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Multi-Pitch Estimation of Natural Instruments Performances by using
DP Matching in Frequency Domain

Hirokazu KAMEOKA, Koichi SHINODA, and Shigeki SAGAYAMA

Graduate School of Information Science and Technology, University of Tokyo
7-3—1 Hongo, Bunkyo-ku, Tokyo, 113-0033 Japan
E-mail: f{kameoka,k-shino,sagayama}@hil.t.u-tokyo.ac.jp

Abstract This report deals with an pitch estimation method for multi-pitch performances with natural instru-
ments. First, musical audio signal stream is divided into segments. The length of each segment corresponds to
that of each note. Secondly, in each segment, template matching using Dynamic Programming is applied between
the input spectrogram and every spectrum template which is synthesized by tone templates. Each tone template
is a representative spectrum of scale played by an instrument. In the experimental results, the accuracy of pitch
estimation and chord estimation were 92% and 82% when using piano performances as musical data. And when
using violin ensemble, the accuracy of pitch estimation and chord estimation were 87% and 71%. The accuracy of
proposed method was higher than that of a simple template matching method especially at lower pitch or when
using string instruments.

Key words music transcription, natural instruments performance, multi-pitch estimation, spectrum templete

matching, DP matching

goboooboooboooobooboooooooboooboon
goboooobooooooooboooooooooboooooo

1. 0000

000000000000000000000000000
0000000000000000000000000000
00000000000000000000000000

00000000000000000000000019900
0000000000000000000000000000
0000000000000000000000000000
ooo[1,[5),[6),[8,[9)0 0000000000000000

000000000000000(1]00000000000
0000000000000000000000000000
0000000000000000000000000000
00000000000000000000000000000
00000000000000 [2,[300000000000
00000000000000000000000000000
000000000000000000



goboooooboooooooboooooooooboooooo
000000 (d4o000oU0oOoooooooUoUoOD
O00o00o0ooUoOoooUooDUoOO B, 0DODoUOoO
gobobooooooooooboooooooobooooooa
gobobooooooooooboooobooooooooooo
goboooooooooobooobooooobooooooo
gobooooboobooobobooboooooooooooooon
gobooooooooooobooobOocOoobooooooo
goobooooooooooobooobooooobooooooo
goboboooooooooobooooboocooobooooooo
goboooooboooooooobooobooobooooooog
goboooooooooooboooboocooobooooooo
gobooooooooooboooboooooooooaoo
goboocoooooooooboooboooooooooo
goboooooooooooboooooog

gobooooooooooooboooooobooooboooooo
goboooooooooooboouoobooooobooooooo
goboooooooooooboooobooooooooooo
gooocooo

gobooooboooooooboooooobooooboooooo
gboboooobooobooooocoboooooooooooooon
oooboboooooooooooboobooooooooon
boboobooboboooobooooooooooooobooon
gopoooooboooooooobooobooobooooooog
ooooooooo

ooooooooooooooooo pbPODOOOODODOO
Oo0OoooooobpO0O00O0O0O0OOODOOOOOOOOD
ooooUooOooooooooo e, 7joooooouog
goboboooooooooooboooobooooobooooooo
goboooooooooooboooooooooooooo
gobooooobooooooooboooobooboooobooooooo
goboooooooooooboouoboooobooooooo
goboooooooooooobooobooooobooooooo
gobooooooooooooooon

goboooobooooooooooboboooobooooo
gobooooooooooobooobooooobooooooo
gobooooooooobooobooooo ppOODOO
goboocooooooooobooobooooooooooo
gobooooooooooboooobooooooooooo
gooooo

2. DO00OO0DOODPOODOODO

2.1 00000000000

oooooooooooooboboooooooboooboooooo
goboooooooooooboooobooooobooooooo
gobooooooooooooboooboooboooooog
0000000000000 (boboUooUoooooo
Oo0o0oo0oooooooop)oooooooooooooo
goboooooooooooboooobooooobooooooo
ooo0ooO0ooOooooo0ooU0oUO0D (D00 COEOGO

