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Abstract: This paper describes a music structure analysis method that splits music audio signals into mean-
ingful segments (musical sections) and clusters them. Focusing on three fundamental aspects that characterize
musical structures, homogeneity of timbre within each section, repetitiveness of chord progression in sec-
tions of the same class, and regularity of durations of sections, we propose a hierarchical hidden semi-Markov
model (HSMM) that can deal with these aspects in a unified probabilistic framework. This model has two
sequences of latent states corresponding to a sequence of sections and that of chords. The timbral features
(mel-frequency cepstrum coefficients) and chord features (chroma vectors) are emitted as observed variables.
The higher-level sequence of sections is assumed to follow a semi-Markov model that explicitly represents the
duration of each section. The emission distributions of timbral features are assigned to individual section
classes to guarantee the homogeneity of timbre. The lower-level sequence of chords is assumed to follow a
section-conditioned left-to-right Markov model. This model represents the repetition of chord progressions
in sections of the same class. We formulate a Bayesian model by putting conjugate prior distributions. The
sequences of latent states with appropriate effective numbers of sections and chords can be estimated even
if too many sections and chords are assumed. Evaluation experiments showed that the joint modeling of
homogeneity and regularity improved the performance. In addition, the proposed method can yield analysis
results with similar statistical properties as the ground truth data and has higher accuracy than conventional
methods in segmentation and clustering.

Keywords: music structure analysis, hidden semi-Markov model, unsupervised learning, statistical musical
signal processing, Bayesian inference
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Fig. 1 Music structure analysis based on homogeneity of tim-

bral features, repetitiveness of chord progressions, and

regularity of section durations.
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Fig. 2 Self-similarity matrix (SSM) of MFCC features (part of
RWC-MDB-P-2001 No.25).
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Fig. 3 The generative process of chroma and MFCC features

in the proposed model.
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® 1 RFEEOVERIZHT 2 LEGERO

ARG R, W TBRIARFETH 5

Table 1 Comparative evaluation results on different configurations of the proposed

method. The bottom is the proposed method.

R i YR T =AY IR LT
e o3 A (0.58) (0.58)
7 H1x MFCC Fos (%) Fos77 (%) Fso (%) Fyo7 7 (%) Fpaie (%)
v — MRS AR 7.50 8.16 31.3 34.3 27.9
v — oA 24.1 25.0 60.8 62.9 56.5
v v — k53 i 21.9 22.2 56.3 57.2 52.3
v L i 17.1 17.9 38.9 40.4 29.7
v LN 39.7 39.9 67.8 68.1 58.0
v v i 33.0 32.9 58.7 58.2 54.3
= 2 E ¥ EEFICET A ROl R
Table 2 Comparative evaluation results on the Viterbi training.
e I AYTF—vay GAYN) T
CEA A (0.58) (0.58)
Fos (%) Fy5™ (%) Fao (%) FG™ (%) Foar (%)
Th v 32.4 32.3 57.9 57.5 53.5
179 33.0 32.9 58.7 58.2 54.3

3 PrT & O RO MK R

Table 3 Evaluation results of a comparative experiment with existing methods.

. vy AT vay vIARY) YT
Fik (0.58) (0.58)

Fos (%) Fo5™7 (%) Fso (%) Fy™ (%) Fpair (%)
VMO [34] 7.71 5.32 8.52 5.88 28.5
CNMF [15] 6.61 6.82 37.4 38.6 41.7
SCluster [16]  13.6 14.4 50.4 51.8 45.5
ELESEN 33.0 32.9 58.7 58.2 54.3

42 =

., EFUCEHRETH) I LITL) SERIICHES L
2. SO ENS, EFUVFEBEOEMEDIHER I NI,

xR 3EHMATFELOMBEROFBEREZRL TV,
SCluster I3 ¢ XRTOFERET, 3 2DWMAFETHEOPTIE
ROKENE Do 72, VMO OHEEHERD F T, #
ERRIIIAHRIH 7 A b HBE RN (K 4).
CDOFERITMSAF 72475 OABY %Gl L VAL
2bDTHHEEZOND., ThH3ODFHLHELT,
RETHEI TR COMIRNE CHEICEN 22 R L.

4.3 S

Rz, BFEICBU T ROBME X LR
X7z (M 4). BEEOKERIINT LYY 3 v EOST
(&, Ef#ET — 51T 500 EREDEBLL T b RIS,
L5054 32 E— b (8N & 16 E— MloBWwT
Ve s 2o TWh, —HT, RBFHEICHT 554 0E
T =T o0 ERELCRE->TVD. ZORRE,
7Y Ay ORFRICHT 2B R L 52227 v
DRIREHMEIR LTS, WIS, £ 27 2 a Y BROH
IO 5T b, SRREOIEAERI AT 2 54
EEMT =8 ST AU LT 0BTy, T
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INH DRI LD, FEREC X 2 F S TS R,
BTN T, AT X B IRFTRG S & T W E o
CEDVHENPOLNT. Fl, INLOFERIIFEEAS
T TIEHONICTE LW L IFEELREE LTI RSN
. ZOZEDL, FEMEMTOFHGIZIE FAEZT T
T TR EDRGND.

B4 \RTHREOBITIE, TNEDMEMZBIEETE 5.
12, CNMF & SCluster OHfEEFERIL, 7 a v s I
ABHNE L, 7T a VESHAIM TR, REEOHR
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ERTIELIELIE O TR AT VTS Z &8
RTINS, REFETIITHO~IL T 7#E DK TIRREZ
OWTHIZ 5 A TRV EDRETORTTAZ L
MHTE, WG E TOMREDTF 20 s v a v
BHMZDIEDTfeL o TWnA, 22T, WlkkRs g
MTE2IIEHCERMERMOBRMAEE LD SIERITK
EL b5, BUBRBEZHYVERLTLEY, ZOKED
FFE2aVvBRTLTCLEIEVIZEDEZON
L. THUETMO~ LI 7 I 5523 2 &
TUHTELWEEND 5.

S51T, REFEIC L 2 E AT RIS E N5 R
B IOV 2T o7, B 5(a) TiF, AL2Z I
ADY 7T aryT, BWITHEESRKRECRERL S 0N
AbNb., —fKlZ, RE2I7—FRTEFALrFADLY
va VIR LR RO 2 AL, oMt g
EL7ZET IV ERESES 5 2 8T X0 IEMER AT RS S
Npr#zohsb. 72, | 5(b) TlE, HEEMEDOL Y
Ta YERSERWIIP LN TN TnS, TO L) Rk
D RBERT 5L LT, FidEiy, 7 v VER
B A MEDZELZ E 5D ENEZLNS.

F72, wau T {1,4,16,64} DMETE2> L7z & S DOMEREN
DOWEZTR L. R4 ZZOERERLTBY, ZoOfH
OFICEAMEA TR L0%REEZEIL L 72, waw D & 1 HE

(a)

(b)

0 sec 50 100 150 200 B3
K5 EEERICEENLMAARRY . (a) RWC-MDB-P-2001
No.24, (b) RWC-MDB-P-2001 No.29
Fig. 5 Typical errors of the estimated results. (a) RWC-MDB-
P-2001 No.24, (b) RWC-MDB-P-2001 No.29.

R4 wau S BMERENDORE
Table 4 Effect of wqy, on the performance of the proposed
method.

Wdur 1 4 16 64

oA T—vay

Fo.5 (%)

279 33.0 25.7 23.7
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