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Bayesian polyphonic spectrogram modeling based on
context-free 2D tree structure representation of musical score
for automatic music transcription

TsucHIYA MasaTto! OcHial Kazukr! KAMEOKA HIROKAZUD'2 SAGAYAMA SHIGEKI

Abstract: In order to transcribe scores from the polyphonic acoustic signals, we propose a generative model
consisting following two processes; (1) generating score by using 2-dimentional tree structure, and (2) gener-
ating spectrograms from the score. We also establish an estimating algorithm for music transcription from
the observed spectrograms. Music transcription task contains various interdependent subproblems such as
multipitch analysis, onset detection, tempo estimation and rhythm estimation. The interdependency be-
tween these subproblems makes music transcription more difficult, and how ambiguity between tempo and
rhythm should be dealt with is unsolved problem. There are grammatical rules about rhythm and harmony
in Western tonal music. When we listen to the music, it seems that we unconsciously recognize the rhythm
and tempo with the grammatical rules and resolve above-stated interdependency. In this way, there is a
possibility of improving the result of transcription by solving these subproblems cooperatively. To solve this
interdependent subproblems, we propose the integrated generative model based on the musical grammars.
This model is designed to generate the scores and the spectrograms in a single step. We also propose the
decoding method to infer the parameters from the observed spectrograms. The results of our preliminary
experiment indicated that our system can transcribe music with fixed number of notes and fixed length of
the input music.

Keywords: Music Transcription, Probabilistic Context Free Grammar, Multipitch Analysis, Variational
Bayes, Probabilistic Generative Model Approach
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HEMRRE L IXABIDNHBE LR L LTOFRE T2
AL AT D Z L AT, BB S AT A AN
RMIUZ IR o T RE AR L2 0, FHT —F =2 52
AL LR BN ADOERMBFICFATH LN TE, &
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Fig. 1 Generative model of a 2-dimensional tree structure rep-
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resentation of musical notes.

T OIRSRRL T O BT 5 AR
¢ ~ Beta(¢”;1, 87)
(Remac 5 i 3 o807
o™ ~ Beta(p™; 1, 87)
Gy BIASRE R J7 2> & 7 11 2)2)
¢P, ~ Dirichlet(¢’; 1, 87)
(EDOWNE THEIT 5 0)
HBIEARORTH / — FIC#EAT 2 EmMHEI
by, ~ Bernoulli(b,,; ¢T)
(T3 235380703 % T HY)
If b, = (EMISSION)
Sy ~ds,,s,, Lr~0L,1L,
(st 54 )
If b, = (BINARY-PRODUCTION)
pn ~ Bernoulli(p,; ¢™)
If pn = (SYNCHRONIZATION)
Sny ~88,,,8,,  Sny ~ 63,8,
Loy ~ 000 10y Ly ~ 01, L,
(Bl — FEER)
If pn = (TIME-SPANNING)
Sny ~88,,,8.5  Sna ~08,,,8.+La,
Ln, ~6L, ,L,~L.,
Ly, ~ Categorical(Ly,; ¢7)

(R %2 LCF /) — RE4RR)

2 2 WILAREIERIBUC & 2 B AE K E 7 v OfRMER L. 72
3, & 1% Kronecher’'s 7V ¥ THV, v~y Xz =9y 25
IXHERIE 1 THY, TRLSIMNL 0 2R T

Fig. 2 The probabilistic formulation of generative model of a

2-dimensional tree structure representation. ¢ denotes
Kronecker’ s delta. Thus,  ~ §;,, means z = y (with
probability 1).
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Xt = Hyw, Wr (6)
r=1

ZIT, wtiZENENEE, KEOA Ty 7 ATH
D Hyp, 1 FEYTFB R, THLHREDEFIRANY L
ERLTBY, W, iZrEBDO/ — FOREL L IZH1F 518
HFONRT—%R LTS, ED 1 E 21T0T L HEED
BH AN a7 T LY, \ICHICHEMATE 2 Tldk
<, EFTMUELIEZARYZ b s T h X, EOMICIEH D
BEOTNINEET D, 20, ZOThERET L0
D1ODHEE LTY,, 1% Xy, 90 & T % Poisson 47
AIZHED EARE LTz,

Y, + ~ Poisson (Y, ¢; X, 1) (7)

723, Poisson(y;z) = z¥e % /y! & L CTEFRK S5 Poisson
SIZIBNT Xt (B L TRARIEZIT ) Z &I T F A 3 —
Vo AR IR S LT X B Yo T A YT 4
VIR L EELIEE N TNAZ LY T 5. [4]

AT FVEIE Hy, p TTEMEZEFO L) RIERBAD
RETHDHDT, TDIDD 1 DOFEE LT H, , 372
P BINDFERIGIINHED XHICTH L TEBRTL LN
T& 5. A% Gamma il K> CTET L EITo 7=,

