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Abstract

The background of this study is the formation of natural speech communication
between human and machine. In order to refine the machine and the person’s com-
munication, it is necessary to provide the machine with the function of combining
naturalness with clarifying what is also naturalness. However, its naturalness is
not yet fully understood. Prosodic information such as intonation and accent
included in speech is deeply related to the features that form the naturalness of
human communication. This prosody combines the three attributes of pitch, loud-
ness, and timber and from the synergistic effect, humans perceive communication
as natural. It is pointed out that pitch is causal between the pitch and the funda-
mental frequency of the sound. In other words, it suggests that the possibility of
quantitative understanding of human senses is hidden in fundamental frequency
(FO). For this reason, FO estimation is an indispensable estimation technique for
applications such as speech recognition, speech synthesis, voice conversion, voice
quality evaluation, and sound source separation. In addition, this is also used to
provide objective evaluation measures. FO estimation is well-known to be one of
the studies that is considered extremely difficult, for the following two reasons.
The first reason is that FO cannot be observed directly. The second reason is that
the vocal cord vibration that is the source of F0 is quasi-periodic instead of a con-
stant periodic vibration. For these reasons, the FO estimation requires robustness
and accuracy. This study aims to discuss how to propose a method for robustly
and precisely estimating FO of speech under noisy or reverberant conditions. The
F0 of speech can be utilized as a significant feature to represent the source informa-
tion (glottal waveform) of speech sound in various speech-signal processes. These
are in speech analysis/synthesis systems, automatic speech recognition (ASR) sys-
tems, and speech emphasis methods. Therefore, a particularly important issue in
these applications is to robustly and accurately estimate the FO of target speech
in real environments. The FO estimation method with high performance has been
proposed recently, which realized either robustness or accuracy. For example,
those representative examples are FreeDAM (Fundamental fRequency Estimation
mEthod using Demodulation of Amplitude Modulation) with high robustness, and
a method with high accuracy proposed by Dhiman et al. FreeDAM is an F0 estima-
tion method inspired by the concept of human’s pitch perception called “Missing
fundamental” and Modulation Transfer Function (MTF). The method proposed
by Dhiman et al. is a method to extract temporal variation of FO smoothly from
a sound spectrogram. The Riesz transform is used to transform a sound spectro-
gram into instantaneous information. Since this instantaneous information is a

complex signal composed of an amplitude term and a phase term, instantaneous



amplitude (IA) and instantaneous frequency (IF) is decomposed from each term.
However, both FreeDAM with its focus on robustness, and the method proposed
by Dhiman et al. with high accuracy have their own problems. From this reason,
the aim of this research is to make a basic study to solve each other’s problems in
that way, which each other’s advantages strengthen each other’s problems. That
can realize the F0 estimation method that has both robustness and accuracy. The
results obtained in this study contribute to providing key technologies to realize

natural speech communication between human and machine.
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1.1 (FUC®HIC

MOT, HEIIa=r—vavrEalE, E5L e L oMTE LD
SNTELD, WEOZTDOHH P 3HREDLY L, Tk MIRES 3<%
DODHD., A=)V R—IIBITLHEEREN, ALY Y AX Y X
HETHLEARY MIIAEEY— L ADEML Y, TORBEIXZITE S, B
MIAIa=r—va VEREEMAZ, TORDYIZE PEMHTIZIIa=r—v 3
VLB ED, EEHINDOOHLRHAEKL IS LTWE. UL, TH
SOAIa=r—v a3 VORMEE, BT TRMREEDD D ELD Iz
[EXNTHED, LhebrDaAIar—2arDldRHRIDBRITTNS.

FARFERIIE, A IR, ) 2RBIT S, W8 G5H, 12 hx—
vayv) 77y Y, TREORMKRE S UTHS A HEEMEERNS RN
BRI BEPEALE, S0ES (EvF), OKES (57RXR), &
(F 1 v X=) ERHEN BN D= KRIBIEA SRR 22D, HIFITED 515
THHEINTVWG 2. T, HHIIa=r—va VOREN, BICSHER
BRWELEA S 2 THES, MEDENZLEASILTHENOGTHS. BT
7 A BEIZ W B 2 2 T, AT OBMARIEEZY, FHEOEMANLLD
THTFIEDS. EXVERICET 2 BEERE, SHCOETHETS L
T, GEOFHOEMAERESKEIT L, EITAE L 2 SR T,
HOEMEHLES I L2 REL T4, HRABRERII 2= r—Ya iz,
COEAERIEIAARGERTHY, BROEHREHMTIE, hOEEREAD
fEamTH 3 [3].

—J, BB TOL heEBOSEEIIa=r—va i, KT ULEERTIE
R HEPIT IS DEFE Y AT LADRICT 5 AP THREE, SRR
CRET NI, BREAEWE SRS, FIXE, MELABETELERY b
DWTIE, WHEBEHARDZIE R, KT LORMNRET, HEAHEEICITEE
No22HH, bbb bTERL, bheEWOIIa=r—2a v E2HEHE—
BN, BREE bfﬁfﬁ,ﬂjé%fhétgi%vh 5. o R C R SR R S F e
2= =Y avitBIF 5 ART P, BIEEM T TN o AR IS RO
PhEeh kT sy, koEEL, RO MAHZZ EIFHATH 3.

LM EBO SR IIa=r—>avd, EREELROSEIIa=r—v s
VAT, FESTMHAUE DA X NAEERLDICT HE L, b NAHIRT

1



“HHEOHRIZEETEANAL ZHONITBHZ L THL. BEREOREK
ZEUTIOERZHED, BRIRZHAIZHONITAHI LT, HEFd3a
==y a PR EHEDIMIZR S, EndT S ETENTIERSRNWI &
i, 20 CERIT WOIRED, FRABIER LMY EOEARRIF L, Y
FEEONHRZOFEM A BHORMICHZ L2 THS 2. THOARI LI, B
DIBFIZHED DHET, FHMEFEOEBUC LI O FETRTH D, mIZide b
WIS 2EETH S [6]. ZOHRI VLN REREZFE>TWS I 2@l
D0%, HRIDEKRZHONIZIT S ET, [A6PDORERRENRD NS &
WS Zed, ZOREDOHERNTHS.

INZz B E 2 TARBFSEIE, EHAREME (Fundamental Frequency: FO) (Z&FH L
7. FOIX, BBEZ Yy FIZERBRTEIZEDRHONTVWAYHETH D, TOI
M2 bIZE, BEIBRODAREIEENTVAZEBREINTWSI[T]. 20
=, WHETHLFOIZEHL, SHOBREENS FO 2H#E 3 % HEIZOWN
T, BAMETT B Z L 2ARMEDONGE Ui-. FOIX, BRGREEFEIIa=rr—ra3
YOI TR, K LISRS AR & A A &\ o 7 BB R EAT I F]
HIng., A TcEONEEREIX v EeEOERRIIa=r—>arn
FHIZAIT T, BREEMORBIZERT2EDTH 5.
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1.2 MADER

FOHERE 13, BIIL2E L () 256, MorDETHGERE (A1)
EWHIT LI THS. FOIX, AROikEAVOFHTHY, BEIZARSNDHE
B THS. b bDOREDOEERZ AT 51213, Fant 2RI U 72 BERICE
DLER7 A VEZORMAD, I THDEF LW (8.

