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Thesis Title A Comparison of Keyword Spotting Systems for Thai Speech
Author Mr. Noah Kityawong
Major Program Computer Engineering

Academic Year 2012

ABSTRACT

This thesis presents a study and comparison of two keyword spotting systems for Thai
speech. The first keyword spotting system is based on a HMM-based automatic speech
recognizer, and the second is based on the large margin and kernel method which utilizes the
support vector machine. This work also compares performance of several speech feature types,
including Mel-frequency Cepstral Coefficients (MFCCs), Linear Prediction Coefficients (LPCs)
and Discrete Cosine Transform Coefficients (DCTCs). Combinations of these features using a
simple mathematic operation and higher order features have also been investigated.

The Thai speech corpus, LOTUS, was used to run experiments. System performance was
measured in terms of area under curve (AUC) which is computed from the ratio between the true
positive and the false negative.

Experimental results show that the HMM-based keyword spotting system outperformed
the other method, especially when it was used with MFCC features that were temporally encoded
using the discrete cosine transformation method. The highest AUC obtained was 0.922. In
addition, applying addition and subtraction among LPC and MFCC features yielded higher

performance improvement when compare to other methods.
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Speech Processing

Large Vocabulary Continuous Speech
Recognition

Hidden Markov Model

Keyword Model

Background Model

Garbage Model

Viterbi Decoding

Large Margin and Kernel Method

Kernel

Support Vector Machine

Phoneme

Speech Feature

Mel-Frequency Cepstral Coefficient
Speech Feature Combination

Figure of Merit

Universal Filler Model
Consonant-vowel Model
Phoneme-class Model

Dynamic Time Warping

Linear Prediction Coefficient
Linear Prediction Cepstral Coefficient
Energy

Zero Mean Static Coefficient

Delta Coefficient

Accuracy Coefficient

Speech Feature Extraction
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Linear Prediction Analysis
Linear Prediction Model
Linear Combination

Pole Filter

Mean Square
Autocorrelation Sequence
Reflection Coefficient
Acoustic Tube

Cepstral

Fourier Transform
Diagonal Covariance
Filter Bank Analysis
Filter Bank

Mel-scale

Center Frequency
Window of Speech Data
Magnitude

Fast Fourier Transform

Discrete Cosine Transform

Discrete Cosine Transform Coefficient

Discrete Cosine Series Coefficient
Basis Vector

Warping Function

Normalize

Cosine Basis Vector

Bilinear Warping

Kaiser Window

Finite Impulse Response

Principal Component Analysis

Data Compression
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Change Analysis
Linear Transformation
Factor Analysis
Eigenvector
Covariance Matrix
Feature Space
Correlation

Diagonal Matrix
Eigenvalue

Jacobi Method

Gaussian Mixture Model —SuperVector

Gaussian Mixture Model Universal

Background Model
Maximum A Posteriori
State Machine
Dynamic Programing
Left-Right Model
Bakis Model

Hidden State

Pattern Matching
Training

Evaluation
Observation Sequence

Forward-Backward Algorithm

Forward Algorithm
Backward Algorithm
Pattern Recognition
Hypothesis Space
Classifier Rule
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Class

Class Label
VC-dimension
Richness
Flexibility
Hyperplane

Margin

Support Vector
Zero Training Error

Maximum Margin

Optimization

Duality

Optimization Problem
Hard Margin

Soft Margin
Trade-off

Input Space

Attribute

Polynomial

Receiver Operating Characteristic Curve

Area Under the ROC Curve
Classification Performance
Precision

Precision-recall

True Positive Rate

False Positive Rate
Confusion Matrix

True Positive

False Negative
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False Positive

True Negative
Positive

Positive Class
Positive Example
Silence

Monophone

Mean

Variance

Label

Parameter Re-estimate
Triphone
Context-Independent Phone Model
Frame Windowing

DCT Basis Vector

Re-dimension of Combine Speech Feature

Speech Feature Combination Based on
Basic Mathematic Operation
Re-locate Speech Feature combination
State

Gaussian Mixture

Threshold

Beam Search

High Order Feature

Emission

Transition Probability

Frame Window

Beta

Classify

Linear Prediction
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HMM
LVCSR
MFCC
FOM
DCT
FFT
FIR
DCSC
PCA
SVM
TPR
FPR
LPC
LPCC

LPDELCEP

LPREFC
MELSPEC
FBANK
DCSC
PCA

MAP

ROC

AUC



L1 anudAguaznveInsive

a Yoy maTuTaglunumdidny ﬂnﬂiwﬂ151%6}5’Jﬁuﬂ31nﬁwmﬂauwﬂmﬂﬂwu 4
mﬂTuTa?quﬁ’mmiﬂizmawaﬁtyﬂﬁmmmm (Speech Processing) 1HunilalumaTulas
1 ogj Jq ¥ 9 1 o [ [} [y
mianiu gl¥ensaldauginsaiaigg Tagldhifiosdadoainiy Melszndanauazan
09)1 4 [y 2 o [ 1 U @
dunoumsldnuglnsal TasluilagiiuldiinisdszgnaldaumaTuladasnaiiuny
° 1 T I o <Y = 14
FTUUBIIEANNAZAINANY iezilu msdsnurazaiuguglnsaialedesya n13AuN
o Ay = Ay g 4~ & v & ' Ay v e
MNdoImIvwenasides msduaudeyadordos idudu Feszuna1eg #ldnaruniv
Y o [ 09/1 a o @ o ’q Y ~ A va 1
srvUANIMHanulaIudAyuazgmilszgnalsnuuniga iiesnnauduiiamy
Y o v A A A ] Y 9 9 Y =
YoIsEVUANIAMANAD Uanusarguluaums ldauraz lsnarlumsissuianatios an
3 1% 9 [ 4 o AaA 42’ A o ’q [ 1 o A 1 o A A
nagalimadwsmsmanunasvuleinlszgna lsnufiunguana Iz N1eKHIenguA Nl
srdmaisan lhinninmunmseendduissarufiamedmsurueud Hudu
dmsumsoonuun Tassadievesssun Aumdmdnundedestiy NuIveaIU Ingay
1d5zund3udesna (Speech Recognition) Lﬂumﬂuﬂwuﬁm [1] Fafndnmsinuieudas
ﬁmmﬂmmaﬂmﬂumemmé’ﬂyiﬁwmﬂau parveiudrgnszuaumsdunmidinan
o A = 1 4 A~ o o Jdo
(Keyword Text Search) Tagszuniindeanaszinnisudesnsiioinnsounquiidnisiuou
410 (Large Vocabulary Continuous Speech Recognition: LVCSR) FI9IHINANNITUD
o a 4 . I o Aa
nuusiaesdaaunisaoyl (Hidden Markov Model: HMM) iHuszuuisudoananionlduin
{ <3| a {1 < @ o ] o o
ga mazidlumaiandie dzan31a157 HaZHUIZAUMTIMUNHUIBITIY T IUTUNIS
79 v v o o & o v 0
Uszgnaldau HMM naumsaumamaniiy HMM agiimsasaunuiiees 2 dizian

a A

2
A9 LUUT1009R AN (Keyword Model) tiaziilud1a0ai uniH3 o u31a09982 (Background

U

Model or Garbage Model) fafitiaalifisiulugalii 1-1



: garbage HMM :

mwisznoun l-lIﬂiQﬁ%}N‘llﬂﬁ HMM ﬁWﬁ%ﬂﬂWiﬁuﬁWﬁWﬁﬁﬂ

Y

Taouuudiaosd s UM vaniuazHIUNITooasHauuuIMe D (Viterbi  Decoding)
o o a A o A 1 1 I~ o w Y I Y A A <
Ananvzgniasaaieudingnlaseenuediuiludidy duthuduniananga nag
\ o o o MY 1 < A a4 = o q Y 1 £ °
usaruuUUIIaeIdmanld eg1alsnau dielimsiadumliuaszuunniv uuusiass

