m,n ∈ CI1×I2×...×Im−1×Im+1×...IM×J1×J2×...×Jn−1×Jn+1×...×JN �

(〈A,B〉m,n)i1...im−1im+1...iM j1...jn−1jn+1...jN
=

p∑
k=1

ai1...im−1kim+1...iM bj1...jn−1kjn+1...jN
. F<�66G

(���� &������ �� 
����	� 	���	���� �����	�
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�� &	���	�� (
����� ����
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� ����	��'����� ��� �����	��'����� ���
	��*
���

�
� ������� �����
����+�
����� �	�+�
���� ��� ���
���� �!?� �
� ��������

7��� 
	��
���� ������+� .�� �!?�� F
����	�G� �
 	���	���� �����	�
 ��
���� �	 �
 ���� 

�	�
 
��!��� F>������ <�6�BG� )
 �

���	��� 	���� ���� �������� .�� �!?�� 
 


�
� 
��E	���

���� &�
 �� �
���� &����!�	�� ��� 
��!����

D(��� �������� A,B ∈ R
2×2×2� ,	��
��	 ��� ai1i2i3 = 1, bj1j2j3 = 2 (1 � ix, jx � 2)

x = 1, 2, 3� C

�
��E
��	 �
 	���	���� �����	�
 ��� A,B �	 '!�� ��� 
�+�� &�!����� ��

�
����

(〈A,B〉1,1)i2i3j2j3 =

2∑
k=1

aki2i3bkj2j3 . F<�6.G

A�� �� �

�
���
��	 �� ��
�%	�� �
� ������� 〈A,B〉1,1 ∈ R2×2×2×2 %�����


�
��	 ��� F<�6.G�


�%� �
 ��
�%	�
 F6�6�6�6G� (〈A,B〉1,1)1111 = a111b111 + a211b211 = 2 + 2 = 4�

.=



,�
���� �-�-!- F	+
�'�
�� 1
���'��G D(��� �������� A ∈ CI1×I2×...×IM ��� B ∈
CJ1×J2×...×JN � )
 	?��	���� �����	�
 A ⊗ B ∈ CI1×...×IM×J1×...×JN � ��� ������+� A ��� B
	���� 
 �������� �	 ��
�%	���

(A⊗ B)i1...iM j1...jN
= ai1...iM bj1...jN

. F<�6<G

D��� �
 	?��	���� �����	�
 &�
 ������+� F�
 


�
 ������!��� ���� '�'��
���*�� ��� ��

��������� �����	�
G �%	� �!?� M + N � ��� &����!�	�� I1 × . . . × IM × J1 × . . . × JN � 7���
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���� 
��!��� F������+� �!?�� .G ��
� �&�
 &����������� %+�
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 	?��	���� �����	 

�
 
�
�!E	��� �����	�
 Kronecker� 7��� 
	��
���� 	?��	���
� ���
���
� ����+� ������+��


�
��
�	� �������� �	 ����	��'���� �!?� ��� �	 �
 !��
���� ��� ����	��'����� �!?�� ���

&�
 ��� ������
�%� 
�
��
�	� �������� �	 �����	��'���� �!?� ��� �	 �
 !��
���� ��� �����	 

��'����� �!?�� ��� &�
�

D(��� 
����	� A ∈ RI1×I2 &����!�	�� 2 × 2 �	 aij = 1 ��� B ∈ RI3×I4 �&��� &����!�	��

�	 bkl = 2� )
 	?��	���� �����	�
 ��� &�
 
��!��� 	���� �������� �	 ��
�%	���

(A⊗B)i1i2i3i4 = ai1i2bi3i4 . F<�68G

D��� �
 
�
��
�
� 	?��	���� �����	�
 	���� �������� 8�� �!?�� &����!�	�� 2 × 2 × 2 × 2�

)
 ��
�%	�
 F6�6�6�6G �
� 	?��	���
� ���
���
� ��
���� �	� (A ⊗ B)1234 = 1 · 2 = 2� 7���


	��
���� 

� B ∈ RI1×I2� &���&� 
� 
����	� A ��� B ����
�� ��
� �&�
 &����������� %+�
�

���	 �
 	?��	���� �
�� �����	�
 ��
���� �	 �
 �����	�
 Kronecker�

A⊗B =

⎛
⎜⎜⎜⎜⎜⎝

2 2 2 2

2 2 2 2

2 2 2 2

2 2 2 2

⎞
⎟⎟⎟⎟⎟⎠ . F<�6=G

7D ����� ��� 
	��
���� �
 �

���	��� 	���� 
������ &����!�	�� 2 · 2× 2 · 2 = 4× 4�

����� ����(��'�� ��� ����
�#���� +��!����

,�
���� �-�-%- F����#
�"�� ��������G > �
��&���
� �������� I ∈ CI1×...×IN×J1×...×JN


��E	��� �� ��� 

���	��'���� �	���	��� �
� &���� �
� Kronecker ��� �%	� ��
�%	���

Ii1...iN j1...jN
= δj1...jN

i1...iN
=

N∏
k=1

δikjk
. F<�6BG

.B
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��&���
� �������� ������	�!E	��� �
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 	?��	���� �����	�
 

��+� �
 

��&����� 
��!��� 2� ��� 
��E	��� ��� !���	� �!?	�� �
�� 	
	?��	���� ��
 	
��	�
 
��!&	�����

����#'
��� �-�-�- * �
������
� ������
� I ∈ CI1×I2×J1×J2 � �� ��
� ���&

Ii1i2j1j2 = δi1j1δi2j2. F<�60G

�����
 � �� ���
 , ���� i1 = j1 ��� i2 = j2 ��� - ���
�( �� .���
�
��� ��� 
 I � ��

���������� 2 × 2 × 2 × 2' ���� ������� ���
 , ��� ��
� ���& /,',',',0' /,'1','10' /1','1',0'

/1'1'1'10 ��� ������� ���
 - ��� ��
� ��� /,',','10' /,','1',0' /,'1',',0' /1',',',0' /,'1'1'10'

/,'1'1',0' /,','1'10' /1'1',',0' /1'1'1',0' /1',','10' /1','1'10' ��� /1'1','10(

(
	�&� �� ��
�%	�� �
� �
��&���
� ������� &	� 	?���+���� �
� ����	������� 	
��
�� '! 

