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Academic Year 2018

ABSTRACT

This thesis presented a Thai syllables classification system used for
dysarthria rehabilitation based on five channels of surface electromyography (SEMG)
and a channel of acoustic signal for classifying twelve Thai syllables. The proposed
syllables classification system was divided into four important parts including signal
pre-processing, feature representation, dimensionally reduction and classification.
Firstly, we studied the characteristic of sEMG signal between healthy and dysarthric
volunteers by calculating three feature groups as amplitude, frequency and
probabilistic value. Two features from each feature group were determined and
analyzed. Subsequently, a spectral regression extreme learning machine (SRELM) was
used as the feature projection technique to reduce the dimension of the feature
vector. Finally, the projected features were classified using a feed forward neural
network (NN) classifier with 5-fold cross-validation. The results showed that amplitude
and frequency feature affected to the syllable recognition performance. Secondly, the
individual sEMG channel and the 2, 3, 4 and 5 combination sEMG channels were
evaluated using the proposed system. The results found showed that when the
channel of the electrode was reduced, the syllables classification performance was
decreased. Thirdly, in case of the acoustic signal, the number of Mel frequency cepstral
coefficients (MFCC) as 8, 13 and 18 were investigated. Moreover, two feature groups
between five time domains and MFCC were compared. The results indicated that MFCC
was better than another feature group and 18 coefficients gave the best performance.
Finally, the best combination of features and channels of SEMG signal was chosen to
be fused with the mel-frequency cepstral coefficients extracted from the acoustic
signal. Results showed that the multimodal fusion outperformed the use of a single

signal source achieving up to ~97% of accuracy. In other words, an accuracy
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improvement up to 51% could be achieved when using the proposed multimodal
fusion. Moreover, its low standard deviations in classification accuracy compared to
those from the unimodal fusion indicated the improvement in the robustness of the
syllable recognition.

Keyword speech recognition, surface electromyography (sEMG), acoustic, unimodal

fusion, multimodal fusion
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299 MFCC 14 3 Angail 8, 13 uag 18 nuinilesiuiudulszansves
MFCC diutu Apugnéaslunissuunnedifiutuge Tnsany
peedailosuiududseansves MFCC winan 8 Wy 13 Tunsdlves
YunveslsuazIwInvaslsuinIuisatuivualy 2 ade unves
WSUWINAU 25 wasvueeulsufiauiisafuwindy 10 faddund ey
WU 25(10) WazTUINYERNTUINAY 250 wazauIavedHsuiiAy
Aeafuindu 125 Sad3und Weouunudae 250(125) Wesnnuiiun
YounsULazvUInveLNsuTiaURe fudeuldRe 25(10) waz 250(125)

a o [

gnideniiiesaingidedesnisuidnuueziay MFCC ludoaiseq

[

(concatenate) fudnwaziiuvasdyaaliinngraile Tnonissau
dnwaziduidodidnluiiesvosifvesdnvaziduilazansiuiufe
Svnusiiuiis 2 ngudesisunudoya (sample) adeyaaeuuasnadey
winu saufanana (class) veadeyasne wag 250(125) Wudfanzan

] [

dunsudygraliiinauiile nanisveaeuwandlimiiuing 25(10) way

uududseansmindu 18 Tieanugnsiesgean egslsiniuAininm
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gnseslunsduunne1afves 25(10) uay 250(125) dmiunnetves

[ [y

TuuduUsEaNSUes MFCC finuuanatsegslifideddey
) WisuieuAmugnaaddunisdtunnesdlagldanwagrululawy

natduau 5 Addenih lulddudygralwihndulledudnvugiau

a a

MFCC wuinUseansainlunisdwunnersmilaldanwagiau MFCC

[ o o Y

fnIeg1aiivdudfdiniueiaratasunfing 7 au ag1elsAnudesay

o

[

YoIdyyIadeanednedan1sgndyy1usouY1asUNIU danali

g ]

UseaAns 1 nlun1sInLuUNNe9Ranas

drusunAdeludiuvesnsnutoyawtseendu 2 Ussihufenissiudeya
PMnunanReItusaznsTndeyasnvatsurafiun lnenissindeyaidunisidnuae

AULIADLS LN U

Y oA = v & o w i Y]
) nsvudeyannunasnuiglfudunsiidnuaeiiuresdyyiadih
nautevanevesdyaaunseitesiu msdineingniiasanusenay

AETILIAIVDINITILATISRA Y Y IULATTIUIUTDIT Y Y1 UVD 3

v
[

dgaraliiinaiuiile dwsurisnaivesnisitaszidyyiuiaei

D,

¥
=

1.125, 1.75 uag 2.4 319l nuinAmnnugndedlunsdiunng19a sy
pgliidudAgilodwaivesn1 TR sdy g aniudu Tudiuves

1%

o 1 [ o v = 1 ) =
uIndesdygrnvesdyaraliiinduiegnuusesnidy 5 nquee 1

Fosdeyeynd 2, 3, 4 uay 5 Yosdyanaminiu lngluudasnaugnuuaiy

(%
o tY 1

nAugaLRIENITIUAYRIdy M NTUYesdygIuNANgalukiazngy
ggnideniietinuitaseluiiten1ssiudeyannvalsunaiiun 10

ANSNABDINUINUSLANTAINVYBITTUUIUNNENIAANALLDTIUIU

Yoadyaaanas BnvsAndeuuiinsgiuiaiganindeweuiunisly
1 [y e’./’ [ gj < 0 w A aaa d' o
PosdygaviNe aslulsziiudAgaedisnislanazauisoandnuiu

Jpsd YA lndInd1uiislnefansuse AN AN Inis

FUUANY1IA
%) 1uﬁi’m6uamﬁim%’ayjamﬂwawLma'qﬁmﬂumiﬁﬁé’ﬂwmzLm'wuaa
Fanaliihndudendedeifudnuasiiuvosdyyrandosiivaaia
WENUL TAgNINTUINITIANDS 3 LUUABYINIAIVRINITILATILH

Aoy 91uUdNUTEANSYI MFCC Wagd U UY0Id Y 10dUD Y
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14
= 2 a

doyralniinduiie nansfinwagulanedl Ussiun 1 nasiiugag

L81v89N15 AT Rd Yy b nd L lowar dyyrandeavinli

U58ANENINUDITEUUSTIAMNAINTY 8nLIUNTINIRIVBINITIATIEN

£%
a

iy 2.4 il nellonaasidumsizinusmasivesinnaiuiile

ee €
@

o 1 [

9 5 dunidsreansindygiavazoondsslutielals Ao ut19nnag

inlidygrafinaulndifestudmSunnnensd Ussiiun 2 nasiiy

FUIUFUUTEENSUY MFCC danalviuseaninmuasssuuiinmynndy

)=

pgrafidpdfydleduiuduuss@niiiiuain 8 0y 13 Ussiiud 3 n1s

[ o

dinduuYesdyaavesdyaaliiinduile Aaugnaeslunis

T o

(% '
= IS

FuUNNENALTINYTY Wedruiutesdy gy nvesdygyralniinduiie
WNTULa AL TERULNINTTINILANAY Laglan1zeg 198 ailaduIuYes
Yosdauvesdygralniindsidowingu 1 wag 2 vesdyausiniu
anusauTulpssuulaeg e ddny liesanAianugnde s iiugun
A Y] g Yo v &~ ' a gy
Wasuiunsainlddyaraliiinaiuiaiiissegnasisd wanainildy
WuINITINteyavesdymaliinnduiiediuiu 5 Yesdyy ol

Usgdvsnwanaadlaisuiunisiaiiies 4 vosdagie
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uni 2
NOBUAZHANNTT

unilagnantmgulineidesivnuideusenausie wUdaniswnesule
=< a o ¥ o [ o w = % o a ¥ I o g ¥ o (% o w
fafanssulddmiuidanisyanuiseioziifeidewaznsifendnlddmiuintanis
worlasiu sumiwesinnauilefingitesiunisalagnanfuinnauilenduiusiuns
WA NTLUIUNITVDINTINAATUIINNTUTUU Ty unoun1TUTEUIANA NTUNUT
anwalziAu N3andAvestoyn uazn1ITUAUTEIAN @ATINENA1INNTIsNTTINTEYaeaN

LAAINULAYINULAL AN NANYARINIUN
2.1 F5Udansya

Aonssuildlumstinidanisyaudaduassfanssumdnie Aanssudldly
Msuanamadnii uazAanssuieatunisye tneRanssuililunisuanssdnihlaud ns
$1Uan mevhang N3P nsuavAURTY warn1senaudy iuRenssuiivaeifiassansam
uazUiuUssmsideulmliiuedoizineg MiAedestunisya Téud 3uiluin vnsslng uas
Audaasinavinliasansaedeulmetegdananldfity fddmlunistoudlodmali
Fgetu TnenudinistidneteasfiAeatuniswalaglisanides (non-speech oral motor
treatments) anunsnthanldlunsiannguuuunsiadeulm waznsdaviivesetenzinagi
Aeadaatumsyn (201124] egndlsfmaulusmafoiaulafonssuieatunisyn Tnediildly
mehAanssufeRunM TR milsdimdnnseenideanunisldetoazlunisesnides uay

ANNIBYBINNTEBNIAE o ngUelnngnauilsdeunssuTalunindiuanuay

o

Undvesdne lngunfiniseenidusesywdusenausiededdiuninde dunediuivie
1San31§1un508d (place of articulation) wazdruiliadouils (place of manner) n308u

dmsunensantylunisineenideslosiuazifenldndysusNeandusitengn 31nn1s

1 I

NUMIUITIUNSTUNUIINISeaNdandyvusideigaiiin 2 vauaiuisavitlafe A Ae

(Mseenidedlaensidlauauiunaiugon) u vy (Nseendeslaglduateduiuduivian)

Y

wag U 31 (Msean@sslaenshasuluinuukarale) [30] Inenauivdassausifease “an”

“d” « 9 dl> = [ 1 I c{'a =3 o d{' I = a

9”7 uay “@” Tudesaszaenaruluntenldlunsiniidanisys Weswnluingavaades
@

as¢lun15971U1n 83 wazeusuEuIn vnaUsaunsneendssaseaanadbaldssdasyaunay
Y

anunsavilatues Asumnldlunisiidanisnadivianen 12 we1eaRewnsei 2-1
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M19199 2-1 nguvemeAn v meddlddniunsindanmadesiu

asy .

