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A New Method for Speech Enhancement Based on
Incoherent Model Learning in
Wavelet Transform Domain

Samira Mavaddati
Electrical Department, Faculty of Technology and Engineering,
University of Mazandaran, Babolsar, Iran

Abstract

Quality of speech signal significantly reduces in the presence of environmental noise signals and leads to the
imperfect performance of hearing aid devices, automatic speech recognition systems, and mobile phones. In
this paper, the single channel speech enhancement of the corrupted signals by the additive noise signals is
considered. A dictionary-based algorithm is proposed to train the specch and noisc models for cach subband
of wavelet decomposition level based on the coherence criterion. Using the presented learning method, the
self-coherence measure between different atoms of each dictionary and mutual coherence between the atoms
of speech and noise dictionaries are minimized and lower sparse reconstruction error is vielded. In order to
reduce the computation time, a composite dictionary is utilized including only the speech dictionary and one
of the noise dictionaries selected corresponding to the noise condition in the test environment. The speech
enhancement algorithm is introduced in two scenarios, supervised and semi-supervised situations. In each
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scenario, a voice activity detector (VAD) scheme is employed based on the energy of sparse cocfficient
matrices when the observed data is coded over the related dictionary.

The presented VAD algorithms are based on the energy of the coefficient matrices in the sparse
representation of the observation data over the specified dictionaries. These speech enhancement schemes
are different in the mentioned scenarios. In the proposed supervised scenario, domain adaptation technique
is cmployed to transform a learned noise dictionary into an adapted dictionary according to the noise
conditions of the test environment. Using this step, the observed data is sparsely coded with low sparse
approximation error based on the current situation of the noisy environment. This technique has a
prominent role to obtain better enhancement results particularly when the noise signal has non-stationary
charactcristics. In the proposcd semi-supervised scenario, adaptive thresholding of wavcelet cocfficients is
carried out based on the variance of the estimated noise for each frame in different subbands. These
implementations are carried out in two different conditions, the training and test steps, as speaker
dependent and speaker independent scenarios.

Also, different measures are applied to evaluate the performance of the presented enhancement procedures.
Morcover, a statistical test is used to have a more precise performance evaluation for different considered
methods in the various noisy conditions. The experimental results using different measures show that the
presented supervised enhancement scheme leads to much better results in comparison with the baseline
enhancement methods, learning-based approaches, and earlier wavelet-based algorithms. These results have
been obtained for an extensive range of noise types including the structured, unstructured, and periodic
noise signals in diffcrent SNR values.

Keywords: Speech enhancement, Dictionary learning, Sparse representation, Domain adaptation, Voice
activity detector, Wavelet transform
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(Figurc-1): The block diagram of the proposed specch enhancement method based on dictionary learning technique in wavelet
transform domain included: a) Training step in the supervised scenario. b) Training step in the semi supervised scenario. c)
Enhancement procedure in the supervised scenario. d) Enhancement procedure in the semi supervised scenario.
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(Figure-3): Training process of speech and noise signals in
different subbands of wavelet transform.
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(Figure-4): The procedure of label detection in the proposed energy-based VAD algorithm in different
subbands of wavelet decomposition.
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(Tablc -1): The atom coherence and SNR values in signal reconstruction for speech and noise dictionarics using different methods.
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(Table -2): The mutual coherence between speech and each of noise dictionary atoms using different methods.
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(Tablc -3): The abbreviation name used for cach comparison
method in Figures and Tables.
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(Figure -5): Performance evaluation of different methods using PESQ score in speaker independent case (SI). a) SNR = -5dB, b) SNR =
0dB and ¢) SNR = +5dB.
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(Figure-6): Performance evaluation of different methods using frequency weighted segmental SNR value in speaker independent case
(SI). a) SNR =-5dB, b) SNR = 0dB and c) SNR =+5dB.
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(Table-4): The results of PESQ measure values for performance evaluation of different methods in the presence of the mentioned noise
signals in SI scenario. The proposed method is introduced using ((Proposed_Sup)) and ((Proposed Semi)) in supervised and semi
supervised situations, respectively.
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(Table-5): The results of frequency weighted segmental SNR values for performance evaluation of different methods in the presence of
the mentioned noise signals in SI scenario. The proposed method is introduced using ((Proposed_Sup)) and ((Proposcd_Semi)) in
supervised and semi supervised situations, respectively.