B 1.21F, HRE7 4 VRETIVOKEMETH L. BUED FOHZEITRDHRI,
VIEUIEED EFonEET L TH D, HERESUWHELEZ ML, FDD
PENEINTWNS (9, 10]. FHEIEG(w) EFET 1 )V EZ H(w) DL TH 51K
EDH LI, b MERT 2 FRBEEHE w 1B 2 EHEEE Sw) ik, X (1.1)i
RIMILET VL LTREINS [9).

S(w) = H(w) G(w) (1.1)

i SMAT 525U K BN 2 kB DY, Figlictds. bk
PTWVEEERIE, EBICE S FO & T 0@ TR S 12 iE G S % IE
L72bDTHD. Fil7 1 IV R OREPERMEE, HLIRERE (710~ > b JEK
B P OMEREE (AT bLVERK) TH O, MEHIRERR SIS U TER
LEEORRIZLDEDTHS. LArL, HlET7 4 VEPEFEIRIE, & hOARN
METHY, BEHTL2ZLIINETH LS, K OHEED R FO#EEN K
HOoNZDLIFTHD. BIE, FODEMLRFHMNE(L 2 #E TS 2 EkEER FO#
EEDPREINTVWEY, TOFRNELRE FOHEEDO—HlThsr¥oEiEd,
HiIR7 1 VL RIZHED L F[IETH S [11).

—J, BR74NVZRETVOEZFIE, LEMIZBISHTE 5. HlzIE, B
HRENIZ & 2 HATE &2 Mok & U T, maikBEoER RN R RFFZEAe 7 1L
<V MEBEEREBEHRE TR TS &, FFEBZEH (Frequency Modulation: FM)
PIRIEZEH (Amplitude Modulation: AM) & B2 Z EAAEETH H, MHHHAEE
DEOEFRPEHAHRNBEHTE S, 2V EHEREMEOBREZ, Th
FTNEEH L ZEM e U T TR T E 5 [12, 13).
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1.3 ™MEOEH

AT D HRE, EMEM: e EEME 22 5 FOMEEE2MEI T2 THS. FO
EHETAREL, BT UBEHERRETHL LIRS WD THD. DFD,
MEZ RREDOME R Z I -ENBE» S FO 2 EREICHET 5 Z 21X, #KD FO
WREEZ T TIRRETHE D572, HlZIX, BINTEFO 2#ET 5454, kdoh
B PEIIMES C REBIEIETH B 2 TH D, MAT, FODORFRIMEENX, KRz
HEICRD2LINTED, BRBREFZ2RETHEHRE U TRIAER W [1]. M
TRRENMNINE N BHIRIED S, FO DS D N A S 2 EMEICHE T 5
FiEEBET L, X 5I12% OFHiikE R 5 Z 4 A VRE NI, FOHEEDFEAIZHF
5T&%. 20D, FTIOEFERESI N FOHEEO TN S, IEMEM: P
NEWEREI NI HEEDOFEEZFAET 2. o DfEEIEDOEREIZLY, IE
EE & pEfE M B RN @ K B AR SR D T, BV ERSHNICERTE 54
HOBWEKT S, BITHEOHENSBONIHMRIZHDE, RED K
ZHANCHRET U, BRI X2 EE LTI K b, FERANLR FOHEEEDO AR %
RTZENEETHS.

1.4 FEX DK

M 1.3 1%, AMXDOWKERTHDTH 5.

ARERFFFMTH 5. FOIZBEDLLICHBAM E, AMIROTRE HNZBNRS.
B2 W TIE, RENZL FOHEETE LI FEOREIRZMIM L, RN FO #EEIE
(AL B AT A B R 2 iE R 5.

HI3ETIE, BITMENPSBONDHRICEDE, EMEMEZ B0 310w
ZrE 5 FOREDWREEZ, FEIZEDCBR»SRET .

FHAETIE, BI3IFOWREZEERICHEEL, BRIBIE 2 A5 X 725812
B35, EMEVEE EEVEICMRD S FHIIFEIR & BRE2EARD.

S EIIMMTH D, ARFEPHS NI LI L, BRINFEZEML T
AR,
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2.1 EXFERBBEEEOEEN

ERHMR FOMECIENHEIING &, BFEIIa=r—>a VIZEbAE% R
WRTEHAREMELE TS, 20720121, FOPERIMTHLZ 2 BE X2
Z T, IEHEME, M A2~ FOMEENKRETH 5.

2.1.1 ¥EFHM

HWEREIAVE & 0%, A RE O AN 2 Z] 2 L 240U, ERTERAWEETH
5. FOQYERIMEL, FHNz RSz Le UT, ERICAKANCLE TS Z
ERFONT WD [14]. BHIBIE» o 0 s DB, L8 2 HZ2EE LT, K
[ 70 iR e 0 Rl IR R BE 2 Y ICEE T 2 Z L AVEHETH 5.

2.1.2 1EfEM

IEfEME 1%, FO ORI 228 2 BUII I~ o it U, 2 Ok % FEHlICH#Ex
TEAMETHS. FOIX, AFIREBOAPOTHE U TERINIHAWPHKTHS.
FO O¥EFIAMEDMEE D &, Z ORI & Iz 2 kT 5 Z L 2Rifee LT, A
HIRENZ AN T 5 EE KD %2, DRWVERZE TEEIEE» SHEE LR IR 574
W, A R AME DR 2 ¥ OB T, FODREMA T 2 RERICHEETE
LZZENEF L. ZDEOHITIE, 7ALTY MNEREREE AR MVEAKIZAS
N5 JERERE 2, BT SHELD BRI, ARSI B IC e T
AN

2.1.3 TAEM

FEME 2 1%, MRS TR Y OAELIC, FO DHEEHENAEG IRV L 2 5RT
MERETH B, 72 & ABEBXMZ OMENBIHEIZICEALZE LTS, Fo DA
BURD 72 2T 28R o, BSOS T MM Om S AR RTH 5.



