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Abstract: In this paper, we discuss a method for score-informed audio-to-MIDI conversion, which is aimed at
high-time-resolution analysis for music performances. High-time-resolution analysis of music audio signals is
expected to be useful for modeling music performance, which is required in automatic performance rendering
systems, automatic composition systems, and music information retrieval. Performed music is characterized
by fine deviations of music features (changing tempo, asynchronous chord onset timings, varying dynamics
and note durations) from the written score, with which musicians increase the expressiveness of their per-
formance. We present a method for precise multi-pitch analysis which is based on the assumption that a
music performer plays notes according to a musical score. The algorithm first coarsely estimated note onset
times based on matching with the score and then uses this time alignment information as a prior to precisely
estimate onsets from high time-resolution spectra and the waveform domain. Based on the music score and
its precise time alignment, we can determine the lowest frequency-resolution that still allows to discern the
lowest notes that occur at a given position in the music piece, which in turn allows to compute the highest
usable time-resolution. The obtained onset and alignment information is used as prior in a Bayesian model to
estimate music performance features in high time-resolution. Experimental results showed the effectiveness
of our proposed approach to precise music performance analysis, especially, the asynchronous chord onset
timings can be also identified in high time resolution.
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Fig. 1 A block diagram of high time-resolution analysis of per-
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formed music. First, low time-resolution CQT is used
to obtain coarse time alignment (coarse onset times),
followed by more precise onset detection using CQT
with higher time-resolution. Finally, music features are

estimated using high time-resolution STFT.
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Fig. 2 Examples of a piece’s normalized power spectrum (left)

and estimated tandem function (right), which is approx-

imated using a Gaussian mixture model. Both graphs

result from summation over a time frame and are dis-

played over a logarithmic frequency axis.
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Fig. 3 The music score model based on HSMM. Single tones

(white circles) are modeled with three states (left-to-
right) and organized in approximated chords (red rect-
angles). The long-duration notes across multiple states

(blue arrow).
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RHFZE TIRAARFEBE 2 VB OR BN AR TE %
ol ol L7,
FoEREZE (BREEET) Z, FrLuEEmsh
B 72N (RERFIIIC) FERMEE D LT S HEREME TH
5LELRBEHIX, TOWMENZLT RTINS SZ
T, WEHERTOF vy b aHEET A2 LA REE %
5. T, AWECTIRIEIZHEEBO EHE 5120 LARIIE
HeE e (AIC) THEHEA L 2t 2 R E s AR
E 7V (Local stationary autoregressive model; LSAR) %
Azt rty MEGHEEEZRET S, —#ICAR ET )V
TRT =DM 2 zhEl, (k) Ry7T—
Y OTMGAZ KD D Z L THELRREL T 525, LSAR
TS P OERDIN S T & ZIZZDGARTEIRDZE D
D ETVEHERIECH A AIC MR T T A2 L 2R LT
AR e TE 5.
DTFICAREDOF Yy MEETHWHEEZ DTS,
e Amplitude : AMP(t) = |x(t)]
REfFECIE7 L —4C t@%ﬁm%ﬁwt.
e Spectral power : POW (t) =Y [ X (w,t)[?
::f,m@mn@CQTf HENBINT = RRT.
e Spectral difference :
SD(t) = 3, (H(IX (w, 1) = [X (w,t = 1)]))”
22T, H(r) =22 [26)
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BAES

- ERZa7
- AMP au -
2 POW an —==
. SD e
§_ —( N i
- / f‘m L

ex) 7 L — L% 51185, 186, 187

43_; . -23500 -23200 —22950 g -
a s z -23600 ~23300 =23000 -
¥ 1o =g -n
e =M ThCEN =Y
Wave| | ~= ‘
e
-form| | =a

FL—LAER4T7INE TL—AFES 1448 T L — LEE 17419815

4 vy MEEHEEIC BT 5 2 GRS OB, LB
RIS LATE R TH T 74 2 2 b 2 U5 &Rk
B REEIRNT. WEIEZDT 74 2 v MEREFAITERE LT
IS =R ZDEALE R & & VT 7 L — A B TORN & 7R
L, TEIZ LSAR & M\ 72 R L~V IZ X 5 ke o0
RE7eF vy NEEGIEE 2R T
Fig. 4 For onset detection, the audio data is first aligned using
the HSMM model. Next, onset deviations are estimated
in spectrum frame resolution. Onset estimation preci-

sion is then increased using LSAR.

e GradSD :

AMP, POW, SD #fi& L7-4F#m (fhak)

e AIC (LSAR EFIVIZ X EHHE)

X 4 (32 DOMESB X OBHEITH Y, Eh S INEIC T
P2 HIBR L 2255 B e 2 RIF Qv (R 2R LT
4. i EFHOLVTIE 3 B Ti_7z HSMM 12 & 5 %
BEREEBEGERE LR E) LDIA LT T A
b, $hbb, ZITIERYIEHRICER LSRR e
AT & 2 43BN D .