Y
%

A Aacg d? 4 o Y a o A Y a [ o o o A
NUHUNISUINUYU cﬁ\i@’lﬂﬂWiWLﬂﬂLlUﬂiﬂﬁ@\?ﬂﬂJ ﬂi&l‘m3GlﬂaLﬂfNﬂ‘]JLL‘]J‘]Ji]’Ia'EN"U'ENﬂ'IﬂaﬂﬂLT]

9 9 =2 o Yy o Y a a o @ 14
doamaaui 3 i Tomam Idinaanuranaialumsmaiman 18

1 Y Av Ay Y ag [ A 1Y = Yo A 4
apu 1dtuIten Idiaueisnis vy Tas ludesieszuuidudoayalunisdum
o [ Aad o 1 9Jq Yad ) 9 4 A A
Avan Tagdsaanardlalesmssmuniszuanlasldaesvatazvouuanisuenuazn i
1anA19figa (Large Margin and Kernel Method) lumisuenuezuazduridivman 35ms
o ' Yo % s = . < 4 A
Aana 1FFNNTAINAOTUNTFY  (Support Vector Machine: SVM) 1uaseslaluns
1 Y o ~ o o ] dy = 4 I [
nenuez Tag AN UANHULNIEHMAUUYDINUIINUFIUYDUTBINE1IA (Phoneme) 1T uilaTy
9. v Y o o & [ o 9y A 9 =
dag lumsaumaman Gaennsarieandiuiudoyanszlslunsindussutazainse
o [ ] = A o 9 dgl 1 9 [ 9y o 1
MunsounguAUntedessof lana1nna1edu uAdeIani UM 1FNSNeINTTZNIN
] [ k2 9
mMsdszuanainnInnd SwteanINIINAN YU NUFIUMSTIUUDS SVM Huo9
a dy A 9 I dy Y o o Yy =& v Aa
wennmmananug Uiz lsdunugiuvesszuuaunidmanual anvieilateni
' v o ° Y @ a Ay A v d '
HANTENUADNAANTNITTNUNNAMIUMIYseuranadyandsanyansdoyan vz Tdiluan
anbuziauveIdn M deana (Speech Feature) Fadoyaninanazuanaianuliaiunssuis
uaznanmsnldlumsheanyuziauesnuIIndynudoana (Speech Feature Extraction)
1w [ [ =1 d'd d'a Ao Qy A 1 o a a" ~
Tasmanyauzianvoddyaadsananduntoy lunuidonareg yuasmduilssansanud
= ]

mnaNa (Mel-Frequency Cepstral Coefficient: MFCC) Gﬁwaﬁwﬁdauﬁlm,jaéimzﬁuﬁﬂ e

ganativiates OuITeNnneIImIZIMLINTINAT TunsAemdnBuzIAuYeId Yy M FEINA



4

A Y Yad = (Y 1 [ = AnA K [} (Y 1
o ldlaisnshemdnyuzauveIdya anTeana Ao Ty IFUNITTINAIANHUSIAUYDA
] = Y 9 [ . .
WYIUFSINAIINIYNY (Speech Feature Combination) [2] [3]
1 < Ay A A [ 9 o [ A = A Aan = (%
9619 15NA 10 WITeNNEINVIZVUAUMA AN DUTITEIYANTITMTAIAIAN YUY
1 ~ ~ 4 9 1 ] I ] 3 Y= [l o Aawv
wuveadeaya Nilszgnanazldauswduaw Ineduawmaniugadl liunin ©uide
Qy dyd 9 ~ = =\ g ) [ 9 Y o Y] A s
FuUtIIoINMINIZIToUNeULAL MTEUUNUTIUAMT VAT NTZ VU AUMAIMAN U UT 01T 0
TaenlSoufouseyin 2 szuudegldmainvesszuuiiudes tazmatanssmundszian
J $ H 1 [} LEY] 1
Tagldinosuatazveuamsuenuez Mlvuianiiga laonadousuiumanyu AUV

(3 =

dyaroaudeayalizinnaieg enazmszuudumsanuudodoaasmanyuzauYoa

(3 =

dyapandesyeimunzauigadmsununesdumsdumdmanuudedesni ng

U

1.2. U398

Y

a
N8IV

e =),

[

1 ] a P I~ 1 ]
Tudmilwmianuidenneitesesniu 2 ngulvaj Ao
a d' d' Y (Y] Y o o d' =
1.2.1. 38NN U s UUARKIM AN UWADIA A
o 1% 9 9 o [ A =\ oa/l @ [~/ A 1 @ @
FMFuNUNMIMUMIAUISIManUUAI RN m ey el ununsvaiein ou
A a o Y a J o =S 1 [N} 9 ]
o0 nnuIteneaIuMsIngddyanadesyanis ne diulvaadu ldnedums
Y Yo A 4 o Iq Y v Ao ' l Y]
ATNITVVIINFIYA FIa 101301101 52gnA 1A DNUITeH 189 DI IFUTTVVAUN

o o A o [ 9
AUANUVUTDLTUINA Wuau

[

9 [} A

Umdiu s igdis [4] Idiiaueauideiinerdesiumsdudumideyaindiede

k4
9 [ 1 =3

4 o 3| av
dmsuanw Ine deldszuuisudeanauuy LVesr dWuiugmszunlaglunsiseldlsy

EX]

grudeyaidesn1nn1w Ing (BN-Corpus) srunugiudoyardosnisng LOTUS maujal 1

Y o Y ° @ A a laﬁg{ v W
wu [5] laduduemsaumidmanuudodosyanie Insuuu livunudiynnalnonis
J [ s g o ] o A
Uszgndaldnannsves HMM Fuiluuvusiassveudesluseaudosvoaneaaldisnis
1 a ] J @ ] 1 a
ATINADVHUIBTULAZHUIGANVDING A Wan1snadouIzIaeglua1vouNosN (Figure of
. an 5 [ -4 4 Y o o A o Aq ¥ Yo A
Merit: FOM) 3110 A9520u308 [6] Ididupszundumdmanuudodosnldszuniindos
v 9 v
HUY  LVCSR  Tagtiuuuudiaeaniiended 3 sia #1a3luunved uuuiiaosquaun
Y
ATOUAQUNINUA (Universal  Filler  Model) 11U 100990 FoINT YUz ALITOIATE
(Consonant-vowel model) 4agLUUIADIVDIHNUIATIIUADEAD (Phoneme-class Model)
) Yo = 3 A 0w Y ° o A4~ Y
uonaNMs gz uuidndsayalussuunugIudmsunsAumMran UL Ao FeAa)

= = [ =S A 9 = A 9y o [ A =S
ﬂﬁlfﬂiﬂ‘umﬁl‘uﬁi}l}i}lﬂﬂllﬁ&lﬁW"@]LW’EI‘I’TWGU’E)QE]!ﬁﬂﬂﬂTHﬂ‘VIEJIﬂEIﬂNLWE)ﬂUﬁWﬂWﬁﬁﬂUuﬁ’OLﬁm



A9 =

) ] o ) ]
Tagnivaueuderdu gua Tazas 7] Tayadulunmsdudiudeyadesnnuiludoyaidos

U G

] = ~ @ = A o o = v A A Jas
men Insvuialna Taemsnlseuieudyanandosiilludmounieududedes Taoase 1933
o a 4 J (1 o 4 o
Faszoznanuy lauiinIni1e51UTa (Dynamic Time Warping) 11z MIAUITIUYGNA 5 52AU