2.2 RKRERHLEKRBREBMEE

FO I, M X 72133tk ws, BAORLLIYMEL LTHllTES. £
D7 FO HEE L DI, W], JEEER, £ XREEBEEIC K E NS, K
2UITHIZE L7 HEEEL, TNETITRESINTE 2, EVIEHENEE2H T 5 REM
2 FOHEEIED—FITH 5 [14].

o YIN[15]
YIN (&, REEEORIAMEZFIHT % FOHEEORRBITH 5. K 2E
HT 2 BEOREMED, FOHETHEIZIKGTT 5.

e SWIPE (A Sawtooth Waveform Inspired Pitch Estimator)[16]
SWIPE 1&, A~ MVKEEDFHPNEE FIFS 5 FOHEROREHITH 5.
it 2RI T 572D DFEIA PAREVEINTNS [17].

e TEMPO (Time domain Excitation extractor using a Minimum Perterbation
Operator)[18]
TEMPO 1%, REMZEFGKIHIE STRAIGHT (Speech Transformation
and Representation using Adaptive Interpolation of weiGHTed spectrum) %
WS B2 Th 5. BRI EL (Instantaneous Frequency: IF) % il H
LT, 74 20HnEEEE IF OGEZERICED SEERDVPHHEING.

e PHIA (Periodicity and Harmonicity using Instantaneous Amplitude)[19]
PHIA I, JAWIME LM ZFIHT 2 FOMERTH S, BERFRIE (Instan-
taneous Amplitude: TA) & IF ZFH L, 5o FEAME L FEEOHEN S
L X%, Dempster OfEAEHAN 20, 21] THEG L, FOfEMEZIRET 5.

o REMN7Z FOHEEIRDIEMN X, #ERHFRETEITHS. LrL, &

FMEE OB L Vo R EBREITNT A OWT, ERALOHRA,S, EL<
BEtd a0 EhiH 2L I TWD [14].

2 2.1 (RGN 75 B A A R 1R D

HEE £ VIRZ LR 3 SR
YIN ief] CRIEAME) [15]
SWIPE JEI R ) [16, 17]
TEMPO e 18]
PHIA Wi CEIAME) - BB GRBEME) | [19, 20, 21]




2.3 TEEMOEWVWEXREREHEE

AR, FOREEROEME 2 M) E X 55AA L LT, FreeDAM (Fundamental fRe-
quency Estimation mEthod using Demodulation of Amplitude Modulation) 232
FI N7z 22, 23]. FreeDAM BEH UZHEIE, Iv oy I 770 XA VRV
IFENs, e bOEYFRIETHD. Iv I I 77 /XA VRVIE, HEED
BEARPEOERIZE ST, E MPHHT I Y FREDLSRNWEINIEHRKTHD,
ZDZ &iE, Schouten DEFRLETRINTWD [7, 25]. T 51T FreeDAM X, £
D FIRTE FEEFEEREE (Modulation Transfer Function: MTF) O#BE&ZHL D
AN7e. MTF Off@icio< &, MFEPREORNELZXILHIL T, AMEFEFOXE
HEIMET I 50, [BRESOREPRREI NS Z LRI NT WS [26]. Lk
MoT, SOHRBENEEEZ AMEBFHDANRY bT LIZHANTS L, AM OB FAEA¢
WEATES. DF D FOOHEELIE, BED &S 3K 1 DL AT b
VafRE U, Mg kg aiginiihez it o2& TH 5.

FO OHERILIRL, X 2.1 IR HERE TR S 0, REE» o0 s 7 L —
LIZETIND [24].

1). "l PR
TV —LNIZEETHHMEZ, SA1IHME UTHETA UM THS. HFAHED
iz, HEHIR 7 L% (Band Pass Filter: BPF) 2 %9 5.

2). BRfELIE
N OMS 2 WET 2L TH S, Ml Udikh» S, iz TS
NEWLT, 7V—LNZEBLZHEE2NET .

3). [FIHAAR
AM % h S AR ISR 2 fi T 2 TH B, 3 A 1 o e o i1z [E
TOMER AT S, EAELUBGEKRE AM B2 ER L, SA&RIERZ
M9 5. WiRIREROHIZ, {KIgE® 7 « )V X (Low Pass Filter: LPF) %
MAT 5.

4). W74 NR) VT
MTF O#RIcEED <, RHFELZAET LN THS. MECREOTE L
ZFEZETRTUZEMBEICT 7« VR 2 AL, Wbz mEs 5 [27].

5). i - BAHIE
HHUZFOZ, 7V —L0H#EME UTHRET DU TH . HEEMIZ, [
BUARIRIT BT 5, HiESOEAR, FEH 30K, REEE ORI
—HEPrOREINS.

FreeDAM OBEME IS, FHBMEEDUNELICH U Tl Ch 2 MEICEET 2 0
TH B [24].

10
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2.4 FEHEMOEWEKREREHEE

—J, IEfEMZA EXIE5 FO#EEDY, Dhiman 512 L > TREINTWS
(28, 29]. Z D fiElE, #3 Riesz Z#t (Compelx Riesz Transform: CRT) % K|
LT, YOV RART b T L0 56 FODRHEE) 2T 5 G5iEkTHS. CRT
I, Hilbert Z#1% 2G5 HR L 7ZBEETH D, F5OMMHZW0ES 7 M T
LMWENZITMA NS [29]. Dhiman 65D, ZOMEIZEHLTYH Y Y FA
R da v T Lz RREEFEES (Instantaneous Complex Signal: ICS) 1IZAH#L,
AL IFIZAfRET2HDTHS. 1A & IF DKM IE, ThENFEET 1)
REFHERTHD., 20, YIVRARIZ AT T LANSFHEET 4 VXD
BEIOERE, FO DS »RRFHKZE A IF O#pfe Uit 714, Dhiman
5DHER, K22TRTHEETHKINS. TR HEZ RO, Y7V FA
R BT T LORFNZRGEE Ny F) BIZETI NS [32].

1). gl R
2 ] JE B 24 [30] #HISIC BPF 2@ U, Hrlodpk s & U T IA & IF 2l
THNHETH S, #HT S BPF L, 10IRODNRT—ZAT 4 VR TH5.

2). #3% Riesz 224
il U 7o lgo@id i &, 1CS ICAMT S TH 5. 1CS DEMIL, ik
LD TH S, ICS DREERIE, Riesz 71—V EIFIEN S 7 « )b X% [31]
&, RIERR D DEABAATHS.

3). A A
ET VY LVOEEMERS, ab—LV ATy TRAERTIMETH S, O
b=V Yy ATy 73, KEARSHESO FHROESNEXRTHETH D, #
WHEDERTE B L INT WS [33, 34]. HiET vV IVOEFEIE, 1CS &4
D AW T 4 VR [35] DEHAATH 5.

4). WRfEsRAE
W& T > VY VORKEGMHEICHINT @AY MLVE, ICS DETIZEL 5
BiECh B, ZOEIETICS DRI AN ZMIET 5 Z & T, RigH & AAHE
S ZNENIA & IF D5 HET = 5 [28).

5). B HlE
HAMIF XN IF (Weighted Instantaneous Frequency: WIF) 226, FO D
HEEZHEST 2N TH S, R&HEICHTT S WIF &, [FiZak—L
VAR TEFEL, 0.05 DFMEE LR SMETH S [28]. FO DHEEMIE, WIF
RN DHPEMEOEEE,P SR U, K7 V—LBIZREIND.

Dhiman & @ 5%, HFH7 1 VX ETNVOBER%E, 2 RI0D R B BEER Iz
AR [36] L, CRT THE SN L BRHEHRICE D &, EMM%2 &2 FO#fEIETH 5.

