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Abstract A number of methods have already been developed for the estimation of fundamental frequencies of
speech signals. However, almost all the methods observe the signals in a short time span and assume them being
linear and stationary in the span, which is not correct strictly speaking. This situation limits precision of the esti-
mation. While the empirical mode decomposition (EMD) is a method for signal analysis not assuming linear and
stationary features of signals, it is rather difficult to apply it to the pitch estimation, since components correspond-
ing to fundamental frequencies may spread to several functions after decomposition. This paper introduces a new
method of pitch estimation based on EMD, where the problem is solved by applying EMD on the auto-correlation
function of the signal. Since, in the lag-time domain, the signal energy concentrates to frequencies corresponding
to signal structures, robust estimation of fundamental frequencies is realized by properly selecting a function from
decomposed ones. Through experiments on pitch estimation in noisy environments, the robustness of the proposed

method was shown.
Key words pitch estimation, noisy environment, empirical mode decomposition, autocorrelation

L BHU &I TZEDOHEKROEMTH D, HEEERE, Rk & AR,
. (S

HEERM S O TP T T UL, RE Y b L — b TOHFFETTSL
HFEfEE 0 o OFEARRPHHEE X, FTHRAEEZITH TRy Lo A RIS B W TEESZEZR1AZ LTV S,

1 —



2D, TNFETHEE S OBEARPEEHEEMREINTE
7o Ld L, MEEBREET 2, FAHEIMET L2 gBa T, %
ENCHEARFW B ZHEETE 2 HIEERERHFEINTES T, Z
DOFEBUIMA L L CHEEAFTEE ST 3 [1).

FERF BB DR TR IR, HOHEBBEBGEe, 7 7 A 7 A
W ERRA 2 b DDMFIET 5. 29 LTk i, EEX
HINIZ B W CHEFE S OB E W2 RE L 2T 217-
Tw3. LaL, SOREIFFRICKLTE D, AR OHE
ERERRT I HRE 2085, B, BiEEH, W8, &
B OB T, FaIREIASAHIANC 74 5 55y T &
MEE 725 [2].

BEOEHEZRE L BB FELFET S, )L
b &% O 7 R R OGRS X 2 R 200 DT
H5. LhrL, TOHEIEBRREEEPERZR O OD5
HERAHETH 2 L I MERH 7. 2 TERINLD
REERINE — F % (EMD; Empirical Mode Decomposition)
TH % [3]. EMD ¢ 3, 85 %A €— FB% (IMF; Intrinsic
Mode Function) & WXL 2 s> b Ly R 2R 74
WESORIZHRT 2 TFEDOI ETH Y, IMF 266N 21k
REREE L L IMF OEEARRWEHRIZ X T 2. £/, Z00H
FED S, R - EEHE R BB OMTICEL Twa. 29 Lk
R EB U Z1T ) LGRS, BRICREA B E R
TNTW3 [4][5]. Z23—HT, EMD (&7 —Y 28D & 9 7%
FEIKBIE R Fi o 7 ) IMF OFFSHIHIZHE L v & v ) R
L2 TV 5. HFEES» O EAREREHET 2 LT, 2h
BREREEE RS, L L, EE EMD %2\ TR
EHEETL2ODHL LD, AR T R%EES T2 & T, EMD
DR & BEEEZ0 6 OEARRWEHEE BT Z LIZATRET
bH5.

EMD % i\ 7 BEAR R 4 E Tk & L C Huang 5 DFEEL
P T (6] DD B T DT, BREEBECT I 2 BRI R L
XF—ICEHL, EHICB I AV 2 FEMFEEHEE TS Z &
THAREAWBZHHET 2. L L ZOHER, E50FERE
HIEIFRE L 2w b oo, MEFHEDK ISR L 72O 267
BEOMBH%L <, ERAICIA S 2 F TORBEICITEL Tk
WL ERE L, BRI A G bR 55 (1),
Wavelet 28 &l Bt 2 /51 [8] % EBRI S LT 5.

