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Emergence of Musical Intelligence Based on Probabilistic Integration of Signal
and Symbolic Processing
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We have established a statistical framework that can {ointly infer musical
notes and syntactic structures from musical audio signals using a hierarchical Bayesian model based
on integration of language and acoustic models. We tackled automatic music transcription for piano
signals, musical note estimation for singing FO trajectories, rhythm transcription for MIDI
performances, automatic drum and guitar transcription for popular music audio signals. We applied
these methods to assisting a user to sing a song and play a musical instrument. In addition, we
degelo?eg_an interactive music composition system based on a hierarchical Bayesian model of chords
and melodies.



B XX C—19, F—-19—1,
1. WML OE R

VA, R 2T —F8o L5 rEHROBE
METR B BE Bt G L LIEFERN A TH
%o L L, EEAUEOLZESL 7T S a—

WIS IR AN B o T2, TS E &
M b S22, FREA O STERHR 2§
ELTHXT, HRMOICAREY 2582
<z LR TH D, B2 B BERED
BE . 2ROBEENERDVE> TN ThH,
AW&H%_E%@ HOREZEET D
L TR ROGEEEEREDO DL ENT
x5, LML, N-gram 72 EOMERET

NEHWTEFORBEZNT —2ZN6H 5
MUHEELTRE, @Bk L-WEEE I

L CHREFLOET A EZMAT D &N
— R TH B, L# Z DL Ik iy 7
Hbfid v 58T %”7 2 BT DI
. FEE I xﬁ“éﬁ;@?/ F—3g
DLFZ2 Y | BT — X OF AL 58
ARt ERELS B D L Ao TR
NEALT DLW BER S - T,

2. RO E®

N TE 23 95 BT RE 2 145 3 2 AR & fiF
L7280, 5 FALHE LR ALER L A RS S
KB FEREBE 5T — 2 bx 2ok
L CHN D BEBCEAL S X OSUER R 2 3%
YOS B D W FH O B VA A ST T
Do FAITFRI RN A Z T T Th,
BRI 7 R - SRR ROMEE (Fnig &
T 2 B FOMBE DO E— - FiFD
BN — - i) DEETHIEE
BEJEAICEfRE L CTWD, ZoXkHo7 TLAD
EOBFEREE) TIX. BH - fE - hHETE WD
S BRSNS BRI ST, T
I EEBE SO b ch b EE
%ﬂé AWFZEClrE, HEHm COsHAD
i%m(%ﬂﬁﬁ)ﬁ%ﬁﬁ%ﬂkifﬁm
THLDTHD E WD HIRPOHL L, ﬁ%%
BTG ED 72 LTI
HHEVIGERD L & | WE//A7%%)
v 7R RET T HES K FRAEE D AIFE
WS TR TRLY M Te,

3. WD I

KL TIL, KREDOFTREZTEBIEZ)EE
JRN 2 A3 % L RIRRC, SCERRNZHR &
Lf%%%%%%ﬁi<@%#é:kﬁ?
XDOM—MRFRET VEHKT D Z LT
R Uiz, ZHud, TLA D & OF5REEfig
AT 2720 O THERATH D, kD
BRI OMIEIL, THMFEOFHEME
&b% FAER COERAD 23 Tici s
LI NN BEREE ST 50 MO T 7
0—FCTholz, —FH., LA LOFHH
fi£] Ti¥. Cmaj X° D min & W5 7= DR
HEMb oo, B4 MR T HikE
BEFFS> TR o720 LThH, FEiciEny
S OPOMMP IR B NIFAETHZ L, &
BB 22 2 r — W ISEET D 2 & &

Z—19,

CK—19 (J:m)

HOOEREERRBRZ T RETZ &n
T& 5, 2O 72MOE % [HRAEE)
EAFTHT, RRERRE & AR EL Y fRA T2,
AT ERARES L&, KB T 2 0BEL
TWA I Tidia, 8F 52 Mk 28k
ﬁiﬁ(%ﬁ-ﬁ%-mﬁ)%ﬂﬁbx%n
5N EAE B UM A ERAICHE LT
B, WZ, SCEEE OGRS H D BT T,
%ﬁﬁu%9i<%%“i%ﬂéo:@£9
L INOBRIE, KEOT —F bl %
[FIREIC A 22 L 9725 2 & BN ERIEED
AETHHZ L ZTBLTEY, M7k
BXA XETNVOENE H R LFE &
WH—B LT a—F &2 LTz,
ANME, Bzl a2 72< Th, 2
X9 By LEE ORI LY, HEE
PR35 2 LT B8, ERICIE, &F&
FERERN A EB]GTHAZLICLD, &
D EEREREMEAITY) LN TE D, £D
728, LFMCiE, BEBEENLEEET IV
EEBETNEFRRICHEM A LFEET T
Tu—FEF TR, BT T AETOF
BLTBLLEHMH Y EEHOT 7o —F ¢
AR TE 51T - 72,

