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A Construction of Hearing Impaired Cochlea Model about

Loudness and Frequency Selectivity

Student: Wen-Chung Lee Advisor: Dr. Tai-Shih Chi

Institute of Communication Engineering
National Chiao-Tung University

Perception Signal Processing Laboratory

Abstract

In order to verify the effectiveness of algorithms developed for hearing aids, developing a
system that simulates the cochlear of the hearing impaired is in great demand. Thus, we
investigate the model developed by Moore’s group in addressing threshold elevation, loudness
recruitment, and reduced frequency selectivity of hearing impaired. The simulation about
loudness was done by extracting the sub-band signal and powering the instantaneous magnitude
according to the degree of recruitment. To simulate the frequency smearing, matrix
multiplications of filter-bank coefficients of the normal/impaired cochlear were carried out.
However, there are some drawbacks in Moore’s model. First, the minimum thresholds can not be
set alone. Second, preserving the phase spectrum would mitigate the desired degree of magnitude
smearing. Also, the spacing of the critical bands is restricted by FFT. Third, the computational
cost is very high. To overcome these drawbacks, we (1) use a piecewise formula to decide the
loudness sample by sample; (2) model the widened filter by a linear combination of normal
filters and compute contributions from normal filters to each widened filter. Besides, we use
white Gaussian noise to generate the band-passed carrier and synthesize the signal. Our
approaches can be done in the same filter-bank architecture to reduce computational load. Last,
listening tests are carried out to verify our model. Results show that our model not only acts like
Moore’s model, but also exhibits characteristics reported by the hearing impaired.
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Btz ok | wnd BE APEFHR TN E - EAFIANPREZELL DR W

e e SERAPHR LR AR OEE B B kAT RS
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( maximum audible level ) -

Bl1l 2 A B2 RAE S T3 inbe | P ROR T B AT RARKTHE - B 117 - &F 7
FORT BT EE o R AT RCORT A 3t 100HZ &8 &< 3 10KHz B > fr g~ b eh
9 20Hz &2 20KHZ s iz f b B ¥ BUKT £ & > Flpt AP B0 B2 DA i

<k
\—J
L

%"]?]m?ri‘%] ’ @I‘“" - TR AT % o

100 P v
/ |

) Maximum Audible Level
S 80
RN /
2 60 -

l540 \: ~ /
- //‘ s Average Audible Level

g Vlinimum Audible Level > N Y R

% ~ A /

8 . \K—//

50 100 500 1k 5k 10k
FREQUENCY (Hz)

M1l 427 |5 45 2 i
F 4L %k © Mechanical Engineering

3. R 4 & (equal loudness curve)

R W A IKHZ Sl b - TR T R A AR E T E S B i
o R A EE 2 IKHZ B3 VR A o 5 % 58 sh B e S0 ol 125 - 5w A

i 0§40 A D KGRBR LS s @ ) G ETR T  nE BR W e § e R B
R S ACRETE R RV
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=
ar
o

120

mh
=

=
=

Sound pressure bevel (dB re 2x 107
s =2s5322828

=)

20

® 12

a0 60 LoD

L

Frequency (Hz)
M AKHz 5 A B e R
FA KR (20)

e KA FTRERIEL 0 € miE TR
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(@ ¢ (b) 30

0.5
20
0
10
0.5
1 0
0 50 00 150 200 0 50 100
time frequency in Hz
© 4 (d) 5
0.5
20
0
10
0.5
-1 0
0 50 100 150 200 0 50 100
time frequency in Hz

Bl 13 ZLpF g gr prgon 52 Pt v g)

B 13 s (a) ¢ (b) ZpE% A 5Lenps Fusi2 47 3% %) » £4d 5Hz ~ 10HZ ~ 20Hz {r
50Hz cihsz g gp4cil & m = » HAFZER]» B dlietkenti e o m (c) B ® ~a 50872
5Hz chsz ik » 50~100 Bk 5 10Hz 5% & ~ 100~150 2k 5 20Hz 732 4 » @ B fs 50 B & 50HZ
iz S RE (d) o) B > 02T F R L & 5HZz ~ 10Hz « 20Hz {o 50HZ At B 58 it
T oA Beni B4 McAe® MBS A2 LF S a5 50 - 100 - 150 Bch o

RS T

R PR A S F R A E R AP R AU R R R P OR A

Lo 3N gk

P FEdl 78— AR A 0y AR FEERF 2 G Fp o v E I E
A 47 UL 6

Weh FlL AR & Ao

N
™

Flt oo 500 R fa @ % FFT (Fast Fourier Transform ) & %+ pF 830 8L 008 3% + engJ? -
APPERFATS - BRA- BRA S DBER A RRLN ARG LR
EAIE AT S AT e UL E I (STRT) 245 » 4 STRT ko {7 st
£ HASE AU 0 A S R mINAL T 0 T - - S TERP L o
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221 2MA=E B~ MAREH ~ A FARE

2

B i

o

_n
=
&

A

~

Tl 5 AR BBA RIS ATUELK S LR R TP A P g ehE 3
B iz g AT (0 2LpE g m%i?)}* TR RS T A RT L
B Rnir s - AR ahA 4 R0 S R g o iAo S B s (convolution )

@A R A% # 7] (pulsetrain) 2 v sEAl R AE K M B arEE L MM BRA ST RIAPE

25 (18853 (&

Wi

-~
E]
FARAE - A APRRG 20-30ms 2 poefe ] 0 A R AR ghin o

BT oAAPY M R R e AR S - BBk B4R E  (rectangular window )
fo EREUBLE e S 0 PR L A LR R e T - B AT gt - P ARE AT g R
TP B R f BLEE A AR e ?