HERIEBE 7L —L2DLXVIZEHLTH vy MERE
HeET AT 2R d . I LEBo HSMM T 72 AL IS
B BREMEERDT T4 A2 PERFREMIEREL, V7 ME
RO TEVIEMR L Yy PARY 2T, PERAH
IR L7285 D, AIC 2 RV 72 3 O E (AMP,
POW, SD) &ZN b6 %A L= (GradSD) AVR S
NTwhb., AMP (§45), POW (F#) #5ERT5 &,
FO (RHED) Aoty MIBICE =2 PR THRIEZL NI
BT AR E L -TBY, Millet vty MEROKH
CRARME TR OA XY MM E LTIZERTH
LI ENGHD

TL—ABICBUT T —DELETH S SD (FHf)
Bzt ey MR TA2DICHERATHY, KFD
7 L — 2% 50 fFi% 150 fhEo+ » & v MIWHETH
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. —HTIEMRAaT EHET 5 L0505 5912, 180 2
5200 ff D4 Yy MIKERE-27 2501 ik
WTHHHIREETH L 2 e 0D, £ THRA I
12 AMP, POW, SD ® 3 DO & % @4 L 72 GradSD
FEALZ. 2, AMP % POW 2SHIE RO+ ~
oy PEPLIIRZOPITHET A EEFHL, AMP
BLUPOW 02t (HE) AETHIUISDIZ1 L
DIEDOEA (RIFFETIZKREZ D AMP & POW OFE1Z 10
R L) 2O, HEDPATHIUTADOEA (FEICL
T-10%2FL7) ZHFAZEICED, &y b EHRHA
TEHELDTHA.

BETETIZESIZLSAR EFVEHWT, EIRHEETO
Tty MERHEEZIToTWaA. R FED 5 x5 DM
W ZFENENAHLSAR £ F VI L Y EHE Sz AIC OfLEF
ThY, TNEFNORIIE L2 SATIZHTTIEIZ, 37
L—24Y7 M43 (3msec) OF—% % HiH LT LSAR &
FUEEHLERZRLTNS, MBIk L72320
AICH#R (7L — 2755 185-187) %I 5 &, #HlLw
Tty FAAB L AIC DEDSRIE A L, E D4
T TNES YT Mg (Imsec = 441 %> 7V ) FBER
TLTWAZ EHDPRTHEI, LSAR OARYMEZ /RIE L T
B (—HTHBA vy MEFDSL (L zidA 72y b
o MR XA S G C b ET 2 EmsH 67z) T
DIWENELLZEDHD, LSARIZHHTIERL, 5
BEL vy MiBEZ g LEMARE L7729 2 CEAT
L ERHEIIIEHTE L), AICHIRE AT 7> 7 40
¥ (RWgE T 15 k& L7z) THEEL, HZHLTWS 7
L =2\ e L2z ¥ — 2 2452 LT, LY IE
WAty NG AR TE A, EBIZY 7 MiF Lmsec
T L, BitRl 7L —2WNIZIERT vy V03B 5B 7
L= L EBEYNHEECTE /27— %12k L, E5IZLSAR T
EORELT by MEENTETWEDERE LR,
EffE+ vty ) (MAPS Dataset (& 0.01 msec D45
feCt by NEHEZRH L7 7 A VN ELTBY #
D F— % % Ground truth & L72) 75 +0.5 msec O i JH
PICE =27 2 L2 DO 76.2%ThH o722 L b, 3
Mzt rty MECICENTH S 2 LHTRKE ST,

7 BARFE CRANEHNTI 7 4 — B AT B 721K EE
IADHELTRCOLT Yy MPHFETAHELTWEDY, 72
E ARSI IEATEICB W T Y — 7 I Bl 2 320,
Bk —y LBAETH I ETH 1 v O false negative
B LU false positive ZHEETHT L DURETH 5.