9 = = 1 <3 an o J @ Y
voamu1 IneldirulunmslSeunen eg1alsna1ndsnisasnaridaasldarlunsg

1 Y
A

UszwramaminnNszuudumdmanuudedesniiiuguunnnszuuisudoya

U Y U 1

1.2.2. 33aing oI umMan vuzIAUYRAAIYA

1 o

a v d' d' (% 1 [ = 09)1 v Av Y 9
QTU?%EJVILﬂEJ?Iﬂ‘Uﬂ']af‘lislil‘!ﬁimuﬂl@ﬂﬁﬂ]uﬂgimlﬁﬂﬂwuﬂﬂWHTULﬂﬂuu umﬁw"lm"lﬂmmu"lﬂ

Q

9 @ Aau 1 1% T W 1 b I~ " @ v {3 { A
TuAuMINAUIUITEIINA VAN HULIAY MFCC c‘ﬁqmumaﬂymszﬂuﬁLﬂuﬁuﬂniuQm
a Jd o = 9 9 ! 1o =~ av Aa L4
'JLﬂﬁW%Wt’fiyiUu'lmLﬁﬂ\?W”ﬂ ummuuiumumm MFCC  UAgIAIUITUIIYNIAUATIZHINIS

=1 =~ [ 1 1Y = [] 4 9 o
Lﬂiﬁ]’ﬂl‘ﬂﬂ'ﬂﬂ1ﬁﬂ‘]&lm$muﬂ]@ﬁﬁilluﬂlu1ml,ﬁﬂ\1w”ﬂﬂ1‘lel'lhh]ﬁ] U AANIA BUINA [8] Ulﬂ‘ﬂ'lfﬂi
Yo A ° [ Y = A @ 4 a
‘Vlﬂﬁ'@'ﬂig’U'LI:.iﬁ]1!ﬁ8@ﬁﬂﬁ1ﬂiﬂﬂ1ﬂuulﬁﬂﬁ 4 E“IJLL'U‘]J?‘]@ Iﬂi‘ﬁ AN HOUBDIDULIIA Llﬁgﬂﬂ@

o T @ 1 [ 1 1 [ Y [ Y a Q‘{
IﬂEJ‘I/]1fﬂi‘l/]ﬂﬁ@‘]_l‘]J‘Llﬂ1ﬁﬂ‘]elmglﬂuﬂlﬂﬂﬁWUWUWmLﬁﬂﬂmﬂﬁlmﬂGlNﬂu "lmm mMaudszans
J

MECC, A1dulszansanmsilszunaausaudu (Linear Prediction Coefficient: LPC) U@z

4
~

dulseanswasan ldonmstseusnn¥audy (Linear Prediction Cepstral Coefficient:
Y 1

= = o 1 3 1 Q' 1 % Q' 1 QJ a Qd
LPCC) dniaiiman)asunlaaduiumanyaziaunuaAIng 91y (Energy) tiuadulssans
1 A A 1o J A 1w a
AURAYAINININUFTUY (Zero Mean Static Coefficient) yazuaduilszansinadi (Delta
. A o = a Yy Y 1w 1 o
Coefficient) 30921 uIuvoINuainazlaning [9]  ldasuadnsuziauvosdyy o
! A v a ' [V o ]
idoanantimaudnyuz ey Iasldaiwain (Dynamic Feature) Tagldnisutlasinlanilsi

@0111049 (Discrete Cosine Transform: DCT) 1Wou1nlSsumeuduaanyauzauniya

a 9

[ Y] a QJ ] 4 I~ L] a
duilseantinaduazmauysz@nsnuse (Accuracy Coefficient) FUuAIGAHUE NIAH

v AAa Yo
LL‘]J‘]JWﬁ’J@WIl!EJ?J(lGHﬂuN"Iﬂ

[ d
1.3. Ingilszasn

=) ~ 9 o [ d' = d'd dy d' 1 1Y 1
1.3.1. 1fisunenssuaumMMan U Ao Tean N U IUIS VUNUANAINAUTENIN
d‘ 1 49} Yo = d‘ 1 dy Aas o
FTUVNBYVUNUFIUVOITLVVITUTSINA 1AZITVUNOGUUNUFIUYBITTMIT WU 521N
a . .
Taglfinesiuatazveuamsueniuez nilvuianieige
132, uisuisumanyuziauuesdygudoayan e Inounuaiee

133, Wannmanyuzauvesdyyudoananizlng



134, omghmingauszninszsuuaummmanuudodowazmanyauziay
o = = = ) o Y A A °
vosdyyudvayaimuzanigad miumsldauvuniyiIne tiehazasarilyl

Uszgnd 9iuauoun 18

1.4. YVOUIVANHIIY

14.1. deananldlumsdumdoyaszegludnvuzvesdilon

9
142, fauuune lnemniv

d H (Y]
1.5. dszleminmanazlasy
Y 9 o [ A = T W 1 @ ~ ~ ~
laszvuAumManuudedoaazmanyuziauvosdyyudosyaitiuz aun ga

dmsumslFnuounm Ine iefezannsai liiszgad1¥iuauouq 18



UNN 2

ngBYUAHANNS

2.1. MIANAMANHUIAUIAINA (Speech Feature Extraction) [10]

v 1w J o 09/' < 1 a { o 1
fniﬁﬂﬂﬂ1@ﬂEﬂl%Lﬂum@ﬁﬁﬂJﬂlﬂﬂ!La’ﬂﬂmﬂuu !.‘]JLlﬂ"li?i1ﬂ1W1§1%L@]ﬂ§ﬁ1%1!ﬂuﬂ3681\1

0 w

9
dyanandos Tagarmisiimesaananizuenianyuzddyvesdyaaudoayaiiueg

1w U S 1 o 1

1 9
9NN 51?3ﬂmﬂymzmummﬁ’mmmLﬁﬂﬂmﬂﬁuuﬁauﬁ Aed1auInTHaIUNIg ﬁ'mmi

o

a ¢ o = (Y VoA 09)/ < 9 v oA 9 [ = eszl
AUATIEHAYUIULT Y TﬂEJmaﬂymzmumﬁmzfmuuﬂfnz“lwwaawwgﬂ@amammum RININ

g 9

aHad v

luilagiiuiidtmsanamanyuziauvesdyaiandosyarainnategduuy siivannsuay

ad A:i ! v
ﬂ‘ﬁﬂ"l'iﬂllﬂﬂ@”lx‘]ﬂu’f)’f)ﬂklﬂ

a d a
2.1.1. M5 annzrimsUszanang auau (Linear Prediction Analysis)
anvagdiagueismIlsznanusudu Aomsunudyaadoiya lagododauiia
v A9 Y1 a 7o ¥ "o Y o da 1 o =
NAIUANNDAINT IFAINITNNDIIIUIUTBY uanaVaINITa IHNad T Nulud Azl
a a 3 v Aas o ' a s A
Uszaninm Bnnedalitimsdnamamnaiimes ndwdnaae
Y
Waniugvewuuiiaesmsdszanuansudu (Linear Prediction Model) ADN1S
Anaiemaineg ldlueuinaninmssaualszanauFadu (Linear Combination) ¥9IAT
[ d’ a dy J Y o ng a Y o d‘ Yo a
dygruinatunsunihdyaruiug Tasauualddygiunlasuanuaulaufan
unastuladyanuignnizdunnnesnsousudu
a 4 1T A 9) 3 o d o o @ 9 a =S uaj
Tunisiasizrnsdsznaaugaauiiy Aandudmsvlsunumafudssivezgn

