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Abstract

Digital content, encompassing audio, images, and video, has become an indis-
pensable component across numerous domains in modern society, ranging from
entertainment and communication to legal evidence and security systems. How-
ever, the inherent ease with which digital audio files, in particular, can be perfectly
copied, seamlessly edited, and widely redistributed presents significant challenges.
Consequently, issues related to copyright infringement, unauthorized usage, and
critically, malicious tampering for disinformation or evidence manipulation, have
escalated into serious societal and technological concerns. Traditional audio wa-
termarking techniques attempt to address these by directly embedding identifica-
tion or authentication data into the host audio signal itself. While conceptually
straightforward, this approach often introduces perceptible distortions, degrading
the listening experience, and crucially, the embedded watermarks frequently lack
resilience against common signal-processing operations (attacks), whether inciden-
tal or intentional, such as compression, filtering, or noise addition.

To overcome these inherent limitations of conventional embedding,
zero-watermarking schemes have emerged as a promising alternative. These meth-
ods fundamentally differ by not modifying the host signal. Instead, they generate
a binary pattern, often termed a watermark key or robust hash, derived from per-
ceptually significant, intrinsic features of the audio content itself, combined with
an external secret key. This generated pattern is then securely stored alongside
the original audio. For verification, the process is repeated on the potentially
altered audio, and the newly derived pattern is compared to the stored original.
This approach intrinsically preserves the original audio fidelity while providing a
mechanism for robust authenticity and integrity verification.

This study focuses on the development and evaluation of a
zero-watermarking framework specifically designed for audio signals, particularly
speech. The primary objective is to achieve a delicate balance: the framework
must exhibit strong robustness against common, benign processing operations like
lossy compression and resampling, which are frequent in standard distribution
channels, yet simultaneously possess deliberate fragility, meaning it should reli-
ably detect malicious tampering attacks intended to alter the content’s meaning
or authenticity. The proposed method uniquely leverages the inherent sparsity
characteristic of speech signals. It employs singular spectrum analysis (SSA), a
powerful technique for time series analysis, to decompose the signal and extract
temporally stable, low-rank component features that are less susceptible to noise
and common distortions. These stable features form the basis for subsequent bi-
nary pattern generation, designed to capture the essential characteristics of the
speech segment.



The performance of the proposed SSA based zero-watermarking system is eval-
uated against a notable baseline method developed by Ichikawa and Unoki, which
utilizes auditory spectrum features. The primary evaluation metric employed is
the bit error rate (BER) calculated between the original binary pattern and the
pattern extracted from the processed or potentially tampered audio. Within this
evaluation context, a BER value at or below 1% (BER < 1%) is considered indica-
tive of successful watermark detection, confirming the audio’s authenticity despite
potential benign processing. Conversely, significantly higher BER values are in-
terpreted as evidence of potential tampering or unacceptable levels of distortion.

Experimental results demonstrate that the proposed method successfully achieves
the target BER < 1% under several common processing conditions, including
MP3 and AAC compression, resampling operations, and requantization, thereby
confirming its robustness to these specific modifications. However, the system
exhibits significantly higher BER, indicating watermark failure, when subjected
to low-bitrate speech codecs such as G.711 and G.719, suggesting that the fea-
tures extracted by SSA are sensitive to the specific type of quantization and signal
representation used by these codecs. While the proposed method shows perfor-
mance improvements over the baseline for MP3 and AAC robustness, its overall
robustness across a wider range of operations is found to be somewhat inferior to
the established conventional method. Furthermore, a critical limitation emerged
regarding tampering detection: the system demonstrated excessive robustness,
meaning that even after malicious modifications were applied, the extracted fea-
tures did not change sufficiently. This resulted in an insufficient escalation of the
BER, leading to low detection accuracy for certain types of malicious tampering.

Future research directions will refining the zero-watermarking framework to ad-
dress these limitations. A key focus will be the redesign of the key-generation
process, specifically targeting the binarization stage. The current binarization ap-
proach appears to lack sufficient temporal localization, making it overly resilient to
localized tampering. The goal is to introduce the necessary fragility to reliably de-
tect intentional attacks by incorporating finer temporal details or adaptive thresh-
olding mechanisms, while carefully maintaining the achieved robustness against
common, benign signal processing operations essential for practical applications.
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X 2.1 HEEFE)P L L EEYOEFED LORE L R

Audio watermarking Audio zero-watermarking
Principle Direct embedding Feature utilization
Signal change Yes No
Affects sound quality Yes No
Information capacity High Low
Main uses Copyright protection, Tamper detection — Audio authentication, Identity verification
Robustness Embedding dependent Feature dependent
Methods LSB, Echo hiding, Frequency masking, ... DWT-DCT, NMF, K-SVD
Advantages High information capacity, Versatile Maintains audio quality
Disadvantages Audio degradation Limited information capacity
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2.3 HEENARI MILRRICEOVW -BELOEFS
"L
2.3.1 EHLEDHE

Ml - AR, ANHOBERRMEEZEER L -EEY B FEr LIE 21 218 L
TWa. ZOHER, EROBFELXOETFED LEMCB T 202 MEDOHRHE
WIEH LTV, KT, TEHROBECIRIFEE T AL EREN (MP3, AAC
7Y REEGE (G711, G.72972Y) 2\ o U U CEfdt % ) b X
LI RHELTWS., 1EROBFELYoETEDL LEINTIE, E8ESORH
B LT, FICHREES R EGERIC BT 3 T 3L —iRIE: & OB 72
FEESHwohTEL., ZhsOREER, BFREMR EDESLHIC K - T
TORNEBEZDOLDNPREL LT 2L, FEELZHLTLEV, EFE,
L OMHIEEME N T 2 0REMED D 5.

Il - $ERDITETIE, ZOREZMBRT 5720, NBEOFERIZE o TAHRERZ
EEERIIERTEMER Y OEELZIFIT VWE WS E ZIHD X, Spikegram &
MEN 2R MEZ R LT\, Spikegram (&, FEEMRIC BT 2 ML D 3
KRR =V R LT BER AR S VRIATH 5. Spikegram TlE, HE(EE x(t)
Z, N2 DEIZ, AN—Ra—=FT 4 Y7 X o TEBOEE g,.(t) OMAE
DETRET 3.

o0

w(t) =Y (Rrx(t), gr(t))gi(t) (2.1)
k=0

ZORZBWT, Rfz(t) &k — 1HHF TORBUE THERK X WG58 0%

TEDEENPLIIVWIEEREEFSTHD, () IIEEFBLERKONE () 2R

T, OHHARED Spike DIEE Y 72 5. FEE i (1) 121X, b FOBER T 4 L X

Zi M U7z Gammatone 7 4 VXD WHN, UTFORTERINS.