4.3 TURHETE

W O MM TH B Z s, EfELRL Y b
B &g 2 Sl 2 55 & AT E UL, FIEH @ 101
FHOWTT UARHEET S LATTE, HSMM T2~ v
FUTRERD) T A VSAREL kB, 22T, TUARE
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LIZE S 20 0imTH ), 22 Z 5 7%
WERET AL, HLEGIZBT AT VR M(t) (TR
LG ol BFEO /A X e, THWT,

M(t) = 2M(t — 1) — M(t — 2) + €, €m ~N(0,02),

(5)
F7, BREFERICEKOSCn -1 FHE n FHOME BT
%101 % I(n), Bt 2B 2T K% M(t) LT5 L,
FERIZGHR 02 2 F5D ) A4 X e THWWT,
M(t)I(n

I(n) = 7](\4)(3 )
EERMETE L. KX (5) BLOK (6) I BIREZEMET L &
RAETIENTELOT, Ty RM@E) OFHB L UHEE
INT A —=FIIHRT-7 4 V¥ (Particle filter; PF) % W T
FHHTE L. R CTENA /S—8T X2 — & b [l R
LT RE %% B G AL TUIR AR 22 M £ 7L [27]) I PF %@
L7z,

5 (3 FERE D2 (Chopin, Preludes op28, no.1) (23§ L
PFZHWTHERE L 727 » KR DBITH V), a2 BB L 72
MIDI (Score-based MIDI) (& Classical archives [28] 725,
FEHZE T — ¥ £ LT Cubase 75 HALion Sonic SE % v
T WAVE %54 L 72 International Piano-e-Competition [23]
DT—=% &Rz, EROF L V#IE Score-based MIDI
TARESNZI0L, HRITEBICHEE LA vy MEEZ D
LRONLIOITHDH. F72, TRA L VHIE (B
%) 7 YART, BIEICRLZEEE T — ¥ 13T LR A
ey MR T2 101 253K (6) & v T AT
TRIHE L72#ERTH 5. HFHiE Score-based MIDI O 7 ~
R, FERAUIHEE IOl Bl OFEHME T » ReRd. i
BAREA vy b (FEHEBRIONIIME S vy PR F
WA vy MEZHIODOERMA L) @/ — FRIEIZIER
7eA YT I ATHAS.

K5 TRENDEBY, RENSEHETIIZ D “H@D”
WIS E R E R MBI 720, BRIz T v
REFIHBEIRE L BT WHAIZH S, L7zAo T
KR TIIIIEICRE T I wa— Y =5 2§l
W AZXL LTHRHLTEY, PFTHETII LB
74y FLaVHFFHEZEON TV A,

DiEiz& by, EHLTWABHHOT VR L, BEEDT
TA A MHWTES A EliZ T, HSMM Tf5 5
NTWy A LT T4 X2 MERZUTO L) ITBIET
%, SRR Lo A vy MIFFIB L OHEE L
727 VAR EEETRENLEMICEVELSNLRKD /) —
7L —=4 (EPHoTWXH) »o/Fon/-ERE%
Tiempo, HSMM T/ — M+ v E L THRALZZBEDO 7 L —
LB L7 EL Ty & LT, BEOER a ZHW
T aTlest + (1 — a)Ttempo & LIE L7z, % B a DEIZ T
B 5 0.7 & L7z,

+ €5, €1 NN(Ovo—?)7 (6)
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— EEF—soF R
004 — wESHELET S
— PFOCRELLFVH
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AETvEy FEO
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5 kT7105 (PF) 2fivizs v JHEEOf]. EXIE Score-
based % MIDI 725512 101 (4L > Vi) B XUz
L7z vty LR SN I0L (FH) 2aRL, FRIZE
12 Score-based MIDI @5 ¥ K (Fi) & I0I 75 DAEF
FL7T v R (FLy VM), LT/ A AR EEFEL TR
bz v R —7 (fR#) =R T

Fig. 5 An example of tempo estimation using a particle filter.

The upper graph displays IOI (inter-onset-intervals),
which are used to estimate the tempo shown in the lower

graph.