SNR=-a SNR=+0
E = = e
Al & o 3| 2 -
2] | 2] |
— = | = = | | =
2 é el 2| 3| % 2| 2| 2 é al 2| 3| % 2| =
= ) g g m = = ©} g g ) =
S < S =
a A~ £ a
VIfo AN YIA- Yid- Yiv# YIANF AVAR AN fIv- 6. Y/fY \ \7hid YIfA five 7107 dagod
VAY | vss | e [y | vy | owy | | owsy | ssy [y | VAY | v | viss | vias | ERY | ey | slsls
ATATA VY- YIY- Y YiYo YIYA VA YIAA ZIV Fl-Y MNEY A=Y AIYO Abe AZN YIva RO

VIVO VPO v \E ATAN Y/-a VA A\ O[«Y | B/ Mg+ YV N#O AV fiva FIFA *yaile

VIAD | VPO | YA Yiv- YIAY Y/ VIYA | YIPN Of+& | Q<A [ MY | YOy | YiEQ | VIYA | SI#Y FI7N o>

V. \ligd ¥ Yig- YIAY AwAll YN | YISA | FIAY TIYY | VIAY | V=Y | VIFA | YIAS | Y03 | Flof s

VIVE | OVIEY | YA YV YA Y/ab VIO | YIdY | FIMY SIYY | VIFY VAY | YisY | vIve | YIFY | giEY UL

VIO | VY- Yo APARS Yiov | Y/#¥ VIER | YIAY Mg | 7loy VelA Ve ARYA] ARVA fivy | #IYY 9l

9 oyl Caxdg 3o ‘Sélqk&ﬁ o9y @g’lzi .SD ‘593.)&»» 5o @iz glayog, o,il.us A Lo y9kied; PESQ Slaze @g’lzi :(9—J3A?)

ol 00l 3l ((Proposed_Scmi)) g ((Proposed_Sup)) g ;bais! olos b cai yi 4y 0o jlaiacms

(Table-6): The results of PESQ mecasure values for performance cvaluation of different methods in the presence of the mentioned noise
signals in SD scenario. The proposed method is introduced using ((Proposcd_Sup)) and ((Proposcd_Scmi)) in supervised and semi
supervised situations, respectively.
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(Table-7): The results of frequency weighted segmental SNR values for performance evaluation of different methods in the presence of
the mentioned noise signals in SD scenario. The proposed method is introduced using ((Proposed_Sup)) and ((Proposed_Semi)) in
supervised and semi supervised situations, respectively.
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(Table-8): The average results of PESQ score of the proposed method in SI and SD scenarios in the presence
of the mentioned noise signals.
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(Table-9): The average results of frequency weighted segmental SNR values of the proposed method in SI and SD scenarios in the
presence of the mentioned noise signals.
GSS | MBSS | MDL | GDL. | Proposed_Semi | Proposed_Sup | BWT | AWPT
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(Table-10): The results of PESQ and frequency weighted segmental SNR measures in Sl scenario for performance evaluation of the

proposcd scmi supervised method, the proposed semi supervised method without VAD step, and the proposed semi supervised method
without domain adaptation technique.
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(Table-11): The results of the statistical Friedman and Holm’s post hoc test for PESQ score
over different methods and conditions.
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(Table-12): The results of the statistical Friedman and Holm’s post hoc test for of frequency weighted segmental
SNR values over different methods and conditions.