g(t) = at" ' exp(—2mbERBy (f.)t) cos(27 fot + @) (2.2)

2T a3 R, nld 7 4 VR, bIFEIBIEGRE, fEHODREEE, o 1 ik
ZRT. WHIEZIRE S 5 ERBy(f.) CGEMAEEREE X, AEORER O EK
BT ML L7 DTH D, FUDLERE fITHEL TET 5.
Spikegram (ZRIEEHULEIC L D, R TH 5 Spike ZHXEH T 5. KIE
[ £ 51215 55 Spike DIRENE, RIBFEEDIE Z 5 & FBEARANT /N E L 72 25
Wnid 5. K, RGN OG5 5 Spike IZHRENKE L, EHICE - T
ROBETCREWNRERZTDHL7:0, SHERUEZH L THRAXMENELLIC
LW I DEBRINCHER I N TNV S,
AFETEZOWEZFHL, KEFIAICE SN 25EEDEWN 100 f# D Spike
DHEFANTANL FVREX =V RERT 5. N4 F VK — 2D fELAE T,
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Spikegram ZKFE A AN —EX/B DX 7 X > Mz #EIL, 27 X > NI Spike 23
—ODOTHFEL TV EEEIX 1, ﬁﬁbf;m% 0 WO EZFREL, 0/1D
THEEFFONA FURR =V EERLTWS., TONL F U=V ELLIE
W (CE®ES) » oPHbiEREMN (XOR) 12X > THRHBEZIERT 5.

2.3.2 FHIEEA

YIal—Ya YiMiiokER, AFEEET R VSV Y, RUCMPS -
AAC FFE L7 ¥ hE & 72 BRI O S WM 2 RO 2 & R Z I U TR
XNTW3. R, IEROFENPETF L LTWEHEHMERERITEL (G711,
G.729) IZML T, #bHE (BER) ZKRIEIERTE 2 Z e PRI, £,
DWT-DCT %, RIEERICER LI2AE, ROCH Y F X =TT 4 VXNV D
ZHWEEE R R FVRBICE D S AR Vo ZiERIE L R LT, Z2< DL
HTHERICHEBEMEDR M ELTW2 Z LN ER-oTWS,. X512, MEER
B (M m—F) 2EMXE2 EEREHO TR RT3 EaBS R SN0, Z
DFBII/NE L, BWVEENZHIFTE S Z e RE N, ZoEEEE, BF
BERLITRIEREBITBVWIHHERINTVS

m%tbf,%ﬁ&@ﬁ@&«@ﬁ%%ﬁﬂéh{mé.:@m%fm,%%
W03 % BER &, BN AKE GEEMM, 5k, ©vyF> 7 b
2Y) TS BER DENKEZNWZ  2FIHT 5. BER DRIEDRIME RIFSE
T 115 Ml oA R, Yomii] (EEb), vyF> 7 b U VEie vwo 7k
WEIZH LT, —EDMHBEN 2+ 2 & RS Tz,

2.3.3 RRES

TERETIEZ  OFBEHRLEIN U THEEDS GV & &, ERERE AR
MNSHAIRETH 5 Z RSz dy, U T ORER S FET .

1. £ TOEFEMUE CRER S ED LIEREMHE TR, Kz, G729 775
LREREBITOVWTIX, BEIETTWS.

2. Spike DFEKNEDAZFH L U THHIEZAEMR L TED, Spike BELEE
L7 A FURRE—DEFIEIZOWTIEIAMF TH 5.

3smmﬂﬁ¢ﬁmtﬁ@@ﬁ%?ﬁ WX ARE N T B E DMK L 72
. HEE TS R OVUTHL D 0 LT DR EDME N Z & S EBRIC X D il
wué ﬁf\ﬂ

3, 112200V T, ERETIXESVEEEEZHE L TW3E5, MP3 - AACHFE1L,
KO G729 Btz onWTiX, V37 v IreHEE b LT, mEErs

14



BEWEADHEZR SN TWS. E- T, EMTFEICE L7z, [ERIELIZERZ R
NR—=Ra—T 4 Y7 HEERHWS Z e TR ERRNE 2 EZ 5. RIZ, 2. &
L3220V T, N FVYRKX =V ZANT BRI Spike MEZZER L TWRW
LR EIT o TWB ZERFRRTH 2 EZOLND. N F VR —VEER
T3, E UEHR (CEEGR) © OB RN ZE S -0, E2ES DR
HMEL MHICT 2DEXDH L. O, REZRNLITTOFRHER KL 72 % 14
bT&E2 XS BREBREITS Ze N TEIUL, HEEEER MR- 2% RS AMRHIEE

b bxEshzEZ5.
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E3E MEDOAHEK

3.1 BEEYOEFENLICEITSERIER

HELYuEFEN»LTE, BEORATH, VY7V 7, ROHEM - 5k
EWo Te— RIS TE WL RS BT B 2. T, BREE
AIED X 5 BRI TON G812, TheRBT20ERZH 5. &
Bro®Er&h LR, BRI L= HiEZAERL, ZOfZMHL
TED? LEROMBSLPHEZITS. 0%, IFRBWLHEZT-ES»HES
NAEMHEIITOEEDD D —HT 20BN DH 5. — /5T, WENUHITITO
NEEP LB LNBMHEI TORED DD B, WEEZHRETL L
WAL 72 5.

CDEIREREHMLITHELwETED UIEZELT 2 Z EBARHFRDHT
E7RoTW5. 22T, K ClE, BREFDOAN—AMIZERHL, X 8—Ra—

T4 YR LEEYeE TS LIEZRET 5.

3.2 AN—RA—FTa2JIC&DBERESDRIA

ANR—=Z X, TH, TEIES ) WS EKRTH D, BT 13EnTH
b,#%n£iﬁ¢&m%ﬁ%ﬁﬁ.E%Mk@nﬂm«7bwmeRWamva

[&llo = [{il: # 03] (3.1)

TERINDG (o / VLD |z|o < n THIUR ||z|| lFA =R RD., AR=Ra—
T4 rrrid, BllESy %2, BELZ 175 @ LR80Tz 2 VT

y=ox (3.2)

CWIHREETLTRL, 25612, N (31 DEIBRAN—AK x 2HET 2 5%
TH5. —fRINTLITD & 5 7% 4, #ilfIA E /b e LTEsfbah 5.

min ||z||o subject to |y — ®x|3 <€ (3.3)

TIT, el 3FFFAREZRT. HEESIINLTY, BBIERARS tarJ A
DETV—Lby %, HE (BEETH) & e R™E 2fRBART bl e, € RE OJE

16



BELLTUTDXSICHEATE 3.
Y = (P.’Bt (34)

CITtEREZL—A, mid7 L —22008, KIZEERTH 3.
BHHEEETIE, FEMEECHH SN2 BB ERR 7 v — a2, ©y FREH
RHEARI RS W, 77X v 7B wo RIS 28170, £ DGE7
L—ARIIIHL, BZxAF— 23 A dbihn. /o, EFESN
Ja Y ORFEEET 013, A= TH B ZeHRHLL K-> TWVW5S [22, 23).
toT, R (34) DI S ICRINZWE, HWYIRILE R BINT UL, BERZ ML
][0 &R R—RRMHEE 72 5. ZOWEEZFHAT 2 Z 2T, TRRIEREEMHEL
DD, GRESTEREICHBKRKTE 3.