Y
] 1 Y] ) 1 [ Y
ponuuu IaslddansosarIna (Pole Filter) Maviua Iagaziimaruilansu

H(2) RSP (2-1)

i=0 1
9 o [ 1w a Qd’ = d‘
I@El p i]zl,mumammuiwmmz d, =1 fanseamaulszans 4; wniasninean
1 A A a [ 1 = o o =& Ya o
HATINVDIAANINADIALNADUNLNAIINAINTDIAURAYN1AIT DY (Mean Square) G]f\‘i”lﬂﬁmi'lg“ﬂ

9
VUFIINTOUTYQ 10 (Window) 19329 endregrasumsimualnyiensoudygiaves



[V 4

= Y = o w o .
i@oanald s ,n=LN Funowusnvos p+1 ¥e4810UANUFANNUT  (Autocorrelation

Sequence) fuaa'ldan

N
=258 (2-2)
=1

7 v
a o o

d' - [ [ a 9J [ a de ]
Taeh i =0, p Anseemduiseansozgamuiraiuglasldygadulszaniaise

U

9y A

d! 9 =1 [ 9 1 [ a Q( Y .
k, Faenusalylumsdnnunigvesardoyameaseaduilssdnsaziiou (Reflection
9
@ 1 a J. v o
Coefficient) l¥niloununemaududess (Acoustic Tube) Maluyvesuybddnnedeanio
1 {a 5 1 o’/’ 1w 1 o i— i I 1
Uszinmsdoyaidanaia E dalimasduniiny r, aoindmvuald k' uaz al™ fudn
9 % " w a Q(o [ I o o W ~ N A o 1T W a
azgiounazdnsesmaulszansadmsuiudinsesdrnui i Tnsndinsesadulszans
o [ I @ o w ~ . o 9 esjl [V | z:ly
dmsuidudinsesdwui i aunsadialdon 3 Tuaeuasae il

v s '
ANAULLTN 1/11fﬂﬁ25]\iﬂWG]gﬂﬂ"lﬁilﬂi%ﬁﬂﬁﬁgﬁﬂu‘gﬂﬂWM’JmﬂTﬂ

ki =ki* (2-3)

5y j=1J —1uay

. I_l . .
k(" =qr+> al®r  HECY (2-4)
=1

@ou1 MNIAIUIBMNAINUNYMITasuualag
. R
E'=@1-kPkP)EM (2-5)
9 o o [ [ a Q‘f [
game minsmuumansesdulscans vl lae
() _ Al () alD i
a;’ =a; ki"a’; (2-6)

ai(i) — _ki(i) 2-7



£ 1Y J o : A Qaj . =2 o w v Ay
Fanszuaumsaananziign liFesq aea i =1 audidrauvesainiesidosns
. A A WY Ay y -2
i = p ez i ldwan Idanmsuasaidanan
= A d! o 1Y 1 1 d' Y [ a Qd 1 a
nmudeniNd I UMImmanyuziaui lannaduilszansmsdszuuans

09/’ (Y] a Q‘{ I { 1 a $ I~ 1 a
uiufe aduilszansislasan ldonmsdszuaaurudugaiunmsdszunaa usadu

1 [ a J
yoadoyawait Taoauwsasa (Cepstral) vosdoyasz Idvinnisudasysies (Fourier

g

Transform) vedA1@0N1NVVesalnasy lunsdivesnmsdszunumdulszaniiFaduvos
Y Y o A o v o Y} P a oy
oyarsadi anvazvesa)nasunszstihunlaivazdesnninmsdssnanuruduves
% a 4 Y 1 v a [ ]
doyarradrdalasninannisutasySiesuesdinsesrdulszans sd1elsnarns
o 1 [ PIEY= 1 1 9 Y o’td'd a A o
anunsadmumanslaialagleizsnis e ualdwaansnilszansnim lagmsfiiuia

Y
LUDIUK

n-1
Cn = an + _(n : i)a'icni (2-8)
i=1

1 73 =) Q( [ d' 1 = 1 (% (% 1
Joavoamduilszansirilasanldonnmsiszuaaurudune anuwlasadinad
a 1 o o J v A o
Tagnaudlez litinnudusiusou (Uncorrelated) 39eu15o 14 ldany aMM nuu'laes
~ 1 < o A o = 9 1
Tnuoalna156u (Diagonal Covariance) 9814 l3namudeniiflymdnilszmsniienonives

Y A v W Y19 A < A A v A J
mﬂmmagiuauauqm%lemmammmmmaﬂuazilzmnqmmuﬂiﬂmuwmwmalla

U

& v
o w

seudulszansnndrdudr i rduas

U

'
Y % =

2.1.2.m3InzlaelFyafIn5990NA (Filter Bank Analysis)

Q

9
d v A

Taginaudiguesuysdtiuiinnuannsalums lagwdssnaudyarannud i liog
Y @

ludnvazvesdyoranfuduldlasmalasumdyanadinanliniduaialnasuves

[

o = 2 @ o ' 4 ) Jq 9 9 1w 1
dygandes saranmsaenan lagmilldszgnaldlumsadumanvazmuvesdyna

O 9

1o g 1 g a @ {
idoaya Taomsulasmdgyananlansus hidwsaduldTasldgaadinsesnaud (Filer

Bank)

v 9
~

) @ @ AA o Y Aav A 9 a d ]
ﬂWTi‘i‘]JG]g@@]'Jﬂi'ﬁ]\‘iﬂ')'lllﬂﬂﬂ%u’lll’lslﬂfsluﬁ'luﬁi]ﬂ"]fuu ’l]ZGl,G]fﬂ']il,lfﬂﬁ\W‘I‘]iLEJEI’E—)EJ'NQ'IEJGlu
Y v v 1
MI0ONLLUAINTDILUNUTIUVDIEINAWEA (Mel-Scale) Asiudaslumnilsznoud 2-1 ¥
A Y qaj < A A o
ﬂimmiﬂﬂuuuﬂmﬂugﬂﬁmmaammzmmaﬂan (Center Frequency) UVDININTBIVS

NITVYMNUTLNAVDIUA Gﬁﬁﬁﬂ?ﬂi%ﬁ\iﬁhﬂﬁﬁ 2-9



f
Mel(f) = 2595l0g,, (1 + —— 2-9
(f) Go(L+—55) (29)

“lumiﬁ%’wwﬂﬁaﬂi@ﬂfu nseudaaduana (Window of Speech Data) Faas 18
YUIA (Magnitude) mmﬁﬂujnpmiwﬁ’mfuq aaﬂ111ﬂTﬂﬂﬂ'wﬁuﬂszﬁwﬁfmmﬁwumﬁngﬂ
nseseenin laerudinsesanmasu luuaas 19 udnihwnnauadsnatalagnisthad
vhué’hﬂﬁmmguuﬂmﬁ’ummﬂmﬂj?w&gummﬁa (Fast Fourier Transform: FFT) 111 11/qa
AUBAIINITVHIIYDIAINTDI TUIAAL FI qﬂﬁ’w%qﬁwmﬁlﬁmam"lﬁ'msmﬁ'uu%mam

o I 1 o ] o 1 1
W'dﬁWﬁl‘l]1!ﬂ’]‘Uu']@I‘U'E)\‘lﬁlﬂﬂﬂﬁmsllf]\i%'l\‘]ﬁ?ﬂﬁﬂﬁLlﬁﬁgclf'N

- Freg

Y amdanu

L
o - Jw] - [m]

Tuudazaa

Muilsznoun 2-1gadInTeuuadng

2.1.3.manyaiitaY (High Order Feature)

