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# # 4971439521 : MAJOR COMPUTER SCIENCE
KEY WORD: ACOUSTIC MEASUREMENTS / AUTOMATIC CLASSIFICATION OF STOP CONSONANTS /
ACOUSTIC PHONETICS / SPEECH PRODUCTION
BUDSAMAS PHOLKUL : AUTOMATIC CLASSIFICATION OF THAI SYLLABLE-INITIAL STOP
CONSONANTS WITH KNOWN PLACE OF ARTICULATION. THESIS ADVISOR : ATIWONG

SUCHATO, Ph.D., 94 pp.

The goal of this thesis is to create an automatic classification of Thai syllable-initial stop
consonants with known place of articulation. The baseline algorithm makes use of acoustic-phonetic
knowledge. This work focuses on acoustic discrimination among voiced, voiceless unaspirated and
voiceless aspirated stop consonants with the same place of articulation. Region of interest
associated with a stop consonant in the vowel-consonant-vowel (V,C,V,) where V, was a schwa, C,
was one of the eight Thai stop consonants, /b/ /p/ /ph/ /d/ 1/ '/ I/ and /K7, and V, was either one of
eight Thai corner vowels. Since the interested region is in the middle of the speech, the
segmentation algorithm is also applied for justifying the stop consonant part. Acoustic
measurements based on the Voicing Onset Time (VOT), the Closure Duration, which is the duration
from the point where the closure is formed to the point where it is released, the time-averaged
Energy in 60-300 Hz frequency range of the speech signal in the closure interval (E,), the Energy in
the interval starting from the release to the point where voicing of V, start (E,) and the Zero Crossing
Rate in the Closure Duration were used to form the classification feature vectors of Linear
Discriminant Analysis algorithm. Experiment reports were done on cleft lips and palates (CLP)
utterances and non-CLP utterances. The classification accuracies of non-CLP tokens are 83%, 89%
and 88% for labial, alveolar and velar cases respectively and the overall accuracy of CLP tokens is
71%, while the Hidden Markov Models algorithm can classify CLP data with only 53% which is 18%

less than the classification accuracy from the acoustic-phonetic algorithm.
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ﬁQ%@lﬁ;’ﬂQ “Stop Consonant Voicing Classification for Computer-assisted Speech
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nudnAns s ueesssuL@entesnslng wdyausAnfuneed uazatudnengns

(Acoustic Phonetics)

4 ° = a c al Py
niuaziauengsn1Tiamziideaya lulamuanunienisulagy
Besasinada (Fast Fourier Transform) wazailnlngunss (Spectrogram) mﬂqﬁmqpm@m
2R aa 9 v @ % . . ° b=
WA undansulasdeyaliiduusing iy (Data Normalization) HULANAR3EMAY
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uazasNTIR LN szInMAeane tyauin
WUIRALAZNG =]
21, szuumfesrasnimnlne

a % a o ] = = o
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2111, Funsalaaaden (Place of Articulation)
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FUUNAUBRU (Velar) wazgudides (Glottal) lusiu
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2.1.2. \@eNmAldEnA

= % v 1 =l =l 1 =l
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T9A1 18 e e WIuATZIAB9A O MUReNAe LAZATZIRLNENT O U0 Ae
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= 1 =
LAEINEND 3 UUQEILAEIN
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2.14.1. V29955 UNANNTEALAMNDADULNS
AYTINARANEINA (Static Tone) uluilu 1@enassnugnsfandny (Mid Tone) 1@eanssnueng

\an (Low Tone) UAZIAEND3ITULINFET (High Tone)

2.1.4.2. \Weessnensilfausean  (Dynamic

Tone) utlaiilu 1e0950uNFn (Falling Tone) UaxIAEN299504ENEARIN (Rising Tone)
22,  WEUBUEANAUNLNGA (Stop Consonant)
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wityruzinguneed aannieinanld o qalaqeuilalutgesiinuay
o . c o X o aaa o ¥ . s oA .
uzRERiUWAeaNtaNAaIl Nlinstiatuannisdesaynsog eadaazlunisean
o A . _ e A v X das s
@avAnaunesnaIniuy anfiazveeen uaziadwdasndyauzinaunn e ldidnlang
Annreendasndyausidastn ludiidellaziiauenanacuanansaasndnyrusingu