—77, EMD % HCAHEIRI% [9] & flAafrbe T 32 Fik (1
LERINTV S, ZOFkE, EMD % K2R Tl 7z BN
REfIZEEIc B GEA T 2. BRI 22Tl EF S5 o
ERLET 570, ZORFELE LT, #HRIRDOZE L 72 IMF 23
"Bonzd kHicks. g, MIBN - EFEZIE L 2V
REFEOWHEMEZ R L T3, 29 LRMHER—MAC B
TD EMD OFAIZIZ LA LHALNTES T, ORI Z
L TWw3.

AFEOHWIZ, MEBETICB T 2 55 E S DA
HEHEZ2H ESR2ZETHS. 200, THiESDIER
TEtk: - e % B L MBS R L 24T A SHEERS 2 BT
2 LI RHD D & ENREZERIC B W CEHEE S OHHRIE
PLET B ICEH L, EMD 2 Wi iiShREzilAa s, 5

05 4
0 WWMW\/WW
-0.5
-1 E 1 1 1 1 1 1 1 =

0 0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04
Time [sec]

OF T

05 |
of !
-0.5 A

-1 E 1 1 1 1 1 1 1

0 0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04
Time [sec]
(b) HMEF A
X1 EHHES (RS /a/, B, AR 101 [He], SN L -5 [dB],
7 AHET)

05 L T T T T T T T ]

0 WW
05 1 1 1 1 1 1 1 .
0 0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04

Time [sec]
2 HHEGEBWEEOH (IF 50-500 [Hz], REE/a/, F1E, HABEE
101 [Hz], SNt -5 [dB], 77 A #E)

IZ, Z DRI 5 B AR T H CAHBIB S O Th8iE 5,
W AT BB E 2 170, IR Z IS D W TR 24T )

2. EMD ZRHWEXRERBHETE

%9, LfTETH 2 EMD & HCOHMEEE A DE T
FA B HEA BT BV THIAZITY . DB, M1 oEH
BREMITNRE L THY S, X 1(a) ZBHEFES, 855 /a/, i
AFWH 101 Hz) OEFESTH D, M 1(b) 1& 24 SN H
2 -5[dB] LB kAT AMEE 2L 228 TH S,

2.1 EHREBECHEREEHK

ZDOFRORIL, B LIEE EMD 2179 O Tld% <,
85 0 B HBIB S L EZRYIC EMD 2 VW 3 5ThH 5.
9 LTHESNK IMEF & D, BEARFEEICED 255080
ThHIHEARE BN L THEERIEDIN E2K 5. Ok
LD ERPRAICZINNE—DEFTE L), WO2pDILE
ZHEES T

9, MBS IE T 200, B 2HmE 7 « Ly
BT, oW, FEOERE ERIBEEZIREL Tw B %k
O, FMHHEE ICHE LR EI & b 4 508, HWOHRHEMA D
BERIZROERC 2T, MEick 2R 2B Y5 2L
WZD0%23%. ¥ 2 1%, K 1(b) 12 50 - 500 [Hz] D 7 «
W P T RERTH S,

EMD D3R & 7% % HEMBEAMEZRX (1) itk hilESn
%. 20k HOHBB Sz LR E CHBIBI% (NACF;
Normalized Auto-Correlation Function) & /5. NACF &,



HOMHBB %2 X (2) DRRICERINBIBEFTDO IR T — e(r)
TIEALL7ZbDTH 5.

Yong | s(n)s(n +|7))
e(0)ve(lrl)
N—-1—|7|

S sn+ 7))’ (2)

e(r) =
n=0

kY, BRoRMLEOFERZTIEE L 72 B CHBBIE
DFFEDARGIC A 2. BT/ A AELMPALCLE) 2o, /
A ZADHEZZ TR TV E ) MEZIEZ T 558, RO
WA L0 TR TRIVWEIRZ b 72567,

2.2 BBRNE—R9HE

EMD &, 155 s(t) 23X (3) D & 912 IMF & WHE L 2 letirisk
MO LY PRz R ET cn(t) E P LY R r(t) 12
RS 5.