4.4 SEESHEEE STFT & CQT

AT Tl (B L) RSO T 5 HE LA
VTONEEDLTEE SND 728, TTREZR IR B\ HER 4
RECIMT T ALENH L. L L7 —1 TEBICBIT A
W - BB RO A M E RIS, FRIEE T 2185
RIRNTS B 55, WERIRRE & & < 3 5 72O SR E %
BEx T AL, REWEBISAOSHE ICEZ > TLEWalEds
ARE & 72 B, FEAREWEBCIE R BSOS R EICERT
LDFELERONLHD, FMHEEIIESCHME T, KE
RELREICL o TEILLR T, DE LI2BEROHEE L
Lwicw, ZZ TN e N b e Th 5k
KEBEE GRS EREC Rt s L THED S,
R R RE Af & RER T RRE At OAHEE MR ELIZ L
ToRTERINS.
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Afotzé. (1)

FERIRAT 12 B\ THEIR X & BT e S AT SRR 12 8
THEMEEZ T XTOMTRE T L0WMETH Y, T
#ipHds L OIS HBT 2 ERESVEEATH L,
PEG EIRATITRERR L Cd 2 RER R RE % P ICRTH T 5.

BAZIRATHEHIC BT 2 EFEEORTE 2 2% “D3”
(146.8Hz) & “A3” (220.0Hz) Td o 288, FDOEWK
BEsrid 73.2H2 TH Y, BB FREE I N2 MRS
EEw, LadoT, (7)) Xy, ¥o79 ¥ 7Kk
B fe = 44.1kHz L RNT > 7V JEITIE) N Z v
N = Lo ~ 602 & ¥ 5 2 & TN E 2 Bk B0 1d i
ARETE D,

—J T CQT # H\V 5 Z & TH BBk E o fERe % i
L2 255 R - R REFRIT 2 TTRECTH 5. CQT TiE Q
% EE S, BEERE D CaIEZ e 5. FRIC
W EI BT RS e &< (BiRe K&
<), BREESICBW IS MEELE < (BlEE /NS
() TAHILT, NIV ALLEWVIEET/NT — AT K
NOEALE BRI CE .

6 (X MAPS database ® MAPS_MUS-ty_mai_
StbgTGd2 » FEEER 4 124 L 22 STFT (LX),
CQT (FH) 2L72bDTH5. MrbWHL2R L)
RPN, A4 (440Hz) fHEL S L 321217, A3
(220Hz) LT T+ >ty OHBIAHEL K 2B, FEHB
W2 6 OFHOHBBE SRR L/NSVDIE D3 & A3
T, METHFEICLLBEI 602 THLHDIZx L, D3
WA A Bk EIC BT S CQT DA 5,051 Th Y
BRI RREZ L DI LSS AR H L EEZLND.

Z ZCEBIHEERB LSS SO0, B 7 (K57
RER 2 T L72Bl 2 7R 9. S SS U fiarid 4.5 BT
RET 5 NMF-based EFIVICE B, F ¥ty MEGRH
RICET 587 A —F 3R £ TOFETRD b D %Al
AL/, MEEE TEIESTFT # finwTEhER 7L — 24
8,192, 602 (HEHEEOT 2 2DOE¥% 146.8 (D3) &
220.0 (A3) 75 FUTRE) & LTI L7260, i
CQT % TN L7261 CTH 5. RV ERRH G REEIC X 5
r—ATRHEE LA vy MBI KELTNTLE -
TWAZENGhD. —TCQT & STFT (7L —4E
602) TR TIZHEIOD DS, EBRICHEE L4 vy
MERIZRL72R 1 215 &, STET D3 ) HHEEE & (it
ETETWLIEDGNA. —FHTCQT T k&R
FERHEENTRETH o 72 m e LTlE, NMF (&R
B2 Tld e 5 7 EOFPAEE L IEFW S & ER T
LETNVTHDLI END, BHEEIINT — DA TE T
WABMDKG DEGRH-7-bDLEZ NS,
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K1 Frby MEHOHEEESEEERA y MG (MAPS_MUS-ty_mai_StbgTGd2 @

H SHE )
Table 1 Result of onset time estimation (Begining part of MAPS_MUS-ty_mai_
StbgTGd2).
HBLE S 50 57 62 66 74
STFT(N=8192) | —0.0703 [sec] | —0.0293[sec] | —0.0208 [sec] | —0.0323 [sec] | —0.0152 [sec]
CcQT —0.0089 [sec] | —0.0067 [sec] | —0.0063 [sec] | —0.0157 [sec] | —0.0064 [sec]