)}

Y 1
Aanyaziayiy Jdudiignizyieldmanyuziauvesdyyrandoana

@ S 1 .2;’ A o 1o ToAA A 1w a 9 < o Y
NAanHUNIAUYU LlJE]‘lHﬂWﬁﬂ‘HmZLﬂuﬂNﬂ1iLWMﬂ1ﬁﬂ‘Hm$W!‘F’f’]&lllﬂﬁlf]ﬁ'lu ﬂﬂxmwamﬂlww

o))

v

say Ya y A 2
NN mJﬂ’mJQﬂGlENLWZJmﬂGUH

2.1.3.1.MNAINUAE (Voice Energy)
1 1 [ 1 = 1 ] 3 I & wa A
ANUUANANIEHINNAINUVBIMIIBEBsaz e Wyt luguanian
ATINTUMSHINIEEHUIFAaz LI Tagaina snuazgnaiuialugduuyves

a3 sUURIF YR ANANY Fansomiuia ldnnaumsi 2-10

N
E, =log,, Zsz(n) (2-10)
n—1



10

2.1.3.2.fasundaswdansumanal (Temporal Cepstral Derivative)
AdnvuziauvesdyyIandeayan la szd1urauinnniiaicues
(Y = 1 1 ) Y [} o o d‘ d' 1 L% 1 d' Y o
dygraudesluudazse Mlrnednsausdiagindsunlasseninmdnyuziaui 1dnu
. d! [ Y 1 9 o [ J o [ d‘ d! d!
1781 (Dynamic ~ Feature) 4e11150M1A1640812 1491001311010 Y WUFOUADN 1T &9
aunsafia ldnnaunsi 2-11 uagaIwI501IANTI (Acceleration) YBIATANULIAN
o 1 w 1 [ {1 1 o s o { % o [
TagmahaanyazauyoIdgIandeayaim LM HIge YU oUA IR INITHIAL

v v

o & A Y A
DUNUTOU ’]J“V]ﬁ'f]\?vlﬂiﬂﬂﬁllﬂﬁ% 2-12

M
3¢, (t+k)k
Nc, (t) = | =M— (2-11)
D K
k=—M
M
c. (t+k)k
acm (t) k:Z—M m( )
Enl - Ac, () = [ (2-12)
2 K’
k=—M
o c. AodulszAnt Ui ma a1 t

Y v a X Vo a = VoA
2.2. ﬂ1anymgmmmmmuuwugmmeamauﬂﬁxemﬁmmﬂmiﬂ"lmu“lmemm (Speech
Feature Based on Discrete Cosine Transform Coefficient) [11]

9
@ 1w J @ a L] I
WanmIvesmanyazianvesdy I adeanasiiail Aowlsdygrandosyaooniy
' Y o "o 0 0 a @ g A qony o
W\IiiJEJ’fJEJ”] l,l,ﬁ'J‘LHW\Iiillfl’ifﬂuL!lﬂVl'lﬂTiﬂ']u'JmK\!i!ﬂﬁlllﬂ‘ﬂiﬁﬂli? LW@GlWVlﬂﬂWﬁlﬂﬂﬁillGU@\?
o =S Y =X o [ v A 9y o o [N} A A 1
msndyarandes udr3aihismdnasui lduidimsuasin e lideiios ionian
@ a ad 1o o ~ Y [ o 1 = [ [ 1 qa}l =
’G’fﬂJﬂi%ﬁﬂﬁiﬂﬂqﬂﬂ'ﬂﬂuﬂﬂgﬁﬂﬂNWH‘];@@]'Jﬂi@Qﬂﬁ)ulﬁiJﬁ)uﬂﬂﬂTﬁﬂ‘]s-lmglﬂu MFCC 210UUN
o Y ¥ o d < o Yo A o 3 a S g F
‘VI'IﬂTii'HJW\l'ﬁJL"U']ﬂ’Jﬂﬂulﬂuﬂﬁﬂﬂ LLZ’W1/11ﬂ'lillﬂa\11ﬂll°]iuullmﬂlu’f]\1ﬂﬂUﬂﬂﬂ@ﬂﬂ‘i\iﬂ%%llﬂ

[ a Q{ 4 [ 4 %
Glgﬂmﬁuﬂ3xﬁmmmﬂaﬂﬂ”hm"lmmﬁm (Discrete Cosine Series Coefficient: DCSC) aalu



Y

SN 1 A ' uszl 0911 < = ~ 1 I A
manasTnlant lddetieslundazasaiu fazlimsnldounlasgiswvesnnmesiugiu
) 2 ¥ A gy dyy o o ~ 4 2
(Basis Vector) tantiogrite Idai lamnz aufudygadsayauingay

1w 1 a dy 9 4 [N A 1 AR A
ﬂ'lﬁﬂ‘Hﬂ!glﬂu‘ﬁuﬂu‘ﬂgqﬂNW%WﬂﬂWﬁLLﬂaQIﬂUlcﬁu‘luﬁf)!lefN‘]JuﬂWﬁfJﬂ']ﬁ“VliJ‘ﬂﬁJ”lﬂ']ﬂﬂWﬁ

' v Y
utlagy3wd lideiiiosudrsauanuiidoalasldre5ieifled¥u  (Warping  Function)

f=g(f)
DCTC(i):jX(f')cos(ﬂif')df' (2-13)

']
aag o

Tagazasn¥ A NUINADIM IV M UAAINADINT (Normalize) tWo 14 1un15t05 suns

v W = A~ A Y =] = n ¥ <
HUNEYIDIN 0 D 1LmauﬂiilﬂaﬂuﬂmJLHJ3mﬁmﬂ%$mmmmﬂuﬁmmﬂﬁu”lﬂnJu

DCTC (i) = [ X ('), (f)df (2-14)

Y

= 2 A o . . ) A g9
cmmnﬂmaiwugmﬂmﬂﬂllmu (Cosine Basis Vector) mﬁu%gﬂuﬂmmaiﬂumi

a o 4 Qy u’dy
a511eHansznUNMINesldlugdunuvennmesnugiu

@,(1) = coslr ig (112 2-15)

Y I3 K

{ o4& s : a ¢ (=
103U 3 lauaasldmutaunnmesiugiu 3 namesusn 14 ludiiienss il (Bilinear

4
a A

Warping) N 1¥mdusz@nsn 0.45 Falunedfiiaunda arduilszdninisulasialanila

[ A 9 A o v Jdou o ] ~ 9 Aa 4 < A 9
@]@ll!'f)\‘lil3‘IGHW'G33111/1ﬁ'llWUﬁﬂﬂﬂﬁﬂﬂTQﬂUlﬂﬂTﬂﬂTﬁllﬂaQﬂilﬂﬂllﬂﬂﬁ’lﬂﬁ?uag Nﬁ‘ﬂ]lﬂ’ﬂggjﬂ
v 9

IS s & ' AAy ¥ Y] AR R a &
LL‘]Jaﬂl‘]Juﬂﬂm@ﬁWl!jTuUuGIf’J\‘l"U@\‘lﬂ'JnJﬂVIUlﬂﬂﬂﬁg‘Ull'J ﬂ’JEJLTT@]U?]\‘]TI']KI'WFI”I?TN‘]Jﬁgﬁ‘ﬂ‘ﬁﬂ"li