NACF(r) =

(1)

s(t) =Y ea(t) +7(1) 3)

ZDLE, cn(t) 1 JMEE5 R T 2155857 O BRI I
L, BEO/NI WL DIEERRBEERISDOESHT L RS, 7
24T 9 B EMD &, 5 03midro b Ly Flag 2Rl e
WZ LR ZhEh, B OMOENEL A ER L
THB 1 OLELEVI L E5ToBAMHZERD YN
v —7 L AMEZR FE ST v Ra — T OFEEEMER DO FICE W
TOTHBEIELEERL TS,

BEHH S, IMF 2T 2 FRUIEEGET 2208, &b —
DI TO7 L) AL TH S,

1. n=0,k=0 &L, hu(t)=s(t) LiEL.

2. har(t) TOMKMEZFESR T N0 — 7 [(t) &M G
BryRue—=7m(t) 2 3RAT 7L VHIEICE D RD,
hok(t) DLV RS u(t) %2 ut) = [1(1t) +m(t)]/2 &L
TEld 5.

o hngern) = hoe — p(t) EL, PLY FEGERD RS,

4. Sl L SO P LY RO 2R WES D&t %
B(rs1y () D372 L TOAUL, () = By (t) ET 5.
Stz LCuRIE k=k+1EL, AT v 7212
H3.

5. Rint1)o®t) = hno(t) —cn(t) £T 5.

6. hingno(t) H1225 v Xa— 7 DFHRIC LB 22 A3 <
BT, hingryo(t) DRIV F —H%5EY 722 BIE 2 T -
BRI, r(t) = hingnyo(t) &L, WERZ$THY) 2. 204t
DEEFE, n=n+1,k=0&L, AT v 7 2IR%.

AT v 72,3 TITHMMEEY 7 MU E v EREREE LT

EFEEholAfiziisnyRo— 7 LMEZ STy R0 —

TONVYEPMEEDHIZB LT O 83 T 7 MLEZRD

BEDRHL WD, @) Ickh), 7 MUz ks LY R

RATEREDONRZETL, ZDMEZ2TGICY 7 FMUEOFTHE] D

ZRDD.

T
[P 1) () — Bk (8) 2

2
= hr ey ()

(4)

L
Q
<
P4
Time [sec]
(a) NS & 72 5 IEBUL H CAHBEBE
1F7T T T T T T L
0.5 i
i 0
=

IMF1
o
g
1

Time [sec]

(b) i€ — FBI%

Residue
o
>
1

Time [sec]
(c) L ¥ PGy
3 BINE— OB (B /a/, Bk, AMBER 101 [He), SN
H -5 [dB], 77 AMEE)

ZITIE, ¥7 MO BEYID 2 SD Y03 AT E Rk
LT3,

D& I, EMD RfE5 0P etz RkET 2 &
I (RNTZAT ) 720, ERIE - EEE BB TR O3V ¥ —
MMEDHER E 22 Z EEEH . LrL, 7—) 2Bk L
LER D EMD ITIZIERBISDAE L 22\l o) FEARIE RS 23
BB IMF IS LT L) WD S 5. BH o HCHM
BEIREUC LT EMD ZH\w3 2 & T, ZOREIRRERI LS.

2.3 EXRRET O

AW O, X (5) TERI N EAMTHCH
BEIB9% (WAC; Weighted Auto-Correlation function) [11] %
W5,

N1l g(n)s(n + |7
\maﬂ:Zwaﬁéi:H) (5)
N—-1—|7|
AMDF(7) = > |[s(n)—s(n+|7])| (6)
n=0

WAC DERICHV 61T 33K (6) DBIEUE, PRI
# (AMDF; Average Magnitude Difference Function) & M3
"5, BroftEomE 2L TR THS. 2L, HOHE
BI L 13 MEE D & DB DR TSI R 570, 2D 2 D%
FEbE s L, EE O HOHBEREBIC N, MR OFEIINE S
70, EEoRtFI RS NS,

BARPE I XD TFIHTIThb s, £7, HEHETHPS

— 3 —



05 _

-05 y

Time [sec]

(a) BB D B CHBIBIECCIRE 217 5 1l
1 FT T
05
0
-0.5
Time [sec]

(b) B [ CHIBIRISC ORI 2 7 - 7%

M4 B BB CIREE L 72 1 BB OB (R /a/,
SIbE, AT 101 [He), MESHHIAEL )

NACF #3E L, EMD IZ X - T IMF I243f# L 724, IMF @
BEAREREZ RO — 7 E» 6 Z20ZF kD5, 2L T,
WAC & bR 72 AR M & IMF ORI EE KT .
IMF % NACF HORE ORI RIG L 7285 <cd % 7
& [10], WAC DIEAFIPBEL & e b 3T IEAR T 8z £> IMF
ZEOHT I LT NACF OEAREZGLZENTES. 29
L T 5 N7 B D EAR RIS P (55 D AR WSk & &
3T 3.