Methods Average Rank (R;)) | Z | p-value | Holm(a/(J-i))
Proposed_Sup \IVY AIYY . ERA A
Proposed_Semi YIo¥ [ZAN . NERYNY
MDL /08 B/ay . ofeNes
GDL. YIAY BIYA . <1eNYD
AWPT YNY flay . NRAYa%
MBSS YIVD YIEN | efeeeY RN
GSS Afd YISV | «feeVF olebyee
BWT(R,) NN - - .

sl juix e 353 ge bl 639,5 S Jols G
‘od.‘b&)‘\w}[{ u\S 3 saoanlive \.)LS QL‘»‘«Q sg:,\i)ﬁ}' L)JI
4.&[503‘3 B9y ¥ 85299 uls aS Gl Lizo U:‘ aQ A.’ng )';45
uﬁ)f ACs Q‘}}LSA 9 Al %AMJ[.:&.Q u_i:.: 61[433[3 )l,.nf
)BB;AAQ B sCasls ..\Kh|9>.- d‘)tﬁ «.'.'A:.!hlao sulS as
SE aleish 65, 0adaid S qredi 4 jibe lisebl
)L..of Jl-i:.u &LQ*:‘ 9 gs.’.‘d‘:‘f‘ 6Lbul9 S99y S09)9 uLB
Coe odddamle (65, 00 SeS 0ed o dumlze
Sonplim 5o S e anl )y L3 b 5l Jols axw
)l o oW L.r;)l,wé 3 ).a.) 4\:955 c\nl}ojb as o\.)wau)ua)
S Jels S5l 6oyl da e asbioly ol
S e damle Galide sladilyg Lo SE gledjl
0 Sy 6):5:0?"*"3 o> oA.'i.flq:S‘ Sl gy 52
@115 dalol 5o .b}.\i‘.\sn oolaiwl $9959 uLS &5.: Q:‘.‘:‘?‘:
Jlgy b ohice Golim 4 a0 9,5
Cowddy |y (dnedd HlaT JUKw cwddoslgidn (65l
3590 Slojlae sl ool 35 b ol sale>
d.)l) Lgllbuug) )_)‘L.u A S uue) UJ‘ 62{[}‘53 ‘)
6[%&5) )i{») 9 &?55 ;})5 61..49 B ‘J 0&;45‘)|

N uLMA: Ml;o)ls )ikS'L':"f"' )L.«..Qf “5)1“@‘;
6- References >ly0 —%

P,

[1] M. Klein, P. Kabal, "Signal subspace speech

enhancement with perceptual post-filtering",
Proc. IEEE Internat. Conf. Acoust. Speech Signal
Process. (ICASSP), Vol. 1, pp. 537-540, 2002.

[2] S. Kamath, P. Loizou, "4 multi-band spectral
subtraction method  for enhancing speech
corrupted by colored noise", In: Proc. IEEE
Internat. Conf. Acoust. Speech Signal Process.
(ICASSP), Orlando, Florida, 2002.

LSQLQ:"“”‘T?’ wa) as C,\éjf Azl 0‘5; =° Qi‘)?tf
6)LM.Q(J 6|)g g_i?}/.a J?_Q-ﬁ-‘; ‘Sf)Js 6\@5 5o OJ:{:Q)LB.S
9 0)‘0 I) lbg;‘ﬁ) )ilw Ql¢‘° 3 Otﬁilﬁa Ay Oy e ‘)L:.flf

S o Jes oty oIl le 51 e golel oo
Sy slad jo eus )l ded golptig (e, aizmen
5eo ge elaiSl 0o a4 1) gom A, Soge Lo
S a5 aliw! @l LBWT o2 ,680l Jolaz ) o a5 bl
Sde g 0dd Byme Ry 4 (Sl by g,y olsieas oy
Sl p el jlade sl pe Cawsas o ) 61, 2 el L

By .mb:’:i Af.uL?:.a J:ls L}"