1] ] a

4 I A A o A A @ 1o a & v Aa 9 9
l,l,']Ja\‘]Iﬂklclfuulllﬁ@!u@\?llaﬂ‘ﬂmgﬂlﬁﬂﬂuﬂﬂﬂ']ﬁﬂﬂ33’ﬁ“l/]‘ﬁLcﬁﬂﬁiaﬂuﬂﬂi%iu@’luﬂ’m@’]uﬂWﬁ

a < o
IR YT



12

0.0s

0.04

0.03

0.02

001

-0.01

~0.02

-0.03

o 1000 2000 3000 4000 (=i uln} E000

Y
I A

{ s
ﬂTWﬂﬁ%ﬂﬁl‘Uﬁ 2-2 ﬂiW\lL”JﬂLG]’E]i‘WHgTH 3 INNDTLTN

gl 22 wmiulddmdudszdnimsudaslalehidefiosduiulsy
@ = A 9 T W@ =S =S 1 9 @ d Aa
wanaudesd lannmsutsdyanandes szgnidieu i Tasldmsversarvesla laniizaural

AUANNTN 2-16

1/2
DCTC(i, j)= [DCTC (i,t))cos(x jt')dt’ (2-16)

-1/2

H 4
Taodunls t'=h(t) sxfludmilFlumsinsanlunisiedilasgiuuves t aziuegin

=

J v % 4 a 1 { o o ] 1
Wendu h Fegnidenie ldlumsnivusnadiunanidygiuin Iddinsuuediull Tag
1 ] o P4 ] =2 A = @ = 3
srezNueIr Az givua 13 lugae -4 0 v naziionlasudndsona i sz annso

Wouaums vy ladlu

1/2
DCTC (i, j) = j DCTC (i,1)® (t)dt (2-17)

-1/2

v
o A

Taginnmesiiugu ©,(t) wgaudaslalsidmsumasmuaszesvivesanly

QREISINGGITRENT TR

®,(t) = cos[r j h(t)]% (2-13)



13

Y
JA

A IS a = 1w a = S 1
1ng1li 2-3 azilumseFinedanmesiuguvesmidulszansmantlaslnlanily

[

' A J ~Aq Y J . . 1 dh £
ABIUBN 3 !3ﬂl@@3!£iﬂﬂ1‘ﬁﬂﬁ@ﬂﬁﬂ]uiy1ﬂ!‘l‘ﬂlclf@i (Kaiser Window) Tudauves E PIVS

Y 4
%

o FY =1
1 l¥lumsnaasansail

0.5 k ! L 1 1 f T 1 1

—
T

.05 L L 1 ! L L 1 1 !
0 ¢ 4 ] 810 12 14 1 18 20

~ s s A o 7
ﬂ']W‘]Jﬁgﬂ@‘]ﬂ/] 2-3 ﬂﬁWT‘IﬂJ’ﬂQDﬂW]@ﬁ DCTC 3 INABIUINNHIUNTDU ﬂJuﬂJu']ﬂ!llﬂL“]fﬂﬁ

Y Y Y Y
ANTLUIUNTIN 2 DI NNIVUADUMTNTDIVUIAVDIAIADNIT NNV AATUNT

{ o [ Aaa § Y] 4 { u’j o
Tudruanuduazaruveanar 111d 1dd1nies 2 Tadawadnin lariuazauisorinly ey
4 H v
msvenuozdyanald Tasardulseanidinsesnaouauousn1ud (Finite  Impulse
Yo A (% 1 9 é = d‘ 1 1 =
Response: FIR) azgnoonuuy 1dsuienumannasugadigiuuuanud luudueunagziinam

= A v 19 L] A Ada = Y 2 v W [] 1
AZI0eATIIANUANAINNY TABMNIZ081989ANUANNT10az1Dan INAAIINUNUFDII 19V

]
R

k4
dyanauazynnandadyanalndifestuduaeinalsvesrndyaiuaudgagaie

1]
k4

MevosrNdaanaiueg

2.3. msdSulyamanvaziauvesdygnandasya TagnssInmanyuzauan ey

(Speech Feature Combination)

2.3.1. miamiwﬁﬂﬁﬁﬂizﬂﬂﬂﬁaﬂ (Principal Component Analysis: PCA) [12]

1] 9 9
e lumssumanvuziauvesdyanudesyaiiv veaseldmanyuziau v
F4

= S

Aa ldy B :zl 9 Ay Y A 1 v A 3 9 o Y
wumu1ﬂ1wmumu G]N(ll!‘]J'Nﬂﬁ\‘l51]@3;!aTlhlﬂLWN“'IJH‘JJ"IiJﬂ'J'HJLW]ﬂWTQﬂulWﬂQLﬁﬂu@ﬂ 1/1111(753‘]_]‘]_]
[ o A dgj 1o o A A 1 Y o
'5‘]Jﬂ"|§$(11!ﬂ"l'i‘VlT\T”IHLWiJlﬂﬂﬁUuiﬂleliJﬁ]"IﬁJu LWE’J‘VIi]g51)"3811(7'53‘]_]‘]Jﬁ']iJ"Iiﬂi]']LLuﬂﬂﬁgLﬂ'ﬂLLaz

9 o = Y = Aa a o Y A
wlannuvueteyad QJJ1mLﬁﬂﬂmﬂ1ﬂﬂﬂNNﬂigﬁﬁWﬁﬂ1W IﬂEJ PCA WNINITIINUDYANY

U g

Y 2 v Y Y o & 9 v Y A Vo "y A oA
mm‘lﬂammﬂmmmﬂﬂumqﬂmﬂ%x"lﬂmmmawagawaﬂaummmmmagamwmu

9 o Y A ;I
ﬁu%ﬂﬂqﬁlﬂﬂﬂﬂﬁﬁﬂﬂ



14

v a d d o
2.3.1.1.?’iﬁﬂﬂ‘li?!ﬂi‘l%ﬂ@ﬁﬂﬂﬁ%ﬂ@ﬂﬁﬁﬂ

a 4 4 YR~ a 9 A Y o L] [ [}
myanNgresnszneuranitlumaianmsudasdoyaildnuedramnsnats Tz
3| a o
WuauniediunsanuuInvedtoya (Data Compression) HIDIMUNNAIUNITUATIZHNG
d‘ . a a o’dy ° a 4 L4 [ o
1aeuulas (Change Analysis) TagludIngrinusiozinnsinsiziesndsenaumanuim
mMsanvUIndeyaveIdya IandoIna
a 4 I'4 o dyd a 9 . . =
15 IRsIzHeAlsenouvantidunisulau¥udy (Linear  Transformation) N
Y v W a o 4 . A I oal o a 9 =
Tnamesnunumsinsizrames (Factor Analysis) #3010 UNSTINIHUNUVVITUTY B9
WUIAINIINTEUIUMSIATIEHeRUsEnoUrdnIziInsad1sdeyaya luinga
Y v
doyanandoadnlundazmanyuziau areanimin uazimaguild luudazmanyugau

nwmududyanaudeslnl fsaumsi 2-19
C=wB +w,B,+...+w B, (2-19)

A 1 05} @ A 9 dyd T A d v I'4
WDATHINUN W, ﬂi%“lHﬂﬁLﬁJﬁWﬂamaamuﬁmﬁG] Glmmagulamunﬂmai

. a = J . . o = A a a
(Eigenvector) VDAUNATNY 1T U (Covariance Matrix) sumﬁmuﬂunmmmwuﬂmﬂuauwmm
A = A a 4 4 [ I a o
Wiaiuaﬂﬂamwmaﬂﬂ ﬂis’uaumi?Jm31$ﬁmﬂﬂizﬂ@uwamﬂuﬂizuaumimﬂﬂmﬂmam

[ o 9 a o

o 1 a { ] 1 o
TddmSusunamyadoyavesunuaiey lulspianyae (Feature Space) #lailiA1nos

=D.