31X NACF icx LT EMD %#f7-o7flTdh %. X 3(a) i&
2 L hRd NACF TH Y, ZhicxiL EMD 2479 &,
IMF( 3(b)) & b L ¥ PR (M 3(c)) 23fF 505, IMF O
BIFHHINZIEEZRT. CoWloEE, IMFL 23R & LT
BN S,

3. EWEHMbLZEN UERRRBHEE

ZD X, FHEEFICHL EMD ZRENICHVw3 Z LT,
IMF OIS O 8 U X 2 S N, (55 OIEE H P IERIY
PSS U 22 AR B E D ERTE L 2 b ok,

&2 AT, EMD L W fE 55 IMF ZIRED/ NS Wiz E SN
Wy o35 2 L oshy A4S & - BUEN R EEIC & b i i
MICHERR N T w3, ZoWHEZHAL, #:E% &0 HOHE
B%h2e 5 SN koo IMF 21 20D H$ 2 & CHESRR A
270, HAREEHEREZIN IS5 L 2EZ 5.

3.1 ZEEROBCHERHTHREL BCHEREK

9, BT OMR E 7 5 B OHBIBIEUIC D W CEI T 3.

BE o CHBIBEEEFIHR T 2 1B L, X (7) TEHEIND
Ny BEHOTR (8) D &) ICBIMTI %217 .

1 —lcosZt (0St<T)
w@_{ (7)
0 (t<0)or (T <t)

alt) = (m(tmm SE uz> wt) @)

tmia (ZBOHDLE, T 1ERIE, pe EXE T 282 z(t) D

1 FT T T T T =
05 | u
0
0.5 | u
-1 B 1 1 1 1 1 =
-0.03 0.02 0.01 0 0.01 0.02 0.03
Time [sec]
(a) WENTRIE & 72 % 1 SR
1 FT T T T T =
05 | u
0
0.5 | 4
-1 B 1 1 1 1 1 =
-0.03 0.02 0.01 0 0.01 0.02 0.03
Time [sec]

(b) MG 21T o 7o fER
M 5 EMD I & 2 EfEmitofl (% /a/, Bk, BEARBE 101
[Hz], SN I -5 [dB], &7 ZA#E¥%)

FIETH 2. a(t) OHCHBIBIEL Raa(r) 1354 (9) IS X DK
DBIENTESLY, ZOWH BRIENEL 5.
_ 2.a)alt +7)

B O

Z U, BB Z 7 28I X B {EREIR T DR IR T 3,
TR 7 IR T DIRF T 5. 2 iz H BB 2 il e 72
koI GE T 2METH D, ey F 17— LN
LHEERAEZ L6 T, 22T, ZOMBIC X 2 B2 KRS
w570, R (10) 25K ¥ 2 BB [ OHIBIBIEE LT,
R (11) @ X 9 12 F CHBIBI O ASSL 5 0 3 %179 [12).

2o w)w(t + 1)

(9)

B = =5 @ 1o
-8

413K 1(a) 0 HOHHBIBIE T H 203, X (9) & H ko
7- B AR (X 4(a)) LR, K (11) & b ko - A 2AHE
BI% (X 4(b)) D JF AMEIE O FIAMESIRER S LT 5 2 L 23R,
THNS. 7272 L, ZNZN Raa(0), Ree(0) 2\ TIERULZ
fToTw»5,

3.2 EMD I &2 EEEHE

EMD &k 0§50 3 IMF XEF 2R T 2G5 K7 DK
BrIcB X2 MG T2 2 T TIEALE. 2oL &, F
FAHVNZ W IMF (3 & SN AT 235 T & 38Ul A WGE 1 &
DERNICHER SN TV [13]. ZoWEZMAL, #52at
HOHBIRI% ) & SN v IMF 720 28D 3 2 & T
HREZITH. Ik, ACHBEBEE O EFESICk>T
I N2 T 22T 22 0 TE 2.