3.3 BEIARY FILDH

K2R 27 b LITHT (singular spectrum analysis: SSA)[24, 25, 26] 1%, KRS
T — XD ENZ A= a =T 4 Y HIETHE. ZOHIEE, FR
HF—=ZroEzmiL, Lo R, JAIE, RO 4L X293 %, SSA L,
FIRRDADDRT v IHOHRENS.

1. 2HiAH

¥7, RS NORRAT =& {2, #FZ, BIET L (2 <L < N/2) %R
L, RRIN% LRITTR7 bV AT, BARINIZIE, IFD XS5 K = N—L+1
EDBIENRZ FL X, € REZAERT 3.

Xi = (i, Tiga, - - 7$i+L—1)T, 1=1,2,..., K (3.5)

Rz, ThHDRY FLRFIRT R Le UTHED L x K OFMTHI X 2T 5.

xl $2 . e '/L‘K
T2 x3 o TKR41

X = . =[X7: Xo: - X (3.6)
X, Tp+1 - TN

M TN SRR LOERZDP R TELVE WO R Z D, N T AATHI 72 5.

17



2. FREDHE

UM T X 12 U TR EE7f# (singular value decomposition: SVD) % & F
T5. XOSVDIFRD LS ITREN 3.

d
X =Usv’=> " VNV (3.7)
=1

CZTC, U=[U:Uy:- U E L xdDEFERNRT b 575175, ¥ =
diag(v A1, VA2, ..., VA) BRRE VA > VA > -0 > Vg > 0 B0 RICH
DdxdDMAITH (d=rank(X)), V=[Vi:Va: - V] IZ K x d DFEFFEN
7 MADBRBTHTH S, £z, {U} & {Vi}IZZENPTHIEHREREKTH 5.

3. JIL—71t

I'=A{1,2,....d} Z mADENNIRRETEE L, I, ..., 1, \THEIT 5. &E6
DG [, LT, MR 21750% X;, = 3,0, VAUV &%, ZhiTkD,
TLDITH X %2 m HDOITH DN DT Z 5.

X=X,+X,+ +X, (3.8)

CDEEN N =TI TH S, F7V—T%, RRIIOBZ 287 (FL YR,
IRy, /A4 XY TRt s EZoN 3.

4. XAFFL

BTN —TOITH X, i LT, MG EEH LT, MIST 2 M0 % i
RTL. Lx KITHY 0BR%Z y,; £ L, L* = min(L,K), K* = max(L, K),
N=L+K-1t3%. %7y, =y; (L<K DHE)y; =y (L>K DHA)
35, MAEELETE, UTOX5ICLTHA Y »26REX N ORRY g, 24E
S5

%anzl Y k—m-+1 (1<k<L¥
G = T Lot Yoot (L* <k < K¥) (3.9)

1 N—-K*+1
N_ktl D meb i1 Ymp—mi1 (KT <k <N)

ZOMAIIC X D BEDITH X, 226 RE N ORERINZ(S. Thbz e
LEDES T, JTLORRIIDOELIFEHERAFTREL 2 5.

18



3.3.1 BEYXOEFSEHILADILH

BREBICNLUTSSA ZEA L, SN L7201% K 3.1 1r3. K B8
WZSSA DR 2B EFEFZRL, ML =5%LTSSAZHWTERITIC
FRLUAEREZ, REEOSVIHICR/RLTWS. FREEIRKE RIS (a)
BESEEKOME (FLy FEG) ZRBELTWS. g b)) ~ () &, &E#
Be7e ¥ OREIHHREI 7 250, 2 LT, FMEEIRNE 287 (o) I3FRAHE
REREME Vol /4 AT HD. REEOKRZIIFTTEESZHNT 25 2
TOHFHEEZEXLTED, FHEOHGVETEH VWS Z T, TEFITEWE
THARDAREL 12 5. EoT, SSAICESWTHRI N FAETIZIHMEED
AERRREPEN IR EZ L. s ENRICE? VSR EEDIAL
&T, VIV vy, 'l MOEMFSCN U CEEEEEETE 2 0
Fansd. T/, HOADERIZ, TAZNOET I L THDIAANLEEZITS
2T, EEHRLEIC X > THODIAARBERPANT LA DB D 722 LTH, HlD
REETDHI T 2METE, HEiir s Z e PG TE 3.
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FAZ BFEIARIT ML ZERWE:
BEYOEFEHLL

4.1 REZEDEFIEK

BREEDANR—2MEZER L LT, 2X3—2a—F 4 Y TETH 5 SSA %
AW EE8LuE &L LIEZRET 2. M41XRETL2HEO 7L -0 7 —
7 %Y. K4.1(a) OMDIABIEE T, LT EHEFESICNLUTSSA 2L, &
W RT 5. RIS, M OREEORZZIZTLEESEMEKT 25 2 TOHF
HBERe LT, FHERORZWV MBI ZERL AL SRRV 2ERTSH. A
A F VKR = ERBICEET 3 Z(ELALEIZIX, 1-dimension local binary pattern
(IDLBP) ZHWw5. 2L, HoAALHE LT, PRI (XOR) ZH
WTANA FYRR—=2 @D UER (0/1 O (HEGR) 2> SHEE AR T 5.

] 4.1(b) DML TIX, FEDXRE R BEFITONWT, FBRICSSA ZHfiL,
NAFVRR—=VEERT . Z0%, K41(a) THESNBHEEEHWTED
UlEiz it 3 5.
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(a) Speech signal

P Binary pattern
) Coerorjent generation
selection (1D LBP)
{
Embedding
] (XOR) Key
Watermark
(Binary image)
(b) Speech signal
(target)
Binary pattern
Component i
- generation
) 77—’ selection (1D LBP)
| | L
Extraction Watermark
————] (XOR) (Binary image)
Key

4.1 BREO I L —LT— 7

DA HLEE

—

22

a) B0 LTER DM DIABIIE, (b) &5 LIEH



4.2 BRHBEOERE

X 4.1(a) DMHBEOERIETIE, UTFOUWEEITS. £z, BRKZIILE 7 10—
X 4.2 1R F.