FUWEYFDC,E, G D3FE
EvFDIFNIZ C, E, G D3FE
(E &£ GHFNTUND)

Amplitude
g8 & 8

N
o

[
o

1000 1500 2000 2500 3000 3500 4000
Frequency (Hz)

o

0 500 4500 5000

01 000oooooooooobooooo

00 EODGDO0D0OO0)00DO0O000OD0D0OD0D0D0O000OO0
goboodoo 1000

020 ()0(b)0000000DO0O0ODOOODOODODOO
gobooooooooobooboooobooobooooooo
gobodoobooooooboooooooooooooog
0000 (000D0Oo0Do0oD0o00O)UDLOODOoOoDUODOO
gobooobooooooooooooooboooooog
0000000000000 0000000O0 2(c)000OOO
goboooobooobooboooooobooooboboooooo
gobooooobooooooobooooooooobooooooo
gobooooboooooooboooooocooooooooo
gobooooboooooobooooooboooooooooo
goboooobooooboooooooooboooooooooo
goboooooooobooooooobooooboooobooboo

2.2 000000 DPOOOOOOOO

gobooooobooobooooboboooooobobooooboo
oooooooooooo ppoOOOOOOOOOOOODO
goboooooooboooooog

() boUooUooooooooooog
00ooo00ooooooDoDoooooooooooogooooog
0ooo0o0o0o0oooO0o0ooOoooUooUOD (Dooo
00000000000)00000000o0ooooooooo
(a) Pitch1

(b) Pitch2 (c) Multi-Pitch(1&2)

S

Template of Pitch 1
Template of Pitch 2

N\
Template of Multi-Pitch(1&2)

Input of Pitch 1 (shifted) Input of Pitch 2 (shifted) Input of Multi-Pitch (shifted)

02 000000000000000 (a),(b)0000000000
000000000000 (o)



f

Template spectrum
Template spectrum

Input spectrum f Input spectrum f

03 00000000000 04 000DO0OO0OD0ODOOOOO
2()0(b) 0000000000 DO0OODOUOOOOODOOOO
gobooooooooooooboooboooobooooooo
goboooooooooooboooboooobooooooo
00000 2c)0000000DDO0O0DOOO0O0OOO 200
goboooooooooooboooobooooobooooooo
goboooooooooobooooboooooooooaoo

(i) DoooUooooooo

00000000000 FFT(Fast Fourier Transform) O O
goboooooooooooboooboocooooooooo
gooboooooooooobooobooooobooooooo
boobobodobobobobobobooboboo sgo
gopoooooboooooooboooobooboooobooooooog
gbooooboooobooooobooobooooooboboooooo
gobooooooooooooboooboboooboooooog
goboocoooooooooboooobooooooooooo
oooooooooooobo 40000000000 0ODDO
gobobooooooooooboooobooooobooooooo
goboooooooooobooobooooobooooooo
gobobooooooooooobooobooooooooooo
goboooooooboobodooooo

(i) 000000
0000000000000000000000000000
0000000000000000000000000000
00000000000000DPODOOODOOOOOOO0O
00000000000

gobogooooooooobooobooboboooboboo
goboooooooooooboooooboocoobooooooo
goooooooobpPOOO0ODOODOOOOOOOODODOO
gobooooooooooooooon

gooobpOO0O0OOOOODOODOODOOOODODOO
gobobooooooboooooboooooobboooooo
gobooooooooooobooobooobooooooo
gbobooooooooboooooooboooooooon

2.3 DpPpOOOOOOOOO

bDpOCOOOO0O0O0OODOOOOOOOODODODOCOOOOO
gobooooooooooobooooocooobooooooo
goboooooooooooboooobooooobooooooo
goboooooooooooboooobooooobooooooo

(i-1,5) 1 (i)

:T
o5 0 0O O
ooo0ooo A0 BOO
A=uai,az, - ,ai, -, a; (1)
B:bl,b27...7bj7...7bJ (2)
gbobooooooobobo
7C(k)7...