T, ME 2 G ERVCHENAREER y, T2 ALES Y
SHEE L7y & g L L&, ML L, K (12) oFE
FUAPRNETEIETHDLEVZ D,

MSE(y,3) = = Sl — g0 (12)



EMD %MWM iRRIcB T3 &, BV E wig L SN
T2 L0 ELD, R (13) LI ITERINS.

N

Gi(k) = ealk) +r(k) (13)

L2L,y %2822 cixtkiniy, X (12) 25tH T2 &
AT CTH 2. 22T, y bfitEfEE L, 30 (14) D & 9 1o
) IR LI N DR R E T 5.

CMSE(:, i) = 72 [0 — Gora (W)
k

= =S dm) (14)

CMSE 2/ 2% i 2K 5 2 &3, MESHEI R IRED
INZWIMF &, BRESDLENEREDOKE WV IMF OER
IALET 5 IMF 28809 2 LICHY T 5. 7, MEREZIT)
BRI CMSE & g OlEFFLL, CMSE 28§ @ 25 [%] % Lhl%
BEI B 2 T 5. 2, EEXEICE T 2857
BERIDOREZN IO DU TH 3.

Pl B0tz (11) & YR 72 H OHBEIBS 00 LT ) 2
ECHOHBEBEB O B E»E o s, 20— 7REL bk
O THAR PR EFEEORERTEE L L —BT 5. K5
ICFBEEME oM Z R T, K 5(a) 132N (11) & h ko2 1(b)
O EH MBI TH b, K 5(b) 1EK 5(a) 2> 5 TMEE R(T) %
L2651 TH 5. 2L, 2NZN R, (0), R(0) TIEHTL
o Twa, BMEMHZT->74 2 LT, SHESDAICE-
TS LA IK 4(b) @ B ZHBIBBUE IR BE S T
BT L b,

4. EXEREHEERE DR

SRR B O E LR Z M L TREFEO R SR R G
T 5. %7, FFERXFNICE W CEHE S ORI E &k
ZAGE L 7 FIERRfTIIE & D% T, REF LB
IKDWTHEET 2.

4.1 EBREH

HERF PR OHEE I, F—RETE (Proposed) DI, HHE L
5P E LT, A (11) @ B BB (Default), FRFHX
HINIZ B W TEFREE OMBEREEEZE L - Tk LT,
Wavelet ZH#1IC & 2 HEE RS [14] 217 5 78IS Fik Default %
JH» 2757 (Wavelet), JefTWH9E (Previous) [1] @ 3 2% v 7-.

FEARFRBEOREE X, IR 40 [ms] DNV EEZ T L —LY 7
b 5 [ms] TR L, $RFEEHIHZ 75-500[Hz] & L TfT>7%

R, IO 7= R—2 &2 FH L 7%.
FT5DTF—5 R—2Z [15)]

RABLE 14 41 & 2 HAGER SR 30 7 % A F Z Ik, EGG
WL BEGC HE & b HIE I NG5 /R 7 L ftE. 16
[kHz] / 16 [bit] > 7V v
FEERFPBHEE 1TE, T—F R=2A 96 B 2 43> (MO1,
MO02, FO1, F02) Z# L, ZOFFRXEOARZHWZ. 20
LE HFESIE8 kHe] K8 vy FY v I LT

T2 E&UHEFE51Z, Octave ® randn B % F\w CTARR

L7y 23 %, FRtodHaEEHS, SN s, 5[dB], 0 [dB],
S5 [dB] £ B & HITMA S Z E TATIIZ/ER L 7. SN ko
HEHE L T BAS T DT — X, BT REDOVIY T —D 1/30 £ D
REL B BET OV T — & LTz,

1B &3 2 HARWEIL, Electro Glottal Graph(EGG) X
DEtE L 7. EGG DWaEFO ¥ — 7D WE % 2 DX
DHEARFWHE LTRDT-.