���� 
 �
��&���
� �������� 
�
�!E	��� ��
��
����� FisotropicG� 7���	�������� ���� ��������

�
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*� �
� ��������
�

����	�������� 
�
�!E	��� ��
��

����� D>�
� 
� �������� ��&	����� �!?�� F'�����! �	����G

	���� ��
��

��
�� 	�+ &	� �
!�%
�� ��
��

��! &���������� > �
��&���� ��
��

���� ���� 

���� &	��	��� �!?�� 	���� �
 &���� �
� Kronecker� > �
��&���� ��
��

���� �������� ������

�!?�� 	���� �
 ���!
�
 ��������.���� εijk�

εijk =

⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

0 ��� i = j� � j = k� � k = i

1 ��� (i, j, k) ∈ {(1, 2, 3), (2, 3, 1), (3, 1, 2)}

−1 ��� (i, j, k) ∈ {(1, 3, 2), (3, 2, 1), (2, 1, 3)}

F<�61G
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� ���� '�'��
���*�� ���*��	��� �� ������
� Levi-Civita�

����- �!��� � +��!���

,�
���� �-�-*- F������� �������G ,	��
��	 ������� A ∈ CI1×I2×...×IN � $ ����
��

FcontractionG �
� A �� 
�
� �
�� &	���	� ip ��� iq� �	 �
��� &�!����� u� 	���� 
 ��������

〈A〉p,q �!?	�� (N − 2)� �	 ��
�%	���

(〈A〉p,q)i1...ip−1ip+1...iq−1iq+1...iN =

u∑
k=1

ai1...ip−1kip+1...iq−1kiq+1...iN . F<�6:G
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� FtraceG �
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��E	���

��!�	�� �� 
�
� ���� ����	��'���� ��� ���� �����	��'���� &	�����
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��� ������+�� )
 	?��	���� �����	�
 ��� ������+� A ���B ��� � ��
�
���� ����
��

�
� ���
���
� �� 
�
� &	&
���
�� &	���	�� &��	� �&�
 �

���	��� �	 �
 	���	���� �����	�


��� &�
 ������+� �� 
�
� �
�� �&�
�� &	���	��

,	��
��	 ������� A ∈ RI1×I2×I3×I4� �	 &����!�	�� 2× 2× 2× 2 ��� ����� ai1i2i3i4 = 1� $

����
�� �
� A �� 
�
� �
�� &	���	� i2, i3 	�����

(〈A〉2,3)i1,i4 =

2∑
k=1

ai1kki4 = ai111i4 + ai122i4 . F<�./G

D��� �
 �

���	��� 	���� 
 
������ A ∈ RI1×I4 �	 ��
�%	���

(〈A〉2,3)i1,i4 = A =

(
2 2

2 2

)
. F<�.6G

����. 	������� +��!��� �� �'����

,�
���� �-�-�- F1
���'�� ������� �' �"����G ,	��
��	 �������A ∈ C
I1×I2×...×IN

��� 
����� B ∈ CJn×In� )
 �����	�
 �
� A 	
� �
� B �� 
�
� ��� �
��� &�!����� In 
��E	���

���

A×n 4 = 〈A,4〉n,2. F<�..G

�
��+�� �
 �����	�
 ������� �	 
����� 
��E	��� �� �
 	���	���� �����	�� �
�� 
!�� �	

�
��
�� &	���	�� ��� 
��!�	� ������� �!?	�� N �

� � &������� �
� n 
��
� &	���� �	�� 

'!��	��� �
� In �	 Jn ��� �� ��
�%	�� �
� ���
���
� �

�
��E
���� �	 '!�� ��� 
����!��

�%����

(A×n 4)i1...in−1jnin+1...iN =

In∑
k=1

ai1...k...iN bjnk. F<�.<G

#������
��	 ��� �
 �����	�
 ������� �	 
������ 
 �������� 

� 
�
��
�	� �%	� ��� �&�� �!?�

�	 �
� ��%��� �������� (A ×n 4) ∈ CI1×...×Jn×...×IN � �
�! 
 n 
���� &	����� ����	� 
��
�

��
 Jn�

�� �	����
��	 �
� ������� A ∈ CI1×I2×...×IN ��� 
����	� B ∈ CJn×In � C ∈ CJm×Im ���

DKn×Jn ���	 
��E
���� &�
 �&�����	� 

� �*
�
�� �
 �����	�
 ������� �	 
����	��

(A×n 4)×m C = (A×m C)×n 4 = A×n 4×m C. F<�.8G

.1



�� �	����
��	 �
� 
����� C ∈ CKn×Jn� ���	

(A×n 4)×n C = A×n (C ·B). F<�.=G

$ 	?����� F<�.8G 	���� � 
�
�	���������� �&������ �
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)
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�
 · ���� F<�.=G 	�*�!E	� �
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�������� &�
 
��!���� �
�� &����
+���	 ��
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����� F<�BG�

7��� 
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���
� < 
��!���� ���� A ∈ CI1×I2 � B ∈ CI3×I1� ��� C ∈ CI4×I2�

�
 �����	�
 4 · � · CH �

�	� �� ���*	� ��� � ×1 4 ×2 C� 9���	��� �����! ��� 
 4
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,	��
��	 ������� ������ �!?	�� A ∈ RI1×I2×I3 �	 &����!�	�� 2×2×2 ��� ����� ai1i2i3 = 1�

(
���� �	��
��	 
����� B ∈ RI4×I1 &����!�	�� 2× 2�

B =

(
2 1

0 2

)
.

)
 �����	�
 A×1 B &��	��� �
� ��� 
����!�� �%����

(A×1 B)i4i2i3 =
2∑

k=1

aki2i3bi4k = a1i2i3bi4k + a2i2i3bi4k.