12
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2.5 AR

FEMEME D\ FreeDAM &, EMEPED &\ Dhiman & @ 5L, TN ENRIE RS
EHIZTWA. X2.31%, FreeDAM IZ &% FOHEEMEDOHIRTH 5. FreeDAM I,
AM #ZF DYy FRITIZED  HEF BT EE 7 FO HEEETH 50, IEREME DB
D OMEMDPERINT WS, FEIRTRT FreeDAM O FO HEEMEIX, 7LV —LT 7T
FNETH B 50 msec DEIET—ETH D, FODREMEETH 2R IZ AR TEARP
ThHb. REIZH S FreeDAM OFIRESI, EHFAXELGEEM2EDE—HT, %
DX DOEZIDPEMEDEK RN ZHELL L WS VL U THS. AM FOHEFIZHE
RIESXENE, DR HIRIESKBEOBMMU ETHZ Z e HRE 25, &2
A0, HRIEGAEKRD FIE FO ORARRPIZHARTEL, FOWZIGLTHT LEH
K2 ET 2R sz\n. £, 740~y b EEEBEC A XM & 58 X
DFIDBEBERBINT VRN &, BINFEE UTERTOB &L SELY |
FohTWwb [22].

—7, Dhiman & O G{EOREMEM I, MHEFRECHERERECTEOREHBETH
Z00%, HSIZENTWARW, LA L, Dhiman &0 5iED EMEM I, REKZ
FFEEBEO N ERHREINTED, FreeDAM OB DG EIZHFS5 T 580H
B, BEARFHIZEAZNS., ZDO7-HIROFETIL, Dhiman & O f5EOEEM: %
#9%. Dhiman & DO JFiEDHEEEMEDOMEIE, FO HEEED EMEN: & @M o w7
AT 7B D LA DE — 4T H 5.

150

= = =Ground truth - \
140 FreeDAM b \

—
w
(=}
T
~

—

N

(=]
-

frequency [Hz]

— —
(=] —
S o

f

1

\

”

Cd

N\
A}

80 +_|

70

0 005 01 015 0.2 025 03 035 04
time [sec]

X 2.3: FreeDAM (Z & % FO #EE DW= (FZBabi)

14



H3ITFE BRIFIRE - BEEKRS A
L 7= EXRE R DHETE E

3.1 IEHEMA S WERREIREGHEE EDRE MM

FPEF% 112 Dhiman 5 O FO #E@7k2 9225 L, M2 3§ 5.

3.1.1 P\ E

o FIALFi Bt
JF 3 SUZHE R E N7z Dhiman & O FO HEEHEO#IPAIL, JHIIZGRD 508
B/NRDOIHEHRIZE EDH5NTED, LT[R 2 WHEXCFETO—H2%, xR
INTVWARW, ZD7-OASETIE, Dhiman & O fFiEDZER 72 BE % 18
T 572017, “AOMHBEE 38 IC KA RENRE— I & “«ae—-L Vv
A=y THEBRIZE T BEORE” 2 REBRICHEET 5.

o FHIC
#3110, BEIEHATS#ELCTHS.
o ANEHE

ANMEBIE, B3 1ITRTH I Y RARZ NS S LTHSE. ZOY IR
AR bar g A%, BHEE»ERAXKEZTDH L, ERE7—) &
#1 (Short Term Fourier Transform: STFT) THEKL7ZHLDTH 5.

o FTAffiFERE
FEfEMEDIEIETd %, Gross Pitch Error (GPE)[40] 23 5. GPE L, #F
KimRp % EO2 7V —LRFET2EOENTHD, A (3.2) THEHET
%. FO ORMEAEIZ TEMPO OHEEM, AHICERHT 2HFAREAERIL20%E
5.

GPE, = %; ep(n) (3.1)
fo(n) — fo(n)
fo(n)

0, otherwise

1, >p

15



ZIT, NESTFT DR 7L —28, foln) & foln) &, ZRENn HHD
B 7 L — 228135 FOO#EE e, FODRME[TH S, 72770, H3.2
&, FFEERIEIZH T 5 Dhiman 5D AIEIZ K2 FO#EMTH 5. GPE DfHE
0, HFRMERINYE EEZ T —LDEOEWNE, 27V —LD5.5%T
H5.

MEE BRI L R R

HEZEREEDE TV, INEMEAG T T ZMETH 0, 1550 HEZ 3 (Signal
to Noise Ratio: SNR) &, 0dB &9 5.

BB L, X (3.3) THEKRT BMENENAL VOV AIRE h(t) &, EEH
DEAAATHERET 5 [24, 39).

h(t) = aexp (_GTE t) n(t), (3.3)
B 1
" JfoTexp<lq%ft> .

Z 2T, BRERE TR 1%, RIBOWEEED 60 dBIZFET 5 £ TORRITH
D, 20sec &9 5. n(t) &, EMRDMEIEBTHS.

# 3.1 REL#ET

HH FH T
= Hanning
DR E 30 msec
VI MR 1 msec
FEAAL A AR 20 kHz
FFT & 8192

HERE VR 3 B FRI o & 60 Hz - 1000 Hz

b —L ATy FTOMRME 1076
H A I — 3V DFEHE AR 7% 0.5
Ry FOH A X 600 Hz x 100 msec

16
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3.1: BEFBREBIZBII2Y Y RARZ v s T L (BHEHED /aci/)
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400

350

300

N
(22
o

frecuency [Hz]
N
S
S

150

100

time [sec]

T T T T I
= = = Ground truth
= Dhiman et al.
- GPE(20 %) = 5.5 [%] 7
- SNR = oo [dB] 1
0 0.1 0.2 0.3 04

3.2: Dhiman 5 D AH{ED FO #EfH (SNR oo [dB] DI5HE)
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3.1.2 TREEMOHESR

3.31%, MEEERIEIZH 1T % Dhiman 5 D ED FOMEMTH 5. GPE 1E34.4%
ThHY, FFEEREL AT, #FRRAR 0% %Z ER5 7 L — L0, 28.9%T
H5. ZOBIME, BT 0.3 sec fEh ST 23512 X 2 EN LK TH 5.

— X 3.4 0%, FREREIZE TS Dhiman 50 GEO FOHEMETH 5. GPE I
39.0%THH, SNR%Z0dB & UM BRIE L ERT, FBEAER20%% A2 7
L— A%, T oIT4.6%BMU 7z, MEEERE CBIH S N7z & [ARRIZ, RO
W HEIZHEEDOHMIMED SN D, 0.3 sec AED FO #EEHIZERD 5N 5 EER
72 FO#EREMEAS, GPE OMINMERTH 5.

400 ‘

= = =Ground truth

——— Dhiman et al.
GPE(20 %) = 34.4 [%] e

350

300

SNR = 0 [dB] 1

N
a
(=}
T
I

frecuency [Hz]

—

a

(=}
T

—

(=]

o
T

0 01 0.2 0.3 04 05
time [sec]

3.3: Dhiman 5D HiED FO#EME (SNR 0 [dB] D&5E)
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400 . . . .