WA WAzl nnaaa@asnwanysus NN 1 I A UNUSRUNE 19/

221, KIUAAASIDINSUTUEANAUNENGA

ANUANARTIRINS Y TUSANAUNENA  ABNTIANE AL LIANE LY

897NN ATRLAENNETYTUTINAUNENeA sannentsAnE ludunisinuzesedeazsinelu
= o o Y & a % a o o Y 3 a

nnsaandasndyausinsunees  InatnfudaniseanideneyaueinfunagAazidaou

o el o o o 1 djj
ansidArysesialiil

o

22.1.1. Frunsanin iR andyruennauneIeA
(Place of Articulation) AsqaNaNgninviseiiuneunazgniaealftnuasnuinigiinize
: e Xa S o4 o d A s A e o e
dasagn wazdesdanaeiiifinainnisfineal vreaduqznindeunlfindeun duiusiugiu
A o = = = S gy = - ~ o o
wiseadansi iflunseendedldindeun Ui 2.1 wansgaunsalzeadesndnyausinguy

&
WENA



FnZaitlihn Futlundan FuwAUEaY
v 4l (/p/) ViU /() v n (k)

a dl a a o o Y &
Eﬂ‘ﬂ 21 ﬂ’]Wﬂqu‘VlLﬂﬁﬂJ@\‘iL@EI\?WEIEQ%HE?ﬂﬂWHWEI']\‘Iﬂ

[Amltasann http://www.ling.upenn.edu/courses/Summer_2004/ling001/lecture2.html ]

TeRuunilszinnaesgulifielli
o F1uFEHN (Labial)

F1u: Fadlihnuu

nsal : FuHnans

wiwdes u (/b)) U (p/) waz W (p")
e Futluvidan (Alveolar)

) =

7 duien

nsal . Uanugeau vise audauilane

wde m (/d)) | (1) was (1)
e Fruwmuaau (Velar)

U AU

. X .
nand : AUAIUNAS

LAe n (k) was (k")

221.2. ANBUENTaANIALNWE T Uz NN AY
wenaA wiaily 3 dszinm Ae
2.2.1.21. WEUTUEANAUNENIA

A o o Y

RTTT C YT (Voiced Stop Consonant Sound) ﬂﬂwmmuxﬂﬂmuwmﬂﬁﬁ u aninaxls



'
o

1 [ ¥
annsduaeaduidss (Vocal Fold ) i iRnasulutoamanudanfinag fagili 2.2

o L% = o 4 J v
WEIEQ%H%WHL@EI\?T]T]LLUUI‘NHB VL@LLﬂ 11 /AN s

% al = aI/ a
LALLALNHNNITAULDULINA

@eeinuuylaee

519 2.2 nnnisduresdudesrnzeani@esndysusinsuneeduuuiamey

[AaLLa9ann http://hyperphysics.phy-astr.gsu.edu/hbase/music/voice.html ]

22122, WETULANAUNENGA

wuualaseuuusia (Voiceless Aspirated Stop Consonant Sound) Aty auzFAude

'
o a

Anfieandeudalinguannuaanin AL 2.3.n wétyrueAnsuneeduuualawenuy

a k4 ! v
UR I/LL'WLLﬂ WU N1 AN usiu

@ L4

2.2.1.23. WEYTUZNNAUNLIGA

A o ¥ =

wuualaueuuuRaa (Voiceless Unaspirated Stop Consonant Sound) Aaweinyaus 5iud

o A = o ¥ oA o A o o v -
ﬂ@ﬂﬂm@@ﬂL@E\TLL@QVLNNﬂ@‘N@Nm’]N@@ﬂNq mg‘ﬂw 2.3.4 WﬂﬁymuféﬂﬂmuWH’]\?ﬁLLUU@Imﬂg

wuuADa Tewn U ;1 N s

114U
a9

N\

41

5171 2.3.n 517 2.3

519 2.3 MunsiFEunaLNsduesg AN (Glottis) ieldasanaanuneg

% o Y

weyauzinsunasAalanreuuusila (2.3.0) waz wiyausinaunaAelnezuuuanag

o

(2.3.7)
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222, dszinnaaaiaandyruznnmennanunann

N o o - , = o A
ﬂqH’]VLV]ElNL@il\?WilfymuzﬂﬂmuWEl’]\jﬂ 8 MUILLALN ANANTINN 2.1

uaPN YT ANAUNE9ANE Ine

al = o v v
A1919N 2.1 L@?;I\‘iwmymu:mﬂmuwmﬂﬂﬁluﬂ’mﬂmﬂ

Funsnfzeade Anmnuzniseaniden (Voicing Characteristic)
(Place Of Articulation) Realawe evalamzuuuaia Reavalaweuuusin
(Voiced) (Voiceless Unaspirated) (Voiceless Aspirated)
Fnd3aitlin (Labial) 4 (fbr) 1 (Ip/) n (p")
Futluwiden(Alveolar) A (/df) 7 (t) 7 ()
Funaugeu (Velar) n (k) a (k")

