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Abstract This research aims at automatic accompaniment that synchronizes the accompanying parts with the
music being performed by human. This paper discusses both a method of score following that estimates performers
beat position in music score, and automatic accompaniment system which plays accompaniment parts in the tempo
determined by the results of the score following. Since real human performance may include performance error or
repetition of the same phrases, score cannot be followed by simple matching performed notes with note in score in
time order. To estimate the most probable score position for a given MIDI performance, we formulate the score
following as a probabilistic inverse problem using HMM (Hidden Markov Models). This paper also discusses esti-
mation of tempo curve from results of score following and accompaniment system that plays accompaniment parts
with the tempo which is musically natural and follows the human performance. Experimental evaluation on score
following and implementation of automatic accompaniment system are also reported.

Key words score following of MIDI performance, automatic accompaniment, beat onset prediction, HMMs (hid-
den Markov models), Viterbi search algorithm
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HEBICHEZOREBICEDETHEEHEL T I 5D
WEEIY, REBNICT U TNVREEELDBZIATFAD
KBEEERLTWS, AT, AHESOMRERELTE
Bz, BEHOREOXKIBNE, EEMERICETI R
EHEFECOVWTERT 3.
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&SNS EHHEIEF CRB MBI TREL WRE LK
HMEDELWHBEEBSNAW., @MEASIE, ZBOKEELE
WMEORITI, WERDRLZEROF—H, FoRPUXA
PMTFOITRMR DTN EFOREHRICET 25 —BNEE
THEHTHS. B, $FESATFLEZERICERTZHAR
MEELPHEETRE ATy 7 U TR b E L - XKihas
FEMLETHS.

KEGEEMTBIR T A ERMRICIE, AMMBERREOHE
#7523 % Beat tracking, Tempo tracking 2B 258 H
B[~M. ThEOFEEAVIUL, REHORBOWE LS
AR THHOMBEZRDD Z EMNTE, WEHHIMEELD
WEEZRPCRILT I LEHETIHE, RENICIIHEEK
A3 ETRBEOMBAERDENS. LML, #EEEVICK
DRELOMNENTNBEE, TOTHhZEHTE LTS
VDT, FHEOEHMET 5 EHHERITITES R0,

—HT, RBBHOMERPRICIY, FHOMRERAVWTEME
BEOFOMEERDZZ L THEML VBT o—
FOWMELHSD. T TR, EIIHKHLBEEZ DP(Dynamic
Programming, BIBYEIENE) ¥ v F >/ &2TFRS LT, B
KRR Z2EUTHEEOH 2FEITH L TEBBMETI L
MTES[5. DP YvF> /i3, —FBMORFAMNARD 2E
DRBICN L THEBBH2ITA DN, HEELOCHERIL
RBEDKBHRBERMBONREEEALHEBLRD T LMNTE
2. D%, DP LHMEHEL ORI EHAEHE LB
FIEMBRINTNS[6],(7)

AT}, TOLIRERNS, WMEEL BEALEEHL
BOTRER S RROXMBHFIELBRT .

e, BRI, WESORMBHFORBRICESVWTHES
EEEIEBETHEATE S, MIDI HEOKBBHOKR
&> THASNZDI, WEDANA R btdh o BRI
BIAHMBETHHOT, HE2FEIEIIE, HEHFOC
R M BREWRL BT HLBOWRALETHS. FMT
I, RKEEPMERNS, B R MIRWEORENEL#
ETB7NI) XA DNTHRTS.

BT, %2 BTEEEHE, £3. BETHHERIIOWTH
wT3.

2. BBEOEREZTTFIMELIEHMM ICK3
£ oo

2.1 MIDI REOFHHEH

2.1.1 ZHEFEOKHE MIDI HE

FFET /DX MIDI BHEOETHRBEHNTHERT
5184, WEFEOWEL LT ITHETHHRIIMIDIEEELT
BB TE5. MIDI 3851213, EFHMHEH (note number) &FH
#H# (velocity) MEENTHBD, ZOEFERELERKICE
B TRAERETAIET, JOFORTHANELSNS.
AH/TE, i BEORTO MIDI 85 % 2 = (t:;,n) ERL,
HERA t; EEHIEE 0 OB EAVTEBHEERTD
ERT5. 213, BIRRTESCEY /0-)TEIhiz 2
RICERH L T—F 2R THRDOEROMBITHIET 5.