- Rk E A e Bk P BT 0 AP § A RS 2 SRR § i 3 B
WO F 5 AETAR T g Esine Sl 0 Tt RGUBLAE S € AL HLR o SR T IR o
FOOORAIE R B LB B B Bk R ke B AR

Eéi o

P hE o Pl BT R B AT B NER TR o SR R R
B MRm ISR 3R N0 1 b BE Ak R Rk SR UL R i e s L 0 A i
BB E D ND ok AR 0 B G AR R A R R B RSl U R
@@ﬁﬁﬁ’ﬁﬁii’ﬂ%ﬁ& A R R AR e Bt o ST R A R

P2

ARl arm B G R FISEF - BIEEART A3 ApM G - BagE
Reisc SR BiE- BRIER h e SBEL LG TR L PR g, F
EFAPE Y RIGIE EA e ELAE  0 R LY EIE L g FER AR e A iEALE Y E
APRAEGI - B AART O M AFARNEE A TF o A eB A TR

TR 0 1R B AT A S
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Flpt o R RMIEAER S T Ul EEART RS - BiE B OREE; - Ak
oo AR AT SO g IR o fjﬁ{iﬁiﬁﬁ%‘kﬁjﬁ’fi AF BT F K 4]
g4 A g P (hamming window) E_fi¥ 2 - BE#H (B 14)-

12 0 — .
; —— Hamming
—\ —— Rectangular
-10 4
1 T -
i 20 ‘
30 FHHH
& 06 ’ AL
: L i
; -40 { ‘ | ‘
0.4 |
-50 4
0.2 A1
-60 T ———TT T +—————+
0 01 1 10
2 L ] AF=1T
Sample

Blld ZBLEPRTOFREAE LB EPRT EERT SR R
7R kR © diracdelta.co.uk

Bk > Bl 15 (a) ¥- BREE B EMEZABRT K- g VAR Ao
AT ERD F o (b) Bl : BHEE A (D) BlY @4 Fl: i TR G - %
AEHATET od@ (c)~(d) MPIEzpk 2 B3P RFipRD @iz HAEH S F L PR
Feb o REAS B Rt E (355 F ) F Mgy WS R oo

(a) 1 (b) 100
0.5
0 50
05
-1 0
300 0 100 200 300
FFT sample
C
© O
0.5 60
0 40
0.5 20
-1 0
0 100 200 300 0 100 200 300
time FFT sample

Bl 15 ERTEFE AT g% )R
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T E P BT 2 b TR PR iR A P EEE - BEEas £
AP S etk F RO STFT £ 95 @ R 0o @ Apb S8R 425 =8 -

2.2.2 i@ & ¥ % 3 2k g (FFT size)

Al LA R A = BT AR AR PG T 2 BT AR R
FEQE DA > BFEAP LR FIAR S B FRT ?

KTk R Rag 0 do%k B & 5 T fledReritf G 1 o PRy g 0 2R FIAL
DFT (Discrete FT ) =4 ¥+ %% DFS ( Discrete Fourier Series) @ % » @m DFS & _4*%t:¥ # |+
FELAT RO A P RE AT Ll G PR A kR § Bl S P o g
FRheT BRSO > FlU AT 5 B RS e TR cE o

FAAGE S ORBR G 0 R [31] B8 AT @ F BB p L
TR P AT e SRR T LB A E g R R R 2 0 5
OLA (overlapand add) £ OLS (overlap and save) & = 3u%L > (7P| 2238 FA 5L e 4% b0 ff
AR cnig S o @ R ZE M ELE K LLANR f ;j.i s iE H F o AP E ) FFT 40t g T4
BAn k2 (e ok o et - RF % EE B oo F16 5 OLA A fERE - L F At

N
N
HAMEA R 2 R LREAS RS ARG R R 2T R AL et i

kR o
51"""““]“{ ‘M ;ﬂlr.llll ; ]tl L ’ ‘H
- . sila]
Mmﬂﬂl - o™ ;
v2(n]
1 L nbl b .” Morns

0 -Lnul“u“ 7 ““ llll

(a)
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B 16 OLA /427 & B
TR &R 1 (31)

%W&iﬁ{DW#ﬁﬁ’ﬁ%%ﬁw%W§*%ﬁ it S22 ff (circular

convolution ) @ & & &% © 7 A BRE TP 5L N X305 B Bk

BERE s 4 )I*«EJ;L’ FAp s e fEIE U ELAY P A S P PR B (7 o

|

2,

WA PR S g AR A R BE o (PR LS SRR AR R 2
e~ 2E5 g2 —Kulkarni £2 Pandey 7 (23] # 7 > B2RdEsa g 5 200 20 A @ B

i

Ny

N

RTAEE P URRPE > A 7 R 1024 B FFT A € 7 vt A e Bt iR G it 2h S
Per@ X o 4p F PR gh 5 (K 0% @RS 0 #704 FRT dosize € v iR R R S

o

AN

2230LAE E=4R %

BN AR 2 T dB 218 0 AN IFFT #90F Jd w P [P 205 0 3 B 22 20 B 4
B L REGELE S EFEA PR AL I BAREE LR AR E (& T A
P T FLED e @ pPF Rt kg Bl R AP AL < & $“74’4—@F“m%

ot F dp i PRA R EA RS SR L b e ?
BAELY R G0 F - BT BN R - B S0 Tt G 0 @ Ben OLA i B

(21]:

2?‘3:—00 YW(mS' n)

X = S w(mS = n)

(2)

H AR IF L ARG bl S R - BRI R A 4 3 RIS
TS ehdE - BiEZEMELehA g s F by 4 EE OLA wE 2 (32):

X(@) = ) f(mS = n) yy(ms,n) (3)

m=-—oo
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He fi-Br 2 Eaandd; {7 SR EN L @ Bt EHRFOIEE NS
g g e

F g et e LSEE-MSTFT (Least Squares Error Estimation-Modified STFT)
(22]:

_ Yim=—W(mS — n) yw(mS, n)
x(n) = ©__,w2(mS —n) (4)

Hodow A G o i A d B A gD ka e - R iEL G

R RGO AP ERIRIERRRAER L
- RWE Ak

) PR RS - B i e
BREE E bl F e £ R

B2l g AT N~ (21)
SR B A Y A E A= B BUFE AR S - B E ARt

x(n) = Z Y (S, )

m=-—oo

(5)

P 0 AL SRR R B LR A o B
R

//%disg EPES F- 'B‘lfﬁ/j}' {"};‘Fﬁ—-} 2%)@ LY Echh b R EFES T m//%}_
B @ opl e s RB4FE ]

g (wavelet transform) 2.25m & > Fp U TER-BEH 4 5
AR A R o

231 | g3

EARE I E R AT Y 2 BT A S fRpFBfoag s Ap 3 b T2 o 2R
EIER A B BRI R R LR B D kS L 1
B gEA i A3 G e T E IR AR ] AR 1R AT -

D HE > AP R FFIEY e - R
A e Pt g B g > AApE it F o KA B AR % R
H

L SR g_atpjgs‘ﬁtj ek B (e

;M B AR e
’Q_Eli:ﬁ'?%j ﬁ’l%@ﬂ'lﬁi‘} I;]LL y F\ Fa%*”‘/\’}’?%
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P