00D0d(c(k)) O agwy D bjay 00000000000000
000000000 ADO BOODOO D(A,B)0 FOOO
00000000000000000000000w(k)00
0000000000

> de(k)) - wik)

F =c(1),c(2),--- ,e(K) 3)

D(A,B) = m}in L R (4)
Zw k
ck)=(i,7) 0000000000 ¢(1),¢2),---,c(k) 000
0000 g(i,7) 00
k
maj>:(m;ygw)§;d@@»-wu> (5)
= min g(e(k — 1)) + d(c(k)) - w(k) (6)

c(k—1)

00000000 wk)

w(k) = (i(k) —i(k — 1)) + (j(k) — j(k — 1)) (7)
000000000000 500 ¢(k—1)0 (i—1,5)000
(i-1,j—-1)0(,j—1)0000000000000(6) 00
0oOooooooo

g(i —1,7) 4 d(i, )

(
g9(i,j) =min < g(i — 1,5 — 1) + 2d(3, j) (8)
g(i,j — 1) +d(i, j)

00D00¢(1)=(1,1)00 ¢(K)=([,J)0000000000
ABOODOODOODOOOO D(A,B)00000DOOD

00 (i(k),j(k)) 00000000
j(k) < 277 (k) )
i(k) (10)

000000000000000000000000 21200
0000 (mo@oOooooooooooooooooooo
gobooooooobooooooobooooboobooon

j(k) > 2721



Music | Frequency [,|Segmentation|,] Template | . P
audio signal analysis in time domain| matching infor|

—

Multi-pitch

Tone templates || templates

—

06 ODO0O0OO0OO0O0OO0

3. doooooboooooaon

0000000000000 D0000D0D0O00000DO0O0
000000000000000000 (060000000
000000000oO0oooDoo

3.1 000000000

00000000D00000DO0O00D0DOO0000D0DOO0
0000000000000000000000000000
0000000000000D0000000000D0000
0000000000000000000000000000
00000000000000000000000D0000
00000¢+0000000000000000000000
00 o;(t)00000000000000D ae())00D00O0O
oooooOooooooooo
P(t+1)— P(t) (11)

P(t)
S (p(t+1,f) = plt, )2

as(t) = 0 (12)

(5] ('L’) =

O000P(#) 00000 +000000000000000
p(t, /000000000 fO0000000D000000
0000000000000 au(t)0e2(t) 000000000
0000+¢0000000000000000000000%30
4,000000000000000

ar(t) > P or as(t) > P2 (13)

3.2 0OOOono
goboooooboooooooooooboooooooooo

gobooooooooooobooobobooooboooooog

goooooooooboboooboo1l1000000000

goboooooooooboooboo3oooboouooooo

goboooooooooooooo

3.3 JO0OOOoDOo

goboooooooooooooon

1. bDdooooooooobooooooooboooooooo
goboooobpO0O0O00OO0O0OOO0ODOOOODOOOO
gooogoooo

2. 00000OO0o0O0OO00obOOoOoOooOboOoOoobOoOoobooo
00000 Dnin 0000
l2.0000000000000D000O0O0O0000
0000000000000 Dni» 00000 Dpin O
gobooooooobooooboooobo

|
||

IF
WAL

Frequency

Spectrum
Spectrum

Frequency

07 0O0O0000OO0OO0OO0O0OOCOOOOOOCOOOO0O0O

3.4 0000000
000000000000000000000000000
000000D000000D0000000000000000
0000000000000000000000000000
00000D0D000000D0000000000000000
0000000000000000000000000000
00000000000000000000 HMM [16],[17]0
0000000000000000000000000000
0000000000000000000000000000
0000000000000000000000000000
0000000000000000000000000000
0000000000000000000000000000
00 HMMOOOOOOOODOOOO0OO000000000
000000000D000000000D0000000000
0000000000000000000000000000
00000000000 ([16,[17/0000000000000
0000000000000000000000000000
0000000000 (15 0HMMO00000000000
000 (0000000000000)00000000000
000000000000