—%, WBEIN2HOXBTIE, FFTEIEFEISKAHEK
(BATF, Mafri@) LIRy) EERAICKI > THESNSTHIT

g T T T ] o

'e;_% =t —1 ... x5=(1y ,t5)
i - N
e
-
ﬂﬂﬁEEEEEEﬁEE= & -
E... . .
8, 8; 85 S, 85 Ssgeore == t, {imo
240 245 250 255 260 265 [beat] 100 1.0 [86¢)

1 #ED MIDI {38 (£) LHREMORR ()

ko THEEENS. MFPHEROWE TIIEUNMLRICE
BOENREINDZEMNH B, 22T, BRCKEINS
REZF—BELTCEHEISEKA T BBOHMEBE 5; 22X
TTET S,

AETIE, AMOLKBEED MIDI FE22E L HRzR
Gl z; HLT, ZOWRBINLFIHETIERLEOF
E2ROWELTVWAHHEME s; 2ROBBFEHRL, FRTR
ZOMEERKHBIEIERT LITT 5.

2.1.2 HEBLEBEOF—K

KA 21T S DITIE, KBED LICABNEETZH
ARHBLEBEOMICR D IUTOR—H LR 2EHRELEHE
L7 TRz 57n.

a) MTFORETMRERTIEF

HFE T, IFOHBIMBIIRARICHEIND LIRS
T, T, BEEFEZ—ELRN, 2Ok, KED MIDIF
B HBHMBICHESETRAKCRST T L2RREN
EEEBEIRS ZLZAHZMETIIRN.

b) WE®RD

WEICE, EROFEHMEY, FEFECEHRAREEITER
THRHERIMNEETNES. Zho iR, EBITBEWTORA
(insertion), T HDEF DB (deletion), FKiBPDE %A
DFTHHEL TL £S5 @M (substitution) IZHETEX 3.

c) FURELEEOEH
WEFREBCRHEAT 301, AERITEST R
BEMTTEETZ0. ZOLSHEOEHZERTH L,
WETREEIRELHER, FOBRTT VRSB B
EHBELOLVERTEDOT, REROMFTROLEHHTHEL
KM E DTV F VIR ENEET 5.

d) EMTORE

T, BHTE, MU ABEOEMNFL, HRBECLVEEZO
FAIVINBRVES. BIZMIIIVRBEZEINSZTOEKD
HEHKICL->TRAZ LMD S.

e) HEOWZHEL - AFv7S

RBEOFHENREROWE TANIHEEA LI, HEOHR
AELVBLTHETHREELS, H2WIEEML THSE
THEAFY ITREZEUDRENDVES. T/, KiTiEwX
NTWBHRDEL (Y E— MER) ORTOREICIZE VD
H0ED.

2.1.3 WEEDETII & MIDI HEORKHBH

ZOEDITHBERELOMNBITBHETIIHZA, LhL,
ERERERIHELHEIANSKBEBI ENTES. TN
13, ZOEERREIRZREL TVLERMOBEDHEENED
EOHEETEINELM>TVT, TOARICESLADET
BOHENS LWEESHMBEZBRICENENIRD T ENTE
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8§ 8 8 8.8 &8
2 MFENORBEBICLSMFORZOETIMVL () LEDOH
BW|ROMMBOES (H)

|_ chord detetion error |

[ chord insertion error |

V
P(sJs)
Pos) P6IC Jres ) Psls)

5, 5, s, s, s, 5, )
P(s, |s)

3 BUBEOXy bT—JEFNOTIN DT BHER

EMHLEALNS. BL, ZOXSIRBREICEL-THZE
BEFHTEIREEORBERRMITRDS ZLNTEDR5H,
BROICEDENS LWAMEZRD D Z LMNTES.

2.2 RBEOESEHRTHEETINICLIREBERETN

T, BHEZOWEDOETFIAIZDONTEERT 2.

2.2.1 REBBEBEFINVCKDMFEM COWEBEFIZOW

TOMmE

B 2AIRTEIIZ, HEBLTWIER LICENEETS
BB EOEDDREE LTEFIUET 5 &, RlBZ2FHEHED
TWBRRAEROREBES LA 503, RODAWEE
1, TOMMBRZIEIZ 51 — 82 — s3--- EBET ZBREICH
BT 5.