= = = Ground truth
= Dhiman et al.
350 - GPE(20 %) = 39.0 [%] 7
-~ 300 - SNR = oo [dB] .
I
e
250 TR = 2.0 [sec] -
e
g
o 200 - -
()
=
150 - .
100 .
0 0.1 0.2 0.3 04 0.5

time [sec]

3.4: Dhiman 5 ® /D FO #EEME (SNR oo [dB], TR 2.0 [sec] DHE)
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3.1.3 TREEMEOIH

WIF 75 FO #E il % 583 % Dhiman & D HEIZBWT, FEME % BERHIZH
B3 5Z2h, GPEDEBIZAMRTHSB. FiZ, WIF #EKTSIe—-L VA
Ty TEFELHMHEIZ, WhiIEabe—L Y ATy FIC X 3FEMHEOBEERETH
D, WIF2ab—VL VAR Y TORMDPEETHS. X351, HITREIIET
% Dhiman 5 D /LD FO HEMHEDO@EETH L, EBRE TERIZZENZEN WIF &
e —LYAXY I THD. AR, M3.6BLUR3TIE, ThETNHZTERES
FOBREEREEIZ 51 %, Dhiman 5D HiED FO HEEMEDOBIETH 5. b EEH
BRI HERTE AN 351, WIFE Ik —L Y ATy 7S FAEMEDOEN
RHTHHTES. 2D, GPEPREEZRLTWS. X3.6D WIF I, 0.3
sec BABEIZ BT 2 KD QDR TE S, IMATav—L Y ATy TH—kk
Thb. X3.70 WIF OFMER, BN THS., Je—L Ay 7iE, M35
X OREIATIED B, M3.60a—LYATY FITHART, BEEILENS.

—4, ®2TO WIF O—H O, FMEIZHEY T 2 MHEBRRABH S T n
%. MR 9 % Dhiman & D HEIZBWT, I OHEREBERIZIRD 5 K01,
TEMEM ZHET S ERNTH S, BPFIZ X #7222 7 « L&A, Dhiman & D
FIEOEMNEZ2 X 2 5R8BTH 5.

IS DoMER D S, Dhiman © O SiEOEMEM: %2 BHE T 5 R ERIX, IRD
T HThA.

o 27 4 N ARIZ X B AREL KD DHIH

o MELIZE RO —VL YAy TO—EME
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3.5: Dhiman 5 ® 552 & 5 FO DHEE#EFE (SNR oo [dB] DGE)
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3.2 EHER

Dhiman & @ SFEDGEEEME 2 ED 57O DEREIL, RO EHTH 5.
o HARREIE (FO) & Z=[BEBoMEEH
o BFIRHEIE (IA) A8 LR 3 fHIK

3.2.1 EAXRERHEETEERBOERER

4 3.8 1%, FEAJEEEE N 2 22 HE B O R AR ETH 5. 22K
Bei ol & M, T nmET (Vertical: V) &K (Horizontal: H)
T® 5. Dhiman 5D HEDEZFET NI, ZOEMERBIEEOES S(w) %,
X (3.5) TEBTE2EHDTH 5 [32].

S(w) ~ Sl((.U) + Sb(w)
= oV (w)+ V(w)cos P(w) (3.5)

72120, Si(w) & Sp(w) 1&, T E N2 BRI 517 B AR & itk
THbd. ag, V(w), cos®(w)ld, TNZTNNALT X, IA IFTHD. w=(t,w) € R?
THY, t&wiFENETNRMEHFBTHS. S(w)ldk, K3.8DEEE NED
JHEIZRNDSWATHS. —HIF 2858 Sp(w) 1%, H3.8DLEEE FERIZBWT,
D6 r, AEICENDIRATHS. IF 2B Sy(w) 1, S(w) T BPF
ZEHLTHLT NS,

NS DIFEED S, IRD R ERELZER 7 4 VX 2%t 22 DBLTH 5.

o Sj(w) ZMENZI~YATT BT L [35)]
o Z®D T, BPF OHULEAKBUIZ Sy(w) ZFEET DI &

Si(w) DEY)R~ A 21X, BEEOEGED ZRE ST 508 35 IZEET 5 FIETH
D,WzikF@FO@%I»%O<727@%ﬁ&ﬁ%i%hé.sz,ﬁ&
MEEDOMIIEY —ETH IINED D & 12, 22 M A AEIE D Bl F il i & FLAJH
B fo DNz, X (3.6) OEEMEDRISNTWNWS [37, 41].

2m fs
Nsrrr fo cos 6

ZZ7T, fs& Norpr &, ENEEARMEEREE STFTO 7L —L8TH5. K
(3.6) &b, BPF OHuLEBBUTHEEMD &\ FreeDAM D FO #E 2l 235 T &
5. ZOEREDS, FEZNZ S Dhiman 5O fHEDOZEM 7 « V&) v 2702,
fEMEZS & BT AR fFTE 5.

re R

(3.6)
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H [rad]

V [rad]

Hlrad] : KX¥ Rk
( 600 Hz[X 4 )

A
"""""""""" T, COS 0
7”\)“‘ N\
S N .
) \ T, Sin @
—7,8in@ |\
8/”’ "\,
-’ 4 ‘\\\
—75 €cOS O [ @

3.8: mrigE i pY 43 O B ] i i
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3.2.2 BRIFIRIEDIE LT 58I

TR PRERIEO N CHRI N —Rae—L Ay TS, ME
RHREOMEIZ LA HEGHED, T —LV YAy TOERICEAETEHI &N
Erzonsd. LU, BET LI TOMEERECHREREE 280U, Ro@RREE
ERATHZELEINETHS. ZOOAMEIZEVWTE, Je—L VAT Y S
R 5 At 3 5.

b —VL VAR Y TOMREL LT, IAPNRTZ ALY —SEhiEgicE 0T 5.
391 B31IZRLEY TV RARZ Nal S Lno0MUEZIATHS. 1A
DXL FETEE T 4 VR THY, BT RILF—DEET LR LT, K
AR TE B, ae—L YA~y TOHMIE, R EEEGES D S TN
MEENTEZETHD. HEMEZRT IFIZEERTIA D SNRIEEL, MR

BIIHETH S, HEMEZENTAFERICIAZHWT, —FkRae—L VAT Y
7@%@%%!5 T, HEFMRERFODXAF Iy oLy I%RILT BRI
FFCE 5. KT, ICSH 5 IF 2 0MEs 283215 515 TA IX, Dhiman © D HIEIC
FHI N VWD TH 5.

4000
3500

3000

frequency [Hz]
N
S
S
S

0.1 0.2 0.3 04
time [sec]

¥ 3.9: HEERIRIC BT D BERIRIE

27



3.3 WR*E

3.3.1 AELICTEEMLRPOBRBDIEE

%—1Z, Dhiman 5D HiED I EMEMZELS Z 2w, HEEMZ&HD 57012,
FreeDAM @ FO #EEMEZ WA MR EZIRE T 5. 772 UIEET S ET, BPFOD
IR 2 e T 572002, W7 L —ANTEET % FO OfAfE & B/MED, B
MThHdILr2NETS.

