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Abstract

In this paper, a speech enhancement method based on sparse representation of data frames has been
presented. Speech enhancement is one of the most applicable areas in different signal processing fields. The
objective of a speech enhancement system is improvement of either intelligibility or quality of the speech
signals. This process is carried out using the speech signal processing techniques to attenuate the
background noise without causing any distortion in the speech signal. In this paper, we focus on the single
channel speech enhancement corrupted by the additive Gaussian noise. In recent years, there has been an
increasing interest in employing sparse representation techniques for speech enhancement. Sparse
representation technique makes it possible to show the major information about the speech signal based on
a smaller dimension of the original spatial bases. The capability of a sparse decomposition method depends
on the learned dictionary and matching between the dictionary atoms and the signal features. An over
complete dictionary is yielded based on two main steps: dictionary learning process and sparse coding
technique. In dictionary selection step, a pre-defined dictionary such as the Fourier basis, wavelet basis or
discrete cosine basis is employed. Also, a redundant dictionary can be constructed after a learning process
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that is’often based on the alternating optimization strategies. In sparse coding step, the dictionary is fixed
and a sparse coefficient matrix with the low approximation error has been earned. The goal of this paper is
to investigate the role of data-based dictionary learning technique in the speech enhancement process in the
presence of white Gaussian noise. The dictionary learning method in this paper is based on the greedy
adaptive algorithm as a data-based technique for dictionary learning. The dictionary atoms are learned
using the proposed algorithm according to the data frames taken from the speech signals, so the atoms
contain the structure of the input frames. The atoms in this approach are learned directly from the training
data using the norm-based sparsity measure to earn more matching between the data frames and the
dictionary atoms. The proposed sparsity measure in this paper is based on Gini parameter. We present a
new sparsity index using Gini coefficients in the greedy adaptive dictionary learning algorithm. These
coefficients are set to find the atoms with more sparsity in the comparison with the other sparsity indices
defined based on the norm of speech frames. The proposed learning method iteratively extracts the speech
frames with minimum sparsity index according to the mentioned measures and adds the extracted atoms to
the dictionary matrix. Also, the range of the sparsity parameter is selected based on the initial silent frames
of speech signal in order to make a desired dictionary. It means that a specch frame of input data matrix can
add to the first columns of the over complete dictionary when it has not a similar structurc with the noise
framcs. The data-bascd dictionary learning process makes the algorithm faster than the other dictionary
learning mcthods for cxample K-singular value decomposition (K-SVD), mcthod of optimal directions
(MOD) and other optimization-based strategies. The sparsity of an input frame is measured using Gini-
based index that includes smaller measured values for speech frames because of their sparse content. On the
other hand, high values of this parameter can be yielded for a frame involved the Gaussian noise structure.
The performance of the proposed method is evaluated using different measures such as improvement in
signal-to-noise ratio (ISNR), the time-frequency representation of atoms and PESQ scores. The proposed
approach results in a significant reduction of the background noise in comparison with other dictionary
learning methods such as principal component analysis (PCA) and the norm-based learning method that are
traditional procedures in this context. We have found good results about the reconstruction error in the
signal approximations for the proposed speech enhancement method. Also, the proposed approach leads to
the proper computation time that is a prominent factor in dictionary learning methods.

Keywords: Speech enhancement, Sparse representation, Dictionary learning, Data-Based learning, Greedy
adaptive
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(Table-1): The reconstruction error value (¢ X 1073) based on
decibel for GAD, PCA and K-SVD algorithms.
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(Figure-1): a) Comparison of sparsity index of speech frames extracted from GAD, PCA and K-SVD algorithms. b) Comparison of
reconstruction error for GAD, PCA and K-SVD algorithms.

Z=20.3 & =20.2 £=174
AMAAANN - W et
=172 £=175 £=19.6
e, iy
£=185 £=18.2 £=18.4

e g
=172 c=18.4 =177
vonifibived vl oo
=18 £=17.7 =17
=849 (I:a)):ﬂo.g &=11.9
SR O | RS u—
=125 £=13.2 z=14
£=13.9 £=14.9 £=15
WMWW\)\/WM
£=16.1 £=157 £=16.8
z=171 =174 £=17.3

(d)

£ =16.3 »;216.7 ;217.3
MY O A
;=17,7 ;=18,3 §=18,5
VA A Y
g=18.7 ;:18.8 ;=19
AMAVNY - AWAWAA,
£=19.6 £=18.9 £=17.9
MANNA AV
(a)
£=18.6 z=18.2 =157
=19 £=17.9 =172
WA Y VY
=17 £ =15.9 =187
Py
g =187 g =19.1 £=194
Vet WAL A
(c)

.GAD (d K-SVD (¢ .PCA (b :Lous u’;;j,.eT sl o lddiges . Lias JLSw Ol 5l s Baiges (@ (Y- )
(Figurc-2): a) The sclected frames of speech signal. The examples of the learned atoms using: b) PCA. ¢) K-SVD. d) GAD algorithms.