LML, ZBROWBTIIRVZEHBHDT, Zhsom
MEORBEBRIITHEIND TG HS. 22T, »
BHECTHE LR AR TN M OREC REBE 230
EEZ, RIWVATEFINTETFIAET S, £<B0MRNES
1, P(sjti]s;) =1IZMETHH, B 2SOEEOTERE %
EZD%H, P(sjq1]s;) <1&L, HOREBADBBOTHEED
BEROITES. UTORRIE, <3 7EFINOREORTHE
—MICHRA .

a) MTFOBRE - HARD OBR

MEOHBARD, BB, XROHIMBTE2HETHEDIC
BoTHEOMT2HET 28813, AURMBICHESBE
BT 3. COBRIL, p(ssls;) THASGNS. Fik, T
DRFERD, BB, HE s OMTEEBELBN-EHE
1%, 85 M5 sjp2 NORBEBIZMNET S, ZOBAOMRIT
p(sj+2l8;) THEASNIS.

b) WEOBMEIMEL - AFv TORHER

WEEHUE s; X THED, TORICZHLDHORMLE )
NOBMEETENIRE, BB s, S s; ANBH LB
BERASND. TOLSBBEELIEE BHEI, p(sys;)
THEASNS. Ffe, BB 510 D5 s (REL 7 > j+1)
DEFEAFy TUTRET BEAIL, WESHMLBN s; HSA
AR s, ICRSBEITHYL, TORRIIRERIT p(sj0|85)
TExB5h5.

2.2.2 REBESEFIICLSAMBICBIT320ED0MF

DIFZEHR
a) BEBRICXIMEOWERR
RIZ, HBOME s CHRESTNDIREMNE %, WEENKHE

P(s\,/ls)

Cueotu
Lot

e tietu P(Afldm\i—nmrd)
. P(At]ui> .ma,\/ p((m“_’,‘:;"’
piem 3 onsel events

for one chord init chord 6ia

| I——

H a1 I
i :“ulﬁal :
4 —DOOMFOWE (&) © IOl ZHATIREBBLTHEFN
1t (#H)

DETn, - ,nkg CHETDIHE P(na,--- ,nkl|s) 2EX5.

—DOOMTFEHRTHLTOECRAREREZNSThIEIRE
LOBRWHERETFINTETIVLT 22 LbTEHM([E), MF%
WRTDFOHAETERDZHIZ2EDP EDOyFII7 I
) ZLHMBEER D HEEMEIITEE AW, 2T, 2
T K BOE2HETIRBEMITH S LEEL THEDS.

K
P(nlv' v 7"’K|s) = Hp(ntls)

i=1
ZOXIIMIMITERXZZ&ICXY, F—0EHOEIcHL
THINEVEDODMT L RATE, FHARRTHRICHIE
RESZTUES WEMAH DAL, THILRD 2.2.2 BT~
BHREMBEDE S Z L TRARBMERROMRAGCEIR X
haziidmishs.
p(nils) 13, BB s TREINDENTOBMBTHESN
BHMFIH L THE@ n; THEIEINHEINIBEEET.
LANENB L TORENS B ORVWHELEETE2L
S5, s THEINZRETZVLUINDOANCHT BHRIZ0 &
25N, ERITIZIRAY v FICL DEME IR EE TIHE
SNBTMEEBSELAL TRAESAWN. ZORERICED, #
ZELEIERESSERAMBAZIVEEDIAY vy FD
ERERBETESTEMELNHS. TORERE, #oE2ahK@
DFRT—F BHNIHRITRD 50D, Y p(nls) = 1

EUTEREE N3 L0 SHEORBIERLT, B0 HHE
ERLUTRRMICHREZE52I LD TE5.