X 3.10 1, ARZEOMESHTHS. EEL TEORIXENEN, HELOKEZE
2 TR R ., FEORMERETH D, WREOELREHIEL, RO
ZHTH5.

o Ny FH A XDREL
WRED /Y FH 4 X%, 800 Hz x 50 msec TH 5. 600 Hz x 100 msec T
» %, Dhiman & D FHED/Sy FH A4 L2/ LT, HEBED/ Ny FH 1 XL,
AR 2 X U EERD Z2iED TW\WE,. —&IIZe D FO X, #4260 Hz
25400 Hz THEZERHSNTH Y [42], WRED Sy FH A 2k,
2 AL EDOFHBEREIZBRTE S,

o Y A HHIKDHHAEAL

BPF O HULNE IR DL D & 2 % Bk d 2Bl 5, 2B BRI < A 7 i
ZEMAT 5. MHT LA 7ML, IA KD Z2EDIEDOKERD L, ADK
LR TH D, FODHETHIPHIZ BN e Lt cia b, ThE i 60 Hz -
200 Hz, 150 Hz - 400 Hz £ SN TW3 [42]. Z D FO OHEEHIFH D _F B
BUEZFHEL UT, B ZMETZENEN 200 Hz & 400 Hz % _E[A] 2 KSE
NH, YA DEREMETH S, v AV EIRET 5 & T, BPF O@EH
#ipH 2 FHATZRE T 2RHEBEFONS.

o JEE 7R UL E B D 1R E VA
BPF Db A EIZ, FreeDAM Djffd 7 FO HEEEZ M H T 58 €L TH
5. AELODREEE 2T 72 IF Bia i, 2R B I EEIS I 8 L, BPF % @
T ERNSHULNEBEEBE E S0, ORI, FEEMED S FreeDAM 23
T HF0%2EMHT 5. FreeDAM @ FO #EMH X, ERMO 7L —LED
S5/B5ND 72, FREEEMARshEIc ko, mEdEMIcERCE <. EEER
BAEIHIZ B WT, R o Ol r, BNz Hil O (%, BPF OHULE WK
e 95, BPFOWIBIERTH 5 di%, K7 L —LMIZET % FO DR AME
ER/MEDEN SPRETNIXTRW. X (3.6) £ D, FreeDAM @ FO #EE1H %
fo, FIEEO % Orad & LT, BPF OHERE A, WEIETE 2. s %
TS % HHEIZ BPF OERd ZRET 5720, MENIX0rad 2T 5.
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H [rad]

_______

-0.4 -0.2 0 0.2 0.4
V [rad]

H[rad] : KFERBSH
(800 HzX )

=
%
Q
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=
©

< R 7 PR

\ 4
([ x]995W 05 )
N CIEIE:

3.10: ZE[E 7 4 )V ZIZE VT B HULJEBE O sl 72 45 E Tk
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3.3.2 BNIREZFMEITSEZTRY

DEIL, Ab—V VAR Yy TERHEMT S, IA2FHTEIRAZE (IATARY)
PIRETE. ZOEREKIZ, Je—VLYAYY SIZIATYAZEZR LRI LT, Hilx
WZab—V VAR Y TOMENEREZIHS EDTHS. X311, IAT AT BERK
THRMEDIEEZKRT EEDTH 5. ML, 0dB 2HUEEL T2 IA DEE
BETHD. LAOHHENL IA O ERTH O, HRIOMENIX IA ORFEEHRTH
%, AEFEIZERHT % 1A ¥ A7 OBMEIX, TA DHSEEIZR S 061K E,
RIEEB %Y T 5 1A OIREP SWRET 5. e HRRIZE T, &
FEB %I YT 5 TA ORE» S, 74 <2 b ERE O KFEK A E % 85
95, M311LIZEWT, RFERSDITHY T 5 1A DHEEIL, 21.8dBTH 5.
DF D IRMERIMESE U T, -21.8 dB 2 FH|5 IA A, FO#EHBILSMAINE T
AV TH S,

A DEBLZR R L7 AV~ > NEEETH O, IR BRI O — I 7 &
N5 SNRAEW., D78, 74NV EAREWEST 2805, SNRODE
WIEBH 2R BRI E DS 5 N 5.

X 3.12 1%, -21.8 dB OIRIEFMETHER L7 IA S X7 DHRTH 5. ¥ 3.13 13,
ZDIA XA TR U7 WIF TH D, IA A7 LRT SNR O &\ W\
0, IF ORI MEI R TE 5.

0.03 1
[})
SNR = oo [dB] 10.9 %
0.025 | >
TR = 0.0 [sec] 10.8 q>.>
> _ | g
§ 0.02 - Threshold = —21.8 [dB] 0.7 T“;
3 410.6 =
o 3
& 0015+ 105 ¢
[})
g =]
3 104 g
S 0.01+ =
h 103 )
2
i 02 )
0.005 - L;
10.1 E
=
(]

0 l l l l 0

0 20 40 60 80 100

amplitude attenuation [dB]

3.11: BRRFRIE 2 RS S BE (FEEREC B 1) 2 RBER SN D% G
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(2w

0.1 0.2 0.3 04
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¥ 3.12: BRHRIEZ M5~ A2 (SNR oo [dB] D&E)

4000 0.9
3500 | - = 038
3000 | [— — 0.7

"N — - = 10.6
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| —
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g 2000 -

S —= 104
S 1500 | S—

= — 103

\
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|
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3.13: TA ¥ A2 THisk L 72 WIF (SNR oo [dB] DHE)
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£ DS

N2

545 IRE

\ng

4.1 FHEAE

SRR ERIE A FEEE L, Dhiman 5 O GIEOEMEME IR0 2 BGEER) R % Sl 3
5. FHfiAIEIE, FEI3ETERAUZ “GHiSM” O Tt LD LT 5. R
T BIREEOFMEAM 1L, IRONSNETHS.

o FO D HExEHIFH
60 Hz 2° & 400 Hz &9 5 [42].

o FreeDAM DOH#EEAER & FO DA HIE
TEMPO @ FOHEE 2R AT 5. FreeDAM OHEEFEEIL, B 7 L — A
DEHfEE 35, FODEENMEX, BE 7V —2FORAMEL H/MEE T 5.

o MEEBRE
SNR (%, 20 dB, 10dB, 0 dB D =< 9 5.
o BB

FRERE TR 1%, 0.5sec, 1.0sec, 2.0 sec D=FEFHL 3§ 5. 772U SNR IZ,
BRI IS 2 IMATWREWZ & 2RT, co &5 5.

o AR
GPE Offttiz, 1EZEH (Correct Ratio: CR), FPE (Fine Pitch Error) Z &
HHT 5.