5 1 ? B

WO YUY

=

A AN A A

Y
=

oy N ) 7

1 1 3 1

Y

2.2 aunsvasdinnanuiileningadasiunisun

suntsvesdidninsadussruszneuidmudfuasdmanoUsyaninanueessuu

yauuiugiuvesdyanaliihnduie widmedwnuddninsaiinniiuly [22] vl

cale

C =1 1 1

nsduindgygralnindraievuluntivinlasinlunisujiivazdnananisunly

(%
[ =1

UszenAldauase 3nilana 1 biluiidan1snuninissunssuaIun3TAMRAuUR g

Y Y
[

%aﬂﬁmmﬁmIWﬁﬂﬂﬁﬂMLﬁaL‘%IENG?’]LLVﬁJ\‘iﬂ’]iU’]\‘l@Lﬁﬂiﬂi@ﬁéﬂlﬁj’lﬁﬂﬂfﬁllLﬁ@ﬁLﬁlﬁJ?“i’J’a\‘lﬁUmi
e Tgun ndanile Zygomaticus major (CH1); 2) n&uile Levator anguli oris (CH2); 3)
n&mLile Depressor anguli oris (CH3); 4) Mentalis (CH4) iag 5) né&anile Anterior belly
of the digastrics (CH5) [44] fauandlunmusznoudl 2-1 uenainilfeiiassanssudildsia

v X A a ' v & v & . Y & . . . Y &
NANHLUBDUDNLYU NATULUD NAULUB Mylohyoid nautue Orbicularis oris WagNaIULUD

<

Platysma [18][19] 1 UAU 91AA1SNUNIUITIAUATIUNUINNA1ULLD Zygomaticus major 3

1%

d‘ ¥ % a U d‘ o w [ ¥ dgl/ a0 ! ‘:
AungItesiunsi lneAadevesiawesdyaaliihnduilelidgegaluseninedy
nauLle Mentalis ¥91usuAUNaIULLD Depressor anguli oris §A110LABIT89AUNTTYIN

Ung Ingrnadevesmawesdyaalninauiledigegalunisvining [24]

2.3 mMsuFuusedynunaunsuszuana

o {

nszuluNNTvesnIsUIvUTedyranauniIsUssulana (Signal pre-

e
v v %

processing) @ansauunu 2 WidenanAon13MInd IS UNIULAENITAALENE Y 86

g7

(Segmentation) ds8azidnn1ee Aweluil
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[

mwdsznauil 2-1 dumdwesnduilelunsfiedidninge laegeduasfonsinwuudufen

LAZNEAIABNITINRUUADIT?

o/

2.3.1 NMSMINdYYINTUNIU

AUIEAIRTRINIIINAndITUNINABLNaIN AN MY Bd el Tunsel

vosdyaandsanistdadyyrasuniudenldinsnsestmnesdssuuuauiaiuiy
(Butterworth low pass filter) dusU 8 fieudsn (cut-off frequency) 5 Alalgsad [18][19]
‘Ludaumaaé’aymmlﬂﬁméﬁmﬁa é’zuuﬁyﬂmiumuﬁLﬁ@mﬂmii’mé’mmmlw%ﬂé’mLﬁ’aﬁmma
WETINEY 9 NN1sAeuTesanetidyanas (movement artifact) 99naneas (power line)
mﬂﬂajmamé"mLﬁau%nmlﬂﬁlﬁm (crosstalk) wazandygraduiiindruiierale

(electrocardio graphic artifacts) usiu [14] wasnsesiauukauzdonuwazivnagnldlunis

a

Uszananadygausenaumefingasnnudaikiiy (low pass filter) INT8IAIUDFINIY

(high pass filter) uandflawmas (notch filter) FInsosunuAILANIY (band pass filter) uag

' '
v A )

AnsosuuUiuald (adaptive filter) uona1niinaiundgdiisous Nauisanenues
Fyrusuniuesnandyaralviinasiilewu 38nWan (wavelet transform) A5ANaHaA
dufuas (higher order statistics) warn15l48anasiun1sitATIgosAUsEnoudase

(independent component analysis) WWudu 21nn15NUNINISTUNSTUNUIATIANLAY

v o

anunsadndygasumulaegiiuszansnm Ineilsnduvesnvianideuldfs db2, db7,

o

symz2, symb5, coifd, bior5.5 ag rbio2.2 [32] 281415AANUIINNTNUNIUITIUATTUAIUNNT
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PewauuiugIvresdyaaliinduiienuinnismindyaasuniutenldinseway

A

Cale

AUANIUTANDARNIUTENING 0.1 813 500 LF59A 1HU9I91n9219AAUAINDNE AU
doyaadlriinauiieaglutisussanm 0 - 500 B39a dmiuluanddeiildinsnsesanud
WUURIROaNINANDUAUDIBNNAAIIWIUIA (finite impulse response: FIR) @3azaiuiglu

Wive 2.8
2.3.2 MSAALENSNYIN

n1sfnkendayeyia (segmentation) 1un13n539dUgASUAuLAzEUAR

doaraliidinduie Tnediulugarursandseanidunisdauendieile (manual
. Y] [ uag (YY) 13 v ) [ = |

segmentation) kagn1sanLendnludvuedivinguszasavesnisidanudundn Jausas

a « o Y o 1% & | a |
wiatipnaziunnzautazyinulaniudgygralniluvenauidslulsazusnawessieniy

[ |

WM1tY 91NA1SMUNINITIUNSINAIUN1s i Ananudndrulugildunisdawendiede

(manually segmented) [19][33]

2.4 ANSNUNANYUTLAU

v v =

MsunuAidnvuzAY (feature representation) AoTBarntoyaniuseloyl
%wﬁauagﬂué’agzymlw%ﬂé’mL‘ifaLLami’]’mdauﬁlﬁG’TQQﬂ1§LLaz§Q§Uﬂ3u Tnevhludnuaziui
THlunsiesddyaralnindunidoansonvsléidu 3 naunanAe dnwaztaululawy
na1 Tnwuaudaslauaunat-auivionsunuiivuananaiwazaud uenanis

WudrAmsanavesn1snszatedeyalagniunldiudymaliiinduilioenazuen

o

usunIvesnIndyaaliiinguilednaie [35] lunuidetlyadudnvusiau 3

o o

A v 1

nauAednwuziiululawuia lawuauduarAmaiiven1snszateteya Ale1ud

£y
q
AINAN AR SUDIANWAULLAULANIITIUALLD AR 9T

2.4.1 anwauzaululaiuuLan

[

Tudiuvesdygralniinduiile dnwusiau 5 Agaldlunisdruiu

g}

UsznaumeaAnafsvesinduysal (MAV) augniaau (WL) msdnsiudgud (ZC) n1s
WagULUaUATDWMNI8Y8IANNTY (SSC) wazduuszansamnuanneududuia (fourth-order
autoregressive (AR)) ilpsa1nanwazinuinatdlvnanluszvuiinundseianalagiv

Fyanaliiing e [26135] waz[36]
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' = @ ¢ @ o I aa a ¢ o
AadgvasAnduysalidudnuazinuidouldlunsinssidayaallin

nauile TngAnafevesmduysalvaswinvesdyaaliihnduilionansdsaunisn (2-1)

I (2-1)
MAV = —Z ™
NZLi-; "

= A o o & | o | a a
e x; Aedayaadliihnduileludiwesdyyrndesigniiansauas N

Aeduvesdy g ndaailenldlunisAiuin

a < [ | A o v Y [ 1% &
ﬂ’)quﬂq?ﬂaULUUﬁﬂUmgLG]‘LW]I‘?J"]@ﬂQWN%U%@u%@QﬁNZUWNIWﬁWﬂa’]lILu@

T o

Ingaueneauvesdgyaaliinduieluiiwesdygyagesigniiansan mudalddain

HasIVRINanvasdan i N efsaunsn (2-2)

N-1
WL=>"" lxis - il 22
=1

[

nsfaRIuAIALdFen sInAANATeItayave sy liinAuLlods

A7}

(2-3) way (2-4) Lﬁa

[%
1 L4 =

LansduIuATIvesdy I aliindule NAar uA RS ATEUN TN

'
" s D v

NANALIF Y UAUNIUTLTIA LA O Y QY IUTUNIUTIANTAIATEAUD19D IR AN AU

30 fNiadlan

_\" (2-3)
ZC = [f (e X x341) and |x; — x344| = 30 mV]
i=1
_ 1, ifx <0 (2-4)
flx) = {0, otherwise

nsiasunlaaaiasmunevasanuduiiudnuusinuiiuanstasiuiuas
voansilasunlasanuturesdygralninndruiiossnineavinuagaaulagaruials
d' Y & v % a [y a1 [ a
PUENNT 2-5 way 2-6 ansaldiluteyaatuauunnudvesdyan InelAusaiugess

Windu 10 fadlian

N
§§C = Z [s{Cr; = xi—)(x; — x4 )3 N {x; —x;-11 =10 U |x; — x;44| = 10}] (2-5)
i=2
_ 1, if x>0 (2-6)
s(x) = {O, otherwise

s a ‘Q‘ 1 U a Q‘ A
duuszansnisanaeey lunauseunuAduuszansnisannes (AR) AoluAa

'
o

hwegaUszanaafagtulaeldnasiudsduvesdndunalaneuni (x_,) SufU white

Gaussian noise (w,) uandluiaamuaunisn 2-7 fail
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P-1

AR = Z ApXi_p + Wy
p=0

(2-7)

Tneil P Aesusuvadlunalseaiuadulsyansnisannsy d9iuaiiedlaan P windu 4
2.4.2 anEusaUIUTANUAUD

AIANNDNANNABANUDRRLTIRIUIUIINNATINVDINAAUVBIAUNATUNAS

vesdyaulnindaleiunudmIAgRaTINTIMNATBIAUNASIANSIRIENNTT 2-8

MNF =) [P / 2P
j=1 j=1

lng f; Aeadudvesanasuivemudges j P Aeainasuiidaesdyyialuilingiy

WeN1119aNudgeY j uag M ADdIUILYOITNANNDEDETIIANA
o/ ¢§ L5 { o {
AuUsZANSIIUaNTANATLINUULAUAMNDLUULLE

Tumsineidyrandesdomhdnvusidu MFCC 1114 1leaainyada
nsesmuduvumagnesnuuulideiumsiulunsldfudesvesny audnuuzesyns
nseamNALUUIaAeTiA LML AU MANEM @Iyaimnsoiuild) waziiaan
wuuuliosusnanNigs dsnndsenoudl 2-2 uarununmudenyesdanedfi MFCC

LAAIAININUSENDUN 2-3 S198LLBUAYRINITANUIUENBULLAUY MFCC a3unelasall

AN
A
| r\ 'h '\“‘
?

o 1000 2000 3000 4000 5000 6000 7000 8000
Frequency (Hz)

dB

AMNUSENBUN 2-2 JUKUUYBIYARMNTBIAUDLUUWE [37]
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=) g ar ar a 3
N mIndasyises dnasu YANINTDY aunpfuAuaLUULE
Hryayrandes B o
wuuise AMUBLUULYE
o £ =
1InAa3 fuuseans msudaslale Tdaan3viu
anumimisy wldnsa lisaifles | 5990

AWUsENaUR 2-3 LHUANUADNYBIBAND3TIN MFCC
Juneudl 1 daLendyaadedriivunanianinmsy

Tunoudl 2 FwnwuavesanasulagldisnisuuaiSesuuuisa (fast Fourier transform:
FFT)

Junouil 3 ldyadinsesauduvuwaduaUnaduilalutunoui 2 lnefnseauduwuy
anuden nswlasnnAuddedimhedudssdduainavesuagniauelu [38] wanas

AUN15 (2-9) INUUTIUNEIUIULARLAINTD

Mel(f) = 1125 In(1 + £/700) (2-9)

5 PN o & v a = Y v U a gj P b
YUFHBUN 4 Lﬂ‘W\‘iﬂ‘U‘LlaEJﬂ’]iVI@Ji‘Ul‘UﬂUWﬁNWU“U@Q“q@IW}ﬂi@ﬂﬂ'ﬂllm/l\‘mw@ WWaLeNAUNATY

ponidu spectral envelop #3iiAudFAILAE spectral details %ﬂﬁmmagx‘i

Tunaui 5 vinswdadlaledwuulinedesiundsnunlalutuneui 4 lwidnnveinisuuag
Talgtuuulisaiiiosus spectral envelop Ao MFCC FUUNUAIBLINLADTANYULLAUVD S

dryeyandes
2.4.3 AMNN9ERRYAINIINIEANETRYR

AmulAs (L — KURT) 9040130528 U8yaren1ingngegansaninule
193n13nTEB VU Avedyy i anflenulaelddnsndiuves L-momentl
JUFAU 4 61D L-moment SUAU 2 LAZAIUIAAINKNATIUTIAUYDIFDATIDUAUTDIFIUTUUY
dul uansiaaunsil (2-10) [34]