1. BFfEEZ () 2L, x() XL SSA ZHi L&A Q(L) 2185, Z DR,
SSA W K o TS 2D E L IMERITRERER NI X —R 8 5.

2. BN Q(L) D55, FE L L THETDH 2T 2 ROEINT 5. KFR(H
DREZZDH LI, BWTDILEFITHT 25 5R2E ML, FE5RP9I0%
CIRBMDETRERT 5.

3. BR L2280t LT IDLBP 2 VT A, F YRR =V RERT S,
DI, 1DLBP TREET 2 bit IHIZ & - T, HDAL Z L 2T & 2 IHFRENE
35, bitlEzm 2L, N4 FURK—2Be {01} PWERSNS.

4. 5 Q) @ B(l) € {0,137 ot L TR EPVLE 2 i L, B2 UIEH % #
DAL T2 DR M EERT 5. Bl LT, B() € {0,1}*" OxitT 3
RKICDNA F YRR =2HH{1,1,0,1} TH o755, HeLT1%255.

5. Bh LB TH 284 FVERE T LERZ P W e {0,1}2" ¥ Be
{0,1}" D XOR ZHEMFT 212k o> T, MHEED e {0,1}*" 215 3.

4.3 1-dimension local binary patternZFHU\7=/\1
FUNZ—VERGE
Local binary pattern (LBP) [27] 134K _XITHIRD 7 27 X F % figihr & L T2
RINHETHZ. HBEOZE 7L ZOFEMED Y 7 L OREEE T S %
ZeT, RFINRT 7 AF v DFRHEZIRZ 5 Z e AR 12 5. RERIIES XI5
&3 35EIIE—Xt b L 7z 1-dimension local binary pattern (IDLBP) [28, 29]
DFHEN S, IDLBP &/ 4 X203 2@tz 455, 72 RS 2 5E 2
TEMBREEL LTikbiL . #EoT, XA FURZX—VERICHHATZZ L
T, HEMEZEETZ2EZILNS.
EX NDES

x=A{xo,21,..., TN 1}, z; €R (4.1)

EXRE LI E, iRz e BL. FARKSTD G P=2R &) it
HERa

N(,)={i.— R, i,.— R+1, ..., 0. — 1, i.+1, ..., i.+ R} (4.2)

23



BRIV, ZLT, p=0,1,..., P—LSHUEEA > Fv 2 iy = io— R+p+1,55
FEAL, UROEHTIE Y MEED, 2185,

%:{1(%2%9 (4.3)

0 otherwise

Ly Ml {b,} Z Ry MEETRERANITT S L,
P—-1

LBPpa(ic) = Y b,2" (4.4)
p=0

23 1IDLBP Y 7% %. BUD1F2MEIZ0 < LBPpr <2 —1THD, PY v FORA
EIRZ 1 ODOBEEUTEHE L TW5.
Z®D 1DLBP fEIZXt LT

H(k)=> &LBPpg(ic), k),  k=0,....2"—1 (4.5)

ic€ES
DERSHERD S, H(k) DEL > O HBEEE DR

_ ]
H=- H(k) (4.6)
ZHEMEE LT, BEINCZHEONRZ bV B e {0,1}* 215 5.

PRREICEIT % 1IDLBP DMK X 4.3 1277, FEEESICH LT, X R#E
W LBP 0BHZ1TS. 7z, W LROLEAEFHEOFIEEZEEE L, By b

PR, #185.
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Contribution rate 90%

—[1DLBP = Jo [o [+ "

o i -

[#t+-eemwer—{1DLBP {0 [0 [1 1]~

Binary pattern n
Befon 1
Detection key

XOR |— D

Flatten

I

Watermark (binary image)

w

4.2: BHSEAE RO 7 1 —[X]
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-054 | -058 | -0.60 | -0.58 | 054 |

| 032 [ 033 | 031 | 027 [ 020 [ 012 | 003 [-007 | -018 | -029 [ -039 | -047
(

Average

[ 032 | 033 [ 031 [ 027 | 020 [-018 ] -054 | -058 | 0.0 | -0.58 [ 054 |

Lefofofsfrffolofoofo]

(1111100000), — (992),,

4.3: FRRFEICBIF 5 IDLBP DML
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4.4 EHDLBHROEHE
4.1(b) D& LEHROMIIETIX, U O ZITS.

LI B HROERE (1) L L, (1) 1L SSA EIBLERS Q(L) %
5.

2. HENEQ(L) D55, Hlity LTEETH ML RDBINT 3.

3. IR LB LT IDLBP ZHWT AN F U R =V 2R L, N4
FURR—Y B € {0,1}*" »Esh 3.

4. B Q1) D B'(1) € {0, 117" 1Tt LTS HBPLEE L, % LIERE
WHIAL /2D DR MV EERNT 5.

5. B D € {0,1}" ¥ Be {0,1}*" O XORZHEHT 212k oT, &
DU W € {0,127 25 5.
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FBHr5E FERIARI MILSHZEBRW:
BELOEFEHL L DEERY
=2 fi]

5.1 HH

RELEHFEICOWT, FIEBCRRALIRC 03 2 FEfdM: © SO NS 5 1
HPEREDRHET 217 5. JEWEWUE Y 1%, V3> 7)) v 7 EE AL, TMTS
b wo2BHEESOERIIZENT 20, BERERONEZELRDAR VWL S &
— R EIERUE 2R . —A T, REUHEZ, SRRSARD 2 XEZY)
D, SRESONEEEIIEZ X5 RNERIET. /-, YvFrEbxt?
ZEIZ&oT, EEBRTHH2MHEZELEE S X5 RUHEIZOWT S KEN R
AP Y AT T

IEREPITIX, B2 LIEREMRH T 28, BRAXREENDBRVZ e NE
F LWV, HICREBIILE T, MEXNBE» LIEROBEENKELRZ IR
HE LW, /2, B2 LIEROEHREIRKEWVIZEERERE WD, HHEt
REL URLBICHBEME R LRV Z EHEREINS.

ARFTLE, 2.3 B THRRIMERIEZ B S e U, FIEBERRULEN N LT omFEfd#
N FBCER YL 0 LT ORI IC O W T Z 2 i 5 5.