'
[

' @ { 4 [
F15%U (Correlation) szWIeAUMAziinIFeedeyagega iNesnsznounanusnlloull

9
A J A o

o' o 9 2 9 o 1 dy
ﬁ?ﬁﬂﬂ@ﬁﬂﬂi%ﬂ@ﬂﬁﬁﬂ@'ﬂﬂWﬂ c}fammmummaga%mum@uﬂma”lﬂu

q

o a & d
2.3.1.1.1. MIMMIUHBNATNG AU UL

Fafigaslunmssuamaal
1 & :
C = 2 X =M)(X; —M) (2-20)
4=l

d‘ A a o = 4
i C, Aoma3ndg InnEeud
X fomsnlasunilas N 6@
A ] d‘ 4
M AoAuRAsINNDS

k fo S1uausanyauzau



15

[ =

pudlsznounan Y, annsalouldssiife
Yi=a; X, +a, X, +...+a, X, (2-21)

Y. =a' X (2-22)

e

o [} { 4 09/' [
dmsumanlasunilatesnlsznounivuamunso@oulaaeil

Y = ATX (2-23)
e Ademasndlomnunnaed
wasndlanGoudues Y Tuiialniduged
C, = AC, AT (2-24)

4 a IS a %
Wewasng C, iumasndg laoz Inuoa (Diagonal Matrix) ¥992152nouay

A loinuig (Bigenvalue) Ang

A 0 0 0
0 4 0 0

C.=l0 0 4 0 (2-25)
0 0 0 0
0 0 0 A

o A, >4, >...> A

o d
2.3.1.1.2. fnﬁﬂ1u’Jmﬂfli’)!ﬂu!’)ﬂ!ﬂ@ﬁ!!agnl@!ﬂulgg

1 4 J @ 1 o 9 ~ 4
ﬂ1vl’é]!ﬂu!,’3ﬂm€]ilm$1®Lﬂulﬁqmﬁ)ﬁ@\1ﬂﬂi$ﬂﬂﬂﬂaﬂG]NG] mmm”lﬂmﬂimmawv

a oA a A 1 [
wasngn Idndeyaan Taeld35n15v9911nT (Jacobi Method) 92 Ida Totnurgminy



16

o 1w U a 1 1 1 d 1 o o J
Snumdnaziauvesteyamuazuaaza leinungaz laa lomnunmeesimnuswausn

dnpaZIALYaIToY AT UNY

2.3.1.1.3. Amsldsnru

A A o 1 J ' J Y v 9 a 14
dielimnia leinunnmesveandazesalsznoundninguiudoyadun (X )azld

doyalni (Y)Taogasmssuandoyalni (Y,)

o >

(v,)=[X - X1x
(2-26)
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2.4. yuvdavsdaamuinsnen [14]
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a J { 4 o o ]
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ISP

I~
Jauiuuan

d' o d‘d 4 a
NNYTZNOUN 2-5 LUVT1009NULBBINOAN 3 ADIUL

Jq @ Ao QS/’ S A o A A
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HOIINAIAUTDIUZITABUTUAUINEDIUEN 1 uazaugalugoiusn N auiuly

a

[

' ' P ]
uuvudrassdsznngrelyndedeanuan@ou lviisdulddudulseansvoanisldsu
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ay =0,i<M (2-31)
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A= (A B,7) (2-32)

2.4.2. MsilnaeutUusIang
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®  JUNITIUK

N
at+1(j) :[Zat (i)aij]'bj (Ot+1)’1gt <T-11< J <N (2-34)

i=1
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Y
o dqugiiy
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ﬁt(l)zzaljb] (Ot+l)ﬂt+1(j)! t:T_lvT_Za-“vla lSlS N (2'37)
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[ ] I Y 9 Y] Y 9 1
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= % dy
P AGEIGR G
o .. 1 I 1 . {
o Swiuald E(,) Aeanuihvzduvesnsegluaniug i fina1 t wazaniug
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b (2-38)
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Y o w 4 =\ v o Jdo PR @ -
Ay A wazdrauvounamsal O Nanuduiusou & (i, j) Tasmsuaniunn j

nli)=2&0 i) (2-39)

7 = ni) (40)

T E— _ (41)

t=1 )
b 5,1, 0 = vy (42)
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2.5.2. %wwaiﬂnﬂ!ﬂi’)i!!wﬁm%mﬁu

a 9 A Aa s Aq Yt ) ~
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WO = T W

4 ' { % Y ' 2 o 4 {
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yi[(w-x)+b]>1 (2-52)
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ABSTRACT

Two methods for Thai keyword spotting were studied. The first method was based on a
HMM-based LVCSR system and the second was the discriminative keyword spotting technique
which based on large margin and kernel method. Each method was evaluated on a Thai keyword
spotting task using 19 different feature sets. LOTUS speech corpus was used to conduct all
experiments. The objective of this work was to evaluate the performance of both keyword spotting
methods on each type of feature set. Experimental results showed that the discriminative keyword
spotting approach that utilized DCTC/DCS features outperformed the LVCSR system (AUC = 0.57
versus 0.51). One major drawback of the discriminative keyword spotting method was its

computation inefficiency.

KEYWORDS

Thai keyword spotting, Hidden Makov Model, Speech recognition, Feature extraction

1 INTRODUCTION

Keyword spotting is one of the most important topics in speech processing research. Its goal is
to determine, from speech utterances, whether or not a specified keyword was spoken. Many
algorithms have been proposed to improve the accuracy of this task. Several keyword spotting
systems were based on as automatic speech recognition (ASR) system, which is the most interested
research area [1] [2] [3]. Among many ASR systems, Hidden Markov Model (HMM) based systems
have been the most popular approach. The main function of an ASR system is to translate input
speech into text. Thus keyword spotting can be performed by simply locating the keyword in the

recognized text. In order to cover a large set of keywords, the ASR system must be able to recognize
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a large set of vocabularies. As a result, a large vocabulary speech recognizer (LVCSR) has been
used [4]. Note that ASR has a critical drawback when applied to keyword spotting tasks. For
example the garbage model which is used to model the non-keyword words must be trained with a
large set of vocabularies. This is expensive to train.

Keshet et al. proposed a discriminative keyword spotting technique which was based on large
margin and kernel method [5]. The technique used the probability of the keyword to classify between
the keyword and the other words which could solve the weak point of the HMM method for keyword
spotting task [5]. The experimental results showed that the Area Under Curve (AUC) and Receiver
operating characteristic (ROC) curve for the discriminative method were higher than that obtained
with the HMM method.

Feature extraction techniques play very important roles for high performance speech
recognition systems. This is also true for keyword spotting. There are several well-known speech
features, which includes Linear Prediction Coefficient (LPC), Filter Bank (FBANK), Mel frequency
cepstral coefficient (MFCC), and Discrete Cosine Transform Coefficients (DCTC) [6]. These features
have been always used together with their delta and delta-delta terms. The inclusions of higher order
terms have been proved to significantly increase recognition accuracy of ASR systems. In this paper,
we evaluated both keyword spotting frameworks with various kind of feature sets to determine the
best combination.

Most keyword spotting techniques found in the literatures were proposed to solve keyword
spotting problem in major languages such as English and etc. However, the well-studied techniques
may not work well for a tonal language such as Thai. The purpose of this research was to find the
most suitable keyword spotting system for Thai language.

This paper is organized as follow. Section 2 describes LVCSR keyword spotter and the
discriminative keyword spotter. Section 3 briefly explaines the feature extraction methods used in this

work. Experimental setup and results are presented in Section 4. Section 5 concludes the paper.