STFT(N=602) | —0.0017 [sec] | —0.0011 [sec]

—0.0016 [sec] | —0.0027 [sec] | —0.0018 [sec]

Ground truth 0.5283 [sec] 0.5921 [sec]

0.6502 [sec] 0.7082 [sec] 0.7663 [sec]

2 =

nr

]

-
3

i A4 (440HZ)LIT @
EXER

B E (STFT, N=602)

A3 (220.0Hz)

D3 (146.8Hz)

932 02321 n970a 12098 12482 1336

EFR (sec)

e A4 (340HZ)LL T D
[

A3 (220.0Hz)
D3 (146.8Hz)
CWW Q2810 S L4050
E5R (sec)
— ]
| —
]
[—R | —
——
3
—— ]
1
— o
—— ]
— ]
—
e !
cal

6 MAPS database ® MAPS_MUS-ty_mai_StbgTGd2 ® 5 ¥H
#Woixd L, ERIEAER N =602 T STFT (2L 555, T
Mix CQT 12X 2% %2R¥. FFI2 A3 (220 Hz) LT IS
BT CQT DRI ERE T Tld v
Fig. 6 Results of STFT (with a window size of 602 frames) and
CQT of the file MAPS_MUS-ty_mai_StbgTGd2 of the
MAPS data set. In case of CQT, the time resolution is
especially low below 220 Hz (A3).

4.5 BEIN7 MNATSLOERETIV

ARETRAESH T TICEONST X =% GEMZR 4 >~
v MG EER) ZHAME S UOER Lo E R
HeEFHIZOW TR S,

STFT THiIE L7287 — 27 ML L, BT oA
ETFNEHERD, INT—ARZ AT T L (XT— ARy
FVRF) IR Y e RVXT L350, £EED
ARG PNy — 2 (FEATH) He RV*E L2077
FA4R—Y 3y UeREXT 2\,
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B8 oo op B
5oE o3 og
[

T 25 4 ~—ism #(Na8192)
i g

]
& o
g

aazs I

aone

as az ol a o Ta 12 57 (seq)

aozs

T F 4 =i m (0an
=

aa az oa e oa ia iz B (se0)

aa o2 o B S —Y] iz 57 (seq)

TE4 v FEE%:[0.5292, 0.5935, 0.655, 0.7336, 0.7695]

7T OARCRET2EEETN (U5 H) THELLZT 7T 4 N—
var., HE MIDI / — M5 (ERO) 4>ty ME
12 {50,57,62,66,74}. LXIE7 L —24E 8192, i
CQT, TFIXE 602 TN L72BI. 4RICF 72552 BBUTIE 7
DF vty M EET
Fig. 7 Activations estimated using the proposed model (Sec.
4.5). The MIDI note numbers of the observed notes are
50, 57, 62, 66, 74. The upper graph was computed using
STFT with a window size of 8,192 frames, and the lower
graph with a window size of 602 frames. The graph in
the middle was obtained using CQT. The black lines

indicate the ground truth onset times.
Y ~ HU, (8)

LT, &I Y IAPIETEBTE 5720, EEDHEER
J£% D[] £ LT,

H, U = arg min D[Y||HU]
HU
s.t. VY, Hw,k >0, Uk,t >0 (9)

EENETE S, 12, ZOHEERERE C Kullback Leibler
divergence Z WM T 5 &, KTV 5hz T,
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RS [Ha]

6589

4392
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o 17 B 51 68 85
BEAVT IR

8 HEATHIT T L — . BROEEIR log BIHEDEEFIRL
Twb., EEA Y7y 7 2A%F51E MIDIL / — M5 Lt L
TBY, FEEA Ty 7 2712 21 2R 72fEAT MIDI / —
NEE LTS

Fig. 8 The basis matrix template, which is the logarithmized.

Each index on the x axis corresponds to a MIDI note

number.

ymt~Po<§:H@um¢>. (10)
k

L LTERETIVEEME L A,
2T, REMYH OFAMEEB LR T Y V56 &
DG REEZ LB T L E, o< mEHNT,

Hoyg, ~ Ga((byy )™ Huw, Ui 1) (11)

ELTETMETE S, 22T,

['(a)
THbh. Hyp 37 <54D Mode TH Y, RIFFETIX
B =7 D X)L, SAEE O E IS E 4 O
H 7 AGADEE S NS L) EE L GMM 12X 5555
BEOTF L — bW (A 8). & BHklE %
TERAERL,

h(fn)

h(fo)

THZ 7z fo 3FE 55, fo $ERBEEERL, h()
320HEALATRT. 72, KETIEa=15L LTHES
EFCTEEELL.