52 H&
RBEOWREERRIET 52720, KA41IWRTIL—L T — 2 2/HE L. £,
X 4.1(a) OHEMLIETIX, ANEFES B> LERW (HE) »oiEr 4
R 5. K, K4.1(b) ORHUETIE, TTESICIERENNE F 72 13 EHAL
HEMHLIESY, FETHEONMEEEHOTE» LERW Z2HH 3T 5. &
BRICW & W OEZFHIEE U TIREEL EEBINCHHGS 2. EEME» kD
55 EHERILEECIRZEIV NI WIZEHRED E L, — A TSI ko 5 h 3
BN U TIERR AR EVWZ EBEF L.
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5.2.1 HEREZH

FEEICHWS 7T — &ty MIFHEGA BIFa -2 30 zZHWSE. ZDFT—
BN O XEHA LT E R PS50 5§05 100 B IERE ATV,
H o) O ZREBEENE 16 kHz, B TbE Y F16 bit DE /) I ESEMHEH L.
DT =Xty MZHLT, A=FY V=XV 7 bV =27 TdH5 FFmpeg [31] &
FAWTH A R EERUEZ L 72, EBROFHMEICHEH LS ERLEO—& %K
5118, JEREAIETIX, a— 27 4 0& U UM HET
R KN ERFSCE ORGE TS 5. B — R T7 4V EZDHy 47
JlEIE 8 kHz TH 5. VI >V U TIE, 8 kHz IZX Y %> L
%, 16 kHz (RS Y, 44.1 kHz 17 v 7H > T L%, 16 kHz IR UL
Ho fEE2HAET 2. RAMUICOVWTHEREIC, B LYy MZ 8 bit 1%
LT 5 16 bit ISR T, 24 bit 1 _EIFTH 5 16 bit IR 3L O —FEEE
RS 5. JEMF S LB ICOWTIE, MP3 751k [32, 33], AAC FF51t [34, 35,
G.711[36], G.729[37, 38| DEF A —T v 7 Z H\ .

WEAELCOWT, EamilEEclX, FEENEDO e EFI2T 2 UM TH
5. EvFT7 T, SHEOERBEEF 2238, BEORZLEDR I
%3 E5, NFE0Wr 25 &5 RIEERITo /2. ZHRIICIZ, WORLD[39] %
AL ¥ IVEHEETIE, GRERZHOWTHENEIZET 5 X5 ic—
B =R 22T S. HAAICIE VOICEVOX ((© Hiroshiba Kazuyuki)
ZRHAL. 7y @y 7T, BEO—HZUDED, YIS & otk
ZEFL T, KENEDNZET 2 &5 RIFELITo 7.

BREFICSSA B, DT 2B LIT30 8 Lz, £/, HDAALZIT
B LHERDOY 4 13 16x16, 32x32, 64x64 D 3 Z W7,
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3% 5.1:

AT E R 9 2 FEBCER HYALER R N B2 Y ALER oD R AE

Non-attack processing

NOP No processing

LPF Low-pass filter Cut-off frequency: 8 kHz

RSM4 Resampling 16 kHz — 8kHz — 16 kHz

RSM,, Resampling 16 kHz — 44.1kHz — 16 kHz

RQZq4 Requantization 16 bit — 8 bit — 16 bit

RQZ, Requantization 16 bit — 24 bit — 16 bit

MP3, MP3 coding Bit-rate n kbps, n € {32,64, 128,256}

AAC, AAC coding Bit-rate n kbps, n € {32, 64,128,256}

G.711 G.711 coding F, = 8 kHz, log-PCM, p-law

G.729 G.729 coding Fy, = 8 kHz, CELP

Attack processing

yA| Zero interpolation Zero padding / interpolation

PSH. 0 Pitch shift Fundamental frequency Fj shifted by
+20%

RPM Replacement Sample replacement with synthetic
speech

CRP Cropping Remove a specified segment

30



5.2.2 FHEEIE

FHMIFERZIC, Bit error rate (BER) ZHWT, 1EKECIRREDMERELE 217
I. A ZXmxmDBELLERW & W OidzZ%2H 28 BER (%) 3 TD X
SWEHENS.

x 100 (5.1)

© FHHEA R 2R L, UTD X5 ITERINS.

a®b=(a+0b)mod 2 (5.2)

E RIS EBE BN FFICBWT, BER D 1% R THIUR, B LG
WMOSEEEEDPARETH 2 L MEINTWVWS [40]. 7E-> T, BERD 1%L R i
BEEEEE T 5 LM T 5.

¥ 7z, WEIHEIIN ST 2MHBEOFMMe LT FEEZHWS. FIEIXK, —{E9
MoMtierRIEETH Y, EMEE TP, AlGEE FP, BEEE2 FN 35
=, A% (Precision) P, BHI#*E (Recall) R, BLU FHEIIXXNTEREZINS.

TP
P=Tp7p (5:3)

TP
- 4
TP + FN (5-4)

2PR
F = 5.5
score = - (5.5)

FEIZ 025 1 O#EHOEEZES, LISEWEEREREENMERTWS Z L Z2RT.
AEEDLGE, WEOHMKL (FN) 22407k, B&H (FP) P hwigsE, F
EHME LT 5.

5.3 R

5.3.1 mEEMICEEY 25

FEEERVILER 0 B EE MRl DA R 2 KR 5.2 MUK 5.3 12T, 100 %47 D
T —XDEEBER%ZRLTWA. 3HEEOY A XDiED LEGRE AWM R %
FATWORL TV, TEELR—DOEEZHWISHE, BERIZ0%ER-oTWS
T, HRECOVWTEFICEETETWE I ERTE3. GTILAS
LR T G.729 FFEALLIAN D IEREJILIRIZ DWW T, 1RRIRZEBEEOfIE L 72 5
BER M 1% RZEM L TED, BEXOEBETELLICEMNTH S Z LR X
N3. £/, E>LHEBEOY A XHEINT 255 T, BERIZ 1I%ZBI R Wi
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B, HREIEZ ZHEICOVTHEL LIEREMHTETWS Z 2RI,
PERIEC LB U72F, m—oL 7 4 VR, V3> 7y v U ROER L
WP TIXRRIEDOMREDIERIE R LA S 0GR e 72 572, MP3TFE{RICBIL T,
XK'y b L — b (32 kbps, 64 kbps) DIGE, BREMEREL D & EVEEES
FozZehnhsd. —HT, @Gy bL—bF (128 kbps, 256 kbps) DFELE, 12
RIEOHDPHEENEZET 5. AACTTBILICOWTIEEEHEOE Yy FL— MZBWw»
TRZZEO T PEWEEEZ D Z e PR I, G711 FFE iz oW TIERE
Kk e i U CTIRRIED BER B AIEICHE <, BER2Y 1% %X 2R bR I
7z. G20 FFBLTIX, TERFICNITRWERETIED 258, ZDEIIMENTH B.
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5.3.2 E&

ATETORER D SEEEMEICET 2 EEE21T5. ¥3, v—X7 4% (LPF),
Vg 7Y 7 (RSM) , HETL (RQZ) 2 \Wo 2Bk LTiE, R/ERERN
P2RINTE BER Z#R L Tw a3 —7, SBREFFCVY ) e E&F b/ 4
X DFEERLZY, HmAT081% (RSMy) FTHEALL /=, $#2RHEIZ SSA DS
b, BEESOEMNG 2 X0 UTAREITS 29, REEoOFEY > 7Y
¥ RBEFAITHE S M2 E IS O BREIC R = X 5. MRS, ek
FIERFENL B SR (Spikegram) WHRILL THE D, RIBEHEFIEDERIH L
THIRINICHEETH 5.