2. Keyword Spotting Systems
Several techniques have been proposed to solve keyword spotting problem. For example the
Neural Network (NN) was used in [7], the iterative dynamic programming method was used in [8]
and the Gaussian mixture model (GMM) was used in [9]. In this research, we compared 2 keyword

spotters: LVCSR and large margin and kernel method.
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2.1. LVCSR keyword spotting system

When applied to keyword spotting, ASR is used to decode the most probable string of
words from acoustic data. The main idea of this task is get all words from speech signal by speech
recognition that most popular based on HMM. That mean correctly and accuracy of keyword spotting
system is depend on speech recognizer. However, the word searches are limit by training’s word in
speech recognizer. To increase number of word in keyword search system, the LVCSR has been
proposed. The LVCSR can be improve performance in keyword spotter but for keyword spotting
task, we must deal with expensive cost to collect a large amount of labels data for training LVCSR

and computation cost implied by large vocabulary decoding.

2.2. Discriminative Keyword spotting system

Discriminative Keyword spotting system was proposed to solve the keyword spotting

problem by determining the likelihood of the keyword [10]. Discriminative learning is defined by

Where P s phoneme sequence in keyword, X" and X are utterance sin which keyword is
uttered and not. And S is alignment of keyword and the utterance with keyword. S will send to
discriminative keyword spotting system that will return result in confidence of keyword in speech

signal f ()_(, 5) . The function that use to calculate keyword confidence prediction score is define by
f()_(1 Ek):mgaxw-qﬁ()_(, ﬁkig) (1)

In this system, it has 7 functions for predefined feature function {¢J }?:1 that same used in [10]

and aim to increase AUC value in keyword spotting system. First four functions concentrate to
capture transitions probability between phonemes. Each function means distance between frames of
the acoustic signal at both sides of phoneme boundaries. If two frames, X, and Xt' are derived
from the same phoneme then the distanced(xt ) Xt') should be smaller than different one. Next
feature is measure the cumulative confidence that denoted by ¢, (X) and starts-times of phoneme
sequence that utterance in speech signal. The sixth feature function is scoring timing sequences
based on phoneme durations that examine the length of each phoneme S compared with the typical
length required to pronounce in this phoneme. Finally, feature is finding suitable assumptions on

speaker’s speaking rate. Because less people speak in same rate, this function is calculating
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average length in phoneme pronouncing. I, is denoted for speech rate, but all speakers are
different. Speaker rate will be change to (I’I — t‘,_l)2 because speaking rate changes only slowly

over time.

3. Speech Features

Feature extraction is the most important step for ASR, speaker identification and keyword
spotting. Features are numbers that represent raw speech signal in a compact form and meaningful
way. Good features must capture all important information in speech and discard irrelevant

information. Several feature computation methods are described in this section.

3.1. Feature extraction methods

Many popular techniques have been used in speech extraction to find speech feature. The
speech feature often use in speech research like keyword spotting. In this research use 7 kinds of
feature extraction methods that separate in main 3 groups.

3.1.1 Linear Prediction Analysis: One of the most important speech analysis techniques
because of its accuracy and computation speed. The basis is the source-filter model where the filter
is constrained to be an all-pole linear filter. This amounts to performing a linear prediction of the next
sample as a weighted sum of past samples. LPC is support vocal system over short-time interval

follow transfer function as in Eq.2

H)=——F (@

Where 8, are prediction coefficients that minimize mean square prediction error.

3.1.2 Filter Bank Analysis: A classical spectral analysis technique which utilizes a bank of
overlapping bandpass filters. The filters are spread along the frequency axis. Usually the spreading
follows Mel frequency scale. The log energy of the signal in each frequency band is computed. This
representation gives a rough approximation of the signal spectral shape while smoothing out the
harmonic structure if any. Mel frequency warping is the most adaptation in FBANK that mimics

spectral resolution on human ear range. The Mel warping approximations follow EqQ. 3

f
mel(f)=2595log,,(1+ 7—00) (3
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3.1.3 Cepstral Feature Analysis: The cepstral coefficients can be derived both from the filter-
bank and linear predictive analyses. The cepstrum is defined as the inverse Fourier transform of the
logarithm of the Fourier transform. Cepstral coefficients are computed by applying the discrete cosine
transform (DCT) on the FBANK or LPC coefficients. MFCCs are the result of applying the DCT on the

FBANK coefficients, Eqg. 3. LPCCs are the result of applying the DCT on the LPC coefficients, Eq. 4

\/72e cos( 05)) (4)

From Eqg. 4, €; is energy of the signal in the j‘h filter channel and N is the number of channels

in FBANK. i e [LMT, (M <= N).
13 .
C=—9 +?Z(| - )¢ ; ®)

FromEq.5, 1 €[1,M],M <= P and P is the prediction order.

3.1.4 Discrete Cosine Transform Coefficient: This feature extraction method was based on
applying the DCT directly on the short-time spectrum the speech signal [6]. The DCT basis vectors
were modified to give higher resolution at low frequency and less at high frequency, which is similar
to spreading the center frequency of the filter banks according to Mel scale in the filter bank analysis.
To capture the temporal information into the DCTC features, another DCT was applied on a block
consisting of several adjacent frames, resulting in Discrete Cosine Series (DCS) coefficients. This
method for temporal encoding was found to be more efficient than the standard delta and delta-delta

terms calculations. We refer to these features as DCTC/DCS features in our experiments.

3.2. High order features

It has been shown that higher order terms can improve speech recognition accuracy. Simplest
forms of higher order terms are delta (D) and delta-delta or acceleration (A) terms. Other term such
as energy (E) has been shown to be beneficial. Also scaling each feature to achieve zero mean (Z)
can be useful. The D, A, E, and Z notations are used by Hidden Markov Model Toolkits (HTK), [11].

This work used HTK’s HCopy tool was used to compute these parameters.
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4. Experimental Setup and Results

The LOTUS corpus [12], a Thai speech database, was used for all experiments. The PD set of
this corpus consists of 801 sentences (2,269 words) spoken by 75 speakers. The training set
comprised 1680 samples (2,269 words) and the test set comprised 840 samples (250 words).

Performance of the discriminative keyword spotting method and the LVCSR method was
compared by using 8 feature extraction methods. The performance was measured using the AUC
from averaged ROC.

Tab.1 and Tab.2 show the AUC’s of the keyword spotting experiments using the LVCSR method

and the discriminative keyword spotting method, respectively.

Tab.1 AUC obtained from the LVCSR system.

High order

+D+E+A+Z features None
+D+A+E

MFCC 0.46 0.48 0.51
LPC 0.45 0.46 0.42
LPCEPSTRA 0.44 0.46 0.49
LPDELCEP 0.44 0.46 0.50
MELSPEC 0.32 0.18 0.47
FBANK 0.22 0.44 0.45
DCTC N/A N/A 0.44

LPREFC 0.48 0.41 0.49
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Tab.2 AUC obtained from the discriminative keyword spotting system.

High order
+D+E+A+Z features None

+D+A+E
MFCC 0.48 0.49 0.42
LPC 0.55 0.53 0.57
LPCEPSTRA 0.53 0.51 0.54
LPDELCEP 0.50 0.05 0.51
MELSPEC 0.50 0.56 0.55
FBANK N/A N/A N/A
DCTC N/A N/A 0.57
LPREFC 0.52 0.55 0.53

5. Conclusion

This work compared the performance of 2 Thai keyword spotting systems using various feature

sets. The LVCSR-based keyword spotting system worked best with MFCC features without high order

terms. Highest AUC was obtained from the keyword spotting system that was based on the large

margin and kernel method using the DCTC features. However, the computation inefficiency of the

later system was its major drawback.
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