20b; — 30b, + 12b; — b, (2-10)

L — KURT =
2b, — b,
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Toed b, FefUssanauAmwuy unbiased ¥a4 probability-weight moment ile r = 0,1,2,3

aunsyluves b, LaRIRsENnISA (2-11)

N
1 G-D(G—=2)(—7) (2-11)
br=% 2 yf[(lv—n(zv—z)---(lv—r)

j=r+1

Tngen y; mldannisiiesdeyavesdyaraliinnduileniiunisuesuddanadewmiiiu
AuduarAUsUTIuiniunialegSesduantesluinaindeyad 1 89 N ARIRTFILVRY
L — KURT §%5Un15uaniasuuuiniveunmdideunagaiuaifoufio 0.1226 uay 0.2357

AN A9

AAul (L — SKW) v83n1snszangvesdeyarionisiniidvesnituly
aunnnsreImInszsrnvesdyaliiiinduiedenanduduanviediau dwiy
nsnszatedeyawuuuniden L — SKW azeglurag 0 89 1 n1sAwina1 L — SKW veayn
Toyauansdisaunsi (2-12) [39]

6b2 - 6b1 + bo (2_12)
2b, — by

L—SKW =

2.5 nMyanlinvataya

(Y]

n1sandAvestaya (dimensional reduction) Lﬁu%umaumﬁﬁﬁmmﬁmm
”LumaﬁmLﬁaﬂé’ﬂwmzL@iuﬁamﬁmﬁummgﬂ@’fawaamiﬁﬁ'n,l,uml,azamLammsﬂuma
Uszanana uanmaﬁé’aﬁawﬁm?mﬂmm curse of dimension Fswsnedsluinanisaou
”Lﬁmaammwit,ﬁaﬁ’ﬂuLmaﬁ?umi%'ﬁ’usé’faaﬂawmaauwudﬂmmgﬂéfaw 2INTIUNTAUDE
I(ﬂSﬁilﬂﬂ?ia(ﬂﬁa%@ﬂ%@%aﬁ’lwﬁﬂLL‘UIQEJEJﬂL‘ﬁ‘u 2 LWUUABNNSLADNANYaLLAULAYN1TANY

ANYALLAY
2.5.1 N1SLADNANWUZLAU

I LY 1 . & adal PN o o aa
ANsaananwsLAY (feature selection) L‘tJmﬁ‘vmawqmaﬂmumsaﬂm%d
Y o v W I Al 1y w o A A 3w Y A P a
Tayalagnisminanvariduiliduiuinielinugrdeulasliviuldsudoyaliy
[y a = A [ 1 1 Y & A = A . = v v
daND3NUVDINTSIADNANEAULAULUIUY 3 UsennAaUssnnil 1 As filters Feannanwy
' P a a Y a - P a = v
WUIINTOYaNUTIAINNTINTEUIUNTIEUT Useianil 2 Ao wrappers Tdimallan1si3eus
WaUselludnwazlauniuselend wazusenni 3 A9 embedded LUUNNTIIUTUADUVDY

NNSEBNANWULLAUKLALNITIUNUTELAN [40]
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2.5.2 N1SRIYANWULLAU

nsandfvesoyamenisatednuaziay (feature projection) 1unisasng
AawUslnad danesiuvesnisaredeyauuslimiusuudadusazliifudadunaniay

AMNUSENOUN 2-4(n) Lay 2-4(3) Hs8azYnnall

o
o o
S o
O
0 oo ®
o © ° o CYH )
O ® o®
o © ®
o ©® '
(n) (v)

AMNUTENOUR 2-4 nMsanednuaziay () wuuludadu @) suulddudady [40]
n)  WUULDIAU

msaednvasuuuuiadudumsaniidoyaignanoudisoguuuind
doordaduiidamninlaeliitusnduszneumnind dvualiyateya (0 DAY N x
D wsdndnsaredeya (U) ffidwindu D x K deyaiiareudr (2) fdawidu N x K Tned 2 =
X-U gz UUT = | (ansauifidsianinveaninesdnuazane (eigen vector) fatuaylin

X = Z-U" h@mannans1iinaan ndsenaun 2-5

NxD N x K KxD

mMwusznaun 2-5 nMsaniirvesdeyalaglinisuendiuszneuwnsndiluduaieveyauuy

a ol

U3ligoeniimnni
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Aa vy A dve o = =
WU

danesnunITanifveyan N3TnAuNINNgnADNITILATITRRIAUTENDU

Y Y 9

nan (principal component analysis: PCA) laglgiunsndai1uudsUsiusiunag Al
anwazLaniy (eigen value) LaglintnosanwuMzlang (eigen vector) N1SILATIEY
osdUszneundnifunsmesduszneundnvesteyatdliduiudiunnine sdnuaianz uay
psAUsENOUNANUAAzfuNURdadum LU UTIWveteya agalsfmulunisdiuin
sdUsznoundnuasyatoyaliausaiuussiuldinosiussnaundninanduasduius iy
ranavasyadayadaiuteunniosraanisuondoya fdunsiinseiduunndudady

(linear discriminant analysis: LDA) gniiaue lngidayavesaaraunldlunsinsigsinie

dealiiduunyszianlafnid’ ANUAANUINYBINITIATIERTMUNNFUTLAUABNITANY

Toyaludausginnmesduunnguimungauiigniie s ussanarein1sdkunyssan lny

Y

[

fszggneseninamaninianuazssggnislunaiaiediuiesnaanseuviaduaniaus gl

ANWULLAUNIEY

2) wuuldidudady

1%

nsandiAuuU U AUl SN wusLANAINANNBUUTLEY nN@1De1TY

[
Q'lwo./cu v v 6

X a daaa o v a adaa ] a v
WumwummmmmmgﬂLLUaalﬂawimemm ¢ fatuAUFuNUShuUl TuTadu

Y

v
a

senieanuaziAuansagnAuny lunangufansaflenduy (lfting function) @113l

' ' [
aada

wUasdnuausaulugn3ginansgeld lulsginddnnuliinguamnuduiussenindnye

'
=

! < < a ¥ o & e [y Y Y] o a ada
WUAINNTONDILAULU UL UULTILEU muummwwlmww LLﬁ%LlIEJLLUﬁQﬂﬁUIUUQﬂiQ@JWN

Re

aa 6 1 =3 (Y] 93 4 (-1 a % a wva & 6
fasnInanansaveaiiuauduiusuuvliludady lunmedfoaflandunssiuagn
~ P v ¢ a ) VY ° a & 'z °
29NLUULNEAS19NaaNSRe N Wl lddasA I uIIANRaNanTY TuIs5unssY [36] U1vaus
aa 14 (-1 a 174 a 1 . . .
Uﬁmima%u“aLLUUVLaJLIJuL“NLaUL‘J‘Emm spectral regression extreme learning Machine
(SRELM) @atdunnssiuinafinves extreme leamning machine (ELM) way spectral
regression (SR) laseas1eves ELM willeunulassigusyamieuuwuulitramtntusen ny
TivdnnisguiiveyinnismvuaAi mtnlutudunm wazaeudedlutugou vagnAaI9
WwitinvestueinagnAwInmemiasEesieegn dukansitlidnisienlunssuiunis
1% 1 v ¥ 2 a @ | dl' = = % 1
deudoyadinalinisasudayamiswmaia ELM 5andnllaSeuiisuiulaseinedssam
Wieukuulut1 Ui edkuuaaay ag19lsiniumaila SRELM a@1u1satiudseansnin
Y83 ELM gn15idn SR anldawnaeialadininiendne (output weight) tafvesisilfie
ansnidnaaauniansanlunszuIunsiseus walla SR Aen1Tlaseiidealnniuves

nsadandeugnuidgyminieisnisanneeitdeassiasfign lag SR as1913ninos
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¥ ¥ '
v A =

dnwauzlanzd@eiundune lUdiuierdnn nsfiwesiiesassiigniunldieyinl
U5dn3n1mvee SRELM Ailgatiufednuiuvedruatugeudauwdsiuain 100 s 1500 Tnua

q

Tngwiiudiaz 100 1ius warAwoanawUsEuaIn 10 049 20 lngwiuiiay 1

nindnluudrdisiudivesiuneuisnisiaunes SRELM adeadetulasadie
Uszanniflounuuludraiduies dufeunuiiazyinisususdiaiminludugsenves
Tssthedszamitsauuuludraiduien ELM astmuasdisimiinluduseunuudy
wazdaAdsminein dmsusegsiunndsiulusiuoy (G )}, ned
x; = (Xi1) Xigy 0, Xin)T € R™ WAL t; = (tig, tizy oy tin)T € R™, i=1,2,..,N lag N

° 19 & ] ¢ | = Y Y & Aa
@QqujuﬂQHﬁW\TVﬂﬂ mmewmaﬂiﬂiw’mﬂi%a’mLV]EJ&JLLUUIUSU’]WUWGML@EIW]@J KI‘VT‘U@

o))}

LYDULAAINIANNTTN2.13

Qe

2

X (2-13)
f(x) = Zﬁj G(a;,bj,x;) = h(x)B = t;

gl f Folednaves ELM, G ﬁa%’ueziaueuaa%gul,mﬁwm (hidden layer output), h(x;) €
RNVK Foiuninduostuteuvesiuiondnauas f € ROM Aaunindvasdidiaiiniin
O1NR 9naNNTST 2-13 ifeflazuddgmianunsaUssanadisimifnedun Tae3s
Auulfosiianves ELM 9zannasiuvesindsansvesdgaidoyosaiianain uanss

Aunsh 2.14

e 1 1
minimize Lo = SIIBIZ + €S XL yllell?
(2-14)
subject to h(x)B=tl—el, i=1,.....N
ntiuunuasly objective function axldauns2.15
minimize g = S IBI2 + CS BN NT — HB? (2-15)

T H = [(h(xy), ..., h(xy)T]T € RN*K gy T € RN*m Lﬁ@ﬁ%ﬂizqﬂﬁ ELM dwisuan

v

fifveadeya isnvzlifiansanaaavesioya Ay objective function Axgnuullasuuans

lansauns 2.16

N 1 2 1 T
minimize Lgiy = ;”3” + AETT(F LF)
(2-16)
subject to fi = h(x)pB i=1,....,N
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W0ef Lgppy Aoilandudiving, F fewnsndiordnaiay L Aonsvaivandeu laen1sunui
aslu objective function axlaaun1saedl 2.17
L 1 1
minimize  Lgiy = Ellﬁll2 + AETr(ﬁTHTLBH)

(2-17)
subject to BTHTLBH = I,

a

WuAdeyn1nangn (optimization solution) ¥a4aun1s (2-15) AaN15ULATYNRIA2835AY

q

anwzlanIe (eigen value) LEMIRIALNTT

(I, + AHTLH)u = yH"LHu (2-18)

nuuhmMswnzinsadnasuanlddadunisi SR ildauamarsiminedne
TnganuAInnsaevensliuuiny y wuuisndumudunansiagunis 2-19

y = Hu (2-19)