TITANR=Y a3y UbREMKICET VLT E 575, i#
BT TS A TOMITLE L ENb 20, F
FTREEDOT 7T 4AR—2 3 VERFLANLVTHRT LS
CERERDL, WEDA Ty s A% r kL, TRENOH
BORFOLANT =%V, HIANHNLOT 7 T4 =3
YHRE v, TR L,

Ga(z|a,b) = 297 exp(—bx), (12)

=(n+1)"¢

Uk:,t = Zé(ﬁr = k)‘/ryr,t

T
sty vpr=1 (13)
t
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EETMETE D, 2L, Kk WHEA YTy 7 A r H50
I 2 H T RT.
TANF =V 3K Hy g & FIRRIIEREE DS,

V, ~ Ga(aY ,bY), (14)

r o Ypr

EETIMLTE S,

RICHEDOT 774 RX=2a vOFR v, (IS LT, F
Yy MEBICE N ES NG A —F FIHICETIVICHL
ARG ERERDE, vy 1d, BAWICIEE YLy M
= P2 LIty NE=2 540, &, &
FEr2REITHER r 20737 —OE FIHT L BEE
WO Gp(1) & DBAZARE LTEMTE B, ABFFETIE
oy FPE—2 ML LT, Aty MY s 285
A—5b LCHSERMi % T O,y = N(t|so,02)
L, T —OWEIZHFMATH B EE LT, /8
T A=F N\ BRI T, Go(1) = Exp(T| )
EL, Y =1%2FRELT,

N(t — T|52n7 Jgn)
Upt = /T SN — 15, 02 )Exp(7'|)\r)d7, (15)

Y LTEFIMELT. o2, RS RBIEEF Yty
MOSELEERNIZBIFET 774 X—2 a3 Y@L %
D, BHEWIZIEF Ry NEA VOV ATRET A0,
ZOHER A% 1msec & L TikE L7-.

F vty MG 0 IHTER £ TR AFEM A > 2y b
HERBICE VRO NHEEA vy M se fFiicd % &
iE LT,

s?n NN(Sest 0_2 )7 (16)

r »Yest

L7z 72720, vty RN T CICERBE 2B
ENTWVELDTHDLLT, o, IZBWTHZDOREHE(R
% Bmsec & L TRRE L7, WME/NT X — 7 IZIEAMENE
LEHBE P SBON D ERISHIET /57 A =5 A, &
Mode &7 % &) ZEL T

A~ Ga(()) 7N, D), (17)

ELTEFIMELZ. W IZEOBRESICHEE L2EEIC
FRDLDERET LT A—FTHY, EBRHITHEYEL
PRE L7z, 72, MIDI T5 2 517210123 L, WAVE
F= oM EN L EBICEFNES>TWLXE (772
TAN—Y 3 YUHEMBEEZRD) el TWBIXE) 3hT
Lb—HL%w., EZTARWETIE, 77714 X—Ya
RS (—HDBEAZ TNBIERS D 2IE L TIRTH 5
720) ZIFHEMAREHOA O TH 2605, Lizh>T
TG AINT A= PEBEEREERBT5 L LT, N 135
A SNHETRE L 25, /&5 O RS AEK
VT, AKIFETIde 2—) A7 1 v 7 [ZBRES A
Fz)=09 ¢ %22 &2 TRIEENRL,
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log(0.1)