[InEeNN 2.1 Anasutendrymuzinaiw nesunensfnin. §u

s a [ % a Y o 24’
NIDULBANLALN LLAZANBIUSNITARNLALIN Vl,mmu

2.2.21. gﬁu?u?lﬂ'm (Labial)  @1u190LLNANY

ansauzniraend@sa i 3 wdaen@aa teun u (o) U (p/) was w (/p")

2222, gﬂuﬂmvﬁ@n (Alveolar) @1N1IDULNANN

anwauzn1zaandea ity 3 wiqedaa 1oua a (/d) & (1) waz n (1)

2.2.23. gﬁul,wmudﬂu (Velar) @u190LLNANY

anwouznireanids oty 2 wiaendes lun n (k) waz a (/K7)

2.3. AVUANAEAS (Acoustic-Phonetic Feature)

2.3.1. NFTUIUNITRSIALINAURINYRE  (Human  Speech

Production)
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e anFuiuRdIUILA1A89289NITLIUNNTAT AR ATES
v

Nyl dulU LA A9 aIn L AAeNFaNTaY  (Source-filter model) SWAANIAN

9
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o/ o % ] 1 dl v A (= 1 o
mauantu  Anyoyindazsiainunamiedasilon AnReuldslewidudesnsasdyoyin
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2.4, mmﬂmﬂuf%'ﬂ%amum (Fast Fourier Transform)
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. fegeyaudaian AU AU IR
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z Liic
5 a 5
] z 1
S = 08
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E: na 5" 06
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] m'n -tln u:'n m'n l'nl'n ﬂln w'n l!ln III!n ol ] 2|£|:| 4:‘0 Elél:l E:I"j 1000 4200

o

1A e mﬂ’mﬁl (lﬂ?m'fj

g1l#l 2.5.n g1l 2.5

o

519 2.5 nmwFaumausndnedtynnudasiulamuegn (2.5.0) wazdtynnudasly

o

TALNLAND (2.5.2)

nsulasuuuyizefiulsznausag

— msudayFasuuusieiiias (Fourier Transform) 43gn1sAuanuinenig

AUNLNIB

Yoy
il

— nisudaayFefunuiyn (Discrete Fourier Transform) 1438n13un

NALANWNUNITAUNLNTE

nsuilasyizasacinads (Fast Fourier Transform wsa FFT) diludunenis

%

4‘ = g a -dl ¥ 2 dl a n%’
Mu\ﬂl@\‘m’]ﬁ‘LLﬂ@QV‘\!LiﬂiLLUUQﬂmWIﬁLQ@WH@E mﬂgﬂﬁﬂﬁu‘ﬂuiﬁﬂ James W. Cooley Waz

1 v v 1
John W. Turkey [4] waTl A.f. 1965 nisudayiFefatinaiariuidunaunisulasEuann

!
a =K o

a g 4
MEWNﬂWiLLﬂ@\WﬂLﬁ‘Hﬁ‘LLUUQHleﬂﬂ’muﬁl'ﬂ

]

N-1

Akl= Y xnw)" (2.1)
n=0

iek=0,1,....N-1
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onsw) R
o W = ¢’ waz N Paruiadnuaudeyadnynungngs
n

weInNatinNgNeaaafandu (2.1) aanilu 2 d9u

CV/Z)—I N -1
Akl= Y AWl o+ Y anwy (2.2)
n=0 n=N/2

e k =0,1,...,N-1

wasuFauls 7 1aanaLiNdauaaierii (2.2) Tndazlsian

A{k] = (N/ZZ)_lx[n]WNkn"' (Ng)lx[n+%]W§(n+N/2) (2‘3)
n=0 n=0

e k =0,1,...,N-1

Angelaridu (2.3) Tl Il

(N/Z)—l (N/Z)—l N
Akl= Y AW+ Y xa+—wlw? o (24)
n=0 n=0 2 N
desannwad W2 = o7 j(mk ! N)N R (— 1)k
Farhuagldan
(N / 2) -1 N
xk]l= > {x[n] + (— l)k x[n + 5}} WNk" (2.5)
n=0

i k=0,1,....,N—1

aniuinnsutsienieidueanidu 2 doume Aeriduindusiuoug uazisiduniduaiuu

A Tedarsduluuilu

0

QV/Z)—I N
A2k= % {x[n] + x[mﬂ}wﬁ"” (2.6)
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d' N
wa k=0,1,...,——1 LAY
)_1 N (2k+1)n