(Y]

HaTInLPRANNTT (2-18) gndnguuuulvalaaunisdsil

(I, + AH"LH)u = yH'Ly (2-20)

(minimize) WAAIAIALNIT
— T -
(Z(J’i —y;)2W;; = 2yTLy (2-21)
ij
lagfl L =D — W flensiaivaideu, D felunsndnueyuiiiosdussnaufie Dy =

Y Wi uag W Aslusindausinsuwia N X N 3afennnumiloussninetaya 2 90 faily

#1N13 (2-20) @U15AMANTIANAALAENITUANEN WULLRNIETNUINTAAKAAIRIEANNTT 2-22
Wy = ADy (2-22)
UaNAINUAINTUTaN0TNLAIDANDELTIALUNATY (spectral regression) @1190NAANENN

NINTUIAY smG'haéﬂaLﬂiusﬁayjaﬁﬁi’ﬂmmmamwﬁu C VAIANNNIUNTEUIUNTS SRELM WU

MUUASNT U 32UTENOUMEY -1 AN
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Na1lABAINTINAITLAGNAT (2-20) v11lALU 2 Tunau Tunsuiniawndeyniad
anwzlanie (eigen value) Tuannis (2-20) TunauN@oINIA1 u MBmAlln SR LAAIAY

agunng

N L (2-23)
U = argmin Z(uTh(xi) -y + az u;
* i=1 j=1
Inefl a Fomailwesnisannesuas w; Aediuusznautes u Fulusdusznaures B uand

FIFUANT

B = [u1'u2""iuc—1] € RL (2-24)

2.6 N1SAUNUTZLAN

A A v o ° v Yo < aa
N198BNLUUNTIONITLADNAITILUNUTZLANAINIUTINUUNTZTUIUNTNY

U

ANudAyTmIsiaenldlimunsdudnyizvetaya 155UNTIN [42] dnauafidiuun
Uszunnildlunisidranunsanvseaniu 3 35 Aeidilseuifisunnumiion vneada waz
ad v v a L. . ' ad A = 2 A

FoassvoulnnisAnaula (decision boundaries) lugiuveddsilTeuisuaumilaume
NsFUARULNKUUTTENM ST SEgvineae Niaaldu T5n15uUsInmes (vector quantization)
wagngiieutiuneglnaiuuinfign (k-nearest neighbor rule) lunsdlveaisnieada
Usgnausmengnisinaulaveauduazngnisdndulameisenuiululiasn ngnisdindula

¢ & o § v ' I ) . . Ao a = o Y
yaauddunsviliauunazdunds (posterior probability) NfiANunAaageruInlaan

=

1 I3 1 . . & 1 1 I3
AMuU1zslunau (prior probability) kazianduarrurnukuuaInI NIz ukuull

Weuly (conditional probability density function) vadmana wuziingni1sfindulanieds
I3 Y I3 ' a gl 1 ! a sala 1 ' a
rudululaasandunsuszanaamsniivesilinsuaanmniivesndegiu Alade
1 I 2/ o v ad Y v a Id v o a
wagArANLUsUTIUTIUAY dmsuitasiweuanisdnauladufmiduunussianuuuias
Wunagldiludaduidu Tasevreuszam (neural network) Snnesatanimoshuvdu
(support vector machine) wag NTIAIILRNITIMUNUTEAMTUEU (linear discriminant
analysis) \Uusiu uenanilimduundssinnyialassineyszanniieudgnimuniioantaa
TunsSeusvserinigiinsitu lnenstmetiasequinuiniuislaseneUssamidieuwuy
faLAULYU log-linearized Gaussian mixer network (LLGMN) $2uAU probabilistic neural
network (PNN), fuzzy mean max neural network (FMMNN) ta ¢ radial basis function

artificial neural network (RBFNN) 1Uudiu f@inainuianatnlunisiseuignaiuanly

SULUUYRIAURANAIAYRIALRAYAIEBY (mean squared error : MSE)
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IINMINUNMIUITTUNTIUTALIAUTEULFI AmANUIFTwunlasuay

=

JyuganmonuuiInanunsaangaulsu (hidden markov model) [81191[101[12]1[18]1[19] &

Y 9

JushduunUszunniildlunisidnieisnieadn Weangluuuvesdyaian syadudiiu
POIINLABTUUVALUNATUTLUTAIULIAN (time-varying spectral vector sequence)

W15dlmesvedLuuTaewiaengauTuldl TIUINAIULYDUUUTIABY I1UIULD NN

o v
[ Y o IS

Yo UUIa04 wazautaziduluniswdsuaniug fetun1siivuaaInisIdweswai oy

[ ]
a v Ao [ =

danaraAI1UYNABIYEINTTMUNAINA UannTfalldiduunyszinndnvilanilanign

wnldluszuuihmuafelaswessamiiiey (9122 nellesldlunsduundnaes dsiu

TuaAdediiunisinlassineyussaiisunuulugnantnun gy

2.6.1 aandnenssulaseineussamiisumwasiaunsauLuunangtu

L2 b4

FNEAZAULUUYILATIVI8USLAIMAS LN T UASAULUUNA 8T Y
Uszneumentstudunn wilstueidng uazegdosnisiugeu Tuneuismesidunsouay
HINSAUIUABNLINHBS AN (W) VB9auN15IUNUSENNT LAY 1a8i3U1NNS
AMNUAAISUAUIANULINADIMUINLN NNTULTALINNDTAIUINUNAINAT LN AW NN
1 6 1 qoj C% % QI d' 1 o g dl' U 6 1 goj C%
At minluseudaly Ainanunaggniiguiieuudsannmesaianiminlusey
gkl aunsensmnnwesamtnildaunsadwunUssivvesnnmesindunndilaegie

gneeIIuAlagaNnIsIdadu n1sUTuuTaaInmesal s mtnaanlandnluudidediu

ANUTOLANIAIANNT (2-23)

wit +1) = w(t) — p, Z 5.x (2-23)

XEY

[ a o %

187 w ABLINMDTAINUIMUNNIIINITIAN Wy WLTUALTNAIEAY

q

1HUDIINLADIAIUIAUN

v A

La7 Y Aainmainsidioninmadiniy x yadingninuuniaussinniieldiiniaosats

Y
[

wmtn w(t) Aaan p, Fensfimessainuaaduieldniuauanusilunisgiigua

waslasanusanvualmduaind wag 6, dadu -1 e x € wy warilanlu +1 e

v | =~

i+ aa § < J 3 & 1 ) 1
X €Ew, I@EJ'V]‘U‘L!G]E)‘L!’JﬁLW@?L%U@i@Uﬁ]%QL?ﬂﬁNaLQaHLll@ Y 1Juin®aging (bLlIlIL'JﬂLG]@i

Y
1 (%

Hnelu x wieed) [43] Walannmesaiaimdn w udl nwesdismindenaniaggn
° v A Y o a v & s = v o

dnldieasiswussinnidadu mntunnmes x nldlummaasudduunlssianla o
gnitwunUszinvlindudseanladssinniilaandsznidululanoun Taen1siiansan

NAVDIHINTULARIRIFUNTT (2-24)
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f(WTX) = f(wixy + waxy + o+ wixy + wp) (2-24)

WNUN YR UUSaedlATIsmesBURsouLaRIR I nUTENBUT 2-6

AMNUIENBUN 2-6 LHUNINUBLUUT ARdlATTENasSIFURTaU

2.7 ns5audaya (Fusion)

n1ssandeyaausauvndu 2 Maidelugfenissiudeyasinunasiiun

WAeafiu (unimodal fusion) WagN135IUTRYAINVANL WAL (multimodal fusion)
2.7.1 M3sudayaanunanaLagIiu

Tuiidundsiiundorfumneddygraliihndudevsnaluniiuas
UNEIUVDIAIADINUIU 5 Yo3dygyed fmﬂmimmmiimmmé’mmﬁfﬁwﬁﬂmmuuﬁugﬁu
vasdyanaliiindmie [12126]127] wuinssanssudnlnadruhdnvassureuday
NG ATl DI RNl ﬁuwmammdwL‘t“]umiiawﬁa%aiuszé’ué’wmzLm'u 2135UNTIU [27]
e dygaliinduiovesnduioudasinidnvasiioniu fufunsudnuus
Lﬂ'umﬂwmsjsziaqa"*aumpmmmmnﬁuﬂaz%m%mﬂumﬁﬁwL?mléf uonandunay [26]
51EN’]‘L!’J"}ﬂ?iLﬁNﬁﬂU%Uﬁ@ﬂﬁ@lm’lmlﬁLﬁEJﬂLLGiUi%ﬁVI%ﬂ”IW?JENiSU‘ULﬁlmsﬁu Andoauy

UINTFIUETIBARIBNAE
2.7.2 M35udaYaIMNNAIBUNETNNN

nsTndeyaInanurasun deuwnsvarglunuiieitesiunisseudiuanalag
N13M539TAAMENYUENIIN18AIN (physical characteristics) L4 a183dle (fingerprint)
anwaglunt (facial recognition) anwuzYeiie (hand geometry) wag L5AUN (retina)

aelunen Wudu Mludnvazanzvessazauunldlunsszysmynnatiiug wdds
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waniuinIsuiisutuandnuasildinstuiinllugudeyadeunthiifieldusnues
yARREUIINYARAELY Tofvesnisriadeyafoaunsaifiulszavinmuasssuuidiodiouiy
n1sldiiivadayalien [28] 91nN1SNUNIUITTUNSTTUNUIIINITULaUDIMATANITU
AN BTN IINMEANINTINT U 1A YaNE3endn biometrics fusion 4aNLNTALUS
sonilu 4 gUuuUfie NsTInsEiuwLges (sensor level) sediudnunizinu (feature level)
seiuAzIUY (score level) Wagseiunisdndula (decision level) fsnndsznoud 2-7 Guil

NUALLYNRIL

o ¢ & v a Ay v s Y]
. im‘uLGUULG&J@?LUUﬂ’]‘Jﬁ?@JGIJa;JJaWU (raw data) Vll@"iﬂﬂL?jUL"U@iGﬂ\iﬂu

wioanszuuiuteyafisnetuudldiwugesiifeiu

. szivanvasiaudunsTudnevaznuwaziivlugiudeya nissw
wuuiaeiivssansnmiseilednvasiduiinufulimudaseredy waziiffvesdoyaiindiu

lngnsldimetianisaniiivesdeya

v

. syAuAzuduN15Iug (matching) Teyaiugudeoyatiemuinm
Azuuy ntudahnzuuwetrugatudaziu Iy gavhethazuuuinldlunsinduls

Ima%uummLwiazmuma%%gﬂua%m (normalization) NBUWAIFINNITINAU

. szaunisinauladunissundieinnisduundszinnvssunas

s vaa A o v & ¢ .. aada o v v
wues Inee19liisnshaidustnannidunaet (majority vote) Aiiiaududoutiosuay
nsvnunuiuserilulowesndiaieiuunniige wiussansamdseniinissinluseau

AzLUY LBandadninsudtuiuvestoyaidl

—
Biometric
v
Sensor Feature HMatchingHDecisinn]
Fusion extraction
Biometric
sensor