D��� �
 �����	�
 
����	� ��� 	?�� ������ (A×1 B)1i2i3 = 3� (A×1 B)2i2i3 = 2�

A×1 B =

(
3 3 2 2

3 3 2 2

)

�

����/ )�0�1�� 	�������

,�
���� �-�-7- F4�5�
�� 1
���'�� ������ �G ,	��
��	 ��������A,B ∈ CI1×I2×...×IN �

)
 '������ �����	�
 Fscalar productG ��� A ��� B 
��E	��� ���

〈A,B〉 =

I1∑
i1=1

I2∑
i2=1

. . .

IN∑
iN=1

ai1i2...iN b
∗
i1i2...iN

. F<�.BG
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������	 ��
� >����� <�6�<� D(����,4 ∈ CI1×I2

�������� &	��	��� �!?��� ���	 ��%�	� � ����
��� �&�������

〈�,4〉 =

I1∑
i1=1

I2∑
i2=1

ai1i2b
∗
i1i2

= tr(4H�). F<�.0G

�

� tr(·) ���'
��E	� �
 �%�
� 	��� 
������ #������
��	 ��� �
 '������ �����	�
 &�
 ���� 

��+� ��
���� �	 �
 	���	���� �
�� �����	�
� �� 
�
� ��
�� �
�� F�
��
��G &	���	�� �	 '!��

�
� 
����� �
� '�����
� ���
���
�� �

�	� �� 
����	� ��� � �	���	��� ��� ������ Frobenius

��� ���������

,�
���� �-�-$- F3���� Frobenius ������ �G ,	��
��	 ������� A ∈ CI1×I2×...×IN �

$ ����� Frobenius �
� A 
��E	��� ���

‖A‖F =
√
〈A,A〉. F<�.1G

$ ����� Frobenius �

�	� �� %�����


���	� ��� &	����� ��� �� ������� �
� �	���
��

	��� �������� )
 �	��!���
 ��� ������ 	�*�!E	� ��� 	����	�� �
� ��������

����2 &
0�31������� +��!��,�

> 
����!�� 
������ ��� ��
�!���� 
�.
������ Fmutually orthogonalG ������+� �

�	�	�

�	���	��� �
� ������
�%
� 
����
� ��� &����������

,�
���� �-�-�8- F���
0�"
� ,�5�� �
�
 ������&�G ,	��
��	 �������� A,B ∈
CI1×I2×···×IN � >� A,B 	���� ��
�'��� 
��
�+��
� FA⊥BG �� ��%�	��

〈A,B〉 = 0. F<�.:G

7��� ����%	��� �� 
	�����*
�� ���
�	� ��� 
��
���������� ��� ��� ����	������� 
�!&�

������+�� �
�� ��
�����.�����
�� FdecomposedG ���������

,�
���� �-�-��- F�������'5'
�&��� ��������G ,	��
��	 �������A ∈ CI1×I2×···×IN �

> A 
�
�!E	��� �

����	�	��
�� �� �

�	� �� ������	� ���

A = a(1) ⊗ a(2) ⊗ · · · ⊗ a(N). F<�</G

�

� a(i)
C

Ii &��������� i = 1, 2, . . . , N ��� ⊗ ���'
��E	� �
 �����	�
 Kronecker�

</



����#'
��� �-�-�- )���
��� ������
 A ∈ RI1×I2×I3 ' �� A = (A1ij|A2ij|A3ij)' ��
�&

A1ij =

⎛
⎜⎜⎝

0 0 0

0 0 0

0 0 0

⎞
⎟⎟⎠ A2ij =

⎛
⎜⎜⎝
−1 0 1

0 0 0

−1 0 1

⎞
⎟⎟⎠ A3ij =

⎛
⎜⎜⎝

0 0 0

0 0 0

0 0 0

⎞
⎟⎟⎠ .

> A 	���� �

����	��
�� ���+� �

�	� �� ���*	� �� �
 	?��	���� �����	�
 ���+� &���� 

��!���� a(1) = (1, 0, 1), a(2) = (0, 1, 0), a(3) = (−1, 0, 1) �� A = a(1) ⊗ a(2) ⊗ a(3)�

,�
���� �-�-��- F����
� ,�5�� �
�
 ������&�G ,	��
��	 �������� A,B ∈
CI1×I2×···×IN 
� 


�
� �

�
�� �� �

����	�
�� �	 �����	�� Kronecker &������!��� F�

 

����	��
� ��������G� >� A,B 	���� 
����� 
��
�+��
� Fcompletely orthogonalG ���

a(i)⊥b(i) ⇔ a(i) · b(i) = 0, i = 1, . . . , N. F<�<6G



��	 ���	�+�
��	 
�� A⊥cB�

,	��
��	 �
� ������� A �
� #���&	�����
� <�<�.� ���+� ��� �
� �

����	��
 �������

B ∈ RI1×I2×I3� > B �

������	��� ��� &���������� b(1) = (0, 1, 0), a(2) = (1, 0, 1), a(3) =

(0, 1, 0)� #������
��	 ��� a(1)⊥b(1), a(2)⊥b(2), a(3)⊥b(3)� D��� 
�
��
�	� �
 ���
������ ��� 
�

A ��� B 	���� 
����� 
��
�+��
��

,�
���� �-�-��- F2�(��� ,�5�� �
�
 ������&�G ,	��
��	 �������� A,B ∈ CI1×

×I2×···×IN 
� 


�
� �

�
�� �� �

����	�
�� �	 �����	�� Kronecker &������!���� >� A,B
	���� ��%��+� 
��
�+��
� Fstrongly orthogonalG� ���

a(i)⊥b(i) � a(i) = ±b(i), i = 1, . . . , N. F<�<.G



��	 ���	�+�
��	 
��� A⊥sB�

,	��
��	 �
� ������� A �
� #���&	�����
� <�<�.� ���+� ��� �
� �

����	��
 �������

B ∈ RI1×I2×I3� > B �%	� ��� '!�� �� &��������� b(1) = (0, 1, 0), b(2) = (0,−1, 0), b(3) =

(−1, 0, 1)� #������
��	 ��� a(1)⊥b(1), a(2) = −b(2), a(3) = b(3)� D��� 
�
��
�	� �
 ���
������

��� 
� A ��� B 	���� ��%��+� 
��
�+��
��

�	 '!�� �
�� >����
�� <�<�6/ <�<�6<� 
�
��
�	� � 
����!�� �&������ ��� &�
 �

����	 

��
�� �������� A,B ∈ CI1×I2×···×IN �

A⊥cB ⇒ A⊥sB ⇒ A⊥B. F<�<<G

> 
����!�� 
������ 
	����!*	� ��� ���
�� �
� �

 �������� 

� %�����


�	���� ��
�


����� 	��� 
��
�+��
� �������� 7	 ������
�%�� �	 �
� 
����� 	��� 
��
�+��
� 
�����

F�
� 


�
� ��� �� &��������� 

� �
� �����
�
�� 	���� 
��
�+��� ��! &�
G� � ������� 

�

%�����


�	���� 	���� 
� �

 �������� F���!�����
�%	�� �	 �
�� �


����	�G �� 	���� 
��
�+��
�

��! &�
�
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,�
���� �-�-�!- F)��6��������G > �

 �������� FsubtensorG Ain=λ ∈ CI1×···×In−1×

×In+1×···×IN 	��� ������� A ∈ CI1×I2×···×IN &���
���	���� �
� &	���� in ��
 �	 λ�

,�
���� �-�-�%- F9,��6,�5�� �
�� ��������G ,	��
��	 �������A ∈ CI1×I2×···×IN �

> A 	���� ��
 
��
�+��
� Fall-orthogonalG� �� ��� �!�	 λ, μ� �	 λ �= μ� ��%�	� ����

〈Ain=λ,Ain=μ〉 = 0. F<�<8G

7�
 IBBJ &��
���� 
� 
����
� ��� 
��
������ ������+�� ��E� �	 '������ �&������� �
���

(
����� 
�
�	��
���� ��������
� ��� ��� 	��	�� 
�.
������ ��
���.���� ��������� &���&�

��� ���
��!����� 	��� ������� �� !��
���� 
��
������ ������+� F@�� (������ <�<�:G�

����4 ��$#�!3�� +��!���

#
��! 
�
'������ ���� ��!���� ������+� 	���� &������ �� 	
����
�� �


�	�+���� �� ��
� 

%	�� ��� ������+� �	 
����	� ������
�%
� �	���
��� @������ ���
� 	���� ��� � ���
��!�����

	��� ������� �	 ���� 
����� 	���� 
�
 �����
��� �
� 
�
������������� ���! ��� &�������� 

�� !

2�� (
����� 

���� ��+��	� 
�
����������
� ��� 
����� ��!����� &	&
����� &	�

�

�����E
�� 

��&�!����	� &
���� #
���� �
� ��� �&�����	� ��� 

����������� !��	'���

�%
�� ������
�%�	� ��
� &��&�!����
 %+�
 ��� ��������� !��	'��� �	�����

���� ��� 	
�����

	��� 
�
'�����
� ��
� ��������� %+�
 �	 	
����� 

��+� �

 
�
'���!��� ��
� %+�
 ���


��!����

,�
���� �-�-�*- F��������� �������G ,	��
��	 ������� A ∈ CI1×I2×···×IN � )


��!
����� �
� A �� 
�
� �
� n 
��� &	���� 	���� 
 
������ �(n) ∈ C
In×(In+1In+2...IN I1I2...In−1)�

)
 ��
�%	�
 ai1i2...iN �
� A '����	��� ���� in �	��! �
� �(n)� ��� ���� ������

(in+1 − 1)In+2In+3 . . . INI1I2 . . . In−1 + (in+2 − 1)In+3In+4 . . . INI1I2 . . . In−1 + . . .

+(iN − 1)I1I2 . . . In−1 + (i1 − 1)I2I3 . . . In−1 + (i2 − 1)I3I4 . . . In−1 + . . .+ in−1.

,	��
��	 �
� ������� A ∈ CI1×I2×I3� > A �%	� ����� aij1 = 1, aij2 = 2, aij3 = 3 (i, j =

1, 2, 3)�

)
 ��!
����� A(1) �
� A 	���� 
������ &����!�	�� I1 × I2I3 = 3× 3 · 3 = 3× 9�

A(1) =

⎛
⎜⎜⎝

1 2 3 1 2 3 1 2 3

1 2 3 1 2 3 1 2 3

1 2 3 1 2 3 1 2 3

⎞
⎟⎟⎠

<.



)
 ��!
����� A(2) �
� A 	���� 
������ &����!�	�� I2 × I3I1 = 3× 3 · 3 = 3× 9�

A(2) =

⎛
⎜⎜⎝

1 1 1 2 2 2 3 3 3

1 1 1 2 2 2 3 3 3

1 1 1 2 2 2 3 3 3

⎞
⎟⎟⎠

)
 ��!
����� A(3) �
� A 	���� 
������ &����!�	�� I3 × I1I2 = 3× 3 · 3 = 3× 9�

A(3) =

⎛
⎜⎜⎝

1 1 1 1 1 1 1 1 1

2 2 2 2 2 2 2 2 2

3 3 3 3 3 3 3 3 3

⎞
⎟⎟⎠

��� 

�� %������ 	*���
�� �
� ���
������
� ������� ������!��� ���� 
	��
���� ��
����

.���� ������
 Ftensor decompositionG� 7��� �

����	��� ���� �������� A ∈ C
I1×I2×···×IN

	���� &������ �� �

����	�	� ��
 �����	�
 	��� ������� B ∈ CJ1×J2×···×JN 	
� N 
����	��

A = B ×1 C(1) ×2 C(2) · · · ×N C(N) F<�<=G

�

� 
� 
����	� C(i) ∈ CJi×Ii� �� 	�*����	� � �%��� F<�<=G �	 ��!
����� ������� �� 
�
�

�
� n 
��� &	�����

�(n) = C(n) ·4(n) · [C(1) ⊗C(2) ⊗ · · · ⊗C(n−1) ⊗C(n+1) ⊗ · · · ⊗C(N)]T . F<�<BG

�

� ⊗ ���'
��E	� �
 �����	�
 Kronecker�

����5 )�0��� +��!���

7�
 
	&�
 ��� ��������� !��	'���� 
 �����
'����� � �
�+� '����� FrankG 	��� 
����� � 

�
���� �	 �
� ������ ��� �������+� ��	?!������ �����+� � ����+� �
� 
������ D(��� 	��� 

�������� 
������ �
� '���
� 	���� 
 ������� ��� �� ��&	���+� 
����+� ���+� F�&��E
��+�

���+�  singular valuesG �
� 
������ 7�
 
	&�
 ��� 

����������� !��	'���� � ���
�� �
�

'���
� �	���	�	���� ��!�
�� �	 �� �
�*� �
� �������� 7��� 
	��
���� ����
� �������� �� 