CR 1%, FO DHEEME fo DIFFRIRAR pIZINE B 7L —LEOE Y EHEWTDH
v, XN@41) THET S,

1 N
CR, = NZep(n) (4.1)

]Eo(n) — fo(n)
fo(n)

0, otherwise

sP (4.2)
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FPE 3HEEMEDIREETH b, IFEGAER p 27237 L — LA DFRAERFY
iz U<, X (4.3) cHET S,

1 N
FPE, = m;ep(n) (4.3)
fon) = fo(n)| | fo(n) = fo(n)
epln) = Ao || A TP @
0, otherwise

272U N 13, FRBEERp 2ili7zT 7V —LHTH 5.

o FHMER
CR, GPE, FPE BT 2FFARER p I3, 20% 2 5% LT 5.
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4.2 FHEFER

4.1 1%, BEREICBIT5F0OHEHETHS. MM, Zhzhnik
MEEEETHD. I OITKPTIE, REFRR, RESHE FOER BEaIRIC
X0, TNETNREE, Dhiman 5 DJiE, TEMPO IZ X5 FO #EE, FODEAE
e 5.

%L L Dhiman 5 D HIEIZEWT, 0.25 sec BAFED EAH & DFIZ —E DD
BDSND. £7z, 045 sec fEIZR SN S BN 7Z FODEE 2k, fREEL
Dhiman & @ AIEDFHIEFERIZ, WTNd KEREWITED Sz,

400 T T T T T T || T
CR(20%) [%] = 945, 971 - = —Ground truth
CR( 5%) [%] = 525, 528 ——TEMPO
GPE(20%) [%] = 55 29 Method of Dhiman et al.
350 - o ’ Proposed i
GPE( 5%) [%] = 475, 472
FPE(20%) [%] = 49, 45
FPE( 5%) [%] = 1.3, 1.7
300 - _
N
T
— 250 - .
>
o
c
(]
3
® 200 - i
¢
150 - f
100 - .
SNR = oo [dB]
TR :\0'0 [sef:] I I I I I I I

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5
time [sec]

4.1: BFEED FO#EME (SNR oo [dB] DHE)
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4.2.1 HEFREOMER

42, ¥4.3, M4.41%, ZNZFH SNR 20 dB, SNR 10 dB, SNR 0 dB (&7
5F0#EMETH 5.

4.2 OIMFEER I, 4.1 OESERE L FASDEZ L THE D, SNR 20 dB 2
K BRENIERD S N\,

4.3 O TEMPO DO F-MlifEHRIZ, 10%FE D FO HEERRZ DA R TE 5.
—7, #ZFiEE Dhiman & O HiEIZERS 55 FO HEEREEOEINE, BUFEET
H5.

4.4 DIRBAER 20% D FHFE R IZH\WT, TEMPO & Dhiman & D /iiED
FO HEE 2503, B10% A EINL TWb,. —JF, #EEED Fo#EE B2 DR,
BAFEETH 5.

400 T T T T T T T |
CR(20%) [%] = 100.0, 95.1, 971 - = =Ground truth
CR( 5%) [%] = 97.3, 56,5, 550 |——TEMPO
GPE(20%) [%] = 0.0 4.9 29 Method of Dhiman et al.
350 - o o ’ Proposed .
GPE( 5%) [%] = 2.1, 435, 450
FPE(20%) [%] = 0.7, 4.4, 4.5
FPE( 5%) [%] = 0.2, 1.5, 1.7
300 - N
N
I
—250 - N
>
Qo
c
(]
=
® 200 i
=
150 - N
100 - N
SNR = 20 [dB]
TR :\0'0 [sep] | | | | | | |

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5
time [sec]

4.2: fRFEED FOHEEME (SNR 20 [dB] D5 E)
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frequency [Hz]

400

CR(20%) [%] = 820, 931, 945  [==—Ground truth

CR( 5%) [%] = 78.9, 557, 559 ——TEMPO

GPE(ZO%) [%] = 18.0 6.9 55 Method of Dhiman et al.
350 - o o ’ Proposed i

GPE( 5%) [%] = 211, 443, 441

FPE(20%) [%] = 10, 47, 46

FPE( 5%) [%] =
300 - i
250 - i
200 - 4
150 - .
100 - .

SNR = 10 [dB]

TR :\0'0 [sep] I I I I

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 05
time [sec]

4.3: FRFED FOHEEME (SNR 10 [dB] D% E)
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frequency [Hz]

400

CR(20%) [%] = 102, 656, 918 - -grai
CR( 5%) [%] = 71, 545, 52.1 ——TEMPO _
GPE(20%) [%] = 898, 344, 82 Method of Dhiman et al.
350 - Proposed
GPE( 5%) [%] = 929, 455, 479
FPE(20%) [%] = 63, 34, 53
FPE( 5%) [%] = 1.6, 1.8, 1.7
300 -
250
200 \—"\ f
150
100
SNR § 00 [dB] f\\t“‘J
TR \00 [se\c] | | | | .‘~~

0 0.05 0.1 0.15

0.2

0.25
time [sec]

4.4: RFED FOHEME (SNR 0 [dB] DHH)
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4.2.2 BHEREOFMER

X 4.5, 4.6, K4.71%, BRERBEIIB TS FOMEMTHS. TOTNDOFRKRE
WRef] TR 1%, 0.5 sec, 1.0 sec, 2.0 sec TH 5.

4.5 L X 4.1 OFFEREICE T 2 FHEifE R 2 KT 5 &, 2TO FOH#EEEIC
BWT 10%A ED FO HEERAZDENAED 5N 5.

X 4.6 D 0.3 sec BABEIX, TEMPO Offiifiz X 25K TH S, D 0.3 sec LA
BT X 15 FO#ERE#AZ%1E, Dhiman 5O HEIZEWTHEKOMEMZRLTH
h, K7z FOHERADEHBRD SND. —HIREIED FOHEER AL, X4.1
D ZERIEIZ AR T 10% A E DB INAERD 5 b DY, EAHIZER T A HHEAHBFED
5Nnb.

4.6 £ HEIRRIZ, 4.7 D 0.25 sec BABED FO HEEFAEIZH\WT, BEEIZBRT
% KW FO DD, IREIEIZED SN S.

400

'705, 612, 865 ‘ ‘ -

T
CR(20%) [%] = = =Ground truth

CR( 5%) [%] 38.4, 37.3, 49.7 ——TEMPO _
GPE(ZO%) [%] — 295, 38.8, 135 Method of Dhiman et al.
350 |- Proposed .
GPE( 5%) [%] = 61.6, 627, 503
FPE(20%) [%] = 6.4, 5.0, 6.3
FPE( 5%) [%] = 21, 1.7, 1.9
300 - N
N
T
— 250 - N
>
(8]
c
o
=
® 200 i
&

150 -

100 - 7
SNR = oo [dB] ~t

TR :\0'5 [se‘c] | | | I ! I I

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5
time [sec]

_____

4.5: FEEIED FOHEEME (SNR oo [dB], TR 0.5 [sec] DIFE)
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frequency [Hz]

400

CR(20%) [%] = 645 60.1, 827  [---Ground troth
CR( 5%) [%] = 346, 35.0, 46.6 ——TEMPO _
GPE(ZO%) [%] = 35.5, 399, 17.3 Method of Dhiman et al.
350 - Proposed
GPE( 5%) [%] = 65.4, 650, 534
FPE(20%) [%] = 59, 49, 59
FPE( 5%) [%] = 2.0, 15, 21
300 -
250 -
200 -
150 -
100 -
SNR = oo [dB]
TR :\1-0 [se\C] | | | | | | ~\~.

