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ABSTRACT

Although Generative Adversarial Networks (GANs) have gained great popularity in computer vision and related fields, generating audio
signals independently has yet to be presented. Unlike images, an audio signal is a sampled signal consisting of discrete samples, so it
is not easy to learn the signals using CNN architectures, which is widely used in image generation tasks. In order to overcome this difficulty,
GAN researchers proposed a strategy of applying time-frequency representations of audio to existing image-generating GANs. Following
this strategy, we propose an improved method for increasing the fidelity of synthesized audio signals generated by using GANs. Our method
is demonstrated on a public speech dataset, and evaluated by Fréchet Inception Distance (FID). When employing our method, the FID
showed 10.504, but 11.973 as for the existing state of the art method (lower FID indicates better fidelity).
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334 A A173¢(Generative Adversarial Networks, GANs)}2 ZFE v Eofe}l 33 HopoA & Q17| Ao, olA7iA= 2H L
ABE AHH 07 AJsk= GANO| A=A ZJ. 2 A5 oju|x|e} th2A o4t gto g2 A WEHYHE 4l8o|Bg, o] /g
g2 AMEEE CNN FRE 85517] ofgrt. o]2|3h Aok s dstaiat, 2T GAN A7AES LU 4139 ARk-Fukg #AS 7]E o[H]X]
73 GANoll A-&5h= HehE ARt 2 =2 o] A& BE2HA GANS ARES] B4E 2 A5 FAEE =ol7] 93t AXE RS

o, THA QXM Az|(Fréchet Inception Distance, FID)E A-&-3f B71ict.
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AR g3t YEEATH2-4]. T} 7|51k Heke 7}
3t 734 tlole7t A HlolE(g ol ZFE=A] HSsk=
AP} Qitk= ©do] Qi ol S73d Hlofelo] @4t 58
Z(unrealistic) Bl°IE7F B 23K 4= Q132 onlsh, ol
h5ek T HE2 AR AANA 2 5 Hol| o#&
Zolct. & AFHQ oy 42 HEFS MAske a3t
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HAI7E ATt

o= A A A1HG(Generative Adversarial
Network, GAN)[4]Z AH&ste] AEAQ dloly 349 &
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E BIE sh&oto] shad BEXZRE AZE bojHE A
AT 4 ok 24 AEHQ Hloly 43 oEA v
AL H(realistic) HOJEE BAY 4= Aot HHHo R
(6,712 GAN= o]-83f]l 7Fd9] o5 /g%t A=, Atz
2t A9} 7H3e] o|u| A& s ] ojglE Aotk 53] 4
g dlol8(ground truth)g Yok=d] & Hl-&o| 875+
olm Fof Hlolg 74 7IMOoEA L-87FX7}F ETHSI
GANZ HFH HA Eofg FAFORE H|oFHQl HAS
AFSIAL YA, oFA7HA = GANS AHES AF] HolEE
214 0 2(independently), 181 HFHo=E YL &
e Fx BE2 AAEA] Z3t Adolrt. 1y (waveform)
I 22 47 folE= o|nA|et thEA] ol4iK(discrete) FkOl
Azt w2t U E Hlolel &, A7H E4(temporal feature)
o] ZstA mt=lo] QUrk. 1A oA E ShEohe B B
dof F&2 ARgE oL SHE A1 (Convolutional Neural
Networks, CNN) F-22:= 4] glo[elE sk34]7]7] oHth.
I3 GAN AFAELS A7-Fu4 Ed(time-frequency
representation)< ARkl 4] HlolHE S5k A
< AAstAtt. AHEZ TR fEAQ] A|7-Foke BE
O & ojmz|e} o] AR FAE7] wiTo] AlZEkt &= 9l
omn, kARl ghFo] 7hsdt 7129 olw|A] B4 GANS
AARgsto] shgo] 7hsstit
2 =52 47 HolgY HAE S4Ho= s,
S(state-of-the-art)& X<l 7]& GAN 7|8t 4= A
= EA5te] S Z(fidelity) SHY] A WS Al
A= A mdo] gEHQl FrF A ER, GANO
g dolel7 dupt @AHRIRE FFHOE e
AFoM = 71E AFollA ThFA] e 2R EF
o] AL8-sto] GANo| B/t 4z Hlo|H 9 FAEE
Zlo] 8 7]ojolt}.
2 =579 742 o237 2t 2%0A= GANS 0|85
ag Holelg Aok 4l A+E sk, 3olA=
£ AFolA Argshs AlZ-Fae 28-S AAloH ohEH
A, GANo| Agt &g Holg9 FAEE 7fAstr] {1t
WS ARkt 4goA= e WHE GANel A8t
of BAgd Ag dojge FAEt dupy HAEAEA A
FHOoE FGrioh, vpAHO R SFoA = A8 E FF A
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GAN2 7149 = olv|A& AAsk= Aldxt 34 A
FE ¥ ok FAHoE & S5 ottt 121 CNN
715ke] DCGANI[9]°] 54otAA @A71A] o]u| 2] A8/ Hof
9] u|eFAQl o] o]FojHtt. dA GANS A4 IS
W3t 2 7149 oJu|XE BT 5= UojAl, F2 Th
to]e] Yol AlZtat v]go] Wo] ARE= Fofof| ol
37 71 =A S8 Qo