—7, MP3TFE{LSe AACTFE(LTIX, TRRIEDERIEICH LT, BER K% #
BMLTWBEEbHD, iUk, MP3FFE{L N AAC FF b3 A IRECR D
JEHEAM: % LU R 3 2 729, SSA 2 3 2 A R R — U T E{biR b S
IV Ik eEZILNS. LrL, REFHRFS R G711 R G.729
T, 8kHz B — SR 7 4 L& EHUE TR X D BE K E {HzbR,
RZBIEDBERM 17006 1.I% BEETER L. ERED MK RIZahzun
DD, MHMHEMZIR>TWV5.

BED UERD Y A4 ZDFEBIZOWTIE, 32x32 55 64x64 NDILKIZEE, fjE
KIER CRZEDOM T d BER 25 LR L7223, BER I 1%L FEZENKL TW3.
W-T, BMENHZI-L LTIEL LEREELIBHETEZ VR 3.

F 72, JEBENTEI SSA NDILERIC X 2 IRt R EfE A~ O i M Lo B S AR R B
DANDEAIFEFFTE VW TR E2ITO 28T, HRAcREERULHEIIGA]EE
R5HZEDHFFTE 5.

5.3.3 HIAKEAODHEIGHEICEET 35

N2 L 72RO EFEE D o8 o@D LEIRD S BER DR £
54T, [ERETIE, ERBUFTBERD 1%L D B KIEICEHZTED, &KX
A% EHERTHAIT 2 Z L R[RETH 5. —77, IRLETIX, BER 2 0.8%0 5
1L7%ice %D, BER O X 2N A Z1T 5 BRIZ T2 R EIZEL TV
WIZ EHIREND.

1007 —XRDOEREEEZNIADD, WA LUICHHE LB FEORR LR
5.5 1R, 1REIEIX, TERIE L B UMHIREE (FHE) 2ME<, BEMRANR R
AT—ZDERUBZNZ LHIRENG. o T, WENLHICHLTH H 2
EEEr 72> TLEW, B LEGROBIEEZE L TR AMHEIT S HEFEAME
WCRITZZ NS E 25T,
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53.4 EE

WEEAVILEN T § 2 EFRFERICOWTERZ(TS. IBRIETIE, SSAICE-T
BoNBZMNIED UEHREZESLTWS. £/, 1DLBP ZHW\WT itz
BoNdNAL F VK= VIFREEREF RV, (Eo T, BFEEEDO %K
AT E LB affERE N CUED WETIX, SSAIZX->THELN 2 DK
FOKRBIILAEENZ(LE T, FERE LTEL LSS R WER ozt
EZoNb. £, SRTICENAEFNIDLBP ZHiLEHN BN F YRR —IC
it U T BRI 2 AT OWERAIEINCE D LR E DAL N A F 1) 8K — 2 BB
LTW5. 20X 7% E(LLE M E R 285 L TEsh, BRI
LT3 BER 2DSKIEICHEM L R WEERICR > TWE e EZ NS, EoT, WEM
WIZ X o THHBEXNZANL FURR =25 X5 REEHENNMEXND X5
e TAECABE R WD TEZ 20BN D 5.

54 ZFER

#EkiE (Spikegram) ¥ HEZ7%E (SSA+1DLBP) Fh#g U7z, JEMCEAULEII N L
T, BERRIIZIT TN TOLEMATBER < 1% 2#HFF L, FHZ MP3 R AAC DX
Py b L— MISLTIPERZE L D BER 2RI L7z, Z4UE, SSA i3 2 JE
AERTPEFR 2 —T v 7R BREFINT K, IDLBP RIER 7 — 1 > 7kk
BRMNHEO S EWCARETHE-HTHs Wb, —H, G111, G.729, T —,%
A7 4 NVE VF Y7, FBERALIH LU TIEREREDRENTH D, SSA D
HARAFE DS IR R E © B A LMEE ISV e EZ o 5.

WENUHETIZ 7 uy By 7, Lafif], ©vyF>7 b, 32 Vil R
WEXAEMMLTD, FERIEDBERIZ0.8%05 1.7%Ice ¥ h, WX AKX
T EAME SR o7z, SSA KA G 2 H# L 3 2 7= D RFHEE% D
HHMEMEE IR, X512 1DLBP 2 EY » 7o K/NEFRD A EFE
b5 2729, EREOEHSLMEITNTIEARNZ =022 LIS WZ e ERE
EZoND. FERELTFHED 0.21 205 0.66 21K, TERIBICKREL L o7 %
72, B LHERY 4 XKW BER MK R 2 @A iR S, [EEEEM
MIHFTRED 2P L THERIRE L2 X 512590 23 Z e hREn. XD, 1
RIETITEEEREREDFEI LOAEIT 2B T 2HBICHEHLTVWS., Ly
L, B LI X 2QRXAMEZ HTIIERENRELTED, FFHEAEEHR
WHAFE S 5 Spikegram 124 5.
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BO6E fEm

6.1 AHAFKTEASMILICL

ABIETIE, EFESORSA—2MEEE LR Z AV 2 BB ETE
NHLELT, ARN—RaA—T 4 Y IIETH 5 SSA RV HIEZIRE L.
KHROME, UTOFENIW S 7L %7z,

o ERIEIX, MP3, AACREDFFHFIber —RRAT7 4R, VYTV T,
RUBE I L TBER < 1% ZH#fi L, &2 LIEMREMHAIEETH -
72753, G711 FFE bR O G729 FF5{LTIE BER > 1% 272 b, &EH LIERD
MHNCRRZE DR U 7.

o HIEX®D BER < 1% &7 o =& LN UCHEEHEZB L TWwWs Z & h
5, IDLBP #HH$ 2 Z 2T, BEESIOEONTFEEEZ KX ED
O TAELALEE (NA F UK —VERR) BITA D ZEHREI N,

o EH UFEMOIFEHREZER T L, BERDHEMT 55, KA BER X 1%L
THD, FWEHIMIN L THHEETDH 7.

o MP3FFEL AACFFE(LTIX, —H DL v ML — FRIFIZBWTIEREE
FEIZHREE 7257, FDOMOMEI OWTIIGERIEI BIE 2D o 7203, T8
e L HIT S 355 BER < 1% #IER L TWA3.

o RN TIE, 1REIED BER DS 1%HIRICE ¥ £ D, okt X AR
[ (FE) »Eshhol-.