$npE i G USRS R R kAT 0 R TIPS AT b i A e o 4o 17 ST o
SRS EER R R B ARFR N AT R LB ANRITR A - B
PR 9% i T ehfddt B o

frequency frequency

a A

PN

»
>

v

time time

Bl 17 &I E 2 A A i R

AR S ERFAPRLEFS T VG aAAH v AR R I P EE
e SR 0 o ke o R KA - BA X (mother basis) @ ko H 4

ISR T
1 [(t—k2
v (0 = E\V( 5 > (6)

# P oy(t)s# A& 0 j & scaling factor » * k-2 3% ) A AiaESHE S FH K

translation factor - %{E%Féaﬁhj e A= T DE B R VA O p1+1) A Pl _'rh;ﬁ;;épg;:{ﬁ jek
chig LA T3 LApBdcet Gl e &= B % B E R o kg2 AR e AR B

A .
% o o o0

Fourier{f(at)} = |%| F (2) (7)

FELfogg@ @ EREAE - d 2 APTFw 55 - BFARN] L 1 Blpg e
Flgs 82 AR 22— 5o A %mmpﬂi&mﬁv’¢ﬁ+mﬁw»? £

Bl 17 + i f247 & o
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ER AR A - BRGNS AP R R R RLEE e )
% 3 Sfic (transfer function) wvig it B > 7 1) 5] 4 Wb}*m D8 F-E e S : GEI N
F1 5 o) kR gk % (band-pass filter )» ¥ % sk 4p $1 /i 5% 3 fie(scaling function )
Ok & 3 flapapd - 38— & 4g (down-sampling) % & » kg ~FE E (33-34)-

AR KA T R L — ) L B e Sl L B 5
e B oAU LA B T - i Sl s Slie (R 18) 0 — B AT I P F R chiH iR
HRL L

¥—h

LP HP

! A
‘A LP| |HP

L R %
i

o—"’-’-’_ﬂ-ﬂ-’
¥

K
@
oot
IS
0
,-f"'"L_F’-ﬂ
k ol
@

Bl 18 il gk ¥ e s BAEGH
T kR (32)

2.3.2 B¥ k4 B e (auditory filter bank)

B AL SO A B gt B 2 £ Gammatone filter [ 35-36 ) b mid B ] it Sl
= cosine exponential i #c ; X @ F] 5 Gammatone filter 5 = + > @ L B gl Bl
BREA,2T €2 HAL > Fpt e @ Gammachirp filter (375 3%k B i By
St B ez o gk B gL AR 0 d SR Yy R P EIEFRD
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AP RY R g e (38) ¢ A BEAHAY @ gl B - &
3128 BiRA E (RAF 129 B > & 55 W B oo kang % o TR BT (7 i
% 7 G 128 RS ) e 0 128 gl Bo- S 18 Big BehR Bl LT B R R %
ko 2GR F I8 BIRAERE FrF M T UBREER G Ra L8 A

38 gk EE A 2 EE (sub-band signal ) Al - b AR E A 0 KA ARE kB
Pl 2 BB PfEiT AR ] 5o

\F'

(38] @ ik o #4588 Boje b B 4o 0 - 23 B e i 0 R
PEF el Ay P o AP EER 0 M P BT AR ML L LA T s
AT o 2T R G S 2

1. i e fis (masking effect)

AP B R 4129 iRk B AR Bk (Bl 19) - 5 1 831§ Bfock ok
OB BN G R E B SIS B R LA Y
i i R ) 120 B IR A B e S A (5o Mo BT B = AT
FEEAS R P e G Bk 128 Bt B (R 20) -

—-\\

14 T T T T T T T T 7

1.2t - o 6 g
£ Q

Dsl. 4

E i 1 §5
H &
o -
< o8t ] 5 4 |
s
D
% 06 B @ 3 B
(=) @
£ 04f g g 2f g
R i3 &
g i 5

0.2t ﬂ‘,ﬂ! - L2 1] e

0 0 L L L L L L .

0 1000 2000 3000 4000 S000 6000 7000 8000 Q000 0 1000 2000 3000 4000 5000 6000 7000 8000 Q000
frequency in Hz frequency in Hz

W19 120 % ¢ 7 Forcfeipil BhT 2 5 FRE e
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B 161 B
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-

141 B

=
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T

1.2f B

=

o
T
1

1t 4

©
A
T

0.8F B

=1
@
T

06 4

frequency response of 128 narrow filters

o
N
T

0.4F 5

total frequency response of 128 narrow fiiters

01F 0.2 B

0 . 1 1 . 1 L )
000 8000 9000 0 1000 2000 3000 4000 5000 6000 7000 8000 G000
frequency in Hz frequency in Hz

F20 1281F & 3 i frveflemhit BenT » 4f 5 B2 o fe

7
~

e

BEARA P E U RS A BIR R ag R ﬁe’v’ﬂéﬁl AR E IR R gL KA T
{0 P B Gt g (Fende it FlUt i B A PRI E RERA B i 75 At APk

HE 5 B 45 2048 Bhink B E R 0 B - B FIR Sypk B 0 175 Fiad Bk e

2. £33 % (delay compensation)

)5 ik R ks B S e FE AR B B A Rk
o o F A wBEERR T Kk o bl ¥ gt BRI AR B BEEE LS B
400 d BE A BB BT S At A TLAR BRI E 50 %5 s

2

AP P ¥ EnaEdR ok 2 — TAPE o FM TR B E A B EF R

Kubin 22 Kleijn #1999 # gk~ ¢ (39 ) #& 31 T 45 m ik B o ek fe 8 iy o pt Y
Pt FEER D G LI RA BEIREEDRR | AERAN G > NPT RS
R UELER S HE R L RER R B 0 DR R R F gy R et -
KAPET UEIFEESNE > A B G AP REE R EA A A e o 7 F TR

S AL e B E > fomatlab ¢ w i Afiltfilt 34 TS B AL o
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B fo AP /F' > )’ﬁm{“rp I}é,ﬁ\ﬁ?mﬁ?’;ﬂ._ﬁzﬁ% ‘fr’{@ & ﬁ:gt{? ﬂ% 4t A f?: gl
B AERAPRAZLAIEFBRST S Qe T L Wl AR 1920 T g R o
% 16KHz s~ 454 5 2. T "‘f B M 8 TKHZ 12 b el 5 = G2 #h > & 30 ool 5 2R
S ROl 0 TR G R o Bt sl AP R gl AL A0 T KT*U? I
bk BB T 0 e FEE & ATUR AL o




