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ABSTRACT: A computer speech therapy system for aniculztion disorders should ke able 1o be used for customized speech therapy
for different problems and for different ages. The speech recognition must be designed to work with high inter- and inira- speaker
variahility. In additton to displaying 1ext on a sereen, recording the voice reading the Wl analyzing the revorded spoken signal and
performing speech recognition which includes identification of speech irregularities and tracking of patient progress, it should be
capable of providing visual as well 25 sudio feedback. This implies that the synchromzation of different media 15 important in
realizing e ffective multimedia speech therapy applications. In order to perform speech recopmition and identification tasks, tme-
frequency analysis and neural networks are proposed with integration of visual mformation, The computer based speech therapy

system under development 15 for Greek language

[NTRODUCTION

Articuiation i85 the process by which sounds, svllables, and
words are formed when armculztors, Le. toneue, jaw, weth, hps,
and pabate alter the air stream coming from the vocal cords.
e to the fact that the correct production of speech is
dependent on different factors, amculation problems may
frequently eceur. Anoarmculation problem appears when a
persan produces sounds, syllables or words incorrectly so that
listeners do not wnderstand what is being said or they have to
pay more atteation to the way the words sound than o what
they mean. Most ariculation errors fall o one of three
CAIEEOCIES: Hrmssions, substitutions, or distorions [1]

The treatment of amiculanion disordess lies in the experise of
speech and language therapy. Treatment s entical ol one
comsiders the possible impact of an arculation problem on
one's secial. emotional, educational. and/er vocational status, It
15 widely known that speech 15 the most imporant means of
communication and thus, the quality of aur lives is atfected by
the adequacy of 1L Therefore, the goal of this work 15 10 design
o computer based speech therapy system that will contnbute 1o
the treatment ot arieulation disorders of Greek language.

The under-development compuier based speech thecapy system
provides target speech sounds, allows reconding of a patient
speaking., analvzes the recorded signai by companing it to the
features of soumnds in the doa bank and performs a detasfed
speech recogmiton. Visual s {unimations) are presented o
the patient in order to see how he'she produced cach sound and
better understand what hesshe muse do 1o comeatly articutate
the sound. All speech sounds that con be produced ane
micladed o the Imemauonal Phonetc Alphabet (IPA), o
standard set of symbols (o0 ransenibing the sounds of spoken
languages [2]. The characenstics af these sounds will be
stafed i the data bank of this system,

De 1 the vancty of articuintors (vocal cords, velum, tongue,
lips, jawe, ete. . that have 1o conperate in arder for humans
produce speech, net all movements of speech production are
visible,  Similarly, there are penods of silence in-a speech
iignai and 50 0 5 nor continuously auwdible.  Thos, the
compenents of specch can be visihle and audible. only audible,
or onby wisible,  Theretore, ammations along with sound
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feedback are mstrumental i the speech therapy and make
apparcnt the aced of an integrated moltimedia system,

To present visual information o the patent, the speech therapy
syslem must first analvze the audio signal of the patient doing
the exercises and perform the speech recogmition fasks, The
speech recognition pod must be desipned 1o work with high
inter- and intra- speaker vanability, (015 necessary 1 feprosoat
the signals i such o way that featires can be extracied for
recoenition of phonemes and sounds. Representing the signal
in & jnint domain representation, (time-frequency domami s
needed because the frequency content of speech vares with
tme.  The Wigner distnbution and its moments, envelope,
proup  delay amd  mstantancous frequency, are imporiant
quantitics to show this frequency vanation i tme, They can
be wied as feamrees o design a ime-frequency based newral
network system 1o provide patients with easy to interpret and
wse audie and visual informaten for speech improvenmient

Meural Metworks have been considered a5 a great problem
solution for speeeh processing and recogminion. NN have many
imteresting charactenistics and abilites: parailel computation,
posscssing robosiness and faolt tolerance. adaptive learming
ability and approximation of anv nonlinear dynamical system.

The next section discusses what articulation is and it s
followed by o discussion of the Intemational Phonetic Alphabet
and speech sound charactenstics, A presentation of the
analysis of speech i the tne- frequency-domain and how this
can be integrated with visual cues s provided. MNecessary
newral nerwork revimigues for speech recopnttion i speech
therapy apphcations sre then discuszed and finally, a summary
15 provided.