4. WRZERHE

a— NEEREDOKFEGREEE LSOO, #
fi7e L CERSFEBE SO a—RNEER
HET 272D TIEZRE Lz, £k
ETNELT, BENDLAXY ha /T AR
RSN s ERTEEET L (NMF) &
AR O3 — RFI S FEBER SN D
R4 EEET /L (HMM) %2#6 LI-EE
R RETNEEAE L (K1), £33 0F
E%%#:@%ﬁ%NMF@ﬂm#K%A#
BT, VT u— L hET EENEE
H &2 HMM 25T 7 08 LTERL
THZENTED, BATDAY b sF
IREx6N5E, XTAYS T TR
wf\ﬁ&fwﬁﬂﬁﬁ(%%&:—F)%
FIRFICHEE T2 Z LN T&E B, AAFZEIC .
ﬁ%ﬁ%*ﬁ#6ﬁ%ﬁbf %i&@%

RRASFIRE L 7o e, T OMSHAT, — A7
EIF'ELE%%/XTA}:H%T%%MS HRET

VEERBET IV E —FICHEN LTH;”?‘
HEWHETRRD, Nﬂ?mfi a— R,
EE. A7 ha T AD=MENS 58

METR PR A RE T L ORI H R CTHID
THkEh L=,
K1 2— KR - FHEE - RAE A

N7 a7 T AOREESA 2%711/



TWEVALEEERTLHZ LT, HFEOEE

(FO) #ABRIZHT L TR L < B/ HEEEIT
FEEER LT, BRI, 37 (Rr—1)
FANOARERE, & HICHRINCEE S FH
D E - BERZ BRI O AL ETE 2 KT 5
SEETNE ERRINCESSHHFED FO
RO RGEE A KRBT HHBET V& %
MELEEEBEE I~ L3 7 ET L
(HHSMM) #&EsftL7= (K 2), ZoEF
JUIZEASNT, EED FO 8N G-z Sz
ExElL, v aTvHEET T AR E
(MCMC) % FW CHEHE LSRRI & — 282 HfE
ETHZ LI L, FRlC, BEET LT
1. EBEOHF BT D, RESN-EER
FERFZ D> 6 OFTHH MR OEf 72 FO
EBEZEZEBLTBY., ZhOHTFEEOHKE
ABANERRICHEE T H 2 LI A
72

2 FRH - TR - B FO AR
Mg~ A XET L

S BT, BEMEE & B B o R 7o R
E LT, SEIERBBEHOTEESN
HRE 2T —BFROEFEETNG N
B, A=A, FREEOX X —, K7 L)
57 B WA 20 N L R T ZE AT RE 70 33
RS ARREICER D AT, S ORI
LTk, EfR T L@ ThDH, K74
N— N OBEERFE AT O ITIX, DT E DR
T LNE— (NART L« ART KT A -
ANy NORERZIORLE) & B ATEER
SBETN Bt —bxzra—F) &K
FGUNRE =N AT ha ST AEER
THEEET NV GEAMEITIGR) & E2HiE
Lz ~A X7 i EXbd 52 & T,
BEEFEZND N7 LGEEHEET 5 il 4 B
Lz (X3),

p(s) EEETIL 5 L
%%maﬂgﬁ%%m

RIERRZ bOYS L X

5]

X 3: RTLNE— BEEAXY b
7T LD A XET L

— 5. HFE S MBI LT, S —
— b AT 5 SRR O 2 KRBT
FWET L, EHRREND AN B

7T LEERTHEERET VERS LI
EREntEI~vrarveET VEERLT D
LT MEEORIBTHEIND DEBE T %,
Vo RS — e R—AE L — o ) RN Y —
D 3FEFAD X Z — TS AR/ 3525
HHEI AR L (K 4),