Brian C. J. Moore #_2 1 #2227 7
#E&'ﬂ A2 R g o AR R T
U T PR 9 8 7R

¥z RF2HEHT

PATEE I P

R RF B

P A B e 00 e TR~ A 47 2 e

3.1 #F ¥t 1t B

3.1.1 g 22

% (147 ¢ > Baer % T #3 siges o 24

bt AR b o Rl A RN e

s 4 R

//%1/}’*» P — ,qi)ﬁ,gé v 8 2 & STFT wEE o F
e LR i )

e 1‘#@'&\_"@ 21 -

WE R EEN

ERET i3

1 (404205 4 #o4t

INPUT ouTePuT
WAVEFORM | HAMMING SMEAR QVERLAP |waveFoaM
— FFY IFFT s

WINDOW SPECTRUM AND ADD
_ 100 100
‘g INPUT SPECTAUM QUTPUT SPECTRUM
= 80
a
o
- 60
5
2 40
b3 " " 2 & a i 4 2 S 2
Q 1 2 3 4 ] 6 0 1 2 3 S 6
Frequency (kHz} Frequency (kHz)

INPUT ouTPuT
SPECTAUM | SEPARATE INTO |PoweR CONVOLVE WITH RECOMBINE SPECTAUM
B — >

POWER AND PHASE |PHASE | SMEARING FUNCTION WITH PHASE

—

Bl 21 Ok B2 AR f#

T kiR (14
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W (14-16 )

7 E g e A e &
A E S ekl (5 Bl f A B en

PRI & 5 A R AT AR L



BAEEFREG ARG Y Rt REIEERFIHSF 5 TR ERAF
ERPEE - BAEFTA D e N o RS R R APtk 0 (B E - B AR

B A o o e

Y = AX = ZA( oxo)—z}ap

Y(n) = Z Ay (0, DX(D) (8)

H9OY(N)F AR BN B S N B O AN B P S G n B e
FREALE > a®i B I E £ XO)R 5 22 RES | RIS e - DN L ER
A58 0 B BB E R ARt R & 1SN RS A o AR IR kgt S o

A(B) A A B L E AR e RACE A e N o 5T SR L T
g IR R OEF AP D R R E SR L K AT 4t
A T B3 i £ F 0 #E 5 Baer {4500 P R T T g R

E=AwX = AyYe = Ay(AsX)
As = AYtAy (9)

He ER B XA B al Rt &4 aed 03 ~ Yo 5 Sl a2y ~Aw 5 £ 4
FAORE AR L A X 3RSl 5 d T Ao Ag gk BV & R Je L
FIo 0 R R AR 2R A S A P R AR R RS e -

312 R EpA Bl

PRGN PABMEE S LItk s A PR - BF L S RE TR
ik B L AT R R B ] o 35 % % 1™ notch-noise test %7l & AL Rk B0
254 (28] @ Moore B4 * roex filter (rounded-exponential filter) % ¥ ¥k Bl

(43-44) > B #F A58 407 !

Jf— £l
-

W(g) = (1 + pg)eP®, (10)
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frt.
™
—
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'l
o8
1%
&
14
ra
(@]
3

LR AT RN ¢ S R DRI S enE B W(Q) S Rk
pRIGHHlmk BEF ki

=i
3\

B3

o
3

AT BR- AT o MFAHE AN GE L gdB E kAR F g E
%005 5] 32 B w s 350 5 80 @t roex filter dofica] ¥ o op AR E S g
- )}I&"‘ﬁi AT EBIRABNTF 2 ¥ A Pp ERZENRGAE- )BT BKE

ik B L L g et roex filter % »x48348 % (equivalent rectangular bandwidth;

4f
ERB=?C (11)

ERB = 24.7(0.00437f; + 1) (12)

FP AT 1S RN (1) BN (12) 28 I piE Flip B2 imst Bawgi F o o
PRSI F R RO L P R I = S ek R

20 S RE - BRABHCFF O ERE S L Tl AR N e
p B & ~'§f;,i%—gia—<*ﬁ_uf§ ‘ll,ﬁ,ﬁtﬁmi BT B T h I L1 ?gf”"’il,ﬁiﬁtﬁi‘g; ’

FEEE AT AT (8 0 Bt KRR B IR Yo o REES G 0 Fl A EE
Host e o 7 R R R R S A R eyt - 1"‘[}“? IS R AES
;J:U %m%b é‘—r):‘, #F";E—E 7%; E‘ﬁ% %/ﬁ&/ﬁ» F'P‘——“ i l;&ﬁ#ﬁ’ » AP R a‘\ 3 #Ej I—J—)’@m—' i ll'b = g

GECGEMLAT LT L KA R T e A B

¢ PR RFELSEY AP N AR Beaet S 1 2 FR g ir
g FRT ¥ ek — B o & £ Bt Bend Sl S 88 G0k 5 it
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FRAEROERRR S F 8 T A F AT FPTF
FRF L FRERAFRA A G KL -

Fo G elipe st Hoat MU AR 4 i IR A SF D A g f SRR T 2oyt o
HRAREIE 5 Bt § 2 R LSRN T blde ¥ R T E FT R A Bk
BARAGIF 5 GRS SR R %#ﬁ%ﬁﬁi’%{ﬁsiﬁﬁﬁﬁ
ARG 0 PR SR Fmepl R A F e
LEI21 ¢ 5 F LT R B AR A PRl (R iR 1T SR AT L > B = i FFT
A e 0 i AT G A RARFEET AL A T i 5 R Seip R
FF O R R A AT R B 2 R g S ERUELN RO RS s 3Ly M-FFT