g

GAN 7]5te] ojm|x] A ALt o274, GANZ 7|Hte
2 47 folHE Yot A Bl o SHIU
WaveGAN[10l2> H-302 GANS AR&d] 48 doJEHE 4
g%t A& 20180 FEHAT. WaveGAN AAEE 71&
DCGANS] #2& Wysto] o< <golal Bk o]
2AU(gray scale) °WAE S53H= DCGANS] A<l 4]
Y(shape)= 1240 E HPFOZH 16,384412] HEE A
‘Jok= GANZ AISt oFltt. E3] WaveGANS] AAE2 A4
7\(generator)®] AX| AEFA(transposed convolution)flA]
UpRlsl= AARE o] ofe]lME(checkerboard artifacts)[11]
7} GAN9] ot52 ERMEsHA st f9lol2kal =4Skl
TAHOE AARE ofg|HE = L] TR A= ¢
M E3 (up-sampling) T4 HASH= dF9 HEHoZ,
7] (discriminator)= AAXEE olg|HEQS] QHRutoz
337171 A% HolHE A wES 4= otk whEhA] wE
717} RBAE71E FEste] ol XPHA Y= AV T
gt} o] ZAIE 7iAsH] Sl AAES wE7Y £ 9
(feature map)S U9 MEVE TAZCEZHN W77t
AARE ole|HES HYHO R QIA5HA] YEF Fidl= H
0|2 ME(Phase Shuffle)& Aot o] Ho|= HES
ARE ol ek Y S AT o Y= EITh
WaveGANS GANS ARE3| 42| Hlo|HE A4 =2
Atol7] wzol, olF Stk T Ad=olA 8587t
9] Hjo]A Eglog HAstar Qlct.

Google AIIAE 2019¥ 9] GANE o|-83f 7] AgE
AAsH= GANSynth[12]1E5 ®HESIY S GANSynthe] #Zk
E& AA WaveGANO] = B3 (mode collapse) A7}
U AAFPH. 2= BH7F DT GANZ 017 5
lo]E1S] HukAQl BExE gh5okA] Xsto] EATE ®lFo|
HoFE dlolelE At "ok &, F4E dlolE Y g
(diversity)e] W% Xt} GANSynthd HAELS otd-S 2
7 ghEohe WAl obd, olm|x] FER A3} 7Hset A
EZOHE BA5te GANS AMFo. AHEZ TR 1
8- (Griffin-Lim)¥} 22 @125S Bof oz ¥
bssith olA9E 7HHF R Ag HolHE FAdot= W
A& WaveGANS] AAFEE SpecGANO|EtL o]& &2 4
A B9l 7Fsd AFYE Hol7l o}, SpecGANO| A
A3 AHER RS WP 0T Higlelo] Alghe] Y7o g i
7HE W FA=TE oty s & ARERY H42
WaveGAN W20 =2 /4% g oS AAAgohar Q14
At olo tiste] GANSynth AAFES SpecGAN©] 113j
d= 2HERTIHE 9534 Eok= DCGANZ 7|Hte s
AAE0] 7] W&o FAEE =°]7] oJFthy EA4F
JiA ASFE oA E HYH o E AT PGGANI13]
9] FRE AESt] ST AHERIHRS YYo=
GANE At £3], GANSynth AREL 4719 #A|
AEFAT AHEZ TAZ SIGA7]7] Yol AHEshe +
o WK Fourier Transform)o] ZHY @Y= AALEHA
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HHgshe EAIE 53 o] AL =y 992 4
AtEl = o R Qlste] wgo] Mutdog yehts 4
(phase) FE7} AHER T PR Fol= LR,
g9 W BEE ShEOHA] T GANZ A4 4] HolH
9] FALE =ol=H A7 AUkl ®okth 1A o] V3
BHE GANo| 858 &= QI=E, Fojd miyof| A5 veht
= A AHE AT ¢A] F3(Instantaneous Frequency)
£ gl AHgshe dEe AKith. 1 23 GANSynth+e
WaveGAN Ht} B4% 4 folg9 SAE7) =9kor,
AdE 47 HolHe qdAdE A AU