4. 0D O QOO

4.1 DODOOO

00000000 300000000000000000
000000000000000000000000000
000000000000000000 44.1kHz000000
50ms(2048 0)0 000000 25ms(1024 0)0000000
0000000000000000000000000 (FFT)
0000000000000000000000000000
00000000000000000000 460000000
0000000000000000000000000000
000 3200000000000000000000000
0000000000000000000000000000
0000000000000000000000000000
00000(11)00 40 6 0000001.100.0070000
4.2 0ODOOOO
0800DPOOOOONDNONONDODOOODNONDDOOOO
0000000000000 900800000000000
0000000000000000000000 000000



45f
40} e WM
e R

35F
30+
=
225¢ s e
o X + +
20¢ Spismed S +
15¢
ek +
10t *
5L ¥ + x h * x
WX X x x_ X « X X %
50 100 150 200 250
Frame

08 000000

45F
it
40t i — g-i?—-l
e Wﬂé

50 100 150

Frame

200 250

09 0D0o0ooooooo

goboooooobooobooooobooooooooboooo
gobooooooooooobooooboocoobooooooo
ooooooooooobDoobobboboooooboobooOoobooboooo
goboooooooooooboooboocoobooooooo
ooooooooooooooooooooooobobbon

1.00 00000000000O0O0OOOOO0OOCOO
oooooooooooooooooon

2.00 OO0OOOOOOOOOoOoOoOoooooooooo
oooo

3.00 OOOOOOOOOoObooooooooboboboobo

oooooobooooboo
oooooooooooo NOOOOOOOOOOOOoDoOo
goboocoooooooooboooobooooooooooo
gobooooooodooboooooboodo zs000DOOO
ooooogogd ro
N -z
N

r =

x 100(%) (14)

oooad

4.3 0000

010 DbPOO0OOOOOOOOOOOOOOOOCOODOD
goboooooooooooooboo 2000000000
gobobooooooboooboboboobooooboooooo
ooooooooocooobpPOOOOOOOOOOOOOO
gobooooooooooobooobooooobooooooo
ooo0o0o0O000000000DboOoOoO0O0000 30 C4
oO0o0oo0oo0o0o0oo0OOoO0oB3OOOOOOOO0OOOOODODOD

goboooboooooboooooooboboooooobooDooog
ooooooooooooooobpObObOOOOOODOOO
gobooooboooooooboooobooooobooooooo
gbobooooooodooboobooooboobooboooooon
goooooooobooobooboboboooboooboooo
gobooooboooobooobooooooboooobooooooo
OO0O0oo0o0o bpPpOOOCOODOOCOODODOOODODOODODOO
goboooobooobooobooooooOooooooooo
gobooooobooooooobooooooboooobooooooo
gobooooo

MENUET

- e e | ==
G5 i W - L
D5r b Y K
A4 i e s
- - -
E4r
ey
LC4r
o
G3mx p 4 S K
D3t P - K R E 4 MWK WK
b b b b
A2r 1
S K S
E2r
0 50 100 150 200
Frame

0 10 Bach:“Menuet” 00000000 (DODO0ODOOODO)

01 000000

00ooo0oo (%)
ood od ooo DP oo
Bach: “Menuet” ooo 205 81.6 78.6
Mozart: “Menuet” ood 58 86.2 79.3
Pachelbel: “Kanon” | 00000 743 71.6 53.4

02 000000
0000000 (%)

oo ooo DPp oo
Bach: “Menuet” 309 92.9 90.0
Mozart: “Menuet” 97 90.7 85.6
Pachelbel: “Kanon” | 1638 86.7 78.3

03 0D0OO0oOoOoooo

0000000 (%)
0o DP oo
00 (ca0D)| 919 91.0
00 (B30OO)| 90.1 81.6




100

©
a

Mozart:
“Menuet"

Bach:
“Menuet"

©
o

Accuracy (%)
g oo O N N O 0
g O o1 o o O O’

a
o

DP Simple

011 Oooooag
100 Bach:~

oath

“Menuet”

" MoZart:
“Menuet”