PTRE AT R B AR 7 AIE B R 2 o Bt A R o g IFFT
1

Y 24 2 [ 2 4=l SRt » 2
2 t6 BT pF B EL o 2 g AN PSR SR —

P}
o

Baer = [14 ) ¥ 4 4 I % 2 54 @) 22 -

SHE ARED OUTPUT SPECTRUM
INPUT SPFCTRUM INPUT SPECTRUM AFTER OVERLAP/ADD
100 100 100
3 FRAME 2 3 FAAME 2 FRAME 2
< 80 80 80
-
5 &0 / 60 50
2
g 40 an A
L] f - L - N - .. > an
0 4 2 3 ATTST B 0 3§ 2 3 4 5 6 0 1 2 3 a4 S5 6
100 100 100
— - FRAME 3 FRAME 3 FRAME 3
2 ap a0 a0
a
3 60 60 50
[
3 40 a0 40
0 1 2 3 4 5 6 0 1 2 3 4 5 6 0 ¢+ 2 3 4 5 b
100 100 100
@ FRAME 4 FAAME 4 1 FRAME 4
2 m0 80 80
8
3 80 &0 &0
- s
c
E‘ « y 40 } 40
0 1 2 3 4 5 & 0 1 2 3 4 5 & 0o 1 2 3 a4 5 &
100 100 100
§ FRAME % + FRAME 5 + FRAME 5
= 80 80 B0
- r
o
?: 60 60 6o t
c
5 40 4 a0
06 1 2 3 4 S5 B 0 1 2 3 4 5 6 0 1 2 3 4 5 6

W22 * 5 el il F A28 3USLHOR 1 0 1 )
FH KR 1 (14)
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SRR R B B AR 3 il BT A LRI
¥ OLA 2 15 L = A FFT ehit £4F 3 ¢ KaEZ @ 5 pp ?J‘I%I}L’&’zﬁﬁéiﬁﬁﬁv’ i

Wha &g e R AFT g I 2B 2 R Baer 3 E i en
= EL

R e TR RS = A R W G R B e R R = 1

15 .,,,Lg:,bta‘}g-!;t;‘g{—:‘y_ﬁqgf%eﬁg—“mzio

3.1.4 #p (= AE AT O

B AR A R R - R MELAE STRT a2 % % F 607 3V o 2R Tl o b b
4 8L > Tt Griffin 22 Lim %1984 £ 4% 417 B0 T3 £ fdnse o apt A B E

LSEE-MSTFTM i & /% @ # ey £ B N 2 10 5% — = T U {8 e 2473 > T 4%

fe K cofp BAECE o ok fERILAR AR R R AR 0 B ATk

Given | Y, (mS, w) |

Initial Estimate of x{n)
|

- —> | x (n)
Y

| Substitution of Given STFTM {] Y,(mS. w) |)

l X & (mMS, w)=| Y, (S, w}| -e!*XsMS.w)

kw {mS, «)

Y

Signal Estimaticn from X, (mS, w)
oo

z w{mS-n) X, (mS, n)

. M= -
X '(n}= -

i w2 (mS - n)
L o

B 23 LSEE-MSTFTM ;% & ;+
FoH kR 1 (22)

e 5 G 8 L fckiin s R 24 g 2 o ?

b - Stemgiie o, A Ifaﬁz—nzﬂﬁ?

N\

WL S AR (2) &G T 5 A i TR AT A L > TR R A RE R R
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S A RS W E A ts 0 €18 $”€@&m%$(m Flot i i A s

FET R AT B B (C) B ACE 0 & (a) ks

frequency in samples equally spaced between 0~8000
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T E NS SR =" W G L § § W (R & e
R AP o 2 - LA RS RFLP 0 G FRRESR G AL BT B O
FREFOEG > ¥ A ERBEFHEBEDFRI- - e b FEF PRARE S
HPEE 0§ 2 BRI 0 R PR HOR R B R B RE R T
PL T R Y VPR RRIREAE R R P 5 & ) Y 100dB 0 ¥ K BA R R I g 2
# 24 A BF =g A& 1000B 1T e

1295 Moore #1985 48 957 § 4 % (45) F & bl - EFR 2 T > #1 F £ 50 F
FRGEVKREE TROTFEER KRGS APELRR LR REDFERPN A
Mo i- 28 a BRI F BRBLF FARE R BEA 1 LHT R
FOOBARE TR 1 £ 0 B FHRART « BORR 0 F Lk A DR FR F R D

5 5% A% 0-100dB - Bk FEAF & F FRRF DA S 520 Mg BT FS TR HE
e 12 5 B 4k 2 3 50dB e

B Ly 2 %%ﬁﬁﬁﬁ&dB@’l$i@@@ﬂ\ﬁﬁﬁﬁ&ﬁ%ﬁﬂﬁ§
3Rk dB i ’E%E‘l%lllmﬁo‘g]‘aaj\.,rﬁ'ﬂllil L (15):
Lp = NLy + K (15)

KEE-Bidice 2R KT ARERGL ™ 0l 0% 0 BB (15) =283 53¢ (16):
logl3d =1ogIZN + K (16)

He oy~ lpa W RS 5 kg2 B3 A S ARIF IR A - #5Y (16) - ff = 5 s
B s @ F

Ip = I§ x 102 (17)

FRHES RASLE G AP F R 2 R 107 ALl LS H PR R R R
4 BRI R R 0 B AT B 30 AR R B S Fl2 0 (100dB) -
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HWpd Rt €3 2 Feado | VKT 2SR R EAR AL %&%%E%&Fslﬁi“r
I h¥5 > Moore ¥ A -3 i i ik Bl (VR EH 7 PN » =
e g 0 ¥ A 24 I RE S BT 24550 (analytic signal ) :

fanatytic(t) = f(t) — iFy(t) (18)

He Fy(t) s f()5EE i (Hilbert transform) 7 @ Bl anu gt o — @ 3 2 i gl 4f
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frequency in samples equally spaced between 0~8000
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F 67 NAL henifi B 02 > Roew- BB ELHFEHR 2 "B L F 2 r > Bk i

Simulation of reduced frequency selectivity
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1 X1 |NaL | Bl Spectral || Y&
Input Hammin i gain [ |correction| | Smeanng Overl
Wavetorm T H FFT IFFT H ol

Window s F and Add
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Simulation of loudness recruitment and threshold elevation
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Inverse ELC correction filter

inverse

- ELC [P
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. Correction N Output
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S

Phase spectrum

B3L R & Hal e
7oAt %k ¢ (16)

AR BR S/ A Y 5 e x T — BETeHT £—ELC correction s £ kfEg bR P Bt
7 e A %mﬁi’@“ﬂw@&ﬂ Gl R E R R L R
AR c BRI RS gy AL FOUE SO FRAR T ARG Gt B 2 ¢ B