L
ELTHR, ThE, BRI PELS DL, 85D
NG A=F XND/NEL D, DF VIRBEGATIROME & H
BIZLDICHBEIEEERLTWDS,

5. FHlEER
5.1 EEREE

R’EETNVICL D EREBEOHCREZE -+ 5 2
EERHET A, FEEIZIZ MAPS Database & 0 10 Hi,
BEEHR % Classical archives [28] & L 723l MIDI [23]
% Cubase @ HALion Sonic SE T WAVE Z#t L7z % 10
i, BEH5 30 W ~1 4 E2 AR L TiTo 72, RED%
ity M3 T o —= 2 SREEERHIRICAIN L, 40 — 60 cent O
#HPTT ¥ LIZTH L7z, 72, MAPS Database 1285
A REERE AR T — 513, EFxILLETE (E
#28) MIDI 7 7 A WIZxh LTI 2 (828 3 ADSEAE
L72\y) SEEEEIE MIDI 7 — % 2R 5728, vt v
v MatxETLLTHEE Lz) 2T, 1 E TR
BOT Y REABLOFEZE 7 ¥ ¥ 4125 272 MIDI
T —% 2 EK L L7z, MAPS Database ® WAVE 7 7
ANVIEATVAERTH 5729, Audacity & W TE /
TNVEGNEEW L7z, =BH 7)) 7L — ) 44.1kHz
ThrblzH, KRBV TbZDOH T )7L — %
ZOFFMH L. 72, HSMM IZBIF AT 7 b
MEid 50msec, 7+ ¥t v Mg & NMF @ik 1 msec &
L7z.

A A >y MEIHEE L ER, 7L AT OED
HIE (Z2TE /= Yy 7L— L LIER) O 3212403
17> 7. Ground truth ¥ MAPS Database (2] )& L Tw
A MIDI 7= % 2 L7z, 4 vty MEEHEZE IZHEE A
v+t v MREZAY Ground truth 75 £20msec, 450 msec,
+100msec DFFANICH %5 &) ATHAM L, FEICD
WT b +50msec DFEEFHN2E ) A THIKI L2, /— M
Y7 L= AOFMIZOWTIE, #E/ - M EF T L — A
PIIZ3xT L Ground truth (2B WT—3 L TWA &% TP,
Ground truth DS 7L —212BWT/ — M+ 7IRFET
HAHEGEIZFP & L, F 7212 Ground truth @/ — b %
YIU—LIIH LT/ — A TRETH B LR L7
% FN &L, LT osHiiE,

A=-— (18)

Precision — TP
recision = TP 1P
TP
l= ———
Reca TP 1 FN
2Precision - Recall
F— = 1
fueasure Precision + Recall (19)
TRD7z. TR T 2 — = FHITFAREO I L 2

J— bEUHEERE 33), BXUFEMA vy MEEE
BREMEBHEOREIZL D ) — b F JHEERE (4 8)
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D2 IER T K T 72,
o Fa—=UIUHIEMREDEE (3%)
Foa—= 0 FRIEAHER O HSMM 12 X 4 5538k (K
RESRB) LR
o WAy b T URHEICL ZERMEE 4 ®)
— V77 A T HSMM T 5 N /ZIREERF & L
TR IHESE L 724G T O K5 BE ZFAl
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Table 2 Evaluation of onset times and durations.

T vty M B
Ground truth 225D $ 1 (£) 100 msec | 50msec | 20msec | 50 msec
Tuning # / HSMM (Section 3.3) 44.2 38.9 17.9 35.5
Tuning # / HSMM (Section 3.1, 3.3) 53.2 47.1 23.8 46.2
Tuning # / HSMM+LSAR (Section 3, 4.2) 92.7 90.5 81.5 33.0
Tuning 4 / HSMM+LSAR+PF (Section 3, 4.2, 4.3) 93.0 91.5 82.2 70.6
Tuning A / HSMM+NMF (Section 3, 4.5) 50.9 46.0 27.0 52.9
Tuning 7 / HSMM+LSAR+PF-+NMF (Section 3, 4) 93.5 91.7 81.1 1.7

3 /= b7 Lo A ORI

Table 3 Evaluation of note-on frames.

Precision | Recall | F-measure

Tuning # / HSMM (Section 3.3) 0.644 0.756 0.695

Tuning A / HSMM (Section 3.1, 3.3) 0.685 0.778 0.728

Tuning A / HSMM+LSAR (Section 3, 4.2) 0.876 0.928 0.901

Tuning A / HSMM+LSAR+PF (Section 3, 4.2, 4.3) 0.909 0.931 0.920

Tuning i /HSMM+NMF (Section 3, 4.5) 0.678 0.835 0.748

Tuning A / HSMM+LSAR+PF+NMF (Section 3, 4) 0.917 0.939 0.928
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Fig. 9 An example of an estimated (bottom) piano roll in

comparison with the ground truth (top, MAPS_MUS-

ty_mai_StbgTGd2, MAPS data set). The algorithm

succeeds at detecting asynchronous chord onset times.
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