Biometric Feature
sensor extractiol
Feature
Fusion
Biometric Feature
sensor extraction
Biometric Feature Matching Dec|5|on
sensor extracuo
L DecTsion
Decision Template Fusion
Y /'
Biometric Feature Matching Biometric Feature Matching Decision
sensor extraction sensor extractio

Awdsznaudl 2-7 msnudugaluszausige vesszuululawaning [28]

Decision
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2.8 N1598NLUVINATNIDIAMUNBUUAINDANANANBUEAUDIDUNAFII1UIUIINA (Finite

impulse response: FIR)

999N589AUDAIUITAUUIAUAN B UL VBINAABUAUBIAIIUD (frequency
response) AINNUTENOUN 2.8 10 4 Uilnfe 1995n783AURAINIU (low pass filter: LPF)

aaﬂiﬂsaaﬂawmﬁqamu (high pass filter: HPF) 2993NTOWAUAUERIY (band pass filter:

=

BPF) Lmz’m%mmLmummﬁ'mqmmu (band stop filter 138 notch filter) NanaUAUD

=

AMUDNVDII9INTDIAASVLALAAIAININUTZABUN 2-8 (1) D9 (1) PuaIeU Taenaluq1995

a v €

N5RIAMUDLUURINAaaNLN Tl UMD UNaRDUALD BN NAdI1UIUIIAR (FIR) AUNARDUALDY

Suadiuulidnia (infinite impulse response: IIR) ToAv84 FIR AolinanaUausiauikuy

\WaLEU (linear phase) Winngamsun1siauLAIe e innInsunnduazlunuiiieives

W sNaAYNElUN1T90NLUUNIINTDIALALUUATNDA 1ABENFAIDE19I99T

a a .. ) d' = = o &
NIDILAUAIIUANIU FIR ¥UM equiripple MNIWUIZNBUY 2.9 U18aL08ANIY

d' 1 = % d'd' Y 1
®  ANUANIY (fpass) ‘mmamqmmmmmm’mawiwammmmu

A

o AUl (fyrop) ViNBRsAdRvRIAILAN Il UMD

A o

® NITAANDUVBILAUNYA (stop-band attenuation : Agtep) AD TUIULYNT

waungnaaveuas JaAilu dB

® NMIAANBUVBIUAUHIU (pass-band attenuation : Apgss) ABANGIGIANVUIA

LOUNIULN999nnA1 0 SaAdu dB
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|H| 4 |H| 'y

PIWAUAUDHIY FAWAUANDHIY
« » +—>

\ 4
\-.h
\ 4
"‘"\

° fi ° f;

ﬂ) Nﬂﬁﬂﬂﬁuaﬁﬂﬂﬂ?@ﬂﬁﬂiﬂﬂﬂ?"luﬁﬁg’]B\j"lu ’U) Nﬁﬂauﬁuaqwa\?ﬁ!\iﬂiﬂﬁaﬂﬁq"lllaqﬂﬂ"lu
|H| + |H| A
YIAUAUDEHIY FUnUAITLERTY
‘+— >
[ —> 4 —>

° fCl fcz 'f 0 fcl ch =f

A) HANBUANDIVDIINDINIDILAUAINNNKIUY ) Naﬂa‘uauawanaﬁnimmwﬁquﬁw

ANUsENBUN 2-8 NanBUANBIANINDYEMINRINTRIAUDLUEALAR

Mag. (dB)
A

| >
fstopr  fpass1 fpassz  fstopz fi/2 f (Hz)
— +—p- —eeeeeee .
waulsinu wausnu wauladpinu

ANWUTENBUN 2-9 AUANYULLANIZYDINANBUALDIAUDVBIFINTBIMUY FIR
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Ui 3

74

Y80 gunsaluazselaulsnsivy

& P 3% = o 2 o
unilagnanifisnisesnuuussuunmsiateyatiieliaunsaiudyyialdi
v & [ = o/ v 1% & ! L4 o v &
nanuLileuazdgaaudsansouiule lngesnuuuniludiuvesgunsaliaglusunsunldiny
Tya IINUUNINITNIIASUAUYITY Y IULAUAIUINIINALRRLYDIAFUY TalnaL AN
Denuunnsgu Ines1sdeaindygriagavuiududinmuagasuduvesdygin Gau
PR Y Y % & a vl &
nandnnanvuzvesdyaliinduilovesauunfvazd niomsyaliiluaiulaguen
MUAMSNYUEYDITNBULAULTDIUSUTBUANUE B UVTOUANANNTENIAUUNRLAL ALY

a1msualiiluany uenanfidalinmsieuiieuyszansnmaeinsaindnyagiduiuy

a v a A v a

aedayasnme AmdfyanegranilinefAnwinuanuurvesdygadeiioiondnue

a

WUTIEaN TN IUAIUTEAVEYRY MFCC Ndwnasiauseansninvesssuuiinmyasn

' ' '
1 a o 2 = = ¥ aa

Ay drundrdynannviaiiladfedsn1ssIudeyanianunainufeIfuLazaInNvaty

o

) ) a

1A P a A a d’{ IS LY gj 1 a L4
WAASTIN WelUSouliguUseansaniiiindu taadn1sihusHuyiesiaaIueInIsIAsIgh

3 1

dyeyna uIUFNUTEANSYRY MFCC wagdnuiutosdygiavesdyyralniinduis wa

nsnaaedludiutiazgnihluussendlddmiumsmaasunsidndmanuuliuivyanasell
3.1 szuunisladaya

s¥UUNIShATaya (data acquisition system) Useneusigszuuduiin
Fugrendoardygraliiindrnidomuninusznouit 3-1 Tudauvesszuududin
FuarandesusznoudielulasiiuwuuaiufsueBe SpeechWare FlexyMike Dual Ear
Cardioid (DEC) Tnefinndnuay (specification) adl sUnuUn13fuIABaianizfun
(unidirectional polar pattern) §39A 08 (frequency range) 50 f14 18,000 L85n% A1)
(sensitivity) -65dB + 3dB wazaauNwmasitndn nann1svinauvesssuuduiindyiaides
ﬁaﬁammaﬂmaaﬂL?wamulﬂmivﬂu%qgﬂsiaﬁum%mauﬁama% syuutufinidesiidon
srelusunsy LabVIEW agvnmsiftudyanasdeduliamesiasel Tnefianuddnedns

(sampling frequency) #1 20 Alaidses vaugNszvusuTUndyyIadee dugINIATUIY

(trigger signal) Azgnasisuuazdsludwasdyanni 6 veaasesdloTndyyralnindiuile

'
=

Feduasesdlo@anndlud (commercial) sy NI USB 6009 14 bit 48 kS/s 3avinutinfiudas

dyaafdnealudygyiaueusdon Mntdudygiugaruiuazgniufinuugensuisves

g7
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= A o o v & o wa AV Yo A o a v
Lﬂi@ﬂﬂ@?@ammqm‘l,w%qﬂaqﬂLu@LL‘U‘UE]G]Iu@JW Na‘Vl‘L@ITUﬂE]ﬁ']ll']iﬂaﬂLﬂ@]@@LillﬁusUaﬁ

<

o = o

dyaandemardygradninduiiengnduiiniinisdauendygyiashlade

T o A

Voice recording and trigger
generation software

Acoustic signal

Preparingtime 455"

Acoustic siinall
=15 .
: Restoring destination - : 4
Speaking time ‘
Trigger v o ——
r
|
g F

sEMG recording software

MwusEnaui 3-1 ssuunisiateyadyaandsuazdyauliinduile ndwinfienan
Y a [y = 13 v =2 = Ao v & [
alimseanides dygraudesgniiulaessuuduiinides vasndyaralnihnduilegninuas

v = A4 A& o o Y & & 2 A4 A A a ¢
Tufinlaensedeiadyaalvinauledaduniodio@andyd

ludguvesmstuiindygralaihnaulognuuaduaesdiufedygruves

a7} U

Iy vala

a ) a o T w Y & A a Y]
AUUNALAZ A UIUYDINNUBINITN INLUU?]'J’WJ I@I‘EJMG]’]LLVUQ&I@Iﬂ@’]NLu@WLWﬁJ@UﬂU

] QU U

Ly [

& A a o A Y] ~ Y & A =~ Y] [
wananiinIesdianasTagnldlunisinuastuiindyralwinduilonmiaudulawn
dlannsndaies-Taes raslsn (Ag/AgCl) Tllnudnvuzvasdaninsnduwuudianinsngy
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The objective of this study is to develop a speech gnition system for classifying nine Thai
syllables, which is used for the rehabilitation of dysarthric patients, based on five channels of
surface electromyography (sEMG) signals from the human articulatory muscles. After the

SEMG signal from each ct ] was collected, it was p d by a band-pass filter from 20~
450 Hz for noise removal Then, six features from three feature categories were determined
and analyzed , mean absolute value (MAV) and wavelength (WL) from amplitude

based feamres (ABF], zero crossing (ZC) and mean frequency (MNF) from frequency based
features (FBF), and L-kurtosis (L-KURT) and L-skewness (L-SKW) from statistics based
fe (SBF). Subseq ly, a spectral regression extreme I ing machine (SRELM)
was used as the feature projection technique to reduce the dimension of feature vector
from 30 to 8. Finally, the projected features were classified usmg a feed forward neural
network (NN) classifier with 5-fold c lidation. The prop y was eval d
with the sEMG signals from seven healthy volunteers and five dysarthric volunteers. The
results show that the proposed system can recognize the sEMG signals from both healthy
and dysarthric volunteers. The average classification accuracies obtained from all six

features in the healthy and dysarthric volunteers were 94.5% and 89.4%, respectively.
© 2018 Nalecz Institute of Biocybernetics and Biomedical Engineering of the Polish
Academy of Sciences. Published by Elsevier B.V. All rights reserved.

y 4 Introduction

the movements that underlie the execution of speech. The
main characteristic of dysarthria is speech with constantly
abnormal pitch and rhythm and other characteristics

Stroke is a major health issue worldwide. One of the possible including slurred, choppy, or mumbled speech that may
effects from a stroke is flaccid dysarthria or speech be difficult to understand. In order to alleviate these
impediment. Dysarthria reflects neuromuscular distur- problems, a speech recognition system based on an acoustic
bances of strength, speed, tone, steadiness, or accuracy of signal can be used to improve communication [1] and as an
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index for measuring the severity level of dysarthria [2-7]. In
addition to speech recognition systems based on acoustic
signals, which are widely proposed in the literatures,
systems implemented on surface electromyography (SEMG)
signals are currently of interest [8]. The sEMG signal is an
electrical potential that is measured from the human
articulatory muscles on the face and the neck by surface
electrodes. Three advantages of using sEMG signals include
(1) capability in recognizing speech in the environment with
very loud ambient noise [9], (2) capability to be speech
interfaces in rehabilitation applications for individuals with
speech disabilities [10], and (3) combination with the
acoustic signal for performance improvement [11]. The
SEMG-based speech recognition has been proposed in both
silent and audible modes. This research focused on SEMG-
based audible speech recognition. In other words, the sEMG
signals were collected when the volunteers pronounced the
words with voicing.

The objective of most research on sEMG-based audible
speech recognition is to improve classification accuracy by
accurately identifying words or phonemes. To this end, the
whole system is divided into four parts ing of

information and the corresponding sEMG signal. Feature
extraction maps a given sequence of the sEMG signal into a
sequence of context words (or phonemes). Feature extraction
is also an important part of pattern recognition, which has a
significant influence on the recognition results [15]. Basedona
review of the literature relating to speech recognition using
SEMG signals, features in the time domain including root mean
square, Zero ¢ ing, and auto-regr [16] and features in
the frequency domain such as the mel-frequency cepstral
coefficients and a filter bank [17] have been used for word
classification.