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5

time [sec]

4.6: $2FED FOHEEM (SNR oo [dB], TR 1.0 [sec] DHE)
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frequency [Hz]

400

CR(20%) [%] = 448, 610, 825 |- -Ground troth
CR( 5%) [%] = 16.2, 295, 38.1 ——TEMPO _
GPE(ZO%) [%] - 55.2, 39.0, 175 Method of Dhiman et al.
350 - Proposed
GPE( 5%) [%] = 838, 705, 61.9
FPE(20%) [%] = 68, 59, 59
FPE( 5%) [%] = 15, 1.7, 20
300 -
250 -
200 -
150 -
100 -
SNR = oo [dB]
TR :\2'0 [sep] I I I I I | ~\\.

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5

time [sec]

4.7 $RFEED FOHEEM (SNR oo [dB], TR 2.0 [sec] DHE)
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4.3 ER

o HhEERIN

B 20%I2H W T, Dhiman & D HE L EEED CRIZ90% A E, GPE
& FPE Z 10%LA R TH 0 BIFRFERDIBD S ND. X 5122 T OFHlifEIE
WZBWT, KERENZEDOSNHB NI Lo, EREMIZ TEMPO IZHART
B WKEETH S, 727271, Dhiman & D HEEEEEIZIX, 0.25 sec PA
BOEMEDENRSNDS., ZOEDOHBDO—D2IX, 0.25 sec LAFED KR D
FHROBMETTHZEICERATLI2EDTH S, FOHREIZHHT 2D
ERIEPT LT, AR AT 25HMiifs AR E I NS, 1B,
0.45 sec fEIZ R 6N 5 FO DFATNRZENE, F5 O/ IZE S5 SNR
DETIZLBEDTHB. TNODERDPS, REEDIEMMIX, Dhiman
LD HILEAFTH D Z EDHERI NIz,

o MEHEREE
SNR 7230 dB DIFAIZBEWNWT, REEDEMMENZED SNBFER L - 7.
7272 U, FRHAR YO FOHEEFRAILX, Dhiman 5 O Ak & F2EIEITE W
RO SNV, ZNS5DHERNS, SNRAMEWGEIZEWT, FO#EH
2 DUEES R D HER S 7z,

o FREIRIN
Dhiman & @D AL & REED FOHEERAZIZHEWT, FPEICRETRD N
7w\, —7%, FPE ZR< 2 TOFMHEEIZSE W T, Dhiman & D HIKIZHA
T, EEDFOHEERAIZ, 9 10% EOWESELRD SN, I
ODHRERN S, FRERBEIIBWT, WEMEIHER I N,

R EREE, MEEREE, FREIRBIIZH\WT, Dhiman & D HIEDIEMENEZELS Z
LR VR A BT SRR, RELU LW RIEOF MK R 2 5SRO S/,
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e o i =A
2 HE Hﬁﬁﬁ

\ng

5.1 AR TEHALSMILEZE

AW DOHNIK, IEEREI N FOHETEO NS, IEfEE & gl %z W7z 3
MEZHED T, BEVWO5gsE SN iR 2 MR FO HEETED B % Ak
THEILThHo7-. ZOHWMOHT, KIFEHNHS DI UZBEERIX, RO ST
H5.

e Dhiman & O FIEDHEF M & BB o i 551

e Dhiman & @ JFIED AN 287 5 ER BN DRE

o BRRHERIE (1A) (FH U7zt 0 i gE I o s R

e FreeDAM OME 23 H U 7z Dhiman 5 O /5150 M O 881k

AR D E 7RI, Dhiman S DG IEOHEMENEZ R X E 2 BR2RE L, ©®
RIFIZ X D IRENROZY M %2, BRSNS M LZZ & THS. EMEED
=\ Dhiman 5 O 5iEO AN 2 872 5 ERERO—D1F, HEEF K2z X ) BPF
OHRLNEREDPEEZSRNWIETHD., X6ICab—L VAR SIZRONSH
WMEDPGEAS, AELOREIZ L AMMHE L U THET2HELLETONS. Kif
2Tl ZhSOMEIZEHL, FreeDAM O FO #E4E & Dhiman 5 D SETIIE
FHINTWAE2-721A %2, BPF OoHub AR OfEEEL, Je—L ATy 7
& BHEMEDINE AT S e \VWD, GHNARWREIERZEE L. FreeDAM
PHET B F0IL, WHIEAaH 7L —LBOREBMETHY, FET7 1 IVXDEKS N
SH & 2B TA N, 7 AN Y NEBEBOMEEZITT, KOOI RILF =N
BT A5 E#T 5. 2o OWEZBEMBNIZIGHT 52 2T, FOfEED
TEEEMENEHEMICE X 5.
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5.2 EKIn-R&E
RIZEDIRE N GREIL, RO=Z[THD.
o KHIET — X N—Z %R U 72 R IED AT & Pefdiil,
o ML TR S NIZHRIZED < FreeDAM DHER
o JL5R U 7z FreeDAM & Dhiman & @ JJIED AR 2HE AT K B REIRDMENL

FO#EREREOFEMIZHEIT 20 AL LT, KBTS —2X—2%2FHL, ®
BIEOUMENBETH 5. AL THS I UZER L, A5 KMo BGEEE
DREFIZ & 2 FHAiFE R 5RO SN/ HPFHIZREI NS 72D TH 5. FHZ, FH
DM, Fin, HISPSEFIC L @AM S, FOORMMEETA R 5. £z,
FOREREORZFIZOABNINIREETHY, EENPOEE ST % L
ZERRS B FED, HHMNBRBIE» O RAIRTH D, KB RT — X X—2 %3
MZRAT A2 21, FOHEIZBEDLE L 0L ODRAEDERIZ ORI, Z Ok
B SIREEOWHMALNAREIZ R B2 oND. X512, HEEMERENZ &5
HS5NTWS FeeDAM 13, — 5 CIEMEMICIREZIIZ TH Y, REEOYHLIZ
L BWEEF L UT, FreeDAM D EMRPIZEN 28 UL WAHIR AR T 2 768
MH HAD S, ZD XS IZ FreeDAM & Dhiman & DO EOHHEKZRESE H 0,
ARG 2 D B Z e WNEETH 5.

FOHEHBGEMEDL 212, FreeDAM & Dhiman ® O GiED G e kE &2 L)
T, MRS LTWL Z A, EMEME & EE 2, X85 70 A TH
LLHEZB.
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