FERAH TP E B S ot IKHzZ pF o poRnies § R (TR (4647 ) i@
Hho ] 7 RCOKT Y A IKHZ 2T g & P 2 (48-49)5 fe Hg B UL £ s o P
gRI|Pp M AT E o AeB 127 R RFAOELC Y WD 5 T 70
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algorithm ) » £~ fBG3% i 4 @ F fE ™ (LS AT IRAT R E IS e g i B
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412 RS SR

Kulkarni & Pandey % 2008 & » v4 A2 #7447 5 R 4508 % - 207 DS % B

/ﬁ—rrlz‘ ’ T'"’k‘v ‘%fé/ﬁ_n/é:l\:ﬂ\l’bﬁ’&’ '1_1‘_/47\?1']/\&”7;0
1. 2h4teEh¥t i (sample to sample mapping )

¥R A R4 T
k' = kjc + round(a(k — k) )
kic = 0.5(Kk;c + Kie) (20)

He KEFFT eh% k BAEE 2 > kic 5 % KB4 3= orhaypid Bad ol Sap o
AR s s R R (M3 012 F) K5 5 Kk B S <> §RGEE # 15
ATAOE S HRge s @ Kic ~ Kie ] 5 3% F B MO8 SRR o S iRie o R B Ac R 34 ¢
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2. #g Z A4 4p 4 (Superimposition of spectral samples )

BOfRADL - BHEZONA Tt BREBRRIFE 0 @I AR Y

i 0 4B 35
21 23 25 27 29 31 33 35 37 39 41
Unpr. Sp.
Index
e o
—o—o—o Kk
Proc. Sp.
21 23 25 27 29 31 33 35 37 39 41 Index
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B 35 HFFAMEAP ST B
FAL kR 1 (23)
O kggh L S B - B R T b A e - kT R
R R v LR S R R R S g 6 - L Rl ang

3. #EFEEHR (Spectral segment mapping )

pL— g B g ‘%‘i}:ﬁp‘gmﬁ,ﬁ » R I(.%{i}lp__, ) er/i},'Jl:Fi,S}; = :u‘}t?_t eI GE AR 4 TFbe » i
B4 P AR e e o AN R 2 (] 36) 40T
a = kje — [kic — (k' = 0.5)/0]
b=a+1/a (21)

n-1
Y(K) = (m — a)X(m) + Z X() + (b — n)X(n) (22)

j=m+1
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B 7 M AP e T B TR NS T EXBRREAFEREEIIL Y AR
3¢9 0~100dB » # AR @i B H > Alixy FRREDRE (L7 N=1)-

FPp e AR 2 ETER > APRSNE AT
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| Lp=0+N(Ly—th), th<Ly<th+ 100/

| Le =100 + [Ly — (tha 200/9]. th+ 100/ <1y (24)

AN SFRRKIGERE ~th S5 7 FokT ~ 100/N PR R cnfe [~ | o 1345
bena s AFIERRERE o A g - B BEY RASLTRR 0 B AR R R T
£ PRIL S SRS B AL i B R

512 7 it %
AL &Y AP RRE N AN RE SBR HAIET ¢ &2 Moore B i * Power of N

RCAAR e o F L AT A U A~ X Moore [ By i B 2 0 3 st (24) 3 KA pT
(23) =tk » = FHk N=22 N=3 pF > & 46 = 2 o0 (T2 % 4o 40 ~ Bl 41 ( = F R
5 Powerof N &= j2 - L8P A9 & G Aab@E 2t a 7)o ApgR 5 £ 5 i

MBS T - ke TR sk Power of N e 2 58 (23) e AR o

frequency in samples equally spaced between 0~8000
frequency in samples equally spaced between 0~8000

time in frames time in frames

B 40 Power of N &2 & gL s o 38 F 70 N=2 e &3 v g
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frequency in samples equally spaced between 0~8000

time in frames

frequency in samples equally spaced between 0~8000

time in frames

B 41 Power of N 27 & FL a0 o 383 35 N=3 ez 1L # [B)

513 & gpe 4 2

€ ripd Bea kR e c F L RK Be IR E e o R R - RS
PR G M ET A e b T  F] P R K R JT A B R

MEEBA Pk end — 4R 0 dof) 42 -

18 T T T

141

121

08}

06

02r

0 .f\,\ - |[. LA

after synthesize
ideal envelope

0 1 2 3
time in samples

=

B 42 =

05+

T T T
after synthesize
ideal envelope

Leadad L !
3 4 5 6
time in samples %10%

+ 4w 5 % 28~ 117 % channel ehif & vt i [

20 fRAE BRI AP 44 LSEE-MSTFTM i & 2 - 4% 1% S 48 o i & /2 (iterative

envelope compensation algorithm; IEC)» # ¥ ¥ % d & i e ;N dte g R g 1
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input output
signal : . envexpe . i ianal
: separate into sepatate into replaced by recombine synthesize from signa

sub-band signals enve|ope & carrier ideal envelope with carrier sub-band signals
carrier
W43 i e i 2 7
%ﬁ%%j%%ﬁwai%aﬁﬁg@%@%’Fﬁ@%@ﬁ:Qﬁ&ﬂ%To

LSEE-MSTFTM i & (X e3 2 X R 4p A7 s¥ 2 & 9 4 ﬁ i ﬁ ]33z A~ f convex
projection == j# > H i i# ¥ 3 B domain & Jf 5 - - HRM G AT iFit T
e A3 B domain 4 %) 4 F - 3]0 1€ 7 A Y — B domain 2 TR ok an gL o
AR R L g kg ] o LSEE-MSTFTM T*Kaﬁl«? TR B P - -
R A g 8 > APPSR A 8 R LR G A e iE R B
7 PR AT e I R AESTR F  iE PIRILE SR e

R ek BB RAie R £ fAkig- B Ek YA i Kk (R 20) — e
AR 22 7000HZ 12 b i o SR SR - 2R & e gt 2 #h v 0w A B (pass-band)
R BBBR A FREG T R dRE o @M Rk - gk Pl ¥ AR L%
Ao Mm E AR A U (T 476 = 0t B Gl | ARk b ol ia Bl gk
=B & BB T *E o 34 ip 1] % PESQ (Perceptual Evaluation of Speech Quality ) 3+ % # %
WA AT-E A BRI 0 Bk Lk o