D EoRD» 6, BFEE, SSA THIH LB I2ED LIE#RZ M5 L,
IDLBP ZFHWT AL F U KR =V 2T 5 Z 8T, MP3 - AACTFE{tu —
RRAT 4 VRIZEZ L OIFRELEIINT L BER < 1% ZHER LIS 2 2 & DR
SNz, Lo, #E2» UEReBEEHRHERICHHT 2SR a Y 7 U YR ES
FEMEREB AN TH 2 LFHMEiTCE 2. —), Zay ¥y X asiiiz e min
WX AW TIZBER © FREMPBRENT, WXAMHEREE (FME) »+oicm bl
Rpolz. fame LT, MEREX D BRI 5 2 8ITEKRKTERD -
723, BERZ 1% ORMEZ 72 3 72 O IFWCERI LI 0§ 2 HEEIZE L TWw 3
Zearolz. UL, AEAMHBEN DM EIERZERTH- 7. FHEE LT,
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SSA DMEB DO RBE MG 2 RFF LT W2 & &, 1DLBP 2 RFATHIAZEN 2 F5D
TEDEZLND. EoT, AIARBITHIET 572D DWR 2GS 2 %D
H5.

6.2 RINHRE

AHFEDRERDN &, RBEIIIER TN EHEI RSN TNWS. £7, 7yl
YR umElicRE SN L R RERE ABEIIN LT, & LIETTHHEE
WZHRIET ® % 720 BER 2 H 0 ICiNe 3, EAMMERE (FHE) 2T nd
MDD 5. K2, G711% G.729 D K 5 BTl a —7 v 7 HuER L
Wz &, HAE ORGSR, RRED BER ¥ 1% 28 2 % 99 KSSEE
b3 5. w%IZ, SSA DIARIHIIEIIRSTZ, 1DLBP BRFINAEMICKES 5 &
WO RHED RS AR EREEICLTWE. ZhsZRiRT 27012, Foitk
FHURE OB % KX ¥ 505 (AL 2 RAMET T 2 DBV D 5.
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A SEWR/N—23—F1 >0
ELBARSEICET 3
S

A1 BERMTE— RFOHE

FEBRINE— R 3f# (emperical mode decomposition: EMD) [41] 1%, JEE»D
IEEH 2R (1) Z[EHE— FE% (intrinsic mode function: IMF) ¢;(¢) & 5%
72 rn (8) \BRENT TR L

Dﬂz

Cz ‘I’ TN (A]')

=1

YW HOHEIGH R A2 ETH 5. IMF #1582 7=DI1213 2 D& H0%
Behhd., BIUEEORINCBIY 2 B R AR MEDEB D EDE A —DOTH
2%, BT EORERu(t) & NEAERR (1) O

(A.2)

AR L THICE R L BB I L THD. NSO EMETETY 77 4
ZeIHEN B Wl R AL, RAGEE K T 2 e

AR (1) = RE=D () —mE=D (), pO(1) = 2(t)

ZEHTT 5. IERHIEICIE

SD = Eﬂh ?”” (A.3)

DWITEDKIE ¢ (1073 ) 2 FNEIZ0LEInEHAVZDR—KRINTH 5.
EMD TE SN2 IMF X L~)L 254

t—T

awzﬁmmﬂ:%pv/wQ“%h (A.4)
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WK o THNTER 2(t) = ci(t) + jei(t) = a;(t)e?% V) ZRERRT &, BRI

filt) = 217r dedi )

WEoTRANIL I 7 VEBRBERTE S, 7— 1) THED X 5 ICHEFNITIR
%ﬂi%-ﬁ‘a‘“ EE DR EDAICHE S W TEERMM 4R T 2 45T, EMD I
— X ERENE 2 D IR IS R D LT H 5.
Xz\—x:i —T 4 Y 7OBRrO RS, BlHES y ZEETH @& & RN
7 ML x IZXB3BEETIL

(A.5)

y = ®x, |x[lo < dim(x) (A.6)

EUTIRELRER, (o / VA |x|o ZRMET 2 ZEDRNR—RT =T 4 V7D
HE e 7%, EMD 24K S % IMF # {c;(t)} \3FEH Tl nWdb oo, Z2hz
NPT CTH RIS DR ZE S 720, & & [a(t) ... en(t) ra(®)] &
AT, (AL BRERZ Prx=[1 ... } WKEoTREINE., ZOL =
IMF O N 232723 00U ||x|lo = N 2V/NE 72D, EMD DHEENIC R 8 — Rk
PEEHLTVWE e PHETE 5. X 5I12% IMF 2B W THBRRRIE o;(t) 23
-FEECEE LTI 258121, K (A5) ICHXKT 29I LT
b EHRD A= AR T 5.

A2 ERDAH

FIT53 1 (principal component analysis: PCA) [42] 1, =HHATTIIX €
RM (d ZoTOBHIDS M AE) 2 HBEREEZ /L, ﬁ%ﬁ(%})fﬁ(kﬁ 2 PEREZRAN
X tfﬁﬁﬁ%ﬁk%@ﬁﬂu‘ﬂ%lﬁlﬂ#kﬁ5 HiETHL. F3EEH x,, 2F
HRZ PV x=L50 x, THMEL, FOMETHE X = [xi—X,...,xy — %]
eBL. %\ﬂﬁﬂ/\ﬂﬁlﬁﬁu

»=_—_XXT (A.7)
TERIN, EHEE
Eui = )\iui, )\1 2 )\2 Z cee Z )\d 2 0 (AS)

WEoTHELNZEBERY Fv w, BENSE, EGMHE N 20T 2 78EE 72
5. BEAERY PARINAARTZERZITIZ U= |uy,...,uy] &35, BHlOE
A a7k

Zp = U (X, — X) (A.9)



THZBNS. K <dADEER D ZERLISEMTIE Uk = [wy,... uk] &L,
Xy A X 4+ Ugzl) 25 = U (x,, — X) (A.10)

v, T(AN)ME%W%%Z%lhm—X—UﬂmwQ R UN (YR T
HTHD, M+ + g DIRFSNS 0 ELRT.

qFEE fciﬂf#;e{@ﬁz\ﬁfp X = U VT ZHOTERD U L EHE N\ = 02/M
ZRIRFICIE 2 HIER— R TH 2. 22T X, =diag(oy,...,0q) EFFEMEITY]T
HY, oy WEBIXINF—DREIZHET 3.