HEE RS B D P 212 1Z, Gross Error Rate 272, 1%
& DHHNFEAD 5 (%] L ED D D% Gross Error & L7z,

4.2 REBHER

Default, Proposed, Wavelet, Previous @ 4 2D FiE% v
T, HB L3 XToEHEkEHc 2T, 22 AR D
WeEZITo7 25, £ 1, X6 DFEH L %57, Gross Error
Rate 1%, HHED A (Male), ZH:D A (Female), it (Total) D
ZENEFNTHELL., 0L &, BERREROREZIT>7-7
L— LB, ZNER, 17467, 18554, 36021 & 72> 7=

Default & Proposed @ Gross Error Rate Z K L7 & 2 5,
SN HiA% 0 [dB] L FOHBETIE, Wz 2w Td Proposed
DAV TR, IS 1 (%) ThilExiTo7 e
%, SN A3-5 [dB] DA TIE, WTHIZ DT HEEAED MR
Itz F72, Wavelet & Proposed IZDWTHIK L7z & Z 5,
SN 35 [dB] DA T, WILZ2W T Proposed D5
BTMEY, HEEDMER I Nz, ®#kIC, Previous & Proposed
IZDOWTHIEL L 72 & 2 %, SN FHiAs-5 [dB] @D Male (22Tl
Previous D /72 Proposed % A& 2% > T M- 72%3%, SN
H-5 [dB] @ Female 122\ T, WDFERE 2o 7.

4.3 % ®

%97, {& SN HRFIZ B \>T, Proposed DA e Bt i b
23 Default % ER[> T3 2 &6, REFEEZH VWA ET
BRI PBHEE DR ANZ FERA ELTR2 2 L0 R 5.

¥ 7z, Wavelet 1% L T Proposed DH#EER LSRR IC E
[>T 3 2 &0 6, FEARRMBEBHEE 217 ) BRICEHETOIE
MR - JEEFEEER L 7- 2 L CHEEREO E1E s
EEZoND.

& 2 AT, Previous DHEENREE D FHMifE R % A % &, Male IC
2Tl Proposed ML ED B N2 FEBE SN TWBDITH L,
Female |22\ Tl Default 2 TRI>TL£->TWw5%. ZOffii
& WAC D5 v F 27 —ITHER T 2 AP RST DIEIR I 212
FoTHELTw 2 EEZONS. RETHETIEI I L RES
BEEIC W, BN FMEICOWLTIRETFIZEZE ERlo Tw
BEWVWZD,

5. ¥ & &

INF CRESINERHEBHEFEDOL X, HFEfES
DB EE M2 HR R X NI B W TRE L 72 0B E 17>
T/ oL, CORERFEIIRTZHDOTH D, HEEME
ETOERE DRSS

Z T CTAWIE TR, IR - IEER REE R DI L 2
TR TH 5 EMD ICEH L, EMD (I & 2 FRE&ER %2 N0
L7 IC N A b 2 AR B E TR OREZ /T o 7%,

— 5 —



# 1 HARBBHEEFRBORE (Gross Error Rate [%])

SNR [dB] B 0 5 clean
Default 36.6 10.0 7.20 6.90

Male Proposed 31.6 9.48 7.36 7.01
Wavelet 34.0 9.41 6.96 6.72

Previous 28.1 9.86 7.85 7.28

Default 34.8 9.28 7.35 7.30

Female Proposed 30.0 8.97 7.37 7.31
Wayvelet 32.9 9.05 7.36 7.32

Previous 60.3 20.9 12.2 10.0

Default 35.7 9.64 7.28 7.10

Total Proposed 30.7 9.22 7.37 7.17
Wavelet 33.4 9.23 7.16 7.03

Previous 44.7 15.6 10.1 8.69

)

ST, EFIEOU AR MERKGET 5720, Bk 2 4, &

M 2 B DFEFELEE 120 7 F A Py OEFES L EGG F—4
ZHWT, ALICH ) AMES 2 M Z 22035 FARR BB OHEE
EEEITo7 25, REFEEH VWAL LICX ZHERKED
A AR S .