The study reported in this paper focused on finding
appropriate features that achieve the maximum classifica-
tion accuracy for a speech recognition system based on
electromyography for the rehabilitation of dysarthric
patients. Three feature categories were studied consisting
of amplitude, frequency and statistical features. The
performance of the features from each category was
evaluated using boxplots and scatter plots. Moreover, the
classification accuracies of these three feature categories
and their combination were reported when a spectral
extreme learning machine (SRELM), which was

preprocessing, feature extraction, dimensional reduction,
and classification. Research on feature extraction and
classification is important. In 2008, Lee acquired the sSEMG
signals from three articulatory muscles to classify 60 isolated
Korean words by extracting mel frequency cepstral coeffi-
cients and their first temporal derivatives called delta
coefficients from 100 ms sEMC frames at 20 ms intervals
[12]. These feature parameters were then combined and
modeled in a hidden Markov model (HMM) framework. An
accuracy of 87.1% was obtained by the word recognition
system with the features based on HMM parameters and the
maximum likelihood classifier [12]. In the study of Tsuji and
his colleagues [13], three channels of SEMG signals were

an efficient feature projection technique proposed by Anam
and Al-Jumaily [18], was used. In addition, a neural network
(NN) was used as the classifier because its pairing with
SRELM feature projection showed better accuracy than other
combinations for finger movement recognition using the
sEMG signals [19].

2. Feature extraction

Feature extraction is an important process that affects the
classification performance of a recognition system and
employs a mathematical model that can reduce the di-

recorded from facial muscles using a polar configy
tion. The process of phoneme recognition was divided into
three parts: calculating the differential SEMG signals between
the monopolar electrodes attached to different muscles,
extracting features using a filter bank, and classifying the
phoneme using a probability neural network known as a
reduced-dimensional log-linearized Gaussian mixture mod-
el, which is capable of combining feature extraction and
classification into one step [13]. Further, Kubo and his
lleagues coll d sEMG signals from an electrode grid
arranged in an array of eight rows by eight columns employ-
ing 64 pins electrodes and five Japanese vowels were classified
[14]. They employed cepstral coefficients, their delta and
delta-delta coefficients as features using a window length of
25 ms while the window period was set to 12.5 ms. Dimension
reduction was performed using sparse discriminant analysis
(SDA) and compared with linear discriminant analysis (LDA).
An HMM was used as a classifier and the results showed that
LDA gave the highest recognition accuracy using 2520
selected features. Although SDA gave 15% lower recognition
accuracy compared to LDA, it was able to reduce the number
of selected features to one twentieth of the total features [14].
The problem associated with sSEMG-based audible speech
recognition is how to build a relationship between contextual

lity of the raw sEMG signal by mapping it into a
feature vector. Additionally, by selecting suitable features,
important information can be extracted and undesirable
components such as noise from the sEMG signal can be
removed. In this research, three categories of features were
studied including amplitude based features (ABF), frequency
based features (FBF), and statistics based features (SBF). Two
features from each category, which have been successfully
used in the sEMG recognition systems from research reported
in previous publications were selected, namely, mean absolute
value (MAV) and wavelength (WL) from ABF, zero crossing (ZC)
and mean frequency (MNF) from FBF, and L-kurtosis (L-KURT)
and L-skewness (L-SKW) from SBF. Details of each feature are
as follows:

MAV is one of the most popular features used in SEMG
signal analysis. MAV is an average of the absolute values of
SEMG signal amplitudes in a sampled segment, which can be
defined as [20]

1 N
MAV = 53 Jx| (@
-1

where x; represents the SEMG amplitude at sample i and N
denotes the length of the sEMG signal.
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WL is a measure of the complexity of the SEMG signal. Itis
defined as the cumulative length of the SEMG waveform overa
time It can be calculated by [21]:

N-1
WL = 3 s @
-1

ZC is a measure of the frequency information of the SEMG
signal. It represents the number of times that the amplitude
value of the SEMG signal crosses the zero amplitude level. To
avoid low voltage fluctuations or background noises, a
d. ZC is defined as [21]:

hrechold At ie tennl
tl C is imp

N-1
2C =Y [f(%x%is1) and % —X;pa| 2 10] €]
-1
1, ifx<0
fey= {0. otherwise @

MNF is the average frequency, which is calculated as the
sum of the product of the sEMG power spectrum and the
frequency divided by the total sum of the spectrum intensity.
The MNF feature is also known as the central freq; y or the

6by—6b1 + bo

L-SKW = = @)

3. Materials and methods
3.1.  Data acquisition

The sEMG signals resulting from speech are generated by the
facial muscles. Normally, pursing the lips, lifting the corner of
the mouth, and opening the jaw are the postures used in
rehabilitation for a speech impediment or speech disorders.
Additionally, the sEMG signal appears in the extrinsic muscles
of the tongue, which are responsible for g the up,
forward or backward. Fig. 1 shows the five electrode placement
positions used for sEMG data acquisition in this paper. The
electrodes were placed on the zygomaticus major, levator
anguli oris, depressor anguli oris, mentalis and anterior belly
of the digastrics, which were shown in Fig. 1as CH1, CH2, CH3,
CH4, and CHS, respectively. The selection of electrode
placement positions followed reports in a previous publication
[26]. Moreover, the preliminary results showed that the SEMG
signal acquired from these muscles were appropriate for
rehabilitation using Thai word classification [27].

The sEMG signals were measured from seven healthy

spectral center of gravity [22]. It can be calculated as [23]:

M M
MNF = DiP,-/ZP,- )
=1 =1

where fjis the frequency of the spectrum at frequency bin j, Pjis
the sEMG power spectrum at frequency bin j, and M is the
number of the frequency bins.

L-KURT isa 1t of the p or kurtosis of
the sEMG amplitude distribution. It is determined using the
ratio of the fourth L-moment to the second L-moment, and is
calculated from linear combinations of order statistics of a
random variable, which can be expressed as [24]:

20b3—30b, + 12by—by

1 (three females and four males) aged between 20
and 22 years with no speech impedi or disord in
order to test reproducibility. A c ial SEMG e
ment system (Mobi6-6b, TMS International B.V., Oldenzaal, the
Netherlands) with sintered disc shaped SEMG electrodes
(5 mm diameter, Ag/AgCl) and shielded cables was used for
acquiring the sEMG signals. The signal ed were
digitized at a sampling frequency of 1024 Hz. The Mobi6-6b
had six channels for data acquisition. The sEMG signals were
recorded both in unipolar (CH2, CH3, CH4 and CHS) and bipolar
(CH1) configurations using the first five channels. The sixth
channel was connected to a multifunction DAQ USB device (NI
USB-6009, National Instruments Corporation, USA) that
received the trigger signal from program to mark the start
point of syllable. The reference electrode was placed on the
earlobe and the ground elecuode was placed on the left wrist.

For the preliminary t yllables were chosen based
on those most easily amcu.lated by children. The volunteers
were requested to articulate isolated syllables from the Thai

L-KURT = e (6)
where b, is an unbiased estimator of the probability-weigh
The g 1 expression for b, is:
1y [ (=1)(j=2) - (j=1)
=5 2% | — @
N ;;; IIN=T)(N=2)---(N=-7)

where yj is obtained by sorting the normalized EMG data that
have zero mean and unit variance to ascending order from 1 to
N. The standard L-KURT values for standard Gaussian and
Laplacian distributions are 0.1226 and 0.2357, respectively.

L-SKWis adi ionl of the asy try of the
SEMG amplitude distribution, which may take on positive or
negative values. For a distribution or sample data, L-SKW is in
the range of 0~1. The relative magnitude of L-SKW for a dataset
or distribution is given by [25]:

posed of a ¢ followed by a vowel. The
syllables were divided into three groups according to their
place of articulation: velar, alveolar and bilabial. In order to
havearep ive set of syllables for the sy pplied for
flaccid dysarthria speaker, one syllable was selected from a
representative consonant from each group combined with
three vowels. The vowels “a”, “i"” and “u” were selected for
training because they were the vowels that maximize the
opening of the mouth, smiling and the pursing of the lips.
Thus, the final set was composed of nine sy as shownin
Table 1. The volunteer was instructed to articulate each
syllable for 3s. This was controlled using our developed
interface software consisting of an LED and a bar graph on a
computer screen. When the LED was on, the volunteer started
to articulate a syllable. The bar graph, which was used as a
timer, showed the elapsed time. When 3 s was reached, the

N,
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CHY

CH5

Fig. 1 - El de pl of

5~

h 1 sSEMG data acquisition.

Table 1 - Set of syllables used in rehabilitation.

Velars Labials Alveolars
/ka/ /ma/ /na/
&/ Jmi/ /ni/
e/ Jmu/ /nw/

LED was off and the volunteer stopped to articulate the
syllable. Moreover, each syllable was repeated five times in
order to test the robustness of the algorithm. As a result, the
total number of sEMG signals from each volunteer was thus

:m‘

ZC?‘

=1

225 (9 syllables x S channels x 5 trials). Fig. 2(a) shows an
example of the S-channel sEMG signals from the syllable “ki"”
of a healthy volunteer.

Five dysarthric volunteers (four females and one male) aged
52 +12.6 years who had neurological facial problems causing
motor speech disorders were recruited for this study. The
same data acquisition and sampling rate as in the healthy
volunteer were used. However, the articulatory time was
reduced to 2 s for the dysarthric volunteer because it is quite
difficult for the dysarthric volunteer to perform 3-s articula-
tion. Fig. 2(b) shows an example of the 5-channel SEMG signals
from the syllable “ki” of a dysarthric volunteer.
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Fig. 3 - Block diagram of the proposed syllable recognition
based on el h

Y YORTEpPy

3.2.  Proposed method

q 1ahl.

Fig. 3 shows a block diag of the prop

recognition system based on electromyography consisting of
four modules: pre-processing, feature extraction, feature
projection, and classification. Details of each module are
given as follows.

Pre-processing: After the sEMG signal was collected, a band-
pass filter was applied with cutoff frequencies of 20 and 450 Hz
for noise removal. After that, the start point of the syllable was
detected. Details of the detection algorithm consisting of five
steps are as follows.

Step 1. Determine the position of the trigger signal.

Step 2. Define the 500-ms signal preceding the trigger signal
as the noise n(t) and calculate the noise level, A = u, + 20,
where y, and o, are the mean and standard deviation of |n
(t)], respectively.

Step 3. Define the 32-ms signal succeeding the trigger signal
as x(t) and calculate the signal level, B = u, + 2q,, where s,
and o, are the mean and standard deviation of |x{t)|,
respectively.

Step 4. Compare B to 8A. If B is greater than 8A, the start
point is the midpoint of x(t) segment. Otherwise, define the
next 32-ms segment of the sEMG signal and calculate B
until Bis greater than 8A and the midpoint of x(t) segment is
the start point of the syllable.

Step 5. Calculate the end point of the syllable by adding the
start point with 2.5 s for the healthy volunteer and 1.6 s for
the dysarthric vol Th the total of the
SEMG signals for each ch 1 is 45 (9 syllables x S trials).