�� ��� 
	��
����+� 

� 	*����E
���� ���� ������	�� �
�� 
 '����� ��
���� �	 �
� ������

��� ����	��'���+� ��� �����	��'���+� &	���+�� 7��� 
	��
���� ������� N 
���� �!?��

Fcomponent-free approachG� 
��E
���� 

���� &��*
�	����� ���
�	� ��� �
 '���� ��������

,�
���� �-�-��- F�������� ��� 4�5���G ,	��
��	 ������� A ∈ C
I1×I2×···×IN � ��


 A �

�	� �� ���*	� �� 	?��	���� �����	�
 N &������!��� F	���� �

����	��
�G� ���	 


'����� �
� ��
���� �	 6 FRank-1 tensorG�

<<



> 
���
!�� 
������ '����	��� �	 �
����� ������
�%�� �	 �
� 
����� 	��� 
����� �	 '����

6 ���� �������� !��	'��� &���&� �
� 
����� 

� &���
���	���� �
� �
 	?��	���� �����	�
 &�


&������!����

,�
���� �-�-�7- F4�5��� �������G ,	��
��	 ������� A ∈ CI1×I2×···×IN � D(��� ���


 A ����


�	� �
� ��� �%����

A =

r∑
i=1

λi · U (i). F<�<0G

�

� λi > 0, i = 1, . . . , r ����	��� ��� U (i) ∈ CI1×I2×···×IN �������� �	 '���� 6� > '����� �
�

A� 
 


�
� ���'
��E	��� �	 rank(A) 	���� �
 	�!%���
 r ���� +��	 
 A �

�	� �� 	�*����	�

���*��� �	 ��� F<�<0G�

,�
���� �-�-�$- F,�5�� �
�� 4�5��� �������G ,	��
��	 ������� A ∈ CI1×I2×

×···×IN � D(��� A 

� ����


�	� �� �%��� F<�<0G� > 
��
�+��
� '����� Forthogonal rankG

�
� A� 
 


�
� ���'
��E	��� �	 rank⊥(A)� 	���� �
 	�!%���
 r ���� +��	 
 A �� ����


�	�

��� F<�<0G ��� �� ��%�	� U (i)⊥U (j), ∀i �= j� $ 
���
!�� �

����	�� 
�
�!E	��� 
��
�+���

�

����	�� '���
��

,�
���� �-�-�8- F2�(��� ,�5�� �
�� 4�5��� �������G ,	��
��	 ������� A ∈
CI1×I2×···×IN � D(��� A 

� ����


�	� ��� �%��� F<�<0G� > ��%��! 
��
�+��
� '����� Fstrong

orthogonal rankG �
� A� 
 


�
� ���'
��E	��� �	 rank⊥s(A)� 	���� �
 	�!%���
 r ���� +��	


 A �� ����


�	� ��� F<�<0G ��� �� ��%�	� U (i)⊥sU (j), ∀i �= j�

�?�E	� �� ���	���	� ��� ���� 
	��
���� ������+� &	��	��� �!?��� � �

����	�� '���
��

� 
��
�+��� �

����	�� '���
� ��� � ��%��! 
��
�+��� �

����	�� '���
� �����E
���� �	

��� �

����	�� 
����+� ���+� �
� 
����� IBBJ�

,�
���� �-�-��- F.
�������� n6����� .'"���G ,	��
��	 �������A ∈ CI1×I2×···×IN �

)� &��������� n 
��
� &	���� �
� A �%
�� &�!����� In ��� 
�
��
�
�� �%
���� 	�	��	�


�
� &	���� in F1 � in � InG ��� ����+���� �
�� �
��
�

�� &	���	� ����	�
���

,�
���� �-�-��- Fn6����� 4�5��� �������G ,	��
��	 ������� A ∈ CI1×I2×···×IN �

> n 
���� '����� �
� A ���'
��E	��� �	 rankn(A) ��� 	���� � &�!����� �
� &����������
�

%+�
� 

� &���
���	���� �
� �� &��������� n 
��
� &	���� �
� A�

> 
������ �
� &��������
� n 
��
� &	���� �

�	�	� �	���	��� ��� &������!��� �������

��� &������!��� ������ 	��� 
������ ������
�%�� 
 n 
���� '����� ������� �

�	�	� �	���	� 

�� �
� �����
'���
�� 7��� 
	��
���� �
� ������� ����� 
� n 
��
� '���
� &	� �����E
����

�	��?� �
�� �
��������� ��� ���� 
	��
���� 

� �����E
����� �
!�%	� 
	��
���� �� &��*��
��
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�
� �
� '���� �
� �������� $ �%��� 

� ��%�	� �	��?� �
� '���
� ������� ��� �
� n 
��
�

'���
� ������� 	����� rankn(A) � rank(A)�

>� n 
��
� '���
� 	��� ������� �

�
�� �� �

�
����
�� 	��
�� %�����


�+���� �


������
�%
 ��!
����� �
� ��������

rankn(A) = rank(�(n)). F<�<1G

$ 	��	�� �
� '���
� 	��� ������� 	���� 

�� 
�
 ����	�
 
��'���� �	 �%��� �	 ��� 	��	��

��� n 
��
� '���
�� ����� �	��	� �
� ������� ��� ��� n &�!����� 

������� > ���
������ �
�

'���
� 	��� I1×I2×· · ·×IN ������� 	���� ����� ��
���� 
��'���� ���� '�'��
���*��� D(%
��


�
���	� �	%����� ��� ��� 	��	�� '���
� ������+� ����	�������� �!?�� ��� &����!�	�� F
%�

��� �������� 2 × 2 × · · · × 2G� (
����� �

&	����	��� ��� �
 
��'���� 	��	��� �
� '���
�

	��� ������� <�� �!?�� 	���� 	��	����� 

��
�
�������� )��
�� �

&	����	��� ��� � ���� �
�

'���
� �
� ������� 	?���!��� �
� �
 
	&�
 ��
 


�
 
��E	��� 
 ��������� �
��+�� 
 '�����

	��� 
��������
� ������� 

� 
��E	��� ��
 
	&�
 ��� 
��������+� �����+� &	� �%	� �&�� ����

�	 �
� '���� �
� �&�
� ������� �� 
����	� ��
 ����&��� 
	&�
� �	 ��� 
���
!�� 
���������

*���	��� � &��*
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I=<J M. Heiler and C. Schnörr, “Controlling sparseness in non-negative tensor factorization”,

in Proc. 9th European Conf. Computer Vision, Vol. 1, pp. 56-67, May 2006.