BARREO 101

EEHRT 2T ORTRANL, HRETHEEIZI—FL
iz, B, MEMREELTANSNEERTS 20080
BERR tim1,ti 1, BT —B L ticy=1t; ERBN, B
KITII—BT 5 LIZB 5740, I0I (inter-onset interval, F&
RZIMIRR) ¢ — tiy WXEBAICIE 0 TH B, EEICIINE
WEEZE%. CORBEERNICETIMET 5012, 101
ti — ti1 BRIOF LFAMKICRFINLNE THEHRBAEK
i3, EfTHESN 1 ICEBMEE N2 EHEREE g() ZANT

P(ti-1,ti|chord — chord) = g(t; — ti—1) (2)

LV EZASND. ZOKERIE, +HRBBROEET—FEEZD
MIET RN HNITHH N LY CTHREEZEDDH I LENT
&3,

NEOWBARY LMFHRBFTORKRRY

MEOMARD LMEMR T OBMRR 2L NTIBICHESR
IS 7eicid, MIDI EEORRIICBNTRZTELTO
REID 25X BETIMENBETHS. ZI TR, H4ITRT
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&S5 ICHFRNITRIR v = {init, chord, fin} ZFIF, 2 DOMF
52 HUBITHES 2T OMARD (fin 25 init NOB
B) &, ELWELARIREB AT 2RETHINTHRTORE
#8YD (chord 75 chord NDEB) & ZKFIL, ThEHIC
B aEREEL NS,

AFLUTABCRESNIBOABOES

£, BB THETIREFTOERIIEBICL->TH
EENTHEA, ERCIIEBR0ICRD, KM IRL2E
HTHEINDEALHD. TOPMBTHEINZREFO
BRI I 2 MRITREBO H BB TR p(chord — chord) T
HBABIENTES. XY MT—IDORRODP—-NEHREL
T p(chord — chord) + p(chord — fin) = 1 & L TE#HLEh
THELENRDS. iz, init I3 chord DAITEEETZD T,
ZHICH LU THRE2EZHEITRN. T, fin MS5ROMT
OFBED init ~OBEIL, 2.2.1 HTHBLEBEROF v
FI—J OREBREFR—DOHDTHS.

101 DZERH R

KW CHET REHOEIM 55 — 5,/ () THEHNE, ]
BENRTOEE (I0]) % t; — tio1(B) EWBSINDHRI,
p(ti — ti-1|init — chord) TEFILEhS. IOIIX, FoHE
FHICEELAFEINLTER T35 5058, FoR
BREPREHTI2HOTH IO TEEROS2HERDZD
CERHERE2ET20T, ZZTRTHT D RicEINTHS
IOl OWREBZHAB LAV EITTS. BHEELTI,
WELZHEALEY AFy 7T 58413 101 IZBERKITHRT
BRUMRIER S 3 EFRP, FIFOMARD OBEIXE N IO TH
SLBEMERRSEEMBELSRAD I ENTES.,

101 LERICKY ER SN AMNTOREHER

BE®S, H2MEs TOEDOMENHEINDLED
IOLIZHETWTEASNIHEIL, UTFTHEASNS.

p(nﬂ-lx oMK, bigl, e ,ti+K|U1, i uuKrs)
K
= I p(rissls)
k=1

+ p(ti+1 — t;]init — chord)

K
. H {p(ti+k — tixk—1]chord — chord)p(chord — chord)}
k=2
- p(chord — fin) (3)
2.2.3 HESNEWBTTIVIBT SMBLERRER
UEOHBETINERELT, HERMEHNEE s, ,8r
B &S5 MIDL B8 1, - -,z THETAMERIL, UTO
KORCBETTENTES.

P(X|S) - P(S)
= p(na|s1) - p(s1)
I
I m(nils:)
i=2
J Pt — tiaself) - p(self) -~
p(t; — ti-1ltrans) - p(tranz) - p(ss]si—1) |
T T°T, self Id chord — chord, tran; ¢ init — chord, trans
i chord — find DMZFNTOERBBERTLDLETS.

#1 HMM SRELEROBEETINOMNE

HMM Itk 288 | BBERETINVICLBRE
BhREm TR, ME
REBEBH S ##, 101
RIBES R MEO—K
HMM —MEF (fAbLiE)
HMM 8% ML B ORI

X

P (chord -> chord) ( chord > chord)
P(clwrd—>ﬁn) P(clmrd—->ﬁn)

v | el " w—
| Pis..Is.) PG.J

5 ZREZSURMONBEREET)IMLL = HMM

2.3 HMM [CL5HBBBOETIN
INSOBWRETIVIE, R1ICFTEOIBRWNEEZEZSL
B 5IRTLDICHMM & LTEMBTES. 20 HMM T,
RBERBEBOWAHNSOHANH 5. WEBEIZ, HMM
DFY M-I NEBBLENSHEZTOETHRU IOl #HA
TRERTHHLATEDDT, WEELXBLEONHBEERDS
FHEIZ Z D HMM 23813 2 IRIBEBB R 5% R 5 B8 & SEic
5.