1SRG EEES TR

Score of PESQ
Original speech 4.5
1-shot speech 4.331
50-shot speech 2.938
100-shot speech 2.461

e AIECY » Apalcp il BE I ApE e Wi AP S BL A A AR 0 38 B
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521 FE 2L
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rum&£$?ﬂ¢z%%ﬁﬁﬁﬁﬁé’iﬁg?ﬁﬂgﬁﬂ%ﬁi’@%%gm%ﬁ
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>
)
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frequency smearing

response computation

extraction U

|
» 1
e T
.><
input > . ; 5 output
envelope i | [ .
signal 2 § 50 b ! X signal
: extraction A i @
e i ) 2
! | s
i ] 2
i ] 3
i ] 2
> 2% 1 >
& g N ! 7y
e ISEEscsiossss 1
g
5
>
9 L
el
=
2 [}
white 2 >
3 ) <!
gaussian S "1 carrier
Y iy extraction
—>
>

Rl 44 BRI IF B 2 AR R
1 oo 5348
Fedvml B g K OB 2 1 0 SHE MAEF B B B 0 Aulust (10) ¢ b

# I op Eerroex filter B8 fad & 1 > 45 FAPE B p B T AIE27 p B LA CR  h
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BREAPRIECRRATARAZIESFI DR & Redipl e F PR A
FepMpr e s e s a A A A PR AN s R R N RiE o SN

~
min|Ax — b|?,
X

subjectto0 <x <1

A€ R8000*128,X € R128*1,b € R8000*1 (25)

He Achd - 2 R4k Badp 3 R (0~7999HZ ) ~ X 5 & — B R 4oipidk B e o
Fom bR ERE R B Bk o #3185 (25) 0 & matlab ¢ p 22 < quadratic
programming Ff% 8 » ~ A e % 4oB 45 0 NPT uF IR o ke PG AL R
BRBREDERE > n fMeF - BEEAZ Y s IR e

Tod B R AR B E BN o J4-128 Biptk B BGE I ak i (LiEE 2
ts o AgEiE |- B 128*128 ¢heprt 0 A A R B B T jp SRR -

F—nm T .FB—FK"’ Rt N = ]

(@) 09 . : T . . r T (b) 99 :
target target
08 optimized optimized
07 b 1
06 b 1
05 T 1
04r 4 4
0.3 1 1
0.2 b 1
0.1 4 4
oll
01 1 | L | | | L 01 ) | | L | | 1
0 1000 2000 3000 4000 5000 6000 7000 8000 0 1000 2000 3000 4000 5000 6000 7000 8000
frequency in Hz frequency in Hz

09 T T T T T T T 09 T

(&

( ) target (d) target
08 optimized 08 optimized
(28 1 ort .
06} 8 06 a
05 4 05F a
04 4 04} 1
03} b 0.3 §
02 1 02f N
01F E 01 1

| L L . . . L 0 L | | | |
00 1000 2000 3000 4000 5000 6000 7000 8000 0 1000 2000 3000 4000 5000 6000 7000 8000

frequency in Hz frequency in Hz

B45 d a~d~» %5 % 1-45-~90~128 B % % 6 & crrchannel & i i % %
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FORPEA AR SR E 28 A PR MR EL PR BT 0 A E L E TR

i o LA PR G AR B 7o F A Y Rt Rl A

27 A O HAR L AR G E 0 P e

34
e
A

o HPETRELAG  F - B RIS BRSO R kBB T R
EF A AR i Bl s v S w kg iy 7 RE R henEHAEAEL > ¥ 7 ¢
4 o ek g 4 2 eR 46 (a)~(b) -

o PO EMEERA T 0 PR E - BRSNS 0 FLE - RRDER ULk > H g
I AR BT RSB RA R RAS P G A L R S =
iﬁMmm@%%?&w&ﬁ#ﬁm’i%{ﬁ%ﬂ%ﬁ%ﬁ%ﬁgwﬁqT%:ﬂ

PO BEARE - BAR AR e 2 R £ A i AE X LG % % 4B 46(c)~(d) -

o

@ (b)
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—

frequency in samples equally spaced between 0~8000 ~
frequency in samples equally spaced between 0~8000

100 200 300 400 500 600 700 100 200 300 400 500 600 700
time in frames time in frames

(c

~

()

frequency in samples equally spaced between 0~8000
frequency in samples equally spaced between 0~8000

100 20 300 400 500 600 700 800 100 200 300 400 500 600 700 800
time in frames time in frames

F146 4t RauEL{S o 19 B AH W
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Pehs MUE R BRE 0 Flt - BIRA BN T R E G - B 0 FIY TR 5B
ok i el > BT g D S A B gl B LR - Bk ﬁfj&é
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AP B BiEARY > Tl 5 F.d Moore SR 4o 1zt WOFR ke F) gt - B dnik it
PP AE K E_L16KHz » R A * gl B g RpBRAEF AR oM F A h? o
AR GAEE > FPL A A A G § S P RIE S T e A R K,/Ttttiﬂ C BRI * @
BATREA R A A UL 0 T OUE LTS FF RS 0 @ S RAFRRF MR 0 RaA
TRdr R IR RARE L TR B E NN ELE TR A Fpr AL A

ERBE IR T
5.3.1 Bi o 5 1L i

F PO 5 16KHZ pF > A i i * el ek B - Bigk Ben? SHEF G
1%W’4${ﬁ*ﬁm%ﬁ¢xgw&ﬁ,¢ﬁ+m&¢$@¢aﬁ MBS 2 eh
PRl > Fae § 7 A A I d o FlE AR EEEF g 80 128 Bipdk Beaan £ %
PR B E AR AT & § R SR g M R i R A &
v

4B 49 #r 0 B AR KRB B BE B 0 RAes AR PR 5 BKHZ At 2
ez HAE S 16KHZ 0 B BlehpFiz &0 5 @G # o T 2§ 0 0~4KHzZ # F 0]
M - )P AR R Y 3 B e B o R AT G R O R WP S R
TR REFAE 0 F RREE R PR R g

frequency in samples from 0~4000Hz
frequency in samples from 0~4000Hz

60
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FUL A PR F g i A BKHZ  dopt - R ¥ - B Ben? S#EF X K 5 85HZ
R Y AR o FAPD Y A BKHZ B S BERET 0 T T IR
9REF & F 0 4o B 50 #7or B 50 £ §] 49 értﬁ PRAEF A B2t i 25k o
NPT FRFF ORI RGP A o n T FERRBIA49 () ERS0 (+) EF 2
o TP AEF IR 50 (%) B b SRR G PR TRt ARG @ 8KHZ B
TR P agd BT o kB FRAFIRE DRA TR G Eigae

Fr'ui
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=
=3

@
=]

40

frequency in samples from 0~4000Hz
frequency in samples from 0~4000Hz

N
=]

60
time in frames time in frames

B 50 8KHz B~ 5 T » A HAh2 B %
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o AR PFE R EN kRS B2 8RN ke 22 B FRM AR
Bl p R ki o BAs kG BB W o B g i o AR T Y

RS ERng ki P EAIRERRSER R A F BT L.