N/2
A2ll= T qalnl = x| Wy (2.7)
n=0

y N
wea k=0,1,...,——1

2
dewnW?= W mzW’= ¢ 2j(2H/N)
N N/2 N
_ jZH/(N/Z): W
NI2
o :’/ 4‘ ! 2 6o o ] v @
pedidaunuen W= W Tuileridu (2.6) uae (2.7) qzdngdlud i
N N1/2
N/2)—1
N
x[2k1= D x[n] + x|n +3 WNkn/2 (2.8)
n=0
y N
wa k=0,1,...,——1 Ay
(N/2)—1 N o
A2+ll= " X qalnl = n - WIW, (2.9)
n=0

J N
wa k=0,1,...,——1
2

auiiulddn nsulasdeys N auau armnsoninlélaeaunuias N /2
1 1 v v
Auau resnatiTiiuauaug uaza uaud adntuiinavesisaeanaiiinudi e vin

VilFAdananiswlas N anuqu

al

win N flwarenindses 2 fiindqldGess) auldnerngau inntssanl

(3987 wuL Recursive gavingazlinadnizenisudas anudnnisfanaanudniianig
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v ]
pdaUTuRe TR IwLssaduaianTus (Divide and Conquer) d3azldinanlunnsaiuan

: L o | 2
e O(N log N) HAntlagndrdunaudsuuusssua fldeanis O(N
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ABSTRACT Keywords

Cleft lips and palates (CLP) may cause functional disorders even
after adequate surgical treatments, speech disorders being one of
them  Awomatic  algorithms — utilizing  acoustic-phonetic
knowledge are needed in developing computer-based tools for
assisting the speech training of CLP patients. This work focuses
on acoustic discrimination among voiced, voiceless unaspirated,
and voiceless aspirated stop consonants with the same place of
articulation and aims at revealing a set of acoustic measurenents
copable of discriminating a CLP patients’ speech. Acoustic
measurements hased on duration and signal energy are proposed
and studied. Analysis of variance and classification experiments
demonstrate high potentials in using these acoustic measurements
in developing automatic voicing classification algorithms for
speech training tools, The overall classification accuracy of 92%
is achieved in classifying non-CLP data, in which the best result
obtained s 99% for the alveolar case. The proposed
measurements can classify data from CLP patients with almost
90% accuracy even when the classifier is trained only on the non-
CLP data.

Categories and Subject Descriptors
15.2 [Pattern Recognition]: Design Methodology - classifier
design and evaluation, fearure evaluation and selection and
paitern analysis; K.4.2 [Computer and Society]: Social Tssues -
assistive technology for persons with disabilities

General Terms
Measurement, Experimentation,

Computer-assisted speech training, phonological and acoustical
analysis of Thai language, acoustic- phonetic features.

1. INTRODUCTION

Cleft lips and palates (CLP) are usually formed before birth. They
can result in morphological and functional disorders. They affect
not only primary disorders such as swallowing, breathing and
mimic disorders but also speech development. CLF is in the top
four in birth disorder ranking. Statistically, one in seven hundred
infants have cleft lips and/or palates. Thai CLP children ae
typically found in remote inland areas while clinics treating such a
disorder are situated in big cities. This renders being tramed by a
speech therapist unaffordable for those children as well as other
CLP patients. Moreover, the lack of speech therapists through-out
the country is another major obstacle in providing the CLP
patients with proper training in speech articulation,

Stop consonants are sounds which are formed using the preatest
degree of obstruction and complexity of movements in the vocal
tract. The articulators used in the production of stop consonants
form occlusions (closures) in the oral cavity of the vocal tract.
Due to continuous airflow and the presence of closures, pressure
is built up in the cavity behind the closures. After the closure
phase comes the release phase. In this phase, the oral occlusion is
broken. This immediately reduces the pressure and allows the air
to resume its flow. This complex articulation causes difficulties in
utiering stop consonants for CLP patients.

The most common speech disorder for Thai CLP patients is the
substitution of stop consonants in syllable-initial positions. A
cause of such substitutions arises from the necessity of the speaker
making a complete closure in hisher oral cavity while
maintaining air flow from the lungs. The closure is then promptly
kleased.  Although patients have received the required
reconstructive surgical therapies, they still lack the ability to
perform the required gesture in a good enough manner. Clinical
observations indicate that one of the most frequently occurring
substitutions is among stop consonants with the same place of
articulation. In the Thai language, there ame three places of
articulation, namely labial, alveolar and velar, Such substitutions
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are among the voiced, voiceless, and voiceless aspirated stop
consonants within each place of articulation.