REARY FLO-FiRS - B ICRE TIT4R—2 3 ERICEY

X 4:4XHX— = NDOEHFRI ERES
2T va T AOEBASR A XL

SHLRLRERE LT, THROAINESTE
ROHBELBICH I AT, £, BuhHin
LRHZATT 4 HDHWTa— FHEETICR L
T, bIH)—FHEHBERTLHZ LT, 2—F
DRGNS R 2R ST 2 &
NTEXLHEER 2T 2203 Lz (K5),
AWFFETIE, a—REAnT (23T 508
MERET LV EZHLNLDFEETHZ LT,
REBLNLTWVWAABRT ¢ & a— NEfT)
5. 2—PNRIRE LI ET 2 FHR M-
TH o7V 73 FEEHWZ, fasEftT
ZAT 9121, 22— FOBREME Y IK LIS %
EZET D7D, a— FEITOERET V&
L TCARREEET LV TH D HERASCARA H 3T
#EPCFG) ZHW=TiEEHW-, a2—RiZ
KT HATT A EREITOICIE, AT 112
BI2EGOER & HBAEICET S~
aT7MENS, BEIvAa TETFIIESNT
AT 4 D—EREAERT D FIEERE L,

X 5: a2— KR E AT  OFHFRYND
Mg XA XET 1

Fm, BREEEENDL U TILE A LTSS
HaEH L, 22—V HEOT U ARE(LICEE
TR ST THET AN T TV AT 2%
L7 (K 6), - i 28N 5 &,
T IHERZTOLBENBE L, = — IR
FICAEDLETHRETRZ D, 22— NHKEDT
VIREHBES LEVEL LED TS L, fERYE
DT VR ZENICEDETENT D, £ H
7z — A R —YFHE L oo il =
FNDAXRT bua 7T ABIWNFO RFERS
N, 2—WIZEN 6% U T AXA LT
x5, 2—FIFXADBHN W OF R A UE
T BT T AT LERATE 5,



AR [2=v30e]
v
BROEE

\ 4 A 4
(z ] (35 ]
v ¥
TIAUAU
rrrEs

GG
.

«

i [ wmcewiimz |

1 6 : U 7S A BNEGHE - RS L
DTW (2RSS WIS 7 47 o AT A

R 27 —FROGTREBETFEXNG L
LT, FROXOHFICEENDIRELRBA
GUI L CHHIZRET LI ENTELHT A
TLAERELE (X 7)), HBERALIIET
F—RrRT VPR, 2S5 LED FO @
s e RprE#ho = L 28+ 5, GUI
I EEHEE SN -E A O FO BB A E R
ENTEY, 2—ViEFe 7 b= S
BEOfMAZEE L, FANCHE LIZHKEREL
(BlOBHEFE P LT 5 2 & b AHE) Zi
W5+ p2LnTE5, #AE FO o HB)
HEEIZITYnNEENS 2 2Rt s LT,
=PI ART v u s T A ETHEHFED FO
MEENDTHAIHEEET 7ICBY D5
TET OGS BB L Y, FofEEkd cHk
O FO 2 HBIZHHEE T 2 H0E © B3
U7z AJE & B O B il 32 < ER A BES
TR EIEE ICER Sh TR, A
AFNFA v H T 2—AEN L Ca—H L
AR EREICBEE L H > T D,

47 ¢ B - PR S BE & S FO HEEIS
S RE G OMRFRE S 2T 2

—HOMIEEE LT, RO DF
BEFNERFUHADOTZDDSHEET Vi
MET DI &T, BB L SOEE 2 R
(AT D kAL TS L) B ZER T
HIENTE, SIDIT, BEIF U3 58T
Hr IS LT, BIE - MRl - ESHRT
Vo —a OB EITY 2 ENTE, il
M« TEMICEBEREREIT) 2N TE T,

5. FreREiRE
(BFgEfEeE . WFFE s K ONEEAF TR 12
=Ny

UdEssams) (G5 1F)

@ Hiroaki Tsushima, Eita Nakamura,
Katsutoshi Itoyama, and Kazuyoshi
Yoshii: “Generative Statistical Models
with Self-Emergent Grammar of
Chord Sequences,” Journal of New
Music Research, pp. 1-23, 2018.

@ Eita Nakamura, Kazuyoshi Yoshii,
and Simon Dixon: “Note Value
Recognition for Rhythm Transcription
Using a Markov Random Field Model
for Musical Scores and Performances
of  Piano Music,” IEEE/ACM
Transactions on Audio, Speech, and
Language Processing, Vol. 25, No. 9,
pp. 1846-1858, 2017.