I=8J H. Hermansky, “Should Recognizers Have Ears”, Special Issue on Robust Speech Reco-

gnition, Vol. 25 , No. 1-3, pp. 3 - 27, 1998.

I==J T. Hofmann, “Probabilistic latent semantic analysis,” in Proc. Fifteenth Conf. Uncer-

tainity in Artificial Intelligence, pp. 289-296, July 1999.

I=BJ A. Holzapfel, and Y. Stylianou, “Musical genre classification using nonnegative matrix

factorization-based features”, IEEE Transactions Audio, Speech, and Language Proces-

sing, Vol. 16, No. 2, pp. 424-434, 2008.

I=0J H. Homburg,I. Mierswa,B. Moller, K. Morik, M. Wurst, “Benchmark Dataset for Audio

Classification and Clustering,” in Proc. Sixth Int. Symp. on Music Information Retrieval

2005, pp. 528-531, London, 2005

I=1J T. Houtgast, “Frequency selectivity in amplitude-modulation detection”, Journal Acou-

stical Society of America, Vol. 85, pp. 1676-1680, 1989.

I=:J P. O. Hoyer, “Non-negative matrix factorization with sparsness constraints”, Journal

Machine Learning Research, Vol. 5, pp. 1457-1469, 2004.

IB/J C. Hsu, C. C. Chang, and C. J. Lin, A Practical Guide to Support Vector Classification.

Technical Report, Department of Computer Science, National Taiwan University, 2003.

:6



IB6J C. Hu, B. Zhang, S. Yan, Q. Yang, J. Yan, Z. Chen, and W. Ma, “Mining ratio rules

via principal sparse non-negative matrix factorization,” in Proc. 2004 IEEE Int. Conf.

Data Mining, 2004.

IB.J A. Hyvärinen and E. Oja, Independent component analysis: Algorithms and applica-

tions, Neural Networks, Vol. 13, pp. 411-430, 2000.

IB<J B. Johanssona, T. Elfvingb, V. Kozlovc, Y. Censord, P. E. Forssona, and G. Granlund,

“The application of an oblique-projected Landweber method to a model of supervised

learning”, Mathematical and Computer Modelling, Vol, 43, No. 7-8, pp. 892-909, April

2006.

IB8J A. Kapteyn, H. Neudecker, and T. Wansbeek, “An approach to n-mode components

analysis,” Psychometrica, Vol. 51, No. 2, pp. 269-275, June 1986.

IB=J D. C. Kay, Theory and Problems of Tensor Calculus. New York: McGraw-Hill, 1988.

IBBJ T. G. Kolda, “Orthogonal tensor decompositions,” SIAM Journal Matrix Analysis Ap-

plications, Vol. 23, No. 1, pp. 243-255, 2001.

IB0J I. Kotsia , S. Zafeiriou and I. Pitas , “A novel discriminant non-negative matrix facto-

rization algorithm with applications to facial image characterization problems”,IEEE

Transactions Forensics and Security, Vol. 2, No. 3, part 2, pp. 588-595, 2007.

IB1J N. Kowalski, D. Depireux, and S. Shamma, “Analysis of dynamic spectra in ferret

primary auditory cortex: I. Characteristics of single unit responses to moving ripple

spectra” Journal Neurophysiology, Vol. 76, No. 5, pp. 3503-3523, 1996.

IB:J P. M. Kroonenberg and J. De Leeuw, “Principal component analysis of three-mode data

by means of alternating least squares algorithms”, Psychometrika, Vol. 45, No.1, March

1980.

I0/J G. Langner, “Periodicity coding in the auditory system”, Hearing Research, Vol. 60,

No. 2, pp. 115-142, 1992.

I06J G. Langner, M. Sams, P. Heil, and H. Schulze, “Frequency and periodicity are re-

presented in orthogonal maps in the human auditory cortex: evidence from magneto-

encephalography”, Journal of Comparative Physiology, Vol. 181, No. 6, pp. 665-676,

1997.

:.



I0.J L. De Lathauwer, “Signal Processing Based on Multilinear Algebra”, Ph.D. thesis, K.U.

Leuven, E.E. Dept.-ESAT, Belgium, 1997.

I0<J L. De Lathauwer, B. De Moor, and J. Vandewalle “A multilinear singular value decom-

position”, SIAM J. Matrix Analysis Applications, Vol. 21, No. 4, pp. 1253-1278, April

2000.

I08J D. D. Lee, and H. S. Seung , “Algorithms for non-negative matrix factorization”, Adva-

nces in Neural Information Processing Systems, No. 13, pp. 556-562, 2001.

I0=J J. H. Lee, and J. S. Downie, “Survey of music information needs, uses and seeking

behaviours: Preliminary findings”, in Proc. Fifth Int. Symp. on Music Information

Retrieval, Barcelona, Spain, 2004.

I0BJ T. Li, M. Ogihara, and Q. Li, “A comparative study on content-based music genre

classification”, in Proc. 26th Annual International ACM SIGIR Conf. on Research and

Development in Informaion Retrieval, Toronto, Canada, 2003

I00J C.-J. Lin, “Projected gradient methods for nonnegative matrix factorization”, Neural

Computation, Vol. 19 , No. 10 , pp 2756-2779, 2007.

I01J T. Lidy, and A. Rauber, “Evaluation of feature extractors and psycho-acoustic transfor-

mations for music genre classification”, in Proc. Sixth Int. Symp. on Music Information

Retrieval, London, UK, 2005.