Y el o)l VAR JLlo

@


http://jsdp.rcisp.ac.ir/article-1-805-fa.html
http://www.SId.ir

Downloaded from jsdp.rcisp.ac.ir at 8:34 +0430 on Tuesday August 25th 2020

lasgs B s cud oads ke [30] 50 oeillo Lawgs
08 Esere Doty Semlipe (S lee SoaS Sl
2 iyt Sy e BBl calps ase 5l sl
sbailse b slate cpl 4 oI55 8T (S ol
DBl syt 09 SIS Iy sleadlie 4 S S oS
sl amsl Wb SE ke S S K00 Sk
calp 5l as game s a5 Lo s ool ] o0 3ullo
S 50 b by ol p slaws a5 s ool 4 e |,
endls %0 5 ST Wl el K acgeme 4
Sozrs Sambios 8505l sl Cands 95 alnle
445 el S5 Jhe Sy a5 ol e sl axils

w‘a B lade (ol Sgot ulpd o lade
u>5"' Sl Jeole laiie aSenl oo g all
ool b olaacgame (Si oy b adl col o slos
Sl oo ools lid e 05 duolio wo L ) il
03,510 )y Zeols 93 e g T s Sl g0 LS oS
130] w5le oo

Al Gla Sy pled o (5 Lo S Guiored

S ebN ais ) SO sl sl i lae o)la 1) endls
25 3ot sbra 39 ol € = [€1C5C5 . Cp]
[30] Ssdos osbo

N 2I cl

\”ﬁ/

N—-j+ 2
- E AR}
Gini =1 2. ” ”< ) QR
j=1 1

oalaiwl [27-28] ;8 oaud 4,138 b 5l ool b

ollae @l wlgipe (ST jlme sl 4 bojlne ol
Lol ol s cevoay ools s deliodly (5,250 5o
5l asbosly T3l gy cnl Sl SRy 4 axs

bl sl g oxSol Jly o Y e (il
5 Mo go (>l JLSw Ll b ceiline a5 aslesls

(VN - 1) QRS

LG s o) o diyls (ogel ools oo, b oV (cwgden
1 atesdl Sl b (SE e S Sl
oS Sgsty sy B
a4 asl i e S5 asls Jlade jad> e
oSl g 0g Gmles ssls gy o ma 5 gl
SO oabiy pi glias p (SE alal, 3 a5l
Wl i SEasls ol ol as e () ala,

3 Gini
4Hoyer

S 5l snis pFol bl (V) JS5 illas
S asls lanl o GAD Lu Sl Lkas LS
Ol e als e je o was slaest 8L L g Wil oS
SE L sl g 60 e mll asls
slaws ol L o= ...L:JGA Cawdds (455dds5) 2aS
b Sl @S 4 Olg oo adyl a5l onlie
2 e sl G Jel mls S8l s
S50 40 K-SVD 5 PCA g, 4 cwund GAD o0lo
e oo slad |y Tadg 4y JUS o oo

Sl o9y Y

wld psine asliojly SeSay LS il By
Dyge Al ol 4 arg o aslesls slagsl Si
S Ml e S STy o sl Cuale &S 5,5 o
ol il b Sl (S L g slass slaclB b aslis
IS S5 le SaSay 5lage anls o ol
JESKs pl bl gl co Bd> ¢ 0dl 4235 ooyl lias
ybogn Sl i gl el b a8

S ol ol cunbie g ) e
@ by wilyioo ki g o )L Jsoro Hsbas
e ol (S sl sogosme il adys
ools e anliofly slas! i, g 08,5] Cawsas
P SIS gl ks cdF s ), dlee ol
ol Glaggim 0 Wl sdslcuwsdy (S5 osgasw
03000 joad JUSs e j0 B 08 o0 18 aslielly
283 Vb jelhieds rigeen taigd Bl g oud 3 S
§ S Jlne LS o plyin anbiodly (slansl Sl o
5 650 SE eyl 5) GAD g, 50 oodiiy 8
Dy 00