SHA T GANSynth7} oHfgt H529] Ag] Ho|HE AR
sto] J5B717E o]FoiA 7 &ATE. GANSynth7} 850l
AFEst 48] H|o]E+= NSynth Dataset[14]0.2, o8 £&
9] ot7]o| thsto] EHT S=ol(pitch)E AA AFT 4
ojt}. o] of7] AFEL oY 7] &7t FA9] dAFH 4
A (mixture) BEH7F 0P 3L, ¥ Ksine wave)2t Zo] H|
oA ettt FELE FAEUTY IHA eA FHeE
ARgS 2 99 Y ARE & 29T 4 ok ey
2401y Ao A Aok A7 52 oY Faro] 1y
o] £H WAH FHo| 7Pt 1A 24 Q14T FE
dag 2ol HlojE T4 22 A GANSynthg E-8317] ¢
A= H opefet M30] 42 HolEd tigt 4587t
A5E 9971 Ut
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A= MEH(sampling) @ FA3Hquantization) s 5
o o4t FEZE T8E HXE 452 FEHE o] gxg 4l
S AREl gk 3kQl I o] nfgol g FEof W
2k ol &d Fupof gk Tl AHER(spectrum) O E
HEFo =N o 4F 9| S G2 IS 5 St} S
T4 JEo] tEr= AL SM(timbre)o] BHES QJv]oh=
Aog, AR bE AdE WEste AR AR I8
AAFo g Wst= AE2 AlZto] wet o2 S40] 1}
Epdt} 1A S2oi7l ool AJ7to] whet ofwdt x4
£O0 & W= BA67] Yo AHER T} -2 A7k
S @0 Wgkslo] BAlsk= Hiol g ARE 9l
o} £ =R AMER IS Equation (1)¥} 22 oJil-
A7t F2)o] W3 Discrete-Time Fourier Transform, DTFT)&
Ar&sto] n2tl A #E(real vector) FEHQ THFS 4 T
H(complex matrix)® WIS XZ sHF7ct
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AHERTYL PHo|BR FZH(spatial) EH& &
&3H ONNS ARSa) St 4 Atk oleidt Hae v
weg Eshs Aol BalA ARsHs HolH, (313
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FH(complex domain)o A k5ol o]FoiA|= [lE
TS Jotste] shgohe W(15]0] Uk E =52 A
(real domain)ollAl 4] HoJEHE tF= 7]& GAN 7]
48 Y AFE 2L AFE, BE4HF HREE T4
(complex-valued) & AFATL 1HFMA| F=rt.
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2 =EoAs Ao 238 2I-41 2 AHE
233 (Log-mel Magnitude Spectrogram)d @ $=A] 3
1}4(Mel Instantaneous Frequency)Z A= GANS
Z9 5 Hlo|HE ARSIt Fig. 12 Fold TP oz HE
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Fig. 1. Flow Diagram for Decomposing a Waveform into
Time-frequency Representations

a) DTFTY &4 A4 (complex exponential) = 24

4 A (Buler’s formula)S ARE3lo] 4 Fdo] 3

Hot webA B4 P X 24 H(element-wise) &

W2 FHotol 2718, I dE(arctangent)E 35

HZ(argument)S ARt

A9l H7to] kg QlAlstE T2 ZdEsH| 9

sto], 4 AAY(linear scale)® o]Fol7 Fup &

= ¥ 2AY(mel scale)®= HAT

o) ¥ 72 AHEZ I (Mel Magnitude Spectrogram)
= E1 AAUE HATO R AL HZo] Q145
= AdA(&ZY Z7]) G9IE HAsH, F 4 A
EZ 3 (Mel Phase Spectrogram)< Equation (2)
o 9ol & AAYY &A| FhEE AETI
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12 YEX2|Sfel=2A/AXEY0 % HOE S5t H10H HM12(2021.