® Eita Nakamura, Kazuyoshi Yoshii,
and Shigeki Sagayama: “Rhythm
Transcription of Polyphonic Music
Based on Merged-Output HMM for
Multiple Voices,” IEEE/ACM
Transactions on Audio, Speech, and
Language Processing, Vol. 25, No. 4,
pp. 794-806, 2017

@ Misato Ohkita, Yoshiaki Bando,
Yukara Ikemiya, Eita Nakamura,
Katsutoshi Itoyama, and Kazuyoshi
Yoshii: “Audio-Visual Beat Tracking
Based on a State-Space Model for a
Robot Dancer Performing with a
Human Dancer,” Journal of Robotics
and Mechatronics, Vol. 29, No. 1, pp.
125-136, 2017.

® Yukara Ikemiya, Katsutoshi Itoyama,
and Kazuyoshi Yoshii: “Singing Voice
Separation and Vocal FO Estimation
Based on Mutual Combination of
Robust Principal Component Analysis
and Subharmonic Summation,”
IEEE/ACM Transactions on Audio,
Speech, and Language Processing, Vol.
24, No. 11, pp. 2084-2095, 2016

(Fa¥FR] (Gt 26 1)

1 Kazuyoshi Yoshii: “Correlated Tensor
Factorization for Audio Source
Separation,” IEEE  International
Conference on Acoustics, Speech, and
Signal Processing (ICASSP 2018),
Accepted, April 2018.

@ Eita Nakamura, Emmanouil Benetos,
Kazuyoshi Yoshii, and Simon Dixon!:
“Towards Complete Polyphonic Music
Transcription: Integrating Multi-pitch
Detection and Rhythm Quantization,”
IEEE International Conference on




Acoustics, Speech, and  Signal
Processing (ICASSP 2018), Accepted,
April 2018.

Ryo Nishikimi, Eita Nakamura,
Masataka Goto, Katsutoshi Itoyama,
and Kazuyoshi Yoshii: “Scale- and
Rhythm-Aware Musical Note
Estimation for Vocal FO Trajectories
Based on a Semi-Tatum-Synchronous

Hierarchical Hidden Semi-Markov
Model,” International Society for
Music Information Retrieval

Conference ISMIR 2017), pp. 376-380,
October 2017.

Hiroaki Tsushima, Eita Nakamura,
Katsutoshi Itoyama, and Kazuyoshi
Yoshii: “Function- and Rhythm-Aware

Melody Harmonization Based on
Tree-Structured Parsing and
Split-Merge Sampling of Chord

Sequences,” International Society for
Music Information Retrieval
Conference ISMIR 2017), pp. 502—508,
October 2017.

Eita Nakamura, Kazuyoshi Yoshii,
and Haruhiro Katayose, “Performance
Error Detection and Post-Processing
for Fast and Accurate Symbolic Music
Alignment,” International Society for
Music Information Retrieval
Conference ISMIR 2017), pp. 347-353,
October 2017.

Kazuyoshi Yoshii, Eita Nakamura,
Katsutoshi Itoyama, and Masataka
Goto: “Infinite Probabilistic Latent
Component Analysis For Audio Source
Separation,” IEEE  International
Workshop on Machine Learning for
Signal Processing (MLSP 2017), July
2017.

Yuta Ojima, Tomoyasu Nakano,
Satoru Fukayama, Jun Kato,
Masataka Goto, Katsutoshi Itoyama,
and Kazuyoshi Yoshii: “A Singing
Instrument for Real-Time Vocal-Part
Arrangement of Music Audio Signals,”
Sound and Music Computing
Conference (SMC 2017), pp. 443—449,
July 2017.

Yusuke Wada, Yoshiaki Bando, Eita
Nakamura, Katsutoshi Itoyama, and
Kazuyoshi  Yoshii, “An Adaptive
Karaoke System that Plays
Accompaniment Parts of Music Audio
Signals Synchronously with Users'
Singing Voices,” Sound and Music
Computing Conference (SMC 2017),
pp. 110-116, July 2017.

Eita Nakamura, Kazuyoshi Yoshii,
and Shigeki Sagayama: “Rhythm

Transcription of MIDI Performances
Based on a Merged-Output HMM for
Multiple Voices,” Sound and Music
Computing Conference (SMC 2016),
pp. 338-343, September 2016.