Hy e ~ Gamma(Hy i3 B How + 1,800 (8)

7272 L, Gamma(z;a,b) x 2% e TH 5. H, p I1XFA]
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Fig. 3 Power envelop of a musical note (top) and rhythm struc-
ture with deployed power envelop of musical notes (bot-
tom).
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FVET LT D,
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Wr,t = Z Gr,m,t (9)
m=1

M
— Wrtlrm —{t—(m—1)p—7.}* /20"
mz::l Vare e (10)
T AIA vy MEAITHY, K3 IZRT LI 7 T
N — T ERRT A REOERGAOF L LS TND.
BARA TEHH O HE EOREORBEIL ¢ &5 BT
MLz, wp ZrBEHD S —FDORT—=ThHY, LB
KIROHEFETNIZTEZRAF—PRELL 2D L1275
728,
wy ~ Gamma(w,; oy, 57) (11)

DX 912 Gamma FAIZHE) X HIZ LI BT, "FTA—F
¥, BY HARRET 5 Z LT Hyyp ERBRIC A S — A Z D
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TR a— 7 EERT HIRE ERS MO M XEIE
ENOHEENDIRETHD. Uur,. .., upp FHFIREIE
WA OEHATH Y, BRI 1 OBEFDES| & LTnD.
ZITINBEAMT S 7 mE AL LT Dirichlet 2D 1
D T& 5 Stick-Breaking Construction [8] ZF|H4 5 Z &
NTED.

m—1
Urm = Vrm H (1 - ‘/7',71'7,’) (12)
=1

Viom ~ Beta(Vim; 1, 8Y,,) (13)
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TIT, s, 1322 THRAVEGAER T B R Lo TE
RS A7z r 3 B OB/ OMBIGALE (Tick) 2 &K +TEHT
H5.

2.5 BEXHOEA
FENTIC A Gy A RYEHR WD T8, DB FR A%
§+%T61%EJ:, g&%i& Cr,7n,w,t %i‘—é}'—]\ Lf:

Cr,mw,t ~ Poisson (Cr,m,wﬂ&; Hw,anr,m,w,t) (15)

Yw,t ~ 0 <Yw,t - Z Cr,m,w,t) (16)

r,m

ZORIE Oyt ITOWTEB LT 52 & TR T ITRET
LHILEINTEA.

3. INSA—HHR

3.1 RAXHFEIZLKDIERDTDHTE
ZOETITRE LIZAERET VDO /RT A —ZHEEDITIE
WZoOWTimlsd., 22T, BlHER Y NEX bk
IRT A—5 O \THT DR p(]Y) BHEE LI20.
0={H,wV,7, kv S L o7 ¢T N ¢X} 234500
DYAT LATHETRENRTA—FTHY, BHEHTH LD
TokoiTks.

H={H, i} or: EvTF kDAXT FLEIK
w={w},: T EFEEHD /) —FDTFILF—
V={Vimlrm: rEBD /) — b Oz _a—FZHwT
RS

T={n},: r EBD/ — bDOF Ty N
k={k}r: T HHD/ —bhDE Y F

W ={a}ta : d Tick O]

p={pata : d Tick 5 d+ 1 Tick OHAHIR
S={S.}: rBBD/— FOHLE
L={L}, : r&AD/— hOFff

@B, o7, ¢N, @K SUELERHERET —7 L

F%A p(0|Y) RO BT p(V) ZFHRT A0
DD, ZOFHFEIIIEFIE MR E LT L, T
BIZRO D Z LI TE RV, 22T, UTFTIEESSA R
B HS &, FROA pO]Y) OB 2155 T2 DK
WTNIY XLEEHT 5.
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3.2 EHRS AL BERSHOELEE

T4y A RIREAA RHEE I BT 5 B BRI 1
SThD. ROINEELN p(0]Y) &I 5 7 D%
DT q(0) ZHIITEAL, ZOKL XA A=Y x
2% BMET B & 5 R RT .

argmax KL(q(0)[[p(0]Y)) (17)

KLAANRN=V 2 AT 2 O0DMRSADERZ LT
B, Inzi/MeTH5ZETpOlY) b £ <ERT
5E57q0) #RDBZENTES. 22T, q0) %,
q0q() ... DEIITHDOTETRELMMY FALTH &,
JALLTF ORI & o TRT A =X O5H0 % T d 2 5HEICIF
AT 5.

4(0;) o< p(0;) exp (log p(Y.0)), 001, (18)

T2L, (wDg0/6) VE O @ 0; ISD/RT X — 2 THIFFE &
Az &aET.