DEFINITION OF ARTICULATION DISORDERS

The ability that we have 1o produss speech sounds is described
2% adiculation. Specifically, ariculation 152 genesal erm used
in phonetics to denote the physiological movements mvolved
in envocdiFving the airflow, in the vocal tret abave the lanme, w0
produce the vanous speech sounds (3]

Any problem related espeeinlly 1o speech sound production s
considered  on arvculation  disorder. The  mechanism  of
articulation has 10 do with the coordination of many muscles,




including those of hreathing, the vocal cords, tongue, amd soft
palate. Even the size and the shape of teeth, wngue, and hard

and sefl palates have an importan part in the articulation
system. IFany one of these elements is impaired, an aniculation
disorder may result [4],

Specifically, the term aniculation disorder refirs L HmEssions,
distorons or suhstitetions of sounds in speech, In o typical
substitution error, for example, & child may sav /4 apainst of
'L/ in the Greek word /['asof 50 it would be heard a. / vasoy.
These kinds of mistkes are systematic which means Lthat &
child may only misaniculaze a couple of sounds, bue heishe
does 5o in all words that contain those sounds, In many cases
Ut zesults in an unincelligen: speech while in others the speech
remrins imellimhle which is o fact thar depends on the
frequency of the misariculated sounds, In any of these cases
the ariculation disorder consritutes a problem for the patient
a1t must be solved, From the clinical experience found, a few
of the most common arteuiation crears that Greek children
mizke are shown in Table 1,

Table L Some of the Common Armiculation Errors in Greek
e & - OMIRan Aricutation Errors in G

Type of error Target sound | Produced .‘inlll‘ll:ij
Substrution I .l""ful"

Substitution iaf fll;:f" or I
Substitution v | fr

Dhisortian i3y | /8y

The main faciors that can coniribute o the exstence of an
amiculution disorder are described as: Chrganic problems (e.p.
clefi palae, desml abnormalities, mentzl retardation, etef,
Apraxia of speech {mannly  assoviated with bran Imjury ),
Fenctional problems (eg 3 balingual childy, Tongue thrust
timmartine swallow 2nd pressure of the tongue against the frone
teeth  that  couses  misulignment  of  the teeth),  and
Developmental delay, which is the ciuse of mast armculntion
dizsorders,

A speech themapist in order 10 Be completely aware of any
arteculstion disorder must have a deep knowledee of whal
exactly is going en when an aniculation disorder tmkes plave.

THE INTERMNATIONAL PHONETIC ALPHABET

The Intematonal Fhonetic Alphabel (IPA) 5 2 means el
provides that kind of kneevledee to the specch theraprst
because it constituies an alphaber, which contains symhols of
all the sounds that can be produced by lwman beings. It
primaniy uses Roman characters: other letters are homowed
from different seripts de.e., Greek ) and are modificd 1o contarm
W Roman style. Digeritics are used [or fine distinctions in
sounds and o show nasalization of vowels, length, stress. and
tones [3].

In the IPA. sownds are chissified according o their place and
masuser of aniculation in the vocal mechanism {3]. By the term
place of amiculation we mean the plisce where the articulators
come im0 contact or where the flow of the air s more
constricted. Additionzlly, by the term manner of articulation,
we mean basically the way that the air exits the mouth or nose

[6].

According 1o the (PA. the speech sounds are divided inia
subcategories of the manner and of the place af ariculation,

214

Table 1t shows analytically these categories and the sounds that
belong 1o each one of them,

TABLE U (from thse International Phonctic Association
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The suhcateeones for the

from [8]. [, and [10]);

®  Bilzbial sounds: the sounds that are heing produced by the
contact of the lips.

*  Labiodental sounds: the sounds that are being produced by
the comtact of the upper 1eeth with the lower lip.