&5)?5"4‘3?13 -0
Cs 4y bt jelaiedy dabiolly (6ol cllas ol o
Sage Jow bad o ¢ ,kas JiSam gilwge 0 YL
JU&s a3jo0 Sl Jsawd o) SaSay ol 00l oy p
s 8l JUSK s OlS> gyl calize slaailyg o
SleMbl wlg oo il g 4 JUSKew asjos 09 dales>
5 aaliosly (5 mSol ams cewsay JUuSaw slozmma 5l 2a80
ol ooy dae 4 ol wlie @i bas olaesl a8l
odls oy Iy (55 552 Juow Silgi oo citnn lanily )
S eld LSS gl aaey o 1y aslhe ol
b ahleal o a5 oudo,lai (695l 5 ymizen
a dzgi b (6,188 Cudlad lao, ISl oo oSy o 0 as
o (65 dmlone by 093 4 paate slob
Sy y oddosalie S gleisl )l Jels S
Gl 50 b olgrduy (igal plE o ladsliosly
1 oadoaalive OB SE sl laml o oabes sidays

lyo mle 5y 5l s 09bon plamil LT asliofly s,

O 2le Vol YAl JLe



http://dx.doi.org/10.29252/jsdp.17.3.17
http://jsdp.rcisp.ac.ir/article-1-835-en.html

[ Downloaded from jsdp.rcisp.ac.ir on 2025-11-30 ]

[ DOI: 10.29252/jsdp.17.3.17 ]

g0 J33a5 ol pud SoT Ay g 3adli Jo a5 b slino 1 JUES (silug Sad gy S ashyl

5

[16] M.A. Messaoud, A. Bouzid, "Speech
enhancement based on wavelet transform and

improved subspace decomposition”, Journal of

Audio Engineering society (JAES), Vol. 63,
No.12, pp.1-11, 2015.

[17] C.L. Wu, H.P. Hsu, S.S. Wang, J.W. Hung, Y.H.
Lai, HM. Wang, Y. Tsao, "Wavelet speech
enhancement based on robust principal
component analysis", Proc. Interspeech , 781,
pp. 439-443, 2017.

[18] T.Y. Zuwo, L. He, W.D. Sheng, "A new
algorithm of the wavelet packet speech
denoising based on masking perception model",
7th  International conference on natural
computation (ICNC), Vol. 1, 2011, pp. 33-37.

[19] H. Zhao, X. Peng, L. Hu, G. Wang, "An
improved speech enhancement method based on
teager energy operator and perceptual wavelet
packet decomposition", Journal of Multimedia,
Vol. 6, No. 3, 2011.

[20] R. Gomez, T. Kawahara, "Optimized wavelet-
based speech enhancement for speech
recognition in noisy and reverberant conditions",
APSIPA ASC, 2011.

[21] T.F. Sanam, C. Shahnaz, "Teager energy
operation on wavelet packet coefficients for
enhancing noisy speech wusing a hard
thresholding function”, Published in Signal
Processing: An International Journal (SPLJ),
Vol. 6, pp. 22-43, 2011.

[22] G. Chen, C. Xiong, J.J Corso, "Dictionary
transfer for image dcnoising via domain
adaptation", In  Proceedings of IEEE
International Conference on Image Processing,
2012.

[23] S. Mavaddati, S.M. Ahadi Sarkani, S. Scycdin,
"A novel speech enhancement method by
learnable sparse and low-rank decomposition
and domain adaptation”, Speech
Communication, Vol. 76, pp. 42-60, 2016.

[24] A. Agarwal, A. Anandkumar, P. Jain, P.
Netrapalli, R. Tandon, JMLR: Workshop and
Conference Proceedings, Vol. 35, 2014, pp. 1-
15.

[25] H. Lee, A. Battle, R. Raina, A.Y. Ng, "Efficient
sparse coding algorithms", Advances in Neural
Information Processing Systems, 2006.

[26] J. Portilla, L. Manccra, "Ly-bascd sparsc
approximation: Two altcrnative mcthods and
some applications", Proceedings of the 16th
IEEE international conference on Image
processing, 2009, pp. 3865-3868.

SaSa ,l2a5 gjlage e (ga] e ( G3ge [TY]

3 oDle Guby Mooy it asliosly g5l
AT ANVP-29 axmiao ) opleds VY ala deools

FO 2l ¥ ol VAl Jle

[3] D.L. Donoho, "De-noising by soft-thresholding",
IEEE Trans. Inf. Theory, Vol. 41, No. 3, pp. 613-
627, 1995.

[4] N. Upadhyay, R.K. Jaiswal, "Single Channel
Speech Enhancement: Using Wiener Filtering
with Recursive Noise Estimation”, Procedia
Computer Science, Vol. 84, pp. 22-30, 2016.