WA A p(Y,0) 13 2.2, 2.3, 24 TR TEZLH 2%
INTG A—=HDIRIFEVEIC LY, UTFORIIHET D2 LN T
5.

p(Y,0) =p(H,w,V.,7,k,9,1,S,L " o7, 6", 6" |Y)
x p(Y[C)p(C|H,w,V,7,k)p(H)p(V)p(w)
- p(7]p, S)p(¥|m)p()p(K| ™ )p(d*)
-p(S, L|¢”, ¢, ¢™ )p(¢” )p(¢" )p(6™)
(19)
KRG A—EOEGEZRSHOFHAFIUL TFTO LB &
05,

q(Cl,t) = Multinomial(C.; Yoz, £5,)  (20)
q(Ho ) = Gamma(Hy x; €51, ¢ (21)
q(wy) = Gamma(wr; &, (") (22)
q(Vem) = Beta(Vem; €75 () (23)
(T, ¢, p) = N(x;:£*,¢) (24)
q(kr) = Categorical(k,; fr) (25)
q(¢y) = Dirichlet(¢/; £]) (26)
q(Sy, L,) = Categorical(S,, L; f3%) (27)
q(¢)’) = Dirichlet(¢’; &) (28)
q(¢") = Beta(¢”;¢7,¢T) (29)
q(¢") = Beta(¢"; ¢V, (V) (30)

ZITC, x5 N IEENRENIRATICEDILCORNE
FR AW Y LT,

T n" vTouTY pTH

x=[w|, &= ||, ¢ = v w e

n nH vt pn i
(31)
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ThDH. EHAZEMT HEE, K 1812 & o TR
5371 log p(Y',0) &3P 5y $t4 531 log q(6) Z Mt L, -
aRErEAESEMET S, 22T, N(27) 256 (30) I
Inside-Outside 7 /L F VY R AIC L > T Z LN TX 5,
AENTHEE OB A L, M S EEHRITEIET 5.

4. FE&

WETIEORMEREE 2 WGET 272012, SAESBER O
RETEBEOGTRFBEENLELE LT TEINE I D
FEBREIT o7, ZHUTEFBERMOGEICKEHE Ol
T w, PREOTFLX—Lbm2nbDa2dRL, F
LWERFUZE T LI DHEERIT A 500809
EBRTHD.

FEBRF—Z L LTRWC 7 73 v 7 FRTF—F_X—R -
Ty AFHT =L _—2 3] 6 ET /i (RWC-MDB-C-
2001 No. 26, 27, 30) Z&W, FHREOHE I, SHEHIDOH
/NSy (R 10s FREE) 28 IIMERICI v I AZ T LT
16 kHz (2 L7z b D% AV iz, fiffTicid Wavelet £ S 7z
ARy haZ T AERG, TO5ME, R AREE 16 ms,
B ARJE W% 30 Hz, JEWE ST RAE 12¢cent & L7z, EFT /L
DEFRIDAAD/RT A =B, RDDH /T A —Z OYIHE
¥, K =74 M =40,0 = 3,0 = H,p+ 1,81, =
500,a% = BY = 0,8Y,, = 10e"™/8/ 3 emm/8 o7 =
2,0% =1,0" =050, =28 =1,pN =2 L7 H
IFEEAY MV H OYHETHY, RWC i ET —
AR—R 2] DET J ODHEEFET — X3 LT, EAMEITH
3R (9] WA L TROTZbDE Lz, /RT A —HHEHO
AR 10 Bl E Lz, 2R A XK o TR A
v MIBET 585 A—Z OERSANHEE SN-%IT%
NHOWRHEZFRT S Z L CHEBICHEE Sh /8T A —
e LTz,

BREERER O — 2 X 4 18T, 2O L5 BT UAREHN
DI CHOBET) XALD bERBICHLTEZ 0T —
MRON-. 2, BROARY va s3T5 AMERTav
AT EZZT—THY, 24 TEWIRENIELL 20
AR S D, X, TUREHNRELS, BOEIZELT
XU X AR SIS RS, TUREROET
MBS EREHENRVETHD N2 D.

5. hHYIC

RRECIIHEEHEE, 4oty MELIHEE, 7 RHEE,
U R LHEE & D 2 < OFEE 5 T BB ORI L
T, BREARNLFEAY hu /T L ERETHR S
721 DOERET VL - TIAD Z & TING % [ERHE
ETDFIEEARE Lz, EBRCIEEFENBEmMORETD
BREBE SN OREEREZ R L. AHBOBEE LT
&0 F A e R A B AT AR R SRS Koo THSGE
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Fig. 4 Original score (top) and estimated score (bottom). the
red, green and blue circles indicate the deletion errors,

pitch errors and octave errors, respectively.
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