©
a1

Pachelbel:
“Kanon"

o ©
o O

Accuracy (%)
O O N N
o U o o O

(42}
(5]

ul
o

012 0000000
100

©
a

High Low High

©
o

Accuracy (%)
D O N N O
o U1 o o1 o u»u

al
o

a
o

013 00000000

5. 0 0O O

goboooobooooooooooooobooooboooooo
ooooooooooooooooo ppoOCOOOOODO
goboooooooooooobooobobooobooooooo
goboooooooooooboooboooooooooo
goboooooooooooboooboooooooooaoo
oooooooono

gobbodooooooooooooooooooboooooo
92%0000000 %0 0000000000000000
oooooo 87%0oooooo N%uoooouoooog
gobooooooooooooboooobooboooboooooo
goboooooboooooooboouoobooooobooooooo
ooooo

goboooboooooooboobooobooboooo
gooooobooboooooobooobooboooooonD pp
goboooooooooooboooboocooobooooooo
goboooooooooooobobooobooobooooooog
ooboooooooooono

bpOCOOOO0O0O0ODODOCOOOOOOOODODOCODOOOO
goboooooboooooooooooooooboodoooog
gbooooooocboobooooooooobooobooboon
gobooooboooobooobooooooooobooooooo
goboooooboooobooooboooooooooboboooooo
goboodoobooobooobooooooboooobooooooo
0 (0D00000)0o0Do0oDoDoooooo

O00o0o0o0oooUoUoUoO0 (oouoooon)
goboooooboooooooobooooooboooooooooo
goboooobooooboooobooooooooobooboooooo
goboooooboooooobooooboobooooboooooo
goboooooboooooooboooobooooobooooooo
gobboooooooooobooooooooooood

6. U u

000000000000000000000000000
0 (CREST) (0000D0000000D000D00)0000
0000000000000000000000000000
oooooo

d a

[1] OOO:“0c000000000O0DO0O0OO, 0000000,
Vol. 54, No. 10, pp. 715-719, 1998.

[2] OO,000,00:“0000000,, 00000000000
gooooOooooooooooon, p. 325, 1998.

[3] OO0,000,00:“0000000 (@00 2),,0000000
ooooo, p.238, 1999.

[4) ODOODOO,0000,000: “0C00000000O0O0ODOO
pooooooooOooOoooOooyo0ooooooooa,
Vol. J81-D-II, No. 9, pp. 1965-1974, 1998.

[f) OOOO,0000,0000: “0C0000000O0O0O0OO
oooooooo, 000o0o0ooocooog, SIGMUSI-1,
pp. 1-8, 1993.

[6) ODOoOoOO0O,0000,0000:“00000000 GAD
oo0oooooo,, 00000000000, Vol. 33, No. 5,
pp. 417-423, 1997.

[77 OOOO0:“000000000000000D00DO000O00OO
0o, 0000000000, 99-MUS-31-16, Vol. 99, No. 68,
1999.

[f] OOOO0O,0000,0000:“0000000000OOO)
Dooooooooooooon, D-5, 48, 1991.

[9) ODO0OO0O,0000,0000:“000000000L0OOOOO
ooy, 00000000092000000, D-499, 1992.

[10) DOO,0000:“000000000O0O0 0000000,
Vol. 49, No. 3, pp. 178-183, 1993.

[11] 00,00,00,00: “000000000000 OPTIMA
pooooooooy 00000000000, Vol. J79-D-11,
No. 11, pp. 1751-1761, 1996.

[12] OO,00: “0O00000000000 OPTIMAOOOOD
oooo, oooooooooog, Vol J79-D-I1, No. 11,
pp. 1762-1770, 1996.

[13] 0OO,00: “00000000000OO0OODODOOO,) O
0000000000, Vol J81-D-II, No. 7, pp. 1510-1517,
1998.

[14 0OO,00,00: “000000000000O00O0O0O0O0OO0
gooooooooy 00o0ooo0ooooo, vol. J83-D-I1,
No. 4, pp. 1073-1081, 2000.

[15) OO,00,00: “0000000, 00000000000,
Vol. 20, No. 10, 1984.

[16) OOOO: “0C00000O,” 0000, 1998.

[177 DOOO: “O0000000O0OOO, DoOoOoOoooo,
1988.