2 sy o Sy SE YU (Bl 0,
S5 a4 £5,5 Y22Y Lo jo a5 conl sl pl pydigs olSiils
5 30l U so )5 55, 2 09,8 cnl wiles S
el Gilabaz 5 Jufon SE laptales 5 oobide b
gy 5 wilos S 55 15 ST slaigled ol 5l esliinl b
o Slp 27-29] wSls (S5 e Sz (e
Wb ot cilisee (sloojom 5o Ui i (SE oo
5 S5 5 pSeiul e o sl p3Y s Sy ol
L Fhs ol Cby cele Gbjlne Byxo 4 e

! Signal to noise ratio(SNR)
2 Sparse signal processing team

FY el ) s,k VAl Jle



http://jsdp.rcisp.ac.ir/article-1-805-fa.html
http://www.SId.ir

Downloaded from jsdp.rcisp.ac.ir at 8:34 +0430 on Tuesday August 25th 2020

7
9
7
i
3
%
0
..f\‘
:
1
-
3

ol i ghoaslin K adsl ol S5
P daliosly glayginw Dbl yo aijle (gladgs
WD oo oy a5yl len g walsS el oold
ng; Olime aicin (wloly szl sl slass
V) S8 e c i (VY) 5 () g,y ) e
Lol o Ll e alie e () IG5 (d
S gt a5 SE lias aieeS olulp sz Sl

54_25‘54 u.._._su |) ool P 4.4[54:3‘3 s 6"“'\:"]

Ayl Solay Sl
£=9.74 £=8.9 £=11.2
— -
=118 =175
£=166 Wwv =16.8
£=178 £=16.7 £=17
=172

b S, A

2851 b oy d (Sjgal glagdl 51 o Baiged :(Y- i)
.GAD_Gini

(Figure-3): The examples of the learned atoms using
GAD_Gini algorithms.

Sl 5 45 ol bl 5| ol Ll adlg,
S og walss LBl 5 sabisnml e Sl
) el sdel Cewsts pp gt (SE elalp
LS Slaesls S 50 oyl jsba o pFam
ol ool oaaline 950 5 () OB sS4 Gl
ol @hil Glapil DLl egm )90 0
3 Jeols oledle) 1 al Gl aS el ylen 0 dwbiosls
ooliil g5y (gl S JUSew Szl slals
shall yo ool Jl Gol Ly & swe ol 4 0gd oo
SE ER ot Gl o5 85 e JLE adliogly
2 ol S5 e ol 5 il (VF) abal, Gela
I ol ol ) saalcwsa ‘_,,S...: &y ook
Spil 4 Gbiwns gl @i ,ssl LSS o 50 asl ,las
ool G Ll candy g adlolly o wax
2 oabtrslne (S5 £ Juks popdle (585)5 JiSems
asbosly ol )3 (Lol 5 998 oo (o) asbodly s,
5 Slls b (S &5 rbls pegdle o w8 o I3

Y el o)l VAR Lo

S el og aales S SE L JUKw sl
D)ot 3 o Sl eloln (BAu nl yo sadoliiiny
D9 R 2

el on

EGini = X Gimi( D)
Lol (699)5 JuKms Sl ojlods calail ) ol jo k
sols Gl a5 50,0 wad Bme (S asli 4 dxgs
polie (g S sl wnle sl axals soby S
wile bl aiils oS (S ool Sl A5 590,05 oS
s A e 3531 1, VL olie lasy ool
ws,S L s GAD Gini b L e o) 5l Jobs
Sl opl oleitn By 50 S0 0550 mizren 1090 o0
ol sl S als o3l 4 axg b oS
sladg el 4 baje a5 shoalie JLSew 4y
39 edgams pl jo G’i.: e b slaclB gy vl
6 S ol b blie o5 asbojly ol slaggte
Sighgn Celan Sy sl & 5 S oni 3 S
GAD_Gini o ,o%) b sss ijsel slopsl 5l o ladiges
ools sl (prmen wwl sa saly las (¥) JS o
S 2Fls polie (p)ieS 5 cpyiie L eadoli
osle las (F) S5 50 () ¢ (V) dailgy j0 0uli Byxe
W PR
cledy b s ) Lol zmls a5 coul 58 LG
9 LSS o et eadgilage JUSem Gosiogllae
S anls ol 60T, b ol i 6o Jsla
GAD w68l g, 5o gy lajlas p s S0
Cloas o5 Syiie Jolo S gy 55 bl b
el oo S dalsl o aS cenl Hazrls (pl poe Dloogas
aon 5l ladl 55 geeme Do (o aFLS ()
oy S e B ogd oo dnlone 29250 cul o
el 8% 556 S (S el 4 ST i
S sbaalis 4 o G 5 S slaailse
A (§ e Gy S
Gl 00 0 3dle 5 ol Slowd a4 G 2Ll ! (Y
olass a8 JJo cpl s s 1) ol s 5l dcgome SO G
Loyl 0 degame dy S (5,005 b i ol o
I SN ICIX g NS ARCT WO VS I
WSS s (55500
S pleae sladss sz slp asla cpl jlade (7
L 15 s Gl ol ()la8 sla a