1 df(t)

wi(t) - 2 dt

)

W £A] Fk4E GANSynthe] AXFE0] GANS SH5A]
718 AR AZ ARbelrh H A Fukes DY) ©
IE AP == DTFT oA 9ol ol v ZAIE B¢
5t7] Yotod, 2 MY WollA &5kl Hsjxl(unwrapped)
el 6(1) Y S Ao =N 2 mtgol| dA5HA
Uehte S A o] mAth. GANSynthd] ARE
< =2 A= } LUARE, H FH AMER AT} @ &

A Fore 59% Yo 2R AEHA] g 534
0% HUBAT 5 4 Aor, A elop FaksE +
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32 Az HHS TR Wal

B 3189 218 78 ANERZ IR @ &4
FILE BYSR, o) WA/ P Yoz s
o] o]FoAtHE =EollA Alksh= GAN9| 72= 440
A A THESD, Wer i BOE e de,
Fol2l gg T BRI UL B35k o] BHoln
2 2 FoA et e By BYag gold. W 4
4 mEe Folzl uigst gARE A2 HES WS A
o] ExolEZ GANS &3] AT A|7-=1 1@ L 1}
Foz Wt £ 9lojof Bith Fig. 2= FA7|7F AT A

e Fyo] 21-1 11 AHEZ JAT @ &A| 2ujLs
PEo| AHEZTHO R WSSH= IS Tl Ytk
183 o] AHEZ ML Equation (3)1} 2 o]4k-A|zt
o 3]0 HeKInverse DTFT, IDTFT)S 53 g0z &2
YETh o] W #YL s Ay A
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el = Fx(2)] = % / X(@)edn 3)

a) A4E 2I-9 2 AERTIYRL 94 H A5 3
= 7;]]45—].0;1 uﬂ 1_1’-3 /\iiﬂE:‘Ej_% o= AHHQ uﬂ B
Al FakeE AZbE Hi(scalar multiplication)stal
A gr2 AAsto 274 W QA A"EZ T O Z WIS}
st}

b) W 2 AHERTAS A o] ofd 4 glons B

o-Hlg= fAIGPH(Moore-Penrose pseudoinverse)
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SPH 9] /\EﬂEElEﬂ oF 33 ]-r;]-
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’ Waveform ‘
*

Inverse DTFT
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’ Spectrogram ‘

f
[ magnitude * cis phase ]

‘ Magnitude Spectrogram ‘ ‘ Phase Spectrogram ‘
t t
pinv pinv
| |
‘ Mel Magnitude Spectrogram ‘ ’ Mel Phase Spectrogram ‘
t t

exp cumsum
| |

‘ Log-mel Magnitude Spectrogram ‘ ’ Mel Instantaneous Frequency ‘

Fig. 2. Flow Diagram for Reconstructing a Waveform from
Time-frequency Representations

3.3 HPSS(Harmonic Percussive Source Separation)

HPSSE FojA mgg vZiHharmonic) A& HA
Al B (percussive) JEO2 Efot= 7ot} 12T} &
2 EA% o7t dAFSHA fAE o YeERLL, HAAR
JE-2 wtgo] vhEd o 5% off yehdtth. o]gd §4
2 o 97] &7t A SoolA A Eeiv=d, 29
ERol7l & Ade 123 JEOE, 5T o] FU|E

HAAE FJEOZ YERdt)

Z3ke} HAAE AEo] AH
el Al E40 7191
. Z3o] A7 9EFS 7|Ro =2
Ao=Z Yepta EFW\]E AEL FA 08 JEHr o]
3t £ ZJoli= ofu]A] A7 HoollA e ARgE= S 3 2
El¥(median filtering)¥} BFo]y] 8] ufAZ](binary masking)
< Aot EofgitH16]. 2HA EoiE = 71X AHER
J9H9 94 8 32 A& A"EZ T Zon, EojH

T AHERZ 79 [DTFTE S6) 22 Iil—ﬂr g 3

AlB mygoz Hstol £ utgo] g4 2 29
o3 2t

Fig. 32 7] &g|et S/do] AHERT oA ojmgt
A7 Zpol7F Ueu=A1E B U= dAlelth ZF AHE
282 o] 485 AF3t NSynth Dataset®} oz AR
Eo] e tho]E ¥E3t Speech Commands Dataset[17]
OS2 HE ngg FETIY HTSIUT) o] Ao Hol=
AAY, 7] A8= AHEZ T Ao RIS A) B
o] & U, 342 1xuet HAAB(FAA) &0l
127 yYehts Aole] ot