In this work, we present an acoustic-phonetic study whose rsults
serve as a foundation to further develop a computer-assisted
speech training program aiming at CLP patients, We investigate
the acoustic-phonetic characteristics of stop consonants for
detecting stop consonant voicing and apply these characteristics
a8 classification features of an automatic stop consonant voicing
classification. Stop consonants of subjects with and without CLP
are analyzed and used for testing the automatic classification. The
classification msults in the cam of CLP patients ae then
compared to experts’ judgments in order to evaluate the
performance of our acoustic measurements in doing the task.

First, we start with a broad look at how computers are invalved in
the speech training issue and describe the motivation of the need
of subtle acoustic-phonetic analysis. Then, we introduce the
acoustic meastrements used in the chssification experiments
along with the analyses of their values obtained from different
voicing characters. Classification resulis of patients with and
without CLP are then discussed.

2. BACKGROUND

2.1 Computer-assisted Speech Training
Combined with the widespread usage of personal computers,
advances in automatic speech recognition techniques, and speech-
related sciences including physiology of human speech production
and acoustic-phonetics of human speech lead to many exciting
developments in compuier-assisted speech fraining tools. An
example of such a tool is a commercially available speech and
language product called SpeechViewer, which is designed to help
people of all ages who have a variety of disabilities, such as
speech or language impairments, cerebral palsy, developmental
delay, traumsatic brain injury and speech disorders resulting from a
stroke. A number of computer programs were also created to help
people  practice utlering sounds as well as phonemes in many
languages, including many western languages [1], and some Asian
languages, such as Chinese [2]. The majority of users are among
people with hearing disorders. In most programs pattern matching
techniques are utilized for verifying users’ speech against targeted
sounds by comparing the spectral features of their surface speech
signals. Pattem matching based on Hidden Markov Models
(HMMs) and Dynarnic Time Warping (DTW) is usually the
enabler of such verification of functionality.

As mentioned earlier, the most common speech disorder far the
Thai CLP patients is substitution of stop consonants in syllable-
initial positions. The substitution occurs within stop consonants
with the same place of articulation. Therefore, antomatically
identifying the three types of stop consonant with the same place
of articulation is an important functionality for a computer-
assisted speech training program for CLP patients. However, such
functionality requires subtle acoustic analysis that pattem
matching techniques relying on gross spectral features such as
HMMs and DTW cannot provide well enough. To discriminate
among these subtle differences, using acoustic measurements
based on acoustic-phonetics knowledge is unavoidable although
selecting suitable sets of acoustic measurements requires intense
knowledge engineering. It has been shown in a number of works
that classification features based on acoustic measurements can

lead to suceessful classification tasks while valuable insights on
acoustic nature of the classified sounds ar obtained in the process

(31.[4].[51.[6].

2.2 Phonological Analysis of Thai Language

In order to investigate acoustic cues significant to stop consonant
voicing classification, we first explor the phonological aspect of
Thai language in general. Thai language is known for being a
tonal language. Here, we elaborate the five lexical tones and their
distinctive linguistic features There are 21 consonantal
phonemes, 12 consonant clusters, 13 monophthongs, &
diphthongs and 3 tones in the Thai language [7], [8]. Places of
articulation of various sounds in the Thai sound system can be
labial, alveolar, palatal, velar or plottal, while manners of
articulation are classified into two major groups: stops and non-
stops. The stops comsist of stop consonants which ame
subcateporized into voiced, voiceless (unaspirated), and voiceless
aspirated ones. The non-stops are subcategorized into nasals,
fricatives, a trill, a lateral and approximants. There are 8 different
stap consonants in the Thai language. Their places of articulation
and voicing characteristics are shown in Table 1.

Tahle 1. Thai stop consonanis

Place of Voicing Charactenstic
Anticulation Voiced Voice less Volceless
Unaspirated Aspirated
Lakial [ Iy it
Alveolar I i iy
Velar - Ik 5]

2.3 Acoustic-phonetic Theory of Human
Speech Production

A widely-accepted model of human speech production is the
source-filter model where speech signals coming out of a
speaker’s mouth are the result of filtering some source signal with
a time-varying filter, as shown in Figure 1. There ar two types of
source signals. The first one is the plottal source which is a quasi-
perindic signal occuring at the speaker’s vocal folds due to their
vibration, During their vibration cycle, the vocal folds allow
airflow to pass through the glottis when the vocal folds ae
abducted, and they block all airflow from the lungs when they are
abducted. The other source is the noise source which occurs when
a rapid airflow rushes through a very narrow constriction. The
time-varying filter amplifies (or attenuates) different frequency
comparients of the source signal differently based on the vocal
tract configuration.