[5] J. Candes, M.B. Wakin, "4n introduction to
compressive sampling”, IEEE Signal Processing
Magazine, pp. 21-30, 2008.

[6] R.G. Baraniuk, "Compressive Sensing", IEEE
Signal Processing Magazine, pp. 118-121,2007.

[7] S. Ayat, R. Dianat, M. Manzuri, "Wavelet Based
Speech Enhancement Using a New Thresholding
Algorithm", IEEE Intl. Svmposium on Intelligent
Multimedia, Video & Speech Processing (ISIMP),
Hong Kong, 2004.

[8] C.T. Lu, H.C. Wang, "Speech enhancement using
wavelet transform with constrained thresholds",
In Proc. The 3" International Symposium on
Chinese Spoken Language Processing (ISCSLP),
Taipei, Taiwan, pp. 185-188, 2002.

[9] E. Ambikairajah, G. Tattersall, A. Davis, "Wavelet
Transform-based Speech Enhancement", Proc. on
ICSLP, Vol. 3, 1998.

[10] V.S.R. Kumari, D.K. Dcvarakonda, "4 Wavelet
Based  Denoising  of  Speech  Signal",
International Journal of Engineering Trends
and Technology (IJETT), Vol. S, No. 2, pp. 107-

115,2013.
[11] K. Khaldi, A.O. Boudraa, A. Komaty, "Speech
enhancement using empirical mode

decomposition and the Teager-Kaiser energy
operator", J Acoust Soc Am, Vol. 13, No. 5, pp.
451-459, 2014.

[12] T.F. Sanam, C. Shahnaz, "A semisoft
thresholding mcthod bascd on Tecager cnergy
opcration on wavclet packet cocfficients for
enhancing noisy speech", EURASIP Journal on
Audio, Speech and Music Processing, Springer,
2013.

[13] S. Hongo, S. Sakamoto, Y. Suzuki, "Binaural
specch  cnhancement mcthod by  wavelet
transform based on intcraural Icvel and
argument diffcrences", [nternational Conference

on Wavelet Analysis and Pattern Recognition,
Xian, 2012, pp. 290-295.

[14] T. V. Pham, "Wavclet analysis for robust speech
processing and applications”, PHD Thesis, Graz
University of Technology, 2007.

[15] 1. Pinter, "Perceptual wavelet-representation of
speech signals and its application to speech
enhancement", Computer Speech and Language,
Vol. 10, No. 1, pp. 1-22, 1996.


http://dx.doi.org/10.29252/jsdp.17.3.17
http://jsdp.rcisp.ac.ir/article-1-835-en.html

[ Downloaded from jsdp.rcisp.ac.ir on 2025-11-30 ]

[ DOI: 10.29252/jsdp.17.3.17 ]

[39] A. Varga, H. Steeneken, J.M. Tomlinson, D.
Jones, "The Noisex-92 study on the effect of
additive noisc on automatic speech recognition”,
Technical Report. Malvern, U.K.: DRA Spcech
Res. Unit, 1992.

[40] H.G. Hirsch, D. Pearce, "The AURORA
experimental framework for the performance
evaluations of speech recognition systems under
noisy conditions", Proc. ISCA ITRWASR,
pp.181-188, 2000.

[41] http://pianosociety.com.

[42] Y. Lu, P.C. Loizou, "A geometric approach to
spectral subtraction", Speech communication,
Vol. 50, No. 6, pp. 453-466, 2008.

[43] Y. Ghanbari, M.R. Karami Mollaei, "A new
approach for speech cnhancement based on the
adaptive thresholding of thc wavclet packets”,
Speech communication, Vol. 48, No. 40, pp.
927-940, 2006.

[44] S. Mavaddati, S.M. Ahadi Sarkani, S. Scycdin,
"Modified coherence-based dictionary learning
method for speech enhancement", Signal
Processing, IET, Vol. 9, No. 7, pp. 1-9, 2015.

[45] 1. Benesty, Springer handbook of speech
processing, Springer’s publication, pp. 843-871,
2008.