http://jsdp.rcisp.ac.ir/article-1-805-fa.html
http://www.SId.ir

Downloaded from jsdp.rcisp.ac.ir at 8:34 +0430 on Tuesday August 25th 2020

adgl O ol ol ‘5{.3 75 Ol edgoome el oad Ly awlol jo solping (g5l g, ol
(en) LS JuSw

D s C i ys8l (29>

(b) (a)

(d) ©
oS b OB Giulas (b .p 5 o siin (S5 e ls (ol oais Gl (SC5 e dioiins 3 oS b ool i les (A :(F- JSCb)
SSG als ell e Ll (KT lade Ao b s g led (€ . 50liday Alaly (el ouid ol (S5 e diuiey g
e S sl el ol ool Golsidl SSGT ladie dieS by (Bl s led (d . golpiun abasly 3 00 o ine
~Goleduliy, byl 9 p 0

(Figure-4): a) The representation of speech frames with minimum and maximum sparsity values selected based on the norm-based

sparsity index. b) The representation of speech frames with minimum and maximum sparsity values selected based on the proposed
sparsity index. ¢) The representation of specch frame with maximum sparsity values sclected based on the norm-based sparsity index

and the proposed sparsity index. d) The representation of speech frame with minimum sparsity values selected based on the norm-
based sparsity index and the proposed sparsity index.
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(Table-2): The average values of atom sparsity index and
sparsity for cocfficicnt matrix of differcnt algorithms

Atom sparsity Sparsity of
Method index coefficient matrix
Female Male Female Male
Speech data 0.1741 0.1673 0.1741 0.1673
PCA 0.1722 0.1731 0.1527 0.1597
K-SVD 0.1643 0.1724 0.1336 0.1387
GAD 0.1531 0.1641 0.1371 0.1357
GAD_Gini 0.1476 0.1431 0.1107 0.1202
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(Figure-5): Plot of sparsity index of atoms in the learned
dictionarics of diffcrent algorithms
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(Figure-6): Plot of sparsity index of atoms based on the
proposed dictionary learning algorithm and its different steps
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(Figure-8): Comparison of the reconstruction error of sparse
representation by removing different number of atoms based
on the proposed dictionary learning algorithm and its different
steps
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(Figure-7): Comparison of the reconstruction crror of sparsc
representation by removing different number of atoms
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(Figure-9): Plot of time-frequency structure of the atoms learned using different methods
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! Improvement in signal to noise ratio(ISNR)
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(Table-3): The results of ISNR value in the presence of white Gaussian noise in different SNR values

Number o atoms in dictionary

SNR Method 512 400 300 200 100 50
PCA 0 0.48 144 237 4.69 573
K-SVD 541 6.08 6.52 641 5.29 411
~10dB GAD 0 127 2.94 433 4.98 4.07
GAD Gini 0 2.29 3.97 4.87 5.01 4.26

OMLSA 4.71
PCA 0 0.46 131 271 541 8.20
K-SVD 5.69 6.91 7.18 7.57 8.53 10.05
0dB GAD 0 131 2.69 522 7.24 9.14
GAD_Gini 0 243 3.56 642 8.07 7.18

OMLSA 7.24
PCA 0 0.51 131 272 548 8.29
K-SVD 582 6.75 7.56 9.91 12.51 13.68
-10dB GAD 0 131 2.84 531 7.69 928
GAD Gini 0 1.54 3.12 6.57 8.24 10.17