Insidke the vocaltract | Beyond lips opening
1

1
Source Time-varying || lSpeech
Signal Filier (o Signal
1
1

Figure 1, The source-filier model of speech production

In the production of stop consonants with the same place of
articulation, the vocal tract configurations we the same.
Therefore, the effect of the time-varying filter cannot make the
output speech  distinguishable, However, for voiced stop
consonants, vocal folds vibrae and radiate some low-frequency
signal through the wall of the mouth For voiceless stop
consonants, no such vibration occurs, Therefore, signal energy is
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absent during the closure. In the syllable-initial position, voiceless
stops can be aspirated or unaspirated. The glottis is spread during
production of an aspirated voiceless stop consonant. There is a
noise source caused by rapid airflow rushing through this spread
olottis after the release of the closure and before the vocal folds
start vibrating again as a part of the production of the following
vowel, This neise is called an aspiration noise; it excites the vocal
tract filter and manifests itself in the associated speech signal.

3. EXPERIMENTAL DETAILS

31 Speech Data

Thai speech tokens in the vowel-consomant-vowel (V,CgVs)
formation were used in the study. Atlention was paid to acoustic
events during the closure of the stop consonant (Cg), and during
the interval after the stop consonant was released and before the
voicing of the vowel, followed that stops (V,), started.

For non-CLP speech data, utterances were recorded from 10
native Thai speakers with a sampling rate of 44,100 kHz. Each
speaker was asked to say speech tokens in the V5V, formation,
where V; was a schwa, Cg was one of the eight Thai stop
consonants, /b /¢t fd 10 ¥ 7K/ and /K, and V was either
one of eight Thai comer vowels, including both tense and lax
vowels,

For CLP speech data, utterances were recorded from two CLP
children with ages of four to five vears old and one 31 vear-old
CLP adult. Parents of the CLP children were informed prior to the
examination. The patients were regular out patients and all of
them are native Thai speakers. The CLP patients were asked to
speak V\CsV; tokens in the same fashion as when non-CLP
speech data were collected. The speech samples were recorded
with a close-talking microphone on a headset at a sampling
frequency of 44100 kHz and quantized with 16 bit.

3.2 Acoustic Measurements

This section describes the acoustic measurements selected as
classification features. They are based on acoustic cues that have
potential in discriminating the voiced, voiceless, and voiceless
aspirated stop consonants with the same place of articulation.

3.2.1 Durations

Regions of interest associated with a stop consonant in VCsV,
formation consist of a closure interval, a mlease (ansient,
frication and aspiration) interval and transition intervals from the
release towards Vo's nuclens as well as from V,'s nuclens towards
the closure. Durations of these intervals were investigaed by
many researchers [3), [4], [6],[9] The interval from the releass to
the point where the vocal folds start vibrating in the production of
Vo is called the Voicing Onset Time (VOT). Voiceless stop
consonants have an average VOT that is longer than the average
VOT of the voiced ones. For aspirated stop consonants, their
average VOT is clearly greater than the VOT of the unaspirated
ones due to the presence of aspiration noise [10]. It has been
shown that VOT could play a major role in the distinguishing stop
consonant voicing, even though it is not as useful in the place of
articulation classification [3],[4]. The closure duration and VOT,
accompanied by other acoustic features, were also used in the
categorization of Thai initial consonants [11].

Closure duration (CLS_DUR), which is the duration from the
point where the closure is formed to the point where it is released,
and VOT are investigated and used in this study.

3.2.2 Energy-based Measurements

Energy in different frequency regions together with other acoustic
cues were successfully applied in classifying both Thai
consonants and vowels [10]. Energy was also used for detecting
Thai syllable segmentation [12] and vowel landmarks detection
[13] in continucus speech. Suchato [3],[4] relies on energy- based
measurements in classifying the English stop consonant place of
articulation,

Here, speech energy is used to capture the presence of vocal fold
vibration during the closure (voiced bar) as well as aspirtion
noise after the release. The energy in the 60-300 Hz frequency
range of the speech signal in the closure interval (Ey,) is used to
capture the former acoustic event while the time-averaged energy
in the inerval starting from the release to the point where the
voicing of V', starts (Ey) is used to capture the latter ane.

For the measurement extraction, both CLS_DUR and VOT for
each token of V(CgV, were obtained by manually marking the
locations of the closure, the release, and the voicing anset of Vs,
Once these important locations were marked, Ey and Ej, were
extracted automatically by summing samples of the Discrete
Fourier Transforms of the speech signal in appropriate frequency
ranges. Speech sipnals were normalized so that the amplitude of
the biggest speech samples was unity.