ZR—RA—F 4 VTR, Uy ZRETH), 25 22 FLe sz
P — 5(K) (A.11)

P
m m

S
ym:UKXWIL)J X

CWIHIREET AR T 5. REBXILH K HIBRXN 272 ||xP|,= K TH
D, K <dDEEICEHRNZRIEANLIEZ EAR T & b 28— R BIDNER X
%. 72720 PCAITRIENRY AW T — X580 RKIET % X 5 ICHHETYE X
N272, EMDIZHARS EREAR T MUE—RICEE T w2, JIEAFIRICR
AR 23R U 72 28— 2 PCA YRR E NS Z 2 20,

A.3 FEEEITHEF9 R

FEEMETHIR T 7% (nonnegative Matrix Factorization: NMF) &, #1751
X € R%M EZODIFATH W e RGN © H e RE™M ofTIEMT 2 HIETH
3. 22T WIZEETS, H RGN L,

X~WH with W>0,H>0 (A.12)

DEANZET NV TH 5. IFATIFNIEZDOEMNLREKZ RAET 2729,
RHEZARY MO LS WCERBDPIFATH 2T —XZ2EMmI L &Z/\ﬁfﬁ‘é e
LEDA] OREABELNS.

&L VS5 BHIEEBUX Frobenius / LA D 3

1
Jp = 5IX - WHI}} (A.13)

THYH, ZhzimME3T 2REIE Lee & Seung 23185 L 7= Fe ik # AR HI

WTX
H+«HO —— A.14
CHOwWTwa (A.14)
XHT
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W EoTIFAaMER-T-F FHFNICIORT 5. 22T 0 ITEEE, 7BIEERI
DEZRT. R7 Y UMz IRE L T5E121E Kullback-Leibler (KL) XA N—
VxR
Jxr = > [Xim log gigi— — Xim + (WH )iy (A.16)

DINTBOCEWCHIGE L, 24U L THREFEFHBAPEH I N 2. FEESUHE
TR T — AVAZEMW 2 Z 72 Ttakura-Saito (IS) XA N—3 = Y 2 EHWRIGE
MEZ L, TS L ICHEYIBHETE T VR ERZ & CICHHEHE LR XN 5.

NMF 3FFEFZEO M ARTIENTE, W 2iFE, H Z2HRE8R7 M LE
BT se, X (A12) BRR—Ra—F 4 Y ITOMEETMHIET 5. FE
B2 TRARB OB I ARAE X L ngs, L1 ERINE

Jo=Jr+ B Him (A.17)
k,m

2N 2 e HAHBNCFIE SR D, BRI BORED ARTEEL X
3. B RFAKT I TRAASA—RAEEVWETHIHETE 3.

A4 K-$FEEHE

KR RA(E7## (k-singular value decomposition: K-SVD) &, #HI1T5] Y €
RUM %@ 5efiftd D € ROK © 28— 2{REIT75 X € REM (233 5 58E
HBETNDYZLTHD,

win [Y = DX[} st ¥m, [xulo <5, Yk, [dills =1 (A.18)

R ERBEIC & o GELPINCHRL . 22T s 3R T 2 IEFRBOmAE, d,
BEFEDEFIH (7 ML), x, 1 3E5 y, SHIET 287 ML TH 5.

BE(LIZ B oORETHERENS. R8—2a—F 1 Y VERETIRHED %
BEEL, &x,%

min ||y, — Dx,|l3 st |[Xmllo < s (A.19)

THET 5. ERICRER Yy F Y Z7EIBIAS Hwsh, fREZIZ OO
Ress.

TR BRI CRARBATYI X ZEIEL, 7 & d, X0 2 /RE0T x| Z Rk
WCHEHT 5. IEFEREROESREZ U = {m | X # 0} &ED, FRELT
5%

B, =Y - dx/ (A.20)
7k
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3%, B OFI%E Qp THIH U475 EQ 12X L,
E!=UxV' (A.21)

EWVWSRREDH 2TV, B—ARERZ Pl w ZHLWT A d &L, B
FrMHE oy B HRRXZ ML v, OFZ

Xt = o1v) (A.22)

CLUTHRBEEHRT . Zhuck b HIYBEE (A.18) DB DMRAE X, FEZFE S
R— VR REFF U g d i/ N A DER S 5.

T3 ZLFEET IV =D+ R, FREERKREREICGET 2 F
THI oD, EROMPAKEEZFITT 2 2 L CRFREREZ B L, IHRKIZ
& |xllo DEIIMZ HNT@mAN—AKRBBFE SN S, K (AL8) IFA =2
=T 4 Y TO—RIETH Y, K-SVD IFFFEFE LR EH Z RIS 28T
BAENEE L AR—AEEVWEINLXE 3.

A5 EEOBERMEICEY 55

A1 B A4 TRERLZR =R a—F 1 ¥ 7 JEKR D 3.3 Hi T R7z SSA ITD
WC, BEOHEAENMEOEADLS, BEYXYOETHEDI LITAEMRTETDH %)
e, T 5. ARX—Ra—FT4 YW EoT, BEEIBLE SN
ZPHOWTHUOILESZMKT 2 X5 ESZHANT 2. 20K, TESE2ER
WHHTETOWRWES, NROGEICEHERFHELIEL < il LK@ T
ETVWARVEWVWZRS. D% D, BEYuETFELLIHHATIZHD, HHEE
SORENZFHEEZIRZ 2 Z e B TERVWD, FELIEZR E 23 X 715
&, HEEZEETERV. 2D X5 BBIED» OB TIEIOVWTESDHEERNM
HOFH %2 1T - 72, fE OFHffEREICE, FREER TORESMOMEELZRTES
WERZELE (signal to error ratio: SER) [43], A7 MVEHTDEAZ KT I
AT bLEA (log spectral distance: LSD) [44], N & FH{E 5 D& BlRHifEIE
T® % perceptual evaluation of speech quality (PESQ) % H\/z. SERZ20 dB
D E, LSDIX0.1 dB, PESQ X455 ETHNIEREREBESOHAEKTHS &
INTWV5,

100 A7 DER T — & [30] & FIECEA L BEOHERMEEZR A1ITRT.
BHEDSH, SSA, PCA, KU EMD Tid, 3-D0FMliEIEDHEUEL L TE
b, BEZESOEAMPIETH S I ENHEETES.
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FAL EAR—Ra—T 4 VBB EFEEOHENMWE

Method Average SER [dB] Average LSD [dB] Average PESQ

SSA 303.41 0.00 4.63
EMD 316.24 0.00 4.64
PCA 22.33 0.00 4.63
NMF 10.21 0.23 2.29
K-SVD 29.74 3.84 3.36

46



Ef

KW 2 BT 21X H72> T, EIEEREOHEARELLEITIHE L WS
ERZAHD Z L. RAEHWELET. £k, IRERETIE, ZHERT
ezl D £ L7, K@, BTN SEREIBIS O 5 EH W= L £
ZLUTC, HAMREDOERICIE, AT REBMECRD T L, REKH
W LET. BIRIC, FEAREX A TOWERWERKBEDOERIEH L ET.
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