*  Dental saunds: these sounds are produced by the contagy of
the tip of the tongue with the upper eeeth,

* Alveolar sounds: they are the sounds that are produced by
the contact of the tp of the ongue with the alvenlar ridge

*  Possalveslar sounds: thew are the sounds that are produced
by the contect of the tip or the blade of the 10Agle with the
spot thae ligs immediatelv behind the alvealar mdze.

*  Rerroflex sounds: they are the sounds that are produced by
the contact of the lower pan of the tongue with the spot
that is slightly behind the previously mentioned spal.

*  Palatal sounds: they are the sounds that are produced by
the contact of the blade of the tomgue with fhe hard painte.

= Velar sounds: they are the sounds that are produced by the
contact of the back part of the tongue with the soft palate.

= Lwvular spunds; they ane the sounds thar are produced by
the contact of the back part of the tongue with the velum.

*  Pharyngeal seunds: they are the sounds that ape produced
by the hase of the tongue and the phanmges walls,

= loual sounds: they are the sounds that are produced by
the constriction or the closure of the vocal cords,

place of amiculation are (adapted

The subeiterones for the manner of aniculation are {adopred
fram [8]. [#]. and [10])

*  Plosives: they are produced by a sudden release of the air
which iz slightly heard like o small explosion,

e e
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" Masals: they are produced while the air exits through the
noge,

*  Trills: they are produced by quick chythmie movements ar
vitwations of the articulator,

®  Flaps or taps: they are produced by a very brief contact of
the ariiculutons.

®  Fricatives; they are produced by a narmow closure of the
articulators that enables the air 1o exit with some frction.

*  Lateral fricatives: they are produced with the same Wiy a8
the previous sounds but here the aie exils through the
tateral sides of the amiculators.

= Semivowcls or approximants; they are produced by an
approach of the articulators that is more narmow than that
for vowels but wider than that for the production of
fricatives,

*  Lateral approximants: they are produced the same way 1s
the previces sounds bur here the zic exits through the
lateral sides of the articulators,

= Affrieaives: they consist of two symbals because we have
twe sounds beng heard, one plosive and one fricative or
seimivowel,

Also the sounds are divided 10 voiced 2nd voiceless sounds
according 1o whether the vocal cords are vibraung or not
during their production. When the vocal cords sre vibrating
during the production of & sound, then this sound is called 3
vaiced ~ne. while when the voeal cords are ner vibriling
dunn, 2 production of 8 sound. then that sound is called 2
vengeless sound,

INTEGRATED COMPUTER BASED SYSTEM  FOR
SPEECH THERAPY

Despite the benefits of the IPA for the speech therapist the
patient, who is more |likely not to be aware of this alphabet,
cannat have a feedback for s her misiakes, Also when used in
priming and tvping it wilizes of o large sumber of special
symbiols i addition o the letters of the Boman alphaber tha
constitui il core. So our proposed computer program will
provide a “translution” of this alphabet to 4 realistic prore of
the patient articulators and that will be the best visual feedback
of himselfhesselF that heishe could have in order o understand
itnd later cormect the cxisting articulation errors.,

To peesent visual informatson to the patient, the specch theeapy
svstem must analyze the audio signal of the paciem speaking
and perform the speech recognition tasks. I s necessary 10
represent the signals i such a wav that featsres can be
extracted  for  recognition of  phonemes  and  sounds,
Bepresenting the signal in 2 jomt time-frequency domain is
needed because the frequency content of speech varies with
Time. The neat section discusses o joent time-Trequency
Teprese Lom,

ANALYSIS IN TIME- AND FREQUENCY -DOMAINS

The Wigner distrbution (WDH is 2 (eadratic-signal
fepresentation miroduced in 1932 [11] and Jater used by as a
tand for time-frequency analysis [12], It is interpreted as signal
enhergy density in ime and frequency. The continuous WD of
the anaivtic siemal zit) is defined by,

Jf’[’!-‘_lf'].: I':[;_L—:f::![r_iﬁlf Jles oy
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For a discrete-time signal 2[n), the discrere WD is,

]

Wn,f1=2 hz:emp{—_jl@]‘k}:[ﬂ wkprfr-k] @

To evaluate the DWD, a finite number of samples are used,
Thus, the WD of a windowsd signal is computed.