3.3 Experiments and Analyses

3.3.1 Analysis of variance

In order to verify the validity of using the selected acoustic
measurements in voicing clasification, Analysis of Variance
{ANOVA) was used to test whether the value distributions of the
measurements obtaned from the three types of stop consonants
with the same place of articulation were significantly different.
ANOVA tested whether the differences in means of the acoustic
measurements extracted from the three types were significant

3.3.2 Classifier and Classification Experiments

The acoustic measurements were used to form classification
feature vectors. Linear Discriminant Analysis (LDA) was
deploved as our classification alporithm. Knowing the stop
consonant's place of articulation, LDA classifies the stop
consonant into either voiced stop, voiceless unaspirated stop, or
voiceless aspirated stop by applying a linear transformation that
maximizes separation ameng the three groups to the space
spanned by the acoustic measurements to obtain a new space in
which distance measures which have already taken into account
variances of the acoustic measurements, Classification results are
determined based on these distances. Multivariate normal density
wiis assumed,

In the classification experiments of the non-CLP speech data, the
Leave-One-Out Cross Validation (LOOCV) technique was used
for estimating the classification accuracy. In this technique, a
speech token is classified based on the models trained on the st
of speech data. For the CLP case, non-CLP speech data, from all
ten speakers, was used to train the LDA model. The classification
accuracy was evaluated on all the CLP tokens.




3.3.3 Subjective evaluarion

Classification results of the CLP speech data obtained from
antomatic classification were compared against experts’ judgment.
Three experts, including a professional speech therapist, a speech
scientist, and a graduate student with specialization in speech
analysis, were asked to judge all CLP speech tokens whether each
of them was either voiced, voiceless, or voiceless aspirated. The
type of each stop consonant was determined based on the type that
the majority of the three experts voted on.

4. RESULTS

The rsults obtained from ANOVA show that the four acoustic
measirements we statistically different (at 1% significance level)
among voiced, voiceless and voiceless aspirated stop consonants
with the same place of articulation, except for E,, in the velar case.
Value distributions of the four measurements for stop consonants
with the three places of articulation are shown with box plots in
Figure 2 to Figure 4. Table 2 to Table 4 lists the associated means
and standard deviations,
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Table 3, Means and standard deviations of the acoustic
measurements extracted from alveolar stop consonants

Alveolar (LS DUR
Voiced Voicekss Aspinated

Mean 20765 50091 3003.1

SD. 5666 5002 604.8
T Ein

Mean 53 3.3 4.8

SD. 23 22 31
VT

Mean 3837 7328 33857

5D 2319 2234 620.1

— En
Mean 0.0851 00404 0.0117
SD. (. 0380 010195 (1.0063

Table 4, Means and standard deviations of the acoustic
measurements extracted from velar stop consonants

Velar CLS DUR

T— Vaicekss Aspinted
T e I 71388
S.D. T 7.7 650,0
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Mean — 33 37 S Voiced Voiceless |  Aspirated
__SD 1 20 Voiced 12 0 0
e Yot Voiceless 6 38 4
Mean — 12059 e84 Aspirated 0 0 12
) 5514 (K ' ey
Ey elar = — -
o e ] 000 = \ oiced __\_f_oueless _f:‘;plmted
5D, [ITE] 000ES Voied L o
Voiceless 3l 2
Classification experiments, adopting LOOCY, were performed to Aspirated | T 1 14

evaluaie how well the four measurements were distinguished
among the three types of stops in the same place of articulation.
Table 5 shows the confusion matrices obtained from the
classification experiments.

Table 5, Confusion matrices for the three places of articulation

. Classified as
Labial Voiced Volcekss Aspinted
Voiced 63 15 0
Voiceless 12 a7 1
Aspirated 0 1 79
Alveolar : Classliﬁcd 15 :
Voiced Voiceless Aspinted
Voiced il 0 0
Vaoiceless 0 32 i
Aspirated 1 0 Ell
v Classified as
elar - - .
Voiced Vidcekss Aspinted
Voiced T e
Vaiceless T 3 1
Aspirated TT—— 2 i

Classification accuracies are 88%, 99%, and 95% for the labial,
alveolar and velar cases, respectively. The overall classification
aceuracy is 92%,

To evaluate how well the four measurements can perform in the
voicing classification in the CLP cases, LDA whose parameters
were trained upon the non-CLP speech data were usd to classify
the mal CLP speech data Results of the LDA classification
experiments on CLP speech data were compared with the
subjective evaluation of the experts’ judpments. The three CLP
patients were asked to say a balanced set of tokens. However, the
type of each speech token was determined based on the aural
perception of the three expents. Table 6 lists the number of each
CLP speech token type.

Table 6, Number of CLP speech tokens

Labial Alveolar Velar
Voiced 5 12 T
Vaiceless &4 48 33
Aspirated 10 12 15

Table 7 shows the confusion matrices obtained from the
classification experiments.