2.4 BHRMRBACHEREICLSBMBMN

2.4.1 FEBEREAMElEEI X 38800 ERL

T I T, BERmREALHETEE L TRBalOER LT
5. MEZOREOAN X = {z:}_, KHLT, HMM 0T
BOELS LWHMBDORI S = {5}, 2R®71. Bayes
DEBEZRAVWTUTOLSicERLEh 3.

§= arggmx P(8|X) = argmax P(X|S)P(S)
s

ETOWHEE S ITOVWTEADbDERD S, /5L, Gk
ZIZBNTEHANFOME L L TERINZ DI, ENCAH
AN o ST 2RE 5; THB.

Z T THED MIDI 50BN BB OBBIZOVWTRIL
I7HERETS &, BHERII

p(s1,~- ,31""«1,"' )nl)th"' ytl)
o p(ny,-- ynr by, tr|8a, e, 81) - p(s1, -+, 81)
= p(rals1) - p(s1) '
I
. Hp(m]&)p(t; — ts—1]8i-1, 8:)p(si8i-1) (6
=2

LB, ZTT, Rigid 6%&@@“%&1’]kﬁ0\7‘#€7§‘
EZXFNT 2B, HHWOLE s; = s;—1 CRAFRTE L TEGE
T3 2FRWELEBER,

p(ts — ti-1]8s, 8:) - p(sisi) = p(ts — ti—1|self) - p(self)
Thy, TS DOREIR,

Plti—tio1]sio1, 8)P(silsic1) = p(ti—ti—1|tran)-p(tran)-p(si|s:—1)
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b E RS, ZOLER (6) 3R () ER—IckD, 2.2
THEL HMM KK D FRERREZISNB 2 ERN5.
HMM TidEA S5hERRAZHNES LTI2HLRERS
=R Viterbi BEICK > TRDSNB DT, BHMEZ
BAET 2 RAMBORIZRD SIS, '
2.4.2 ERELEBENRTTOHEOMBIKL

KD Viterbi BR TRLTOBBOENZER L TRE
BIMEERD D Z &N TE D, WRMAE ZDHELED
BAKREBZLHERBLMMT S, 22T, EHEEHER
T2 5 OREDERLZ B L HEOERAEIZON
THHRTS.

a) IOl DRMEHEICLAFIFORE

IO At =ty — tiey MEE T LN TH 3 DD EFT L HIE
TBHIELT, RBOFA—ATEL L TOETEBNRRZMEH
E—EIRYD, ANENEI0N Itk Riz5ATES T
BRORENOBYBOHELEEWTES.

const. (At<T)
9(At) = { 0 (at>T)
FIEL, TORMMEATEYTSBMECHL TR, ToH
P CEHEEASE & B TIRIEN D 2

b) - trellis iZB1F3 U— ARk

RiZ, RREEZWET S ETHERKOUREEZLS.
PIZIE, RELREEEND BEMITTORBLBBRICIIES
BWERELT, BEHHICAHEZ2TLSBBOMBRERD
trellis @/ — R&REEHBICHET 52 EAB5NS. &
%, BBOETS ) — RRENOHLITORLHMLEY, B
MAMELTEASHZ 7L —XORSIELDPRAFy TOXE
ERDPTVERICBREIND LEELT, REZEMNTES,
ERLZOLSBEESR DI RVREBICHL T, —ki
RERHEEERITREELSDS.

2.4.3 Viterbi 7L XA

UEDOHEAWRITSBE, 10I OBMEHE THSOEEE
DHR—FIZREINZOT, 6 IRT 2 FSEOEE £ 10112
IS THEWAT B 2 & TX DRI Viterbi 7T XL%
ETFTES. {5, trellis OB > F v 7 2 2T &
L, WOk BEOMT2ICHET2RBLE 6k, j) 2RO
EITEHFTHER.