I0:J T. Lidy, A. Rauber, A., Pertusa, and J. Inesta, “Combining audio and symbolic de-

scriptors for music classification from audio”, Music Information Retieval Information

Exchange (MIREX), 2007.

I1/J H. Lu, K. N. Plataniotis, and A. N. Venetsanopoulos, “MPCA: Multilinear Principal

Component Analysis of Tensor Objects”, IEEE Transactions Neural Networks, Vol. 19,

No. 1, pp 18-39, 2008.

I16J S. Z. Li, X. Hou, H. Zhang, and Q. Cheng, “Learning spatially localized, parts-based

representation,” in Proc. IEEE Conf. Computer Vision and Pattern Recognition, pp.

1-6, 2001.

I1.J L. Lim, “Optimal solutions to non-negative PARAFAC/Multilinear NMF always exist”,

in Proc. Workshop Tensor Decompositions and Applications, August-September 2005.

:<



I1<J R.F. Lyon, “A computational model of filtering, detection and compression in the coch-

lear”, in Proc. IEEE Int. Conf. Acoust., Speech, & Sig. Proc., Paris, 1982, pp. 1282-1285.

I18J M. Mandel, and D. Ellis, “Song-level features and support vector machines for music

classification”, in Proc. Sixth Int. Symp. on Music Information Retrieval, London, UK,

2005.

I1=J Mandel, M. and Ellis, D. “Labrosas: audio music similarity and classification submis-

sions”, Music Information Retieval Information Exchange (MIREX), 2007.

I1BJ C. McKay, and I. Fujinaga, “Musical genre classification: Is it worth pursuing and how

can in be improved?”, in Proc. Seventh Int. Symp. on Music Information Retrieval,

Victoria, Canada, 2006.

I10J M.M. Merzenich, P.L. Knight, and G.L. Roth, “Representation of cochlea within the

primary auditory cortex in cat”, Journal Neurophysiology, Vol. 28, pp. 231-249, No. 2,

1975.

I11J N. Mesgarani, M. Slaney, S. A. and Shamma S., “Discrimination of speech from non-

speech based on multiscale spectro-temporal modulations”, IEEE Transactions Audio,

Speech and Language Processing, Vol. 14, pp. 920-930, 2006.

I1:J M. Mandel and D. Ellis, “Song-level features and support vector machines for music

classification”, in Proc. Sixth Int. Symp. on Music Information Retrieval, pp. 594-599,

September 2005.

I:/J A. Meng, P. Ahrendt, and J. Larsen, “Improving music genre classification by short-time

feature integration”, in Proc. 6th Int. Symp. Music Information Retrieval, pp. 604-609,

September 2005.

I:6J A. Meng, “General Purpose Multimedia Dataset - GarageBand 2008”, Technical Uni-

versity of Denmark, 2008.

I:.J P. Merwe, Origins of the Popular Style - The Antecedents of Twentieth-Century Popular

Music. Oxford University Press, 1989.

I:<J A.Moller, “Unit responses of the rat cochlear nucleus to tones of rapidly varying fre-

quency and amplitude”, Acta Physiol. Scan., Vol. 81, pp. 540-556, 1971.

I:8J R. Munkong, and B.-H. Juang, “Auditory perception and cognition”, IEEE Signal

Processing Magazine, Vol. 25, No. 3, pp. 98-117, 2008.

:8



I:=J F. Pachet and D. Cazaly, “A taxonomy of musical genres”, in Proc. Content-Based

Multimedia Information Access Conf., April 2000.

I:BJ F. Pachet, J.J. Aucouturier, A. La Burthe, A. Zils, and A. Beurive, “The CUIDADO

music browser: an end-to-end electronic music distribution system”, Multimedia Tools

and Applications, Special Issue on the CBMI 2003 Conf., 2004.

I:0J E. Pampalk, A. Flexer, and G. Widmer, “Improvements of audio based music similarity

and genre classification”, in Proc. Sixth Int. Symp. Music Information Retrieval, pp.

628-633, 2005.

I:1J A. Papoulis, Probability, Random Variables and Stochastic Processes, 2nd ed., New

York: McGraw-Hill, 1984.

I::J I. Panagakis, E. Bennetos, C. Kotropoulos, “Music genre classification: A multilinear

approach”, in Proc. Ninth Int. Symp. on Music Information Retrieval, Philadelphia,

PA USA , 2008

I6//J G. Peeters, “A large set of audio features for sound description (similarity and classi-

fication) in the CUIDADO project”, CUIDADO I.S.T. Project Report, 2004.

I6/6J D. Perrott and R.O. Gjerdingen, “Scanning the dial: An exploration of factors in the

identification of musical style”, Dept. Music, Northwestern University, Illinois, Res.

Notes, 1999.

I6/.J J. G. Proakis, C. M. Rader, F. Ling, C. L. Nikias, M. Moonen, and I. K. Proudler,

Algorithms for Statistical Signal Processing, Upper Saddle River, New Jersey: Prentice

Hall, 2002.

I6/<J S. Ravindran, K. Schlemmer and D. Anderson, “ A Physiologically Inspired Method

for Audio Classification,” EURASIP Journal Applied Signal Processing, Vol. 2005, No.

9, pp. 1374-1381, 2005.

I6/8J A. Rauber, E. Pampalk, and D. Merkl, “Using psycho-acoustic models and selforga-

nizing maps to create a hierarchical structuring of music by sound similarity,” in Proc.

3rd Int. Conf. Music Information Retrieval, October 2002.

I6/=J F. Rousseaux and A. Bonardi, “Reconcile art and culture on the Web: Lessen the

importance of instantiation so creation can better be fiction,” in Proc. 1st Int. Workshop

Philosophy Informatics, April 2004.

:=



I6/BJ R. Rifkin, and N. Mesgarani, “Discriminating Speech and Non-Speech with Regu-

larized Least Squares”, in Proc. Ninth International Conference on Spoken Language

Processing, Pittsburgh, USA, 2006.

I6/0J A. Shashua, and T. Hazan, “Non-negative tensor factorization with applications to

statistics and computer vision”, in Proc. 22nd International Conference on Machine

Learning, 2005.