£ "

Feature extraction: Each of 45 sEMG signals from the pre-
p ing dule was seg into frames using a
window length of 256 samples (250 ms) with 50% overlap.
As a result, the numbers of frames for the healthy and
dysarthric volunteers were 22 and 11, respectively. The total
numbers of frames from each healthy and dysarthric
volunteers were 990 (22 frames x 5 trials x 9 syllables) and
495 (11 frames x 5 trials x 9 syllables), respectively. Thirty
features (5 channels x 6 features/channel) for each EMG frame
were extracted resulting in the feature vector with a dimen-
sion of 30 for each syllable. Subsequently, each feature from
each channel of all frames was normalized so that its value
wasinarangeof —1to 1.

q

I i ————— T . x |
e e e el e ]
gg,}ﬁMﬁ., : iR csmmlbvmet st pemoanbeity - (bt il
2§ A ] P . |
B T P ] E=2 1
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Time (s) Time (s)
Fig. 4 - Example of the sEMG signals from CH2 when articulating the nine syllables. (Left) Healthy volunteer. (Right) Dysarthric

volunteer.
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Fig. 5 - Boxplots of MAV determined using the sEMG signals from CH2: (a) Healthy volunteer; (b) Dysarthric volunteer.
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Feature proj; Thedi of the normalized features weights are estimated randomly while the output weight is

was reduced using SRELM. In brief, SRELM is a technique
combining an extreme learning machine (ELM) and spectral
regression (SR). It utilizes the eigenvector obtained to project
the hidden layer output to the output layer. The hidden layer

computed by SR which uses the least squares method to obtain
the best projection direction. Two p were employed

to optimize SRELM performance: the number of hidden nodes
and alpha. In order to select the optimal parameters, the
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number of hidden nodes was varied from 100 to 1500 nodes
with an increment of 100 nodes and alpha was varied from 1 to
20 with an increment of 1. SRELM reduced the length of the
feature vector from 30 to ¢ — 1, where ¢ was the ber of

3.3.  Performance evaluation

We evaluated the performance of proposed algorithm using S-

syllables (c =9 in this paper).

Classification: The projected features from SRELM were
classified using a feed forward NN classifier. The structure of
the NN consisted of three layers: an input layer (8 nodes),
hidden layers, and an output layer (9 nodes). The hyberbolic
tangent sigmoid transfer function was used in both hidden
and output layers. There were 20 nodes in the hidden layer,
which gave the maximum accuracy when the number of nodes
from 15 to 25 was tested.

fold ¢ lid: . In other words, the normalized features
were randomly partitioned into 5 subsets. The SRELM feature
projection and NN classifier were trained using 4 subsets. After
training, the remaining subset, which was used as the test
dataset, was applied with the SRELM and NN from the training
step. This process was repeated 5 times such that each of the §
subsets was used as the test dataset. The performance was

1 d and comp using the mean and standard
deviation of classification accuracies from S test dataset. In
addition, we used speaker-dependent criteria in this paper. In

1
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Fig. 9 - Scatter plots of the

£P1

ACF.

jection from the healthy volunteer: (a) ABF; (b) FBF; (c) PBF; (d)

other words, the training process was performed using the
SEMG dataset from each individual volunteer and the testing
process was done using the different sEMG dataset from the
same vol M , we pared the classification
accuracies from SRELM with those from principal component
analysis (PCA) and linear discriminant analysis (LDA), which
were commonly used feature projection techniques. While
LDA represented a supervised feature projection with consid-
eration of the class label, PCA was a representative of an
unsupervised feature projection.

4. Results and discussion
4.1.  Surface EMG signals and feature characteristics

Fig. 4(a) and (b) shows an example of the sEMG signals from
CH2 when articulating the nine syllables of the healthy and
dysarthric volunteers, respectively. The results show that the
magnitude of the sEMG from the healthy volunteer is higher

shows the boxplots of MAV determined using the sEMG signal
from CH2 of the healthy and dysarthric volunteers, respec-
tively. Each box shows the lower (Q1), median (Q2) and upper
(Q3) quartile and the interquartile range (IRQ=Q3 - Q1) of
each syllable. Additionally, the average value is shown usinga
blue diamond marker. It can be observed that the differences
in the between-groups variation of the healthy volunteer are
significant while the within-group variation is quite low. On
the contrary, the differences in the between-group variation of
the dysarthric volunteer is vague while the within-group
variation is quite high. However, in order to check the
statistical significance of the boxplot results, a one-way
analysis of variance (ANOVA) was conducted and a signifi-
cance level of 0.05 was utilized. The results indicate that the
differences in the between-group variation for the healthy
volunteer are significant but they are not significant for the
dysarthric volunteer. Therefore, the statistical test agrees well
with the observation results.

Fig. 6(a) shows the boxplot of the MNF from the healthy
volunteer. The results show that the MNF values from each

than that from the dysarthric vol for all the syllabl

because the healthy volunteer has stronger muscle contrac-
tions. The characteristics of MAV, MNF, and L-KURT, which are
representatives from the ABF, FBF, and SBF feature categories,
are given using boxplots and scatter plots. Fig. 5(a) and (b)

yllable are well sep d. Inc the MNF values from
each syllable of the dysarthric volunteer overlap as shown in
Fig. 6(b). The results from the ANOVA are in agreement with
these observations. Moreover, these trends are similar to those

of the MAV feature.
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Fig. 7(a) and (b) shows the boxplots for L-KURT determined
using the sEMG signal from CH2 of the healthy and dysarthric
volunteers, respectively. It can be observed that the differences in
the between-group variation and the differences in the within-
group variation are quite similar for the healthy and dysarthric

volunteers. However, the results from the ANOVA indicate that
the differences in the within-group variation of the dysarthric
volunteer are lower than those from the healthy volunteer. These
results show that itis quite difficult to classify the nine syllables by
using the features from only a single feature category.
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Table 2 - Statistical values of classification accuracies

from 4 feature categories when the SRELM feature
projection is used.

Feature category Classification accuracy (%)
Mean sSD Min Max
Healthy volunteer
ABF 882 04 845 926
FBF 774 05 740 859
SBF 438 08 390 486
ACF 945 05 920 9.9
Dysarthric volunteer
ABF 66.8 09 620 790
FBF 596 13 522 68.1
SBF 406 1.0 349 474
ACF 894 12 86.6 94.1
Note. SD= dard deviati Min = mini Max=-

maximum accuracy.

Table 3 - Statistical values of classification accuracies

from 3 feature projection techniques when the ACF
feature category is used.

Feature projection Classification accuracy (%)

Mean SD Min Max
Healthy volunteer
PCA 785 17 721 897
LDA 884 10 819 24
SRELM 945 05 920 96.9
Dysarthric volunteer
PCA 60.6 30 50.7 735
LDA 740 16 67.7 826
SRELM 894 12 866 941
Note. SD= dard iation; Min = mini Max=-

maximum accuracy.

Scatter plots are employed to show the ability of feature
pairs to separate the sEMG signals from three syllables, “ma”,
“mi” and “mu”. Fig. 8(a), (c), and (e) shows the scatter plots of
three pairs of normalized features before the feature projection

for the healthy volunteer. Similar scatter plots from the
dysarthric volunteer are shown in Fig. 8(b), (d), and (f). All
scatter plots show overlapping features, which make them
difficult to classify syllables. Therefore, in order to achieve
better classification accuracy, the features from four categories,
ABF, FBF, SBF, and the combined features from all categories
(ACF), are tested using the feature projection technique based
on SRELM. Fig. 9 shows the scatter plots of two projected
features after feature projection with SRELM from the healthy
volunteer. Fig. 9(a)~(d) shows the scatter plots of two projected
features from the ABF, FBF, SBF and ACF feature categories,
respectively. The results show that the projected features from
the ACF give the maximum degree of separation. Similar scatter
plots are obtained from the features of the dysarthric volunteer
asshown in Fig. 10. However, the degree of separation from the
ACF in the dysarthric volunteer is slightly lower than that from
the ACF in the healthy volunteer. This may be caused by the
weakness of the muscle contractions for articulation in the
dysarthric volunteer. Moreover, the ABF shows a higher degree
of separation than the FBF and SBF.

4.2.  Classification accuracy

Fig. 11 shows the average classification accuracies for nine
syllables obtained with four feature categories from seven
healthy volunteers. For each volunteer, the maximum
classification accuracy is obtained from the ACF. Similar
results from the dysarthric volunteers are shown in Fig. 12.
These results are consistent with those from the scatter plots.
Moreover, the results indicate that the proposed system
consisting of: (1) multiple features from ABF, FBF, and SBF,;
and (2) SRELM feature projection; are appropriate for classify-
ing nine syllables from sEMG signals. Table 2 shows the
statistical significance of the classification accuracies from
ACF. The mean + SD values of the classification accuracies
from ACF in the healthy and dysarthric volunteers are 94.5
+0.5% and 89.4 + 1.2%, respectively. The maximum accuracy
from both groups of volunteers is comparable at the level of
94.1-96.9%. However, the minimum accuracy for the dysarth-
ric volunteer D4 is 86.6%, which is quite low compared to that

90



244 BIOCYBERNETICS AND BIOMEDICAL ENGINEERING 39 (2019) 234-245

from the healthy volunteer H3 (92.0%). This may be caused by
variation in the severity level of the dysarthric volunteers.

Table 3 shows statistical values of classification accuracies
from SRELM compared to those from PCA and LDA when the
ACF feature category is used. The mean classification accura-
ciesindicate that SRELM outperforms LDA and PCA. On the one
hand, the mean classification accuracy from SRELM in the
healthy volunteer is 94.5%, which is better than those from
both LDA (88.4%) and PCA (78.5%). On the other hand, the mean
classification accuracy from SRELM in the dysarthric volunteer
(89.4%) is also better than those from both LDA (74.0%) and PCA
(60.6%). Results obtained from this paper show similar trend
with the accuracies in [19] where the pairing of SRELM feature
projection technique and NN classifier gives better classifica-
tion accuracy than other combinations for finger movement
recognition using the sEMG signals.

5. Conclusions

This paper proposes a speech recognition system based on a 5-
channel sEMG signal for classifying nine Thai syllables used for
rehabilitation in dysarthric pati The sy ists of four
modules, preprocessing, feature extraction, dimensional reduc-
tion, and classification. The sEMG signal in each channel was
processed with a band-pass filter from 20-450 Hz for noise
1 in the preprocessing module. Then, six features from
four f were ined and analyzed: (1) MAV
andWLfromABF (2) ZC and MNF from FBF, (3) L-KURT and L-
SKW from SBF, and (4) all six features from all three categories.
Subsequently, SRELM was used as the feature projection
technique to reduce the length of the feature vector from 30
to 8. Finally, the projected features weredamﬁcdusmga feed
forward NN classifier with 5-fold cro lid The p
method was evaluated with the sEMG signals Irom seven
healthy volunteers and five dysarthric volunteers. The results
show that the best performance is achieved when all six features
are used. The average classification accuracies obtained from the
healthy and dysarthric volunteers are 945% and 89.4%,
respectively. These results suggest that the proposed method
has the potential to be used for classifying the syllables for
rehabilitation in dysarthric patients. Based on the success of the
proposed sysv.em in syllable classification from both healthy and

possible future h directions include
xmpwvmg the accu.racy of measuring the severity level of
lysarthria usinga ¢ ion of SEMG and acoustic signals in

Thailand for her suggestions on the syllabl lected based on
their use for the rehabilitation of dysarthric speakers, and her

training on syllable p iation for the
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Abstract— The disadvantage of surface electromyography
(sEMG) application is the number of electrodes that affects to
undesirable use in practical. So, this research focuses on studying
the performance of the proposed sSEMG-based speech recognition
in classifying 12 Thai syllables by reducing the number of
electrodes. The SEMG signals were acquired from the 5 facial
muscles of 7 volunteers. Each SEMG signal was filtered using a
band-pass filter with a cutoff frequency 20-450 Hz. Then, feature
representations were extracted including feature in time domain,
freq v domain and istical domain. Next, the spectral
regression extreme learning machine (SRELM) was used to
reduce the dimension of data and retain most of the relevant
information. Finally, feed forward neural network (NN) was
applied as a classifier. The number of electrodes was reduced and
its performance was tested. Results show that the average
classification accuracies of 2, 3, 4 and 5 channel electrode
combination were 87.05%, 94.77%, 97.81%, and 99.01%,
respectively.