(1) ti—ti1STOEE
F—FZFNROT trellis DIRRIZFM S RICITEE 20, i
LTW3/—ROAZRMEEZEFHTS. £k, BLHMED
BFidfFRbin,

J(k,]) = J(k,j) . P(n¢|3j) . P(Self, Sj)

(2) ti—tici>TDEE
Rz2MEORBOERDT, L BHORMS,IS k+1BEOD
MENICHET BB ERDS. b) HiTHBLALIIC/— R
ZRABRROE—L Jp RIZHBDOICEETS. BFELTY
3/ —ROEEE Js £TBE, jeJp lTHLT, BEttoR
BEROWEROEFHT 2T,

80k +1,5) = max 8(k, ') - Plrils;)

®)

-P(sj|s;) - p(tran, 85, 85) - p(t: — ti1|tran, s;, 55)

tt,< T otherwise
: 2(s) emission
probabillty
transition Pln, ;)
s 2 s St )12
Py Is))
‘ _Ployl5y)
Ao AN e transition
s Q: s 200 cbabiity
:‘\ua) emisslon ‘\“5‘«) eml&elolvxl'y
Bl Ia;) \ L TR
s ) S //o
ek e o ek k

6 BEY 2 HMM IZ81)3 Viterbi 7)VTY XADEFHHiE

# 2 REHEROMEGRIREIC M Lo

F—5% B | F-¥% | miEd HENE

A L |25 BM EWE DRLALTEL
B HY |10 DV EHEM 5 57 MMGiET

C »HD (5 DV 9~16, 31~38,31~38 /Mii
D b |5 DV 19~26, 39~57 /i

BE: Burgmuller: #%#h Op.100-25
DV: Dvorak: -E7 / HEZHH Op. 81 55 3 XXOL T / /X—

2.5 {HEFFERER

a) EBREH

RELUCEBBHFHR2E2REL, R2ITRTEEROLCT
/% MIDI 7 7 1 VIZ@E L - REFT— 5 N TTHEE
filaok. F—% AL, E7 /) ONLENLYTHETDHT
H%. £k, =% BiI7OOHFATHLIFLITHRD £ITS
NHEUBMDENKETH Y, HEBEDOLT ) OEEERHN
BEREIND. WEHITIFa2T7OCT JEBRETH 0L
INSOMEBRNERRERS, EREELNSZ5hoME
WEL. WETHICHEY, WEEI B~D REicMEz
izl BEALBROBL TRETESLAINICELLEDS
T@F (MIDL 7— ¥ R&) 2o 7.

101 DEYEHIEIL 0.045 B & Lz, Fie, self DETBBRR
i}, MEMREENN Oe&Eic, Nolie » LTB—FOHE
IKEEENHBINIHRES X, 5EIZe=05 &Lk Ik
BEB AR (LT M0l OLEE) ) i3, I0I2BEBBOT
BEHEASEEY 0.08 UL, B¥ OFMICHIET 2 101 Th 5T
HEEASR V2 0.08 LAE 3 LT, MEELPAFy SO MY
AW 3 BU LD 3 DOMBICHTTE A k. FMEIZIE 101 O
AEOEED 2 DOBATHMET Lo/~

b) HAE&EE '

T, BBICNTIELNEBEOMEZEROMEEL,
REFRCIDBRAN SN WBIoH L THENBOEE %
TRVWHEOHMBEZE&L, FROMNBIZHLTDP 2A0
THIER - A - BRAMD 28X, ERREZHELE. ZORE
AT, RICRTRBAFOEREEBL. ZORENS, 8
ﬁ%&?%%ﬁLéﬁﬂﬁ#mﬂbr%ﬁﬁ%ﬁﬁnzé:a
FrEhie. BV, BEALAKELTREINDENES
MELHETDZLICERT 2 b0NE 5N,
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%3 XBHOERR (%)
&B\NF—-% | A B C D
101 DAL [98.1 96.5 97.0 94.1 -
IOl DAEEHD (983 98.0 97.2 95.2

3. EMBMOBRICEIHET VRORE

8.1 #ZmOBEOENL

8.1.1 XMBBORBRLEROHAE

RiZ, BHBHOBRICETNT, HEZOWEBITADET
HEEFEIVIHEIIOVTERT 3.

HEEBIC L VHEZEORBMBESEEINLLE, FhiC
EOETHEZ2BAEINIFER—RICEIRES AN, i
BN E > THSNAHRIL, HWEFOHBORE AR A
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