OMLSA 7.93

s

SE edgame 4y azg L oLl GOl eogaze
orizman sl ot osaline JUiSs (leds eyl slacls
slaptl shas e 9900 I a5 jebples
oS gloish  (slagil B> ¢ asliofly coums LSS
o Grenay g Sl Sueal Plo L GlaSgs Sla S
ol slass ogllae x5l i patiols b padeS L
Sl S 8,25 o 1 53l 8550 ey il
By Hpar o oliig wpll Gl @l &
Hae o by alS 5] Jolo ol 5V Sl g
Wl (loged adgs

Jolo il &5 wmo o0 LS 0aB 1S b
colie 5 o2 & S35 GAD_Gini 5 GAD 5,530 5)
50 a5 Caal PCA (o o1 51 5L o lge jlioy 4o g 009
s Wy g S gladp; o 4 dlus las
ad F ey ol olawd @y ay Il il Sy g0 093 e
GAD j 3YL GAD_Gini g2,55l 5 Jols gl wud
PUEINS < N CORP U SEFOWH ETTS SR PRV RGO
@l oy waly> ol Gl SNR s GAD_Gini
slosd 5 Soye sbady jpax 0 Gilue 3l Jeol>
g5 i 55 BB S S oty S
sz Ol o5 asl cle ol 4 Wl e 45 Sl 00
ol olust joliea 1) Gldal (n e ol
B3 o Canddy g5 i b5 polasl p ST

55 OMLSA' bs, 3l ol mli Jsaz ol 5

b oy b ol JLaS T s Sy oS oud adlal
By s (Sl S eleln gy onl g0 A
LJ"LB) Q"‘ .[31] ")‘:’.—lv\_sA [WSUWRLS) )ll.ﬁf )BAA> pAs Lj h{.:)A
Gy il e o @))] Ll sladdys i gliieas
bl ly (255k 655 el SeSa (095 cnl 59
Jizl b aS glojlsen ol )l SOl sslant
e 199 50 03] (eSS 109 o0 pediil LS gl
s3> 30 leiday by, Sl Jels S gl s
Sloged g g (Sipe Wy Wile (woS pd sladdy
ol el izl oass (215 (0 5 1) Jshaz )5 w55
» el sy @ eesn ssbiear iludnd
&S 5bolen ol 485 Djso pwsS ol slodds j9a>
psss 08 esalie Glgice s e 515 @S
oyl 50 6 AYLISNR jolie &y conl aiiilys (golgainy
aalioly (gl Al o by, A Camd cilie lasg
Gedaie alioly g pSoly 4l s, PCA 3 K-SVD wiile
G a5 OMLSA gy 3 9 py las SeSay ools
Wl LIl gloddss Ba> slaieds (o ,laS Sopass
Sledy wlgs oo (soleiin by SFp S M S
A.Aljoj‘j é‘,.fbb d.iL: ovey g a5 ol ’_9_5"“”\) Sl
&__v_ (_é);.o ;LQL..J aS el 433; Q)?*a ool f;‘-‘-‘-““

! Optimally-modified log-spectral amplitude
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(Table-4): The results of ISNR value in the presence of Pink noise in different SNR values

. Number of atoms in dictionary
SNR Method 512 400 300 200 100 50
PCA 0 0.41 1.32 2.21 4.49 5.63
K-SVD 5.12 5.82 6.21 6.03 5.10 3.96
—10dB GAD 0 1.14 2.81 4.20 4.82 3.85
GAD_Gini 0 2.17 3.81 4.72 4.89 4.11
OMLSA 4.52
PCA 0 0.59 1.22 2.65 5.32 8.04
K-SVD 5.03 6.83 7.02 7.69 8.46 9.88
0dB GAD 0 1.22 2.59 5.14 7.16 9.01
GAD Gini 0 2.36 3.47 6.35 7.95 6.93
OMLSA 6.84
PCA 0 0.44 1.23 2.65 5.37 8.19
K-SVD 4.92 6.68 7.47 9.85 12.39 13.41
-10dB GAD 0 1.22 2.71 5.19 7.52 9.18
GAD_Gini 0 143 2.96 6.43 8.16 9.86
OMLSA 7.18
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(Table-5): The results of ISNR value in the presence of Brown noise in different SNR values

. Number ol atoms in dictionary

SNR Method 512 400 300 200 100 50
PCA 0 038 1.29 2.17 4.42 5.55
K-SVD 5.08 5.73 6.15 5.89 5.03 3.89
~10dB GAD 0 1.08 275 415 481 3.80
GAD Gini 0 2.14 3.76 4.65 431 4.05