2 =%olA= Fig. 37 Zo] 7] 482}t 4o 1xu}
o HAAE AJRo] thEA ERJrH= Zjo|FOoRHFH. of
et 22 7HAE AL A A
£ S5 EQith

l

Al(cross-correlation)
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Fig. 3. Comparison of Spectrograms: (top) Spectrograms of Different Kinds of Musical Instruments, (bottom) Spectrograms of Short Words
Pronounced by Different Speakers. Horizontal Lines Show the Harmonic Sources and Vertical Lines Represent Percussive Sources

7Hd: HPSSE ol 83 1@d& 123 9 HAAE Hgo
2 Bofsti, F sl isto] Alt-Futas BHO
2 Wgsto] Y53 FRY AR-Fuk4 BES
oA stg o B9 2 uf, HPSSE A8stA ¢
ok W Eoh Eaf oy o fARE Zlolth &,
HPSSE ARESHH B4 9o AHERTIo] 4
JA AZH-Fu BHO R WEHEH SR 4
27} o #Z Aojth

9 7HE ERlst] Yote] 24 AFT NSynth Dataset
I} Speech Commands Dataset2 o2 7S 2879
of uat AANBAE SHAT

HA GANSynth AAHE0] 85 wlolE 2 ARE-3E NSynth
Datasets A CE Y wtgat A FPHO AZ-F0i4 &
Ao grE EHdE ug AlolY WA FIHHAE S5
t}. NSynth Dataseto]Al HIAE Aoz #olEHH 4,096
7ie] ool thste] wat AHEAE 574 A= Fig. 49
S|IAEIY gy ZF SIAETH] #7]" A ul=
ofgfel Zom, #7|H A= SAH wAl AATLA gt
B+ BEHAITHI AL 4HEA7E 10]d EUE mHgo]
HET} 255 uigi.

===
a) vs. O: Y& w3t QB 1y Alolo] wa} AlTTA
b) vs. M: & 03 211-4 {1 AHERTHO R
B EH 33 Ato]o] WAl AJUEA(SpecGAN HH4))
o) vs. M+IF: 9% syt 27-9 g AmE2 I 9
H A FukeR R EUE mty ] Aol WAl A
74 (GANSynth ")
d) vs. M+IF+HPSS: ¢ 337 92 39S HPSSE &
3 1zt 9 fAAE g0z Baet § 27l of

Cross-correlation

Cross-correlation
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Fig. 4. Cross—correlations between Original Waveforms and
Reconstructed Waveforms(NSynth Dataset)

stel 3)m FA WA B 1Y Afold] WA
AR (& =4 Ak )

SpecGANOIA A8 M -0.005+0.099%, GANSynthol]
A AQFSE M+IFE 0.569+0.329%, & =104 7Mda A
7J8F M+IF+HPSS 4] 0.574+0.32602 w2} AHaA
7} ZHE ATt M+IF+HPSS ®H4]o] a2 &% 37} of %)
ou BAHoRE Fou|gt Aol= ofytt. wEhA|, NSynth
Dataset¥} 22 27| &gl oA & =& 7Hdat &
o] FHO £AG FolEt =& F7] oYLt

o292 Speech Commands Dataseto]A sk H|o]
2 FolEgH 57,886719] w0 gt JHAAE 579%
A= Fig. 59 o] YEpsith

i)
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14 YEX|SfR=2A/ADEYN H GO/E Z3t 103 H[135(2021. 1)

§ 0 £ 3000
2000 2000

1000

vs. M+IF (0.631 £ 0.18) vs. M+IF+HPSS (0.653 £ 0.176)

Fig. 5. Cross—correlations between Original Waveforms and
Reconstructed Waveforms(Speech Commands Dataset)

M+IF= 0.631+0.18%, M+IF+HPSS+= 0.653+0.176
o= 245t} o] 24 Avk BAHOE Foulat Kol
2 4 9lrk. gt 24 Zo] T 9§ HANE 4Ro] 1
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High-resolution Representations, Both Generator and Discriminator Networks Grow as Training Progresses Progressively
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