FIRST-ORDER MOMENTS OF THE W3

The definition of the instantaneous frequency 15 {13

ﬁ({):ﬁd ﬁr)

where Bit) is the phase of the analyviic signal, z{t}=_’z[t};#ﬂm.
The analytic signal of a real signal, x(t), consists of %t} as s
real pam and the Hilbert transform as the imaginary part, its
Fourier spectrum  has s nepative  frequencies.  The
mstancanecws frequency shows the foealization in time of the
average frequency of a signal. It is also the first-order moment
of the WD with respeet 1o frequeney:

Jmeryy
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where the integral in the denominator is equal o e envelope

squared, or inslantancows power, given by

ke = 1”"0& ) B

Group delay, T b5 the delay of the envelope of the signal w1
and is given by

N 1 de(r)]
‘v(—'rl)_ E d'f £
where @i} is the phase of the Fowrier transform of s, The

eroup delay 15 also the fist-order momene of the Wigner
Distribution with respect 1 lime:

J-rﬂ’{:, ;‘}d‘.r

. -
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where the integral in the denominatoe is the enerey spectral
denzity, given by

() - _}r(;, fYh. ®

These quantitics reveal the frequency content of the speech
signal. when a paricular frequency appears in time, what the
Instantaneols power is of the speech signal at a piven time
mstant, and what the mean frequency is ar a given time instant
[14]. They can be used as features 1o desipn a time-freguency
based neural network system to provide patients with casy Lo
imterpret and use audio and visual information for speech
nprovernent:

(3]

*  envelope - the square fool of nstantneous pivwer, [t
shows location of bursts of cnergy and transitions from
high enerey 1o low energy. I can be osed o SE et
individunl phonemes in a speech signal,




= group delay - Group delay ot o specific freguency was
defined and measured as the time 1aken for the envelope of
a parrow-band signal centered at that frequency (o

propagate through the system under test.  Intuitively, i
shows at which instant in tme does a given frequency
appenr.  Ome can eitract resonant frequencies | formants)
of vocal tracts from peaks of smoathed group delay.

*  imseamanecus frequency - the frequency of a signal at a
given ostnt in tnve an the sverage sensc. When
smoothed to remove rapid  vanations, it shows  the
varmations  of average or carmer frequency within the
speech token.  After low-pass filtering the pitch of the
speech signal can be obtained.

Combinations of all three quantities can be used for obtaiming
timing and frequency cheractenization of 2 speech signal.

EXAMPLES

As examples showing the differences i the ume frequency
domain of misarticulated sounds, four signals were chosen: two
with correct targel consonant sounds and two wih the
respective  misanmiculated  consonant  sounds, The target
paendowonds used were Sava’  ond fasa’ and the respeciive
misarticulated ones are Jafa’ and fapal

First we will discuss the differences in the amiculation of each
of the sounds [15]:

A Woiceless labiodental fricative. The lower lip s brought
close 10 the wpper teeth, sccasionally even prazing the weth
with 1ts ourer surface, or with i nmer surfice (figure |,

i}

Figure 1. Articulation diagram for /6 and /v

S Veneed labiadental fmeative. Same as above. but with

vibration ¢f the vocal cords,

e Voneeless alveolar ficanve. Praduced by bringing the end
of the epeue close wthe alveolar mdge ( Ague 21

B

Figure 2. Articulation diagram for /a/

‘ef Vaoiceless p:lal::i fricative. The tongue body forms a wreove
and approaches the hard palate (figure 3).
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Figure 3 Artculation diagram for 5

In the articulation of the /v sound a4 frequency erfor i the
ahsence of vibration of the vocal cords which leads o the
erroneows M sound.

In the present example of the misartienlated 5/ sound leading
1o the fof sounds, this 15 caused by the position and shape of the
fongie,

The Wigner distribution of /aval, /afal, fassd, and fage’ are
shown m Figures 4,56, an 7 respectively (center plot of each
figure) along with the signal in the time domain (botwwm plot of
each figure) and the spectrum of the signal (left plot of cach
figurel. In the top, right comer and right plots of each figure,
respectively, are shown the envelope, instantaneous fregquency,
and group delay