OMLSA 442
PCA 0 0.52 118 2.60 531 7.96
K-SVD 4.95 6.75 6.92 7.61 8.45 9.32
0dB GAD 0 118 251 5.06 7.08 8.92
GAD Gini 0 2.29 341 6.28 7.91 6.90

OMLSA 6.77
PCA 0 039 1.14 272 5.34 8.16
K-SVD 4.88 6.04 742 9.81 12.36 13.38
-10dB GAD 0 1.20 2.67 5.12 7.49 9.15
GAD Gini 0 138 291 6.59 8.11 9.31

OMLSA 7.14
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! Perceptual evaluation of speech quality
2MATLAB
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(T'able-6): The results of PESQ valucs in the presence of white Gaussian noisc in different SNR values for various numbers of atoms
S -10dB 0dB +10dB
512 300 100 512 300 100 512 300 100
PCA 0.76 0.42 0.23 2.61 1.98 0.93 3.56 2.88 2.04
K-SVD 1.06 0.79 0.73 2.78 2.37 1.12 3.70 2.96 2.26
OMLSA 0.15 0.76 2.53
GAD 1.59 1.28 0.80 3.03 2.54 1.67 3.75 3.09 2.39
GAD Ginil 1.61 1.32 0.83 3.09 2.57 1.70 3.77 3.14 241
GAD Gini2 1.63 1.35 0.85 3.12 2.59 1.73 2.81 3.17 245
GAD _Gini 1.65 139 0.87 3.17 2.61 1.78 3.84 3.21 2.48
Noisy signal 0.18 0.88 1.86
a1 Wgliso olawi (gl p alizo GSNR (0 g Jjau0 adgi yquaz 10 PESQ ;Lxo j1 Lol gl (V- Jeuz)
(Table-7): The results of PESQ values in the presence of Pink noise in different SNR values for various numbers of atoms
S -10dB 0dB +10dB
s 512 300 100 512 300 100 512 300 100
PCA 0.73 0.40 0.22 2.59 1.95 091 3.52 2.81 1.98
K-SVD 1.02 0.78 0.71 2.75 2.38 1.09 3.66 293 221
OMLSA 0.13 0.73 249
GAD 1.53 1.25 0.77 3.05 2.51 1.70 3.72 3.01 2.34
GAD Ginil 1.57 1.29 0.79 3.04 2.58 1.73 3.75 3.12 2.38
GAD_Gini2 1.61 1.32 0.80 3.09 2.55 1.71 2.78 3.15 2.39
GAD_Gini 1.66 1.37 0.85 3.15 2.63 1.76 3.82 3.19 245
Noisy signal 0.17 0.83 1.85
ol Oglisie ooy (gl p ilizeo GBSNR ;0 g (loged adgs yuas yo PESQ jlxo I Jol> 2o li (A= Jgaz)
(Table-8): The results of PESQ values in the presence of Brown noise in different SNR values for various numbers of atoms
S -10dB 0dB 110dB
5 512 300 100 512 300 100 512 300 100
PCA 0.68 0.35 0.18 2.50 1.89 0.87 3.46 2.77 1.91
K-SVD 0.96 0.71 0.65 2.71 2.31 0.98 3.59 2.88 2.18
OMLSA 0.11 0.67 242
GAD 1.49 1.21 0.72 2.98 247 1.66 3.67 2.94 2.28
GAD_Ginil 1.51 1.23 0.73 2.96 2.49 1.67 3.69 3.04 231
GAD_Gini2 1.55 1.27 0.76 3.01 2.49 1.68 2.73 3.07 231
GAD_Gini 1.61 1.31 0.79 3.09 2.58 1.70 3.78 3.14 2.39
Noisy signal 0.19 0.81 1.79
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(Figure-10): Spectrogram representation for: a) Speech signal. b) Gaussian white noise signal. ¢) Noisy signal. d) Enhanced signal at
SNR=+5dB. €¢) Enhanced signal at SNR=0dB. f) Enhanced signal at SNR=-5dB.
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(Figure-11): Spectrogram representation for the enhanced signal at SNR=+5dB using: a) K-SVD algorithm. b) PCA algorithm. ¢) GAD
algorithm. d) GAD_Gini algorithm.
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(Figure-12): Spectrogram representation for the enhanced signal at SNR=0dB using: a) K-SVD algorithm. b) PCA algorithm. c¢)
GAD algorithm. d) GAD_Gini.
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(Table-9): The average of computation time for dictionary
learning of different methods
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