Eita Nakamura, Katsutoshi Itoyama,
and Kazuyoshi Yoshii: “Rhythm
Transcription of MIDI Performances

Based on Hierarchical Bayesian
Modelling of  Repetition and
Modification  of  Musical  Note
Patterns,” European Signal
Processing Conference (EUSIPCO

2016), pp. 1946-1950, August 2016.
Yuta Ojima, Eita Nakamura,
Katsutoshi Itoyama, and Kazuyoshi
Yoshii: “A Hierarchical Bayesian
Model of Chords, Pitches, and
Spectrograms for Multipitch
Analysis,” The 17th International
Society for Music Information
Retrieval Conference (ISMIR 2016),
pp. 309-315, August 2016.

Ryo Nishikimi, Eita Nakamura,
Katsutoshi Itoyama, and Kazuyoshi
Yoshii: “Musical Note Estimation for
FO Trajectories of Singing Voices
Based on a Bayesian
Semi-Beat-Synchronous HMM,” The
17th International Society for Music
Information Retrieval Conference
(ISMIR 2016), pp. 461-467, August
2016.

Kazuyoshi Yoshii, Katsutoshi Itoyama,
and Masataka Goto: “Student's t
Nonnegative Matrix Factorization and
Positive Semidefinite Tensor
Factorization for Single-Channel
Audio Source Separation,” IEEE
International Conference on Acoustics,
Speech, and Signal Processing
(ICASSP 2016), pp. 51-55, March
2016.

Eita Nakamura, Masatoshi
Hamanaka, Keiyi1  Hirata, and
Kazuyoshi Yoshii: “Tree-Structured

Probabilistic Model of Monophonic
Written Music Based on the
Generative Theory of Tonal Music,”
IEEE International Conference on
Acoustics, Speech, and  Signal
Processing (ICASSP  2016), pp.
276-280, March 2016.

Kazuyoshi Yoshii, Katsutoshi Itoyama,

and Masataka  Goto:  “Infinite
Superimposed Discrete All-Pole
Modeling for Source-Filter
Decomposition of Wavelet
Spectrograms,” The 16th
International Society for Music



Information Retrieval Conference
(ISMIR 2015), pp. 86-92, October
2015.

Misato Ohkita, Yoshiaki Bando,
Yukara Ikemiya, Katsutoshi Itoyama,
and Kazuyoshi Yoshii: “Audio-Visual
Beat Tracking Based on a State-Space
Model for a Music Robot Dancing with
Humans,” IEEE/RSJ International
Conference on Intelligent Robots and
Systems (IROS 2015), pp. 5555-5560,
September 2015.

Ayaka Dobashi, Yukara Ikemiya,
Katsutoshi Itoyama, and Kazuyoshi
Yoshii: “A Music Performance
Assistance System Based on Vocal,
Harmonic, and Percussive Source
Separation and Content Visualization
for Music Audio Signals,” The 12th
Sound and Music Computing
Conference (SMC 2015), pp. 99-104,
July 2015.

Tsubasa Fukuda, Yukara Ikemiya,
Katsutoshi Itoyama, and Kazuyoshi
Yoshii: “A  Score-Informed Piano
Tutoring System with  Mistake
Detection and Score Simplification,”
The 12th Sound and Music Computing
Conference (SMC 2015), pp. 105-110,
July 2015.

Yukara Ikemiya, Kazuyoshi Yoshii,
and Katsutoshi Itoyama: “Singing
Voice Analysis and Editing Based on
Mutually Dependent FO Estimation
and Source Separation,” IEEE
International Conference on Acoustics,
Speech, and Signal Processing
(ICASSP 2015), pp. 574-578, May
2015.

Satoshi Maruo, Kazuyoshi Yoshii,
Katsutoshi Itoyama, Matthias Mauch,
and Masataka Goto: “A Feedback
Framework for Improved Chord
Recognition Based on NMF-Based
Approximate Note Transcription,”
IEEE International Conference on
Acoustics, Speech, and  Signal
Processing (ICASSP  2015), pp.
196-200, May 2015.

FRCMERR R 6 1. Z OMEINERZ K,

(Z Dfth)

/—J;PA

LR—

http://sap.ist.i.kyoto-u.ac.jp/members/yoshii/

6. WFZERHR%

(D7 FRE

HH FofE (YOSHII, Kazuyoshi)
TR « G IeR) - GEAh
Fe#E% 5 20510001

@F5Es i
7L

()M TEE
L

(DI FEl 1135
L