Keywords—surface  electromyography  (SEMG);
classification; speech recognition.

Seature;

I. INTRODUCTION

Nowadays, surface electromyography (sEMG) based
automatic speech recognition (ASR) researches both in a silent
mode [1], [2] and an audible mode [3], [4] is of interest. The
various applications of the SEMG-based ASR include (1) its
utility in inappropriate environments, such as in a firefighter
suit, a hazardous materials suit, and an inspiratory mask; (2)
its ability as a communication tool for the patients who have
the speech disorder due to the larygectomy, the cerebral palsy,
and the tracheotomy: and (3) its employment in rehabilitation
robotics for motor recovery. Moreover, the SEMG signals
captured from eight facial and neck muscles were used in
improving coordination for people with stroke [4].

One of the drawback of SEMG application is the number
of electrodes that is fairly large. To overcome this limitation,
Tsuji and colleagues [3] proposed an sEMG acquisition
method based on a monopolar configuration, which was
different from a conventional bipolar configuration. In other
words, only one electrode was attached to each muscle in the
monopolar configuration. Subsequently, differential signals
between every two electrodes can be derived and used as input
channels for classification. Colby and colleagues [5] presented
the speaker-dependent automatic speech recognition accuracy

978-1-5386-3555-1/18/$31.00 ©2018 IEEE

for isolated words using eleven sEMG sensors in fixed
recording locations on the face and neck. They reduce the
number of sensors needed and find the best combination of
sensor locations to achieve word recognition rates comparable
to the full set. They evaluated each of the different possible
subsets by the average of word recognition rate across nine
speakers using hidden markov model (HMM) modeling of
mel-frequency cepstral coefficient (MFCC) and co-activation
features derived from the subset of sensor signals. The result
shows that five sensors are sufficient to achieve a high
recognition rate compared to that obtainable from the full set
of sensors.

This paper aims to investigate the performance of the
speech recognition based on sSEMG signals when reducing the
number of electrodes. The rest of this paper is organized as
follows. Section II describes an SEMG acquisition and the
proposed speech recognition system based on the sEMG
signals. Section III gives the classification accuracies resulting
from the reduction in the number of electrodes. Finally,
conclusions are drawn in Section IV.

II. MATERIALS AND METHODS

Fig. 1 shows a block diagram of the proposed sSEMG-based
Thai speech recognition system. Details of each block
consisting of data acquisition, preprocessing, feature
extraction, feature projection, and classification are given as
follows.

A. Data acquisition

Fig. 2 shows five channels of electrode placement for
EMG data acquisition in this paper. The electrodes were
placed on the zygomaticus major (ZYG), levator anguli oris
(LAO), depressor anguli oris (DAO), mentalis (M) and
anterior belly of the digastrics (ABD), which were shown in
Fig. 2 as CHI, CH2, CH3, CH4, and CHS, respectively. The
selection of electrode placement positions was suggested by
the previous publication [6]. The preliminary results showed
that the EMG signals acquired from these muscles were
appropriate for Thai rehabilitation word classification.

We measured the sEMG signals from seven healthy
volunteers (three females and four males) aged in range 20 to
22 years old with non-sp impediment or disorders to test
reproducibility. A Porti-system from TMSi (Oldenzaal. the
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Nethelands) with sintered disc shape SEMG electrode (5 mm
diameter, Ag/AgCl) and shielded cables were used for
acquiring the sEMG signals. The ed signals were
digitized at a sampling frequency of 1024 Hz. Moreover, we
recorded the signals both in unipolar (CH2, CH3, CH4 and
CHS) and bipolar (CHI1) configurations. The reference
electrodes were placed on the earlobe and the ground electrode
was placed on the left wrist.

For the preliminary training, the syllables were chosen
based on the easiest articulation for children. We requested
our volunteers to articulate isolated syllables from the Thai
language that were c« d of a consonant followed by a
vowel. All syllables were divided into 4 groups according to
place of articulation: laryngeal, velar, alveolar and bilabial.
The syllable was selected from one representative consonant
of each group combined with the three vowels. So. the final
set is composed of 12 syllables as shown in Table 1.

B. Pre-processing

After the SEMG signal was collected, we applied a band-
pass filter with a cut-off frequency 20 Hz - 450 Hz for noise
removal. Subsequently, the start point of the sEMG signal was
detected and the SEMG signal was segmented into frames
using a window length of 256 samples (250 ms) with 50%
overlap. As a result, twenty-two frames per SEMG channel
were obtained for each healthy volunteers.

C. Feature generation

For each frame of sEMG data, feature values were
calculated including (1) time domain features consisting of
mean absolute value, waveform length, zero crossing, slope
sign change, and the forth-order autoregressive (4 values): (2)
frequency domain features consisting of mean frequency: and
(3) statistical features consisting of L-kurtosis and L-
skewness. Details of each feature were shown in Table 2. The
feature vector with a length of 11 was determined from each
frame of the SEMG signal. Then, to prepare the feature values
to be used as the input of feature projection, they are
normalized by the min-max normalization technique, which
can be expressed as

(1

max(x) - min(x)

nomm(x)= -I+{ Zx[x_ —min(x)] }

As a result, the normalized features were in the range of
value from -1 to 1. The dimension of normalized data was
1320 (22x12x5) rows and 55 (11x5) columns for each
fe when all 5-ch 1 EMG signals were used.

D. Feature projection

The dimension of the normalized features was reduced
using spectral regression extreme learning machine (SRELM),
which is an efficient feature projection technique as proposed
by Anam and college [13]. In brief, SRELM is a technique
combining extreme learning machine (ELM) and spectral
regression (SR). It utilizes the obtained eigenvector to project
the hidden layer output to the output layer. The hidden layer
weights are estimated randomly while the output weight is

Fig. 1. Block diagram of the syllable recognition system based on
electromyography.

Fig. 2. Electrode placement of 5-channel EMG data acquisition.

Table 1. Sct of 12 syllables used in rehabilitation.

Vowel Laryngeal | Velar | Alveolar | Bilabial
lal fal fkal /nal fma/
i i il Inif fmi/
iy T/ fiw/ Jow/ Jo!

computed by SR that uses the least squares method to obtain
the best projection direction. There are two parameters to
optimize SRELM performance: number of hidden nodes and
alpha. In order to select the optimal parameters, the number of
hidden nodes was varied from 100 to 1,500 nodes with an
increment of 100 nodes and alpha was varied from 1 to 20
with an increment of I. The dimensionality reduction
techniques reduce the features dimensions from 1320 rows *
55 columns ( 5-channel) to 1320 rows x ¢-1 columns, where ¢
is the number of syllables, which is 12 in this paper.

E. Classifier

The projected features from SRELM were classified using
a feed forward neural network (NN) classifier with a 10-fold
cross-validation. The projected feature values were randomly
partitioned into 10 subsets. The NN classifier training was
performed using 9 subsets and the remaining subset was used
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for classifier testing. This process was repeated 10 times such
that each of the 10 subsets was used as the testing data. The
structure of NN consisted of three layers: input layer (11
nodes), hidden layer, and output layer (12 nodes). There are 20
nodes in the hidden layer, which gives the maximum accuracy
when the number of nodes from 15 to 25 are tested. The
transfer functions in both hidden and output layers are
TANSIG.

III. RESULTS AND DISCUSSION

Fig. 3(a) shows the average accuracies for 12 syllable
classification from all healthy volunteers obtained with all
possible 2-channel combination. For example, 1-2 means that
all features used in the algorithm shown Fig. | are determined
using the SEMG signal from CHI1 and CH2 only. The top 3
maximum values in the classification accuracy from 2-channel
combination are 1-3, 2-3 and 1-5. Moreover, results show that
the channel combination consisting of CH4 and CHS give low
classification accuracy when compared with other channel
combination. These may be caused by the redundancy in the
features from CH4 and CHS. Fig. 3(b) and (c) show the
average accuracies for 12 syllable classification from all
healthy volunteers obtained with all possible 3-channel
combination and 4-channel combination, respectively. The top
3 maximum values in the classification accuracy from 3-
channel combination are 2-3-5, 1-3-5 and 2-3-4. Additionally,
the results from the classification accuracy of 4-channel
combination shows that 1-2-3-5 gives the maximum value.

Table 3 shows the statistical values of classification
accuracy from 2, 3, 4 and 5 channel combinations. The mean
+ standard deviation (SD) values of classification accuracies
from 2, 3, 4 and 5 channel combinations are 87.05%1.04 %,
94.77+0.71 %, 97.81%0.50 % and 99.01=0.44 %, respectively.
From the observation, we found that the SD values decreased
when the number of channel combinations increased.

IV. CONCLUSIONS

This paper studied the performance of speech recognition
syslem based on the sEMG signals recorded in the five
ry les when reducing the number of electrodes.
The approach focused on 12 Thai syllables. The system
c( d of 5 steps including data acquisition, pre-processing.
feature generation, feature projection and classifier. The
SsEMG signals from 7 healthy volunteers were collected. Next,
the SEMG signals in each channel was filtered by a band-pass
filter with cut-off frcquency 20-450 Hz. Then, eleven features
are calculated from feature in time domain, frequency dt:)m:unv
and statistical domai Subsequently, the
normalization is determined for each feature vector. After that
the dimension of data are reduced using SRELM that is one of
feature projection. Finally, the projected data are classified
using feed forward NN with 10-fold cross validation. Results
show that the best performance can be achieved when 5-
channel data were used. However. the classification accuracies
from 2-, 3- and 4-channel combinations approximately
reduced 12%. 4% and 1% compared with the classification
accuracy from 5-channel combination. Based on the results of
the proposed system on syllable classification, the possible
future research direction includes the accuracy improvement

in the recognition system aiming to apply with rehabilitation
in dysarthric speakers by using the confusion method between
the SEMG signal and the acoustic signal.
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Table 3.

1 values of cl. from various number of

channel combinations.

Table 2. The mathematical definitions of features.

Feature Definition
The number of Classification accuracy (%) M abyilate vatic ol i'x |
channels Mean SD Min Max (MAV) [7] e
2 87.05 1.04 81.45 £9.23
Nt
3 94.77 0.71 93.67 95.93 Waveform length S zlx 52 X-I
B 9781 050 97.42 9804 (WL) [8] e
5 99.01 0.44 98.54 99.65
ZC= Z[sgn(xi XXy )n]xi —xi,,l 2 dm:shold]
Zero crossing (ZC)
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