[46] J. Demsar, "Statistical comparisons of classifiers
over multiple data set", The Journal of Machine
Learning Research, Vol. 7, pp. 1-30, 2006.

[47]1 D.. Sheskin, Handbook of Parametric and
Nonparametric Statistical Procedures, 4nd cd.
Boca Raton, FL: Chapman & Hall/CRC, 2000.

5 Bl e (090 | ymom

5O i ) ser al)l elis)ls

oSl 51 VYAY 5 AYAS cla L

Thr e W, 0 phaisle

1y o liSy axye g Sig Sl

ewdige A%d, )0 paS el mie olKadl 51 YAS L
05,5 Shsliol (yiSTem (5 0,5 dlys SogySIl -5y
gy slaaie) cwl lhaijle olKaily 5y woige
Sas JuSaw S5le ol col Ole liol a8 9450
(Esan (it g Silwdinty gl JLiSKew A5

5L

)| Sl Q)L:..C ulml‘ MLSL{‘; =

s.mavaddati@umz.ac.i

[27] S.Mavaddati, M. Ahadi, “Speech Enhancement
using  Adaptive  Data-Based  Dictionary
Learning”, JSDP, vol. 17 (1), pp. 99-116, 2020.

Bho Wz g, A" dysews o 090 L, o5 ilae [YA]

L)“}) 9 uuen.\wl: 4Al303|9 §)¢fdli L)"L“")‘f )3’9»42; 455,)
o)leds N7 Al dmosls 5 wdle uils,y Mlad Gk
AYAA AY-VY aman f

[28] R. Mozaffari, S. Mavaddati, “A Novel Image
Denoising Method Based on Incoherent
Dictionary Learning and Domain Adaptation
Technique”, JSDP, vol. 16 (4), pp.73-92. 2020.

[29] C.D. Sigg, T. Dikk, J.M. Buhmann, "Speech
enhancement using generative dictionary
learning", [EEE Transactions on Audio, Speech
and Language Processing, Vol. 20, No.6,
pp.1698-1712,2012.

[30] B. Efron, T. Hastie, 1. Johnstone, R. Tibshirani,
"Least angle regression ", Ann. Stat., Vol. 32, pp.
407-499, 2004.

[31] M. Aharon, M. Elad, A. Bruckstein, "K-SVD: An
algorithm  for  dcsigning  overcomplete
dictionarics for sparsc representation”, JEEE
Trans. Signal Process, Vol. 54, No. 11, pp.
4311-4322, 2006.

[32] X. Wu, D. Yu, "Atomic Dccomposition Mcthod
Based on Adaptive chirplet Dictionary",
Advances in Adaptive Data Analysis, Vol. 4, pp.
1-19, 2012.

[33] J. Tropp, I. Dhillon, R.J. Heath, T. Strohmer,
"Designing structural tight frames via an
alternating projection method", IEEE Trans. on
Information Theory, Vol. 51, No.1, pp. 188-209,
2005.

[34] M. Sustik, J. Tropp, L. Dhillon, R. Heath, "On the
existence of equiangular tight frames", Linear
Algebra and Its Applications, Vol. 426, No. 2,
pp. 619-635, 2007.

[35] D. Liu, J. Nocedal, "On the limited memory
BFGS method for large scale optimization",
Math. Program, Vol. 45, pp. 503-528, 1989.

[36] S. Mavaddati, S.M. Ahadi Sarkani, S. Scycdin,
"Spcech enhancement using sparse dictionary
learning in wavelet packet transform domain",
Computer Speech and Language, Vol. 44, pp.
22-47,2017.

[37] D.L. Donoho, "De-noising by soft-thresholding",
IEEE Trans. Inf. Theory, Vol. 4, No. 3, pp. 613-
627, 1995.

[38] http://www.dcs.shef.ac.uk/spandh/gridcorpus.

O 2le Vol YAl JLe



http://dx.doi.org/10.29252/jsdp.17.3.17
http://jsdp.rcisp.ac.ir/article-1-835-en.html
http://www.tcpdf.org