(3¢

5.4 F ® e B A

AP R BERAR ] g%k o BT /z)r*«ua A F A B R
SRS R R IR R R W B RS 0 T RA e o cp iz A (17 )5
Pomod SVEIRFEE Y R EAR R TR R 0 T 2 PR G S B T R e
Viedp MARR o i H sk BEAT RO o 2t o

ip B o AR [(64]) ¢ RAH6BY 2F AR (RI49) &FF ~ H 34
% (phones) #E.# |5 - I ¥ Moore B Fy iR & Fi3)] it e 5 3% khenik 2 &2 LSD (Latin
Square Design) % :+4r# 23> 2 ¥ B6R3 * A K jnk B% % (Broaden) 6 & > i R
# (Recruitment) 3 2 cIRAF IR % o A HERE R AT ) 0 Bt iF 2 2 T R PR
v b A = opensgzn (clean ~ 0dB S/N ~ -3dB S/B) i 7 3% iR o

a2 o R R R E RIS SR MG A ARRY AP AL - B
ke ee 3 2rRei 0 TR & VAD (voice activity detection ) a2 {8 3E ke 305 £
S BERERE AR RFL ML AL B ER 20 Fiha F AR 0 B AL e o
B RRGR G o A PR L < P BT < 5 65 4 R R A A R
FehAR R 0 T AP b SR 2T RATY R R R
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List Al List A2 List A3 List Bl List B2 List B3
No. Item  Word  Ttem  Word  ltem  Word Item  Word ftem  Word Ttem  Word
1 zhil b} did it 7hil a jingl 8 shid 2 yi3 LA
2 shang4 ik yu2 b} he2 l yuan2 JT cheng? B cheng2 A
3 houd # jiand - 4 yu2 -} yu3 M jid g ru2 n
4 neng2 M 2id > i3 # gi2 i i3 5 sid 2]
5 jind i shuol B4 ying4 & xiad T biand @ dud 53
6 qud * xizo3 GN wu2 2 jlangd -3 dud E cong? #t
7 mud x kand & jie2 5 biand {# feil b4 lingd )
8 xian| % mud ZN band ¥ sid ying3 ® lid #
9 jie3 bz tou2 3] chud ] feil b1 xi2 = jian3 1]
10 diaod ® jie3 i zhan3 B kao3 = rud A geid 3
I ying2 = fengl 2 qil + guang| *x jiaol x junl W
12 chu2 53 zhan3 ® diaod # liaod4 H qiang2 o zhuan1 mu
13 li2 b gail &z xind & tan2 s liud Ay yang2 ]
14 weild # chu2 53 piand A huan] # kuang4 - 4 tuil i3
15 gel R al ()] zengl i'- youl & mian3 % xi3 %
16 ban3 ] yin3 Bl tuo| ] cud {2 tan] #® kuangd 1]
17 fan2 R zhend - | long2 BE red % zhuil B maod #
18 pi2 ® sui2 i gang3 P xian2 b guand b 1 bang4 H
19 a0d # ni2 E weil B chul 2 lun2 W pianl =
20 kong3 il bangl L fa2 .0} zhuil B pao3 izl shund 1
21 za2 it pi2 B kaod k3 shund & songl # fanl b
22 zhuol - long2 -4 shou2 b dong3 i 1 cang2 & yao2 &
23 ail = 104 ) nai4 [} meng2 ® xuan2 % qiul £
24 14 # hel g mi3 * lang2 8 ol 3® Xuan2 %
25 senl 7 qingd . ] senl 73 pid it hed " hed #

Note: The items of the word lists are represented by traditional Chinese characters, and their x&ﬂ,
Romanization is in the Hanyu Pinyin system.

Y

k. d N B B B

Bl 51 FL4 RIFFFF 2
TR kiR (54)

22 R s B

\ \dl

Our method

B6R3, clean

z

B6R3, 0dB S/N

-

B6R3, -3dB S/N

[

62



# 3 LSD %3

Data list Al A2 A3 Bl B2 B3

subjects
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M Moore's

M Our

clean 0dB S/N -3dB S/N
AR
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dAd o NPHERF A RACEFF S FRES AT §MF SNRT A T R
EOEE o G
g 0dBS/N B & K- & > Hp|F i RFGZ P BARE S PP LRES ) BehdpE
B4 A ENCEATEY KR LB BB B AR dp ot o RS 0 B
AL e RPREOR > A HEP R LR R AT ETE R AL e s b o d
WE 2 Frd ¢ FREOES R R F LA 2

B E S TGS ARG A B R e o 2

DA R R Y PR G R XA AR H AR B PR SR

¥
!

Rk ey 2 AR E

I = FARR e B 5 j\——fg > 34 R Fg A 5 22 Moore 6 & & T A e e
A5 F]pt A I B0 2 Moore Bl FR AT Al - R A AR HRERFA kD N
7 ECAR B et RIE R R

BERA&- P 0 AP RERFERS PRNOEALT A SR AR § & RS
Fend B Ft o AP R B NERE R X 4F (BOR3) &¢ A £4F (B3R2) #hfiim T
P 3 g ARG L B o

TR N R - P o AP D A2 TR T ehlicdy 0 T 454 B3R2
FA T PR R ek 506

%5 FA Rz BixE

B3R2, clean B3R2, 0dB S/N B3R2, -3dB S/N

Our method R == I
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%6 LSD %3+

Data list Al A2 A3 Bl B2 B3

subjects

27 7R T R R
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10 -

o _
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SefeIAE 2 T Ay RE > R R FIV L L5 Y BRI
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F
B2 0 G55 A2 e & F S i o T 6 BBR2 fFAL T o SREE §AEF
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AR R PR EAR AT R BF > BRI R F A p FF = o FlptaE A
B S BE S A2 R D AR AR g Flp AP E 2% (55] ¢ Kk F|nt MR
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SERC S ARER E SR =2 2 e N R L R SRS £ SRR
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e A e
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