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Speech Enhancement Technology Toward Supporting Online Communication
with Hearing-Impaired People
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Abstract

This paper describes technologies for accessible online communication between normal-hearing and hard-of-hearing
(HoH) people. In online speech communication through online conferencing software such as Zoom, the quality of
communication depends on the intelligibility and understandability of the spoken words. Our research investigates the
effect of speech quality in online speech communication. This research aims to clarify how speech quality affects the
intelligibility and understandability of speech for both normal-hearing and HoH in such online speech communication
and to develop accessible technologies to improve speech quality and realize effortless communication. The core of
this research is speech enhancement technology to help HoH people in listening comprehension. However, it needs to
be made clear how good or bad the quality of speech is in online speech communication from the viewpoint of the
HoH people. Thus, we first define a scenario for online speech communication and some factors degrading speech
quality. Then, we generate simulated speech according to the scenario and investigate whether or not it can be used
for subjective evaluation by HoH people by employing several speech enhancement methods and objective evaluation

criteria.
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o GEE, FENBRICOWTEHET — X3+ —7).

4.2 RERE MG

4.2.1 #1E
X1OERBEEZEET2 XS, WEOKRNLEERE
RO - FHilli T — & SIER L 7=,

422 NFBRBEO ST alL—>ay

AREBRTIE, HiEBFL LTTFERY3ARTE IR
B9 ZHWz, = RRBBM 3 %D 5 VIFLHE 3 BTk

ZHMEHEECTHKEINTED, REBRTITES X Z R
FELlbr, TR ZENERER X 7= L T¥Y - 51
fili7— 2120 L CHNE & tiEEHFMET, SNR 2% 204B
25 0dB O#iH & 725 X 5 IWCRE L.

E N2 1 Pyroomacoustics[60] IZ &k % ¥ I 2 L —
SavZEISVWTERLE WERELE L T2
EEMHEEL, ENY A4 X (48mx58mx25m) ¥
Lﬁ.HYﬁfT§%(05In29nLLOm)ZIﬂ H HI &
RN ECHEEE L (0.3 m,2.9 m, 1.2 m) IZ &
E LT, WiEEHEEX 3.0m29m1.2m) 2.0k LT
(£0.85 m, 1.0 m, £0.25 m) QHIPA T > X LI EEE
ATz Fio, BRNOFERERR (RT69) 1, 02855 1.0
METOBTI VX LICEZT-.

423 BEREND I alL—>3aYy
WEBEZEETIBEOER I -7 v 27 2 LT Opus/8]

PRV, FHRICHWEER T 203 v 7Y VIR

Bl 16 kHz THH, Ihx\WVwo/zA8kHz TYH YT

Y7 LT16 kHz IR L7 (MURCIHFE4 kHz £ 3 5).
Bohl2@EOWHOGBE T ELEZLEL — b 6k
bps(1iik 4 kHz), 20k bps (78 8 kHz) & LT, 7L —4
P4 X 20 msec DEEL Y b L — kb (Constant Bit Rate)
Txrz>va—FL7%.

HERICBIT 247y MBRDOY I 2L —> 3 ViTiE
Gilbert-Elliott “E 7L [61] Z 7z, Gilbert-Elliott €7
MEIAX Y T DREERT 1L XL TETILTD
D, Good (%7 v MEKALL) /Bad (%7 v MEKD D)
D2 IREMZ ZNZENDEBHERTER T 2HERET LV
TH5.

4.3=Za—FIRYy k7—2

A H B T 1, SpeakerBeam[25], CleanUNet[17],
E3Net[27] D&+ v b7 — 2 % W7z, CleanUNet 1%
Denoiser[16] @ LSTM (Long Short Term Memory) %* H
CHEEEICE SR 0y b7 =2 T, HEEWEMT