I6/1J N. Sidiropoulos, and R. Bro, “On the uniqueness of multilinear decompositions”,

Journal Chemometrics, Vol. 14, pp. 229-239, 2000.

I6/:J N. C. Singh, and F. E. Theunissen, “Modulation spectra of natural sounds and etholo-

gical theories of auditory processing”, Journal Acoustical Society of America, Vol. 114,

pp. 3394-3411, 2003.

I66/J S. Sundaram, S. Narayanan, “Discriminating two types of noise sources using cortical

representation and dimension reduction technique” in Proc. 2007 IEEE International

Conference on Acoustics, Speech, and Signal Processing, Honolulu, Hawai, 2007.

I666J N. Scaringella and G. Zoia, “On the modeling of time information for automatic gen-

re recognition systems in audio signals,” in Proc. 6th Int. Symp. Music Information

Retrieval, pp. 666-671, September 2005.

I66.J C. Schreiner and J.Urbas, “Representation of amplitude modulation in the auditory

cortex of the cat I. The anterior auditory field (AAF)”, Hearing Research, Vol. 21, pp.

227-241, 1986.

I66<J H. Schulze and G. Langner, “Periodicity coding in the primary auditory cortex of the

Mongolian gerbil (Meriones unguiculatus): two different coding strategies for pitch and

rhythm”, Journal Comparative Physiology A, Vol. 181, No. 6, pp. 651-663, 1997.

I668J N. Scaringella, G. Zoia, and D. Mlynek, “Automatic genre classification of music con-

tent: A survey”, IEEE Signal Processing Mag., Vol. 23, No. 2, pp. 133-141, March

2006.

I66=J S.A. Shamma, J.W. Fleshman, P.W. Wiser, and H. Versnel, “Organization of response

areas in ferret primary auditory cortex”, Journal Neurophysiology, Vol. 69, No. 2, pp.

367-383, 1993.

:B



I66BJ S. Shamma, “Auditory cortical representation of complex acoustic spectra as inferred

from the ripple analysis method”, Network: Computation in Neural Systems, Vol. 7,

No. 3, pp. 439-476, 1996.

I660J A. Shashua and T. Hazan, “Non-negative tensor factorization with applications to

statistics and computer vision,” in Proc. 22nd Int. Conf. Machine Learning, pp. 792-

799, August 2005.

I661J X. Shao, C. Xu, and M. Kankanhalli, “Unsupervised classification of musical genre

using hidden Markov model”, in Proc. 2004 IEEE Int. Conf. Multimedia & Expo, pp.

2023-2026, 2004.

I66:J S. Sheft and W. Yost, “Temporal integration in amplitude modulation detection”,

Journal Acoustical Society of America, Vol. 88, pp. 796-805, 1990.

I6./J M. Slaney and R. Lyon, “The importance of time - a temporal representation of sound”,

In M. Cooke, S. Beet, and M. Crawford, eds., Visual Representations of Speech Signals.

John Wiley and Sons, New York, 1993.

I6.6J H. Soltau, T. Schultz, M. Westphal, and A. Waibel, “Recognition of music types”, in

Proc. IEEE Int. Conf. Acoustics, Speech Signal Processing, Vol. II, pp. 1137-1140, 1998.

I6..J ;� 7
���&��� ��� (������� ��� 9����� ��� �
������� (�&� S���� 6:11

I6.<J N. Suga, “Analysis of information-bearing elements in complex sounds by auditory

neurons of bats”, Audiology, Vol. 11, pp. 58-72, 1972.

I6.8J S. Sukittanon, L.E. Atlas, J.W. Pitton, “Modulation-scale analysis for content identi-

fication”, IEEE Transactions Acoustics, Speech, and Signal Processing, Vol. 52, No. 10,

pp. 3023-3035, 2004.

I6.=J S. Sukittanon, L. Atlas, J. Pitton, and K. Filali, “Improved Modulation Spectrum

Through Multi-scale Modulation Frequency Decomposition”, In Proc. IEEE Int. Conf.

on Acoustics, Speech, and Signal Processing (ICASSP), Philadelphia, Pennsylvania,

2005.

I6.BJ G. Tzanetakis, and P. Cook, “Musical genre classification of audio signal”, IEEE

Transactions Speech and Audio Processing, Vol. 10, No. 3, pp. 293-302, July 2002.

:0



I6.0J L. R. Tucker, “The extension of fator analysis to three-dinensional matrices,” in H.

Gulliksen, N. Frederiksen, Contributions to Mathematical Psycology, Holt, Rinehart &

Winston, N.Y., pp.109-127, 1964.

I6.1J V. Vapnik, Statistical Learning Theory. J. Wiley, New York, 1998.

I6.:J K. West and S. Cox, “Finding an optimal segmentation for audio genre classification”,

in Proc. Sixth Int. Symp. Music Information Retrieval, pp. 680-685, September 2005.

I6</J K. Wang, and S. A. Shamma, “Spectral shape analysis in the central auditory system”,

IEEE Transactions on Speech and Audio Processing, Vol. 3, pp. 382-396, 1995.

I6<6J M. Welling, and M. Weber, “Positive tensor factorization”, Pattern Recognition Let-

ters, Vol. 22, No. 12, pp. 1255-1261, 2001.

I6<.J M. Wohlmayr, M. Markaki, and Y. Stylianou, “Speech - Nonspeech Discrimination Ba-

sed on Speech-Relevant Spectrogram Modulations” Proceedings of the European Signal

Processing Conference, Poznan, Poland, 2007.

I6<<J S. Woolley, T. Fremouw, A. Hsu, and F. Theunissen, “Tuning for spectro-temporal

modulations as a mechanism for auditory discrimination of natural sounds”, Nature

Neuroscience, Vol. 8, pp. 1371-1379, 2005.

I6<8J E. Zwicker and E. Terhardt, “Analytical expressions for critical-band rate and critical

bandwidth as a function of frequency”, Journal Acoustical Society of America, Vol. 68,

No. 5, pp. 1523-1525, June 1980.

I6<=J (�����

��&	�� Grand Larousse�

:1