Tahle 7. Confusion meatrices of CLP stops for the three places

Classified as

Labial Voied Voiceless Aspirated
Voiced 8 0 0
Voiceless 6 4l 6
Aspirated 0 0 10

The classification accuracies in the CLP case are 83%, 86%, and
947 for labial, alveolar and velar stop consonants, respectively.
The overall classification accuracy is 87%.

5. DISCUSSIONS

From the ANOVA mesults, the value distributions of CLS_DUR,
VOT, Ej, and Ey have the same tendencies for every place of
articulation. Regardless of the places, voiced stop consonants
have the highest average Ey, which reflects the presence of their
corresponding voiced bars, They also have the highest average
Epg, While the lowest belongs to the aspirated ones. If By was not
normalized with the corresponding VOT, aspirated stops would
have the highest average due to the presence of aspiration noise.
However, here, we adopt the normalized one and the trends are as
shown in the box plot result. Also from the boxplats, we can see
that voiceless unaspirated stop consonants have the longest
closure duration. And, s expected, voiceless aspirated stop
consonants have the longest VOT.

All of the acoustic measurements are shown to be significantly
different among different staps with the same place of articulation
except Ey; in the velar case. This does not come as a surprise to us
since the measurement was aimed ot indicating the presence of
voiced bars which have never occurred in velar stop consonants in
the Thai sound system. Ey, is still useful in other cases

From the separation among stop consonants with different voicing
characteristic observed in the boxplats, we can see that different
acoustic measurements have different levels of discriminating
ability, The acoustic measurement that demonstrates a clear
separation between unaspirated stops (voiced and voiceless
unaspirated stops) and aspirated stops is VOT. Specifically for the
data set that we used here, VOT can separate aspirated stop
consonants from the rest in most cases, Only a few data points in
the velar case, as can be observed from the bottom right plat in
Figure 4, possess VOT values that could be confusing among the
aspirated and the unaspirated groups. This is understandable since
the VOT values of velar stop consonants are generally longer than
anes of the other two places of articulation. Therefore, some of
the longer unaspirated velar tokens could be confused with some
aspirated tokens.

From the boxplots, even though VOT does a rasonable job in
separaling unaspirated stop consonants from the aspirated ones, it
is obvious that no single acoustic measurement can distinguish
between the three types of voicing characteristic. This is why the
four acoustic measurements are combined and used together in the
classification experiments, The confusion matrices in Table 5
show that, when the LDA model is trained on non-CLP data and
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the classification accuracy is evaluated on anather set of non-CLP
data, the overall classification accuracy obtained is 92%. This
indicates the separating ability of the combination of our four
acoustic measwrements The worse case i with labial stop
consonants where the classification accuracy is still close to 90%.
For the other two cases, the classification accuracy is quite high,
especially in the alveolar case. Only one alveolar token out of the
total of 96 tokens is misclassified.

However, we would like to find out how well the four acoustic
measurements perform not only in the non-CLP cases but also
with the real CLP speech date From a set of V,CgV, where
voicing characteristics we balanced, the result of the experts’
judgment shows that a number of stop consonants from these CLP
patients are perceived as voiceless ungspirated even when the
patients intend to utter other types of stop. Still, what we are
teally concerned with is whether the classification based on our
four acoustic messurements yields the classification mesults
identical with the experts.

The overall classification accuracy of the real CLP stop
consonants is 87%, despite that the LDA model is trained upon
non-CLP tokens. Compared to the classification results of the
non-CLP cases, the accuracy obtained in the CLP case is 5% less
than the non-CLP case. The fact that the classification aceuracy
percentage is in the high 80°s demonstrates that the four acoustic
measirements erve as good classification features even when no
CLP speech data has been used in the training of the classifier,
which is usually the case due to limited numbers of accessible
CLP patients and complications in preparing a large body of CLP
speech data

6, CONCLUSION

It has been shown in this work that some combinations of acoustic
measirements derived from acoustic-phonetic principle can be
used to distinguish between voice, voiceless and voiceless
aspirated stop consonants, The four acoustic measurements
proposed for doing the classification task in this work have been
shown to perform well and satisfactory classification aceuracy
percentages have been achieved, even in the case where eal CLP
speech data is not accessible in the training process. Although, the
algorithm for automatic classification of stop consonant voicing
characteristics based on acoustic-phonetic knowledge has not vet
been completed in this work and further research is needed for
antomatically locating precise time-stamp for the stop closures as
well as the releases, the findings should serve as an important
foundation to the development of a fully functional computer-
assisted speech training program for the cleft lip and palate
patients in the future.
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