71



AN ES

37/,
7

e

2z

8

o = .
F 4 EE3: Oy MEKZL, SNR 20 dB, i 8 kHz)
intrusive non-intrusive
PESQ [ . . [ CompM DNSMOS
PE! L MOSNet | NISQA | PLCM
5Q ‘ (B | VSO IEsiG ToBAK [ covrr, || MOSNet | NISQ OMOS 576 TBAK [ OVRL
degraded | 2.13 [ 3.03 [ 2.89 [3.28 | 2.04 [ 264 || 303 | 310 | 319 [363] 259 255 |
SpeakerBeam | 2.09 | 2.90 275 | 3.34 | 2.19 2.68 2.87 2.78 3.56 | 3.76 | 4.02 | 3.38
BE3net 1.89 | 2.73 2.50 3.11 | 2.17 2.48 3.20 2.92 3.26 3.38 | 3.87 | 3.01
CleanUNet | 1.84 | 2.65 2.46 3.16 | 2.12 2.47 2.89 2.81 2.67 3.46 | 3.60 | 2.92
o -
#£5: 3 (O v MEKKRL, SNR OB, #HiH 8 kHz)
intrusive non-intrusive
PESQ | .. [ CompM DNSMOS
PE v L MOSNet | NISQA | PLCMO ’—’—’7
5Q ‘ (NB) i5Q0 | CSIG [ CBAK [ COVRL OSNe 5Q CMOS I51G TBAK | OVRL
degraded [ 1.15 [ 1.76 [ 156 [ 1.89 | 1.21 [ 136 [ 2.96 | 1.79 | 224 [3.50] 1.60 | 1.76 |
SpeakerBeam | 1.26 | 1.89 1.80 | 2.43 | 1.63 1.76 2.56 1.86 2.96 3.07 | 3.46 | 2.61
E3net 1.16 | 1.52 1.53 2.13 | 1.57 1.56 2.92 1.78 2.34 2.20 | 2.69 | 1.69
CleanUNet | 1.22 | 1.75 1.66 2.33 | 1.63 1.70 2.59 1.94 2.01 2.74 | 2.60 | 1.99
=g e
7 6: EEr4: O3 v MBEK 10%, SNR 0dB, #Hi% 4 kHz)
intrusive non-intrusive
PESQ | . . [ CompM DNSMOS
PESQ ‘ (np) | ViSQOL | CSIG [ CBAK | COVRL MOSNet | NISQA ‘ PLCMOS e TBAK [ OVRL
degraded [ 1.06 [ 0.63 [ 138 [-1.96] 1.23 [ 060 [[ 273 [ 145 | 170 [237] 179 1.42 |
SpeakerBeam | 1.14 | 1.53 1.53 1.97 | 1.52 1.45 2.46 1.61 2.48 | 2.56 | 3.29 | 2.13
E3net 111 | 1.27 1.45 1.79 | 1.52 1.35 2.77 1.37 2.00 2.43 | 3.40 | 2.05
CleanUNet | 1.13 | 1.37 1.54 1.81 | 1.57 1.38 2.43 1.54 1.62 250 | 2.60 | 1.82
o e
7% 7 SEBR 5: HASQI (%7 v MBRZ L, i 8 kHz)
normal hearing mild moderate
gL [20dB] 0 dB | #%EERL [20dB] 0 dB | #5%ERL [20 dB [ 0 dB
degraded | 0.577 [0.412 0135 | 0.667 [0.584] 0211 0.711 [0.644] 0.244 |
SpeakerBeam | 0.481 |0.418|0.203| 0.569 0.529 | 0.268 | 0.612 0.578 | 0.302
E3net 0.413 0.346 | 0.138 0.497 | 0.429 | 0.169 0.536 0.471 | 0.188
CleanUNet 0.557 0.350 | 0.169 0.647 0.461 | 0.215 0.688 0.514 | 0.246

KRR S TWE D, AEBRTIE, =ra—X—Jay
212 SpeakerBeam [Fkk, T > B — L EFH 2 HHUT L 725

HHDIAAZEBMT 2 EICEELTWS., Lo T,
SpeakerBeam ¥ E3Net (3 HINGFEE ~ X 7 2 V- HINEE
EHHETH B —7, CleanUNet I~ 227 % LDOHMEH
HTFEr 25,

4.4 REREER

ERRERIL 8 DDFRETHHII L7z, 8D 5 5, PESQ,
NBPESQ, ViSQOL, CompM 12 A% (intrusive) TV
77V AERELTSH O, CompM E3Hk [43] D
MAEEETHNE (CSIQ), BRE (CBAK), &b
(COVRL) O&$E1E %% $. MOSNet, NISQA, PLCMOS,
DNSMOS P.835 IZIERAFTY 7 7 L Y ZALRED H DT
»%. F72, DNSMOS P.835 X ITU-T P.835 DT H
b, BHE (SIQ) , 8% (BAK), ®&7HE (OVRL)

2T (UFTIEEED =D DNSMOS ¢ 309).