SRR SRR B E O R REEHI I 1E, ERILRYEY AT A
TAAEoME T Lo RIS L D S EGG 75— R —
ARMHIE TR,

(1]

(9]

[10]

[11]

[12]

X 73

Molla, Md. K. I., Hirose, K., Minematsu, N. and Hasan, Md.
K., “Pitch estimation of noisy speech signals using empiri-
cal mode decomposition”, Interspeech 2007, pp.1645-1648,
2007.

Scalart,P., Filho,J.V., “Speech enhancement based on a pri-
ori signal to noise estimation.”, ICASSP-96. Conference
Proceedings., vol. 2, pp. 629-632, 1996.

Huang, N. E. et. al., “The empirical mode decomposition
and Hilbert spectrum for nonlinear and non-stationary time
series analysis”, Proc. Roy. Soc. London A, Vol.454, pp.903-
995, 1998.

Yu, D., Cheng, J., Yang, Y., “Application of EMD method
and Hilbert spectrum to the fault diagnosis of roller bear-
ings”, Elsevier. Mechanical Systems and Signal Processing,
2005.

Adriano, O. A., Peter, K. and Slawomir, J. N., “The appli-
cation of the Hilbert spectrum to the analysis of electromyo-
graphic signals”, Elsevier. Information Sciences, 2008.
Yang, Z., Huang, D. and Yang, L., “A novel pitch period
detection algorithm based on Hilbert-Huang transform”,
LNCS 3338, pp.586-593, Sinobiometrics, 2004.

Weiping, H., Yaling, L., Minghui, D. and Xiuxin, W., “A
Novel Pitch Period Detection Algorithm Bases on HHT
with Application to Normal and Pathological Voice”, IEEE-
EMBS 2005., pp.4541 - 4544, 2005.

Zhou, C., Yang, L., Liu, Y., Yang, Z., “A novel method
for computing the Hilbert transform with Haar multireso-
lution approximation”, Elsevier. Journal of Computational
and Applied Mathematics, 2008.

Talkin, D., “A robust algorithm for pitch tracking”, Elsevier
Science. Speech Coding and Synthesis, 1995.

Flandrin, P., Riling, G., and Goncalves, P., “Empirical
mode decomposition as a filter bank”, IEEE signal process-
ing letters, Vol. 11, No. 2, pp.112-114, 2004.

Shimamura, T., Kobayashi, H., “Weighted autocorrelation
for pitch extraction of noisy speech”, IEEE Trans. Speech
and Audio Proc., 9(7), pp.727-730, 2001.

Boersma, P., “Accurate short-term analysis of the funda-

60

50

40

30

20

Gross Error Rate [%)]

10

70

60

50

40

30

Gross Error Rate [%)]

20

10

70

60

50

40

30

Gross Error Rate [%)]

20

10

(13]

14]

(15]

T
Default ——
Proposed
Wavelet ===
Previous —/—3

-5 0 5
Signal to Noise Ratio [dB]

(a) Gross Error Rate O#t# (5D &)

N

clean

T T T
Default ——
Proposed
Wavelet =
Previous ——3

-5 0 5
Signal to Noise Ratio [dB]

(b) Gross Error Rate O#ff% (XD A)

clean

T T T
Default ——
Proposed
Wavelet mm===
Previous ——2

m B

clean

-5 0 5
Signal to Noise Ratio [dB]

(c) Gross Error Rate O#f% (&il)
6 HEAH PR TR ORE R

mental frequency and the harmonics-to-noise ratio of a sam-
pled sound”, Proc. Institute of Phonetic Sciences 17, pp.97-
110, 1993.

Boudraa, A. O., Cexus, J. C., “EMD-Based Signal Filter-
ing” Instrumentation and Measurement, IEEE Transactions
on Vol. 56, Issue 6, pp.2196-2202, 2007.

Qiang, F., Eric A. W., “A novel speech enhancement system
based on wavelet denoising.”, 2003.

TR ISy O Wk IR R IR B FH o P FEAR SR I B T2 s, WA 28
T, B Rk, TR DAL, BE Bk, AR B, BN BEE,
TEE2EAHROGE, J83-D-11, 11, pp.2077-2086, 2000.