4.4.1 KB 1: N7y MERDHIHEDREER

BREEIC T v MEEDP R WA DRREE 1 I1ITRT.
DT — AT, BEHOMNmIII VT Opus TT Y a—
F+T7a—K&fTo720ATHD, FEL/EEILERRL
MEE TN OBERZRE L TRV, K2R S L, MOSNet
DFERZFRNT, BERMMANEZITHO I ITEERE L&
HLU7EH (degraded) D D IEEMEIFE L Ko TW
%. CleanUNet ¥, PESQ, VISQOL, NISQA, DNSMOS
(OVRL) T degraded {2 < #&iR & 72 5 7z. CleanUNet
FHNEFROEDAARHEIINT 2R 2HET S

72

DT, BENCENEROEDIAAZAENT 5 Z
Ee, HAIBERO Ay bV =2 ThHB e WVWZ, HHEIK
TV HIER QM TREMOBFRBFHFEID b
PEREDIE .

—7, T—RD 10 %7 v MEREG X 5608
HEER 21TRT. MOSNet ZERW 72615 T SpeakerBeam
i b FHEE D < 72 o 7z,

4.4.2 EER 2: FEHFIRD B I5EDRBRER

B HIEREHIRE 2 72856 (4 kHz) OFEERGERZ R
3127”9 . intrusive, non-intrusive DWW I N DIEE D, &
LEHE DT NFHIE & 72 o 72, BRIAZFHE 2 WL Dh
WL CTARE 25, R LEZAbLEE»’ETL -
IOCHERNZD DD, FHEEDHHRICE > TV
Wiz D B OB AL LEH L FEE Y ko7
SEOEFLTE, SHIZOVWTIEZED Y —2 BB %
DICHEE T & ZREET, ARZ ML OIS O
HZIKEFH > TwWhEWE WS 2 Ths. SHEFMLE
BTV, MEHED> BN EHE DD DT T IREET
Hb, SEEEHEORB IR EEEEB LTV
OFHAPEZLWVWEWZ 5.

4.4.3 8% 3: SNR ZZ X I-IBEDREER

SNR % 20dB, 0dB & L7zt EDfERE Zh 2Nk 4,
5127”9, 20 dB TlX, degraded &5 27 intrusive 72 f5 12
(PESQ, NB-PESQ, ViSQOL) TRE\WiHiifli#, Speaker-
Beam 7% non-intrusive 2452 (PLCMOS, DNSMOS) T
WEHIEE & 72 - 72. CompM Tl& CSIG, CBAK, COVRL
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845D (moderate)

SNR
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BERRL
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MW aAd >S4 VEm A a7 — 3 VORI 7235 iRt

TH 3 DT SpeakerBeam D FTAMiE 23 W\ A3, DNSMOS
Tl¥ BAK OFHi{E 2 degraded 123 LT KIEICERE L,
SIG I 3/MEREEICE EE 5 7.

0 dB T, IZIEF TR TDIEED SpeakerBeam TH D
@< 7> TWa. DNSMOS OFHfifEZ % &, degraded
WHARTEFRFAD SIG DEIFHNE L TE 5T, BAKD
EBICE D OVRL DEABEEL TWVWE. WITADDET
NBBRHERZFEFOMEDHEINKEL, BNEFD
B OWEICE] > TV, — T CompM Tl CSIG,
CBAK 2 b ICHENPR LN TED, HBEICK > THEED
R KR E K B ZAREMNH 22 0WR 5.

4.4.4 K8 4: RET—ADERER

RBICRES -2 LTy MEKDY 10 %, SNR
MB0dB, #I 4 kHz & L7z T OHEBFKERE R 6 TR
F. £% H 2 ¥ SpeakerBeam 7% { DIGHEE TR D 5
<7D, E3Net & CleanUNet 73— D 5L T & W 51
it 7 o 7-. DNSMOS DFHiifE % i % &, SNR D EER
FERFERE, degraded ICHERT SIG O FEIZZHIFE K
& {7 <, BAK OFHifE 0 #2368 & 3 10 5 5 LT
W3, —J, CompM TIXEBDOFELWVWHEMBKTNICLD
degraded @ CSIG A IEMEICHEE TN TV, CBAK IZ
DVWTHEMATFEL OMICEHEDOEN R SNT, EED
HEHUC X IR B R 2R ko, AEBRTOY
EHFIEFRTHE200, RICALNS X S RiHiifED 2=
MEZYB RO E S P TEEFTMETOLENDH D, F
72, SpeakerBeam,E3Net @ X 5 BRI DIAAIIKT T 5 < R
7R RIS, BEENICENESZHET 3
CleanUNet 22 % &, HHESDMEIMED 2 0DET
NEeHEDEDLLRVY, HEEDORAEDERIMD
FiEEDBELLLoTWAB. /2L, HEFfTARE
A%, intrusive 7% PESQ 5 & [Akf, € 7 /L O FHM{E D
IR E R0,

4.4.5HASQI IC & % 5

RRICHER 1 » 3 TR ONERER WEED SNR
BEZT=r—R) X LT, HASQI % fifi o THHM L 7244
Rx2E7I1RT. PESQ % DNSMOS (OVRL) 1T & %%
BT, IiESB R LAS SNR 2 20dB £ TIRIESE 2D
ORI L 72X R E S RoTWDS (K1, 4). —
77, SNR 78 0dB D&% SpeakerBeam DENE K 72 D,
BEEZIDIERETHEEVWSIMIiL ko7 (F5).
IS DR, HASQLIZBWTHFRIRTH - 7=.

A 7 — & D HASQI ¥ PESQ, DNSMOS(OVRL) @
EEHAKE LTI ey b Lz (K3~6). REAB L,
WD SNR IZBWT H PESQ X DNSMOS D73 #iAhsk
Lo TWB—J7T, HASQI IZFWHiFH D fE % Bl - T
W3 Zehnbnsd., ZOIZrhrb, HASQI 1Z SNR °H
FoEIc k63, HRNZELMEOHELITR -
TWEDTRAEVWLEEZHNS. SpeakerBeam 12 X %
HHHEF I3 2 EUER 2 513, FFIZ SNR 25 0dB D5,
Tuy FPHNEOZN L ERTHMANC 7 P LTED,
HASQI fHOEE X H 3 PESQ X DNNMOS Talil L 72 F
DREDREVWI DI S, WEHEELZEE NS L
BHEMFADEGE, IEROIBEXMENEZEOHLICKR S &
WZ %25, BEHBERIIEANEIRKE VWD, HASQL (H
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2 HASPD) ((ZREHE U 7= 48821230 W 7= A s ik
DHFFEPERE L WZ 5.

5&HDIC

MREEEOMBLREFRaI 2= —>a YOFEE
WA 7= S A AR I O W TR T, AT, HEBRE
PR L CAER LT EEF ZPFO X & X F i
HUETRHM U 7228, FHHiRHEIC X > CdRRB e R 2 &M
WAFAFES R 2R EDOMRE ko, Sk, SHD
ERERICHSWTAT VY RO N ESEHETF—ZDE v
FEBEEL, % 9IIEE O THEHN ¢ SEEEE e oM
WKOWTHTHARZFTETH L. Z0DH%, HASQI 72 ¥ D
PR 2 D FEAM L 3E L 7- B EIEIE & OB E 2 ARz 5 2T,
FEEEIC X 2 XM 2T TETH 5.
[EEEEEANOERRE L B U7z & A i c
X, BIZIEEHN R8O — AT, HWEE
WBET AWM FE oL FICABRZVE W IRIIEE
WK, HEMCHPFESE AT 2872 ATFTE 285
MEZWV., LED-T, PEEOHMNEEEE AW EH
WA DETILDOHEIMEDENTH S e HEZ NS, Tz,
A X N OSE & & SR O MLIRIRER GEBIE) 121
FL—FF 7052 o, EFNRGELED SR
FANE DO RB D 7= DI b FEIMEFIEOHREZED Z Z &
PHETH 3.

HEE

AWFSE D —EB 1% JSPS B & 20H01716, 21H00901,
23H00493, 23H00995 DK% 213 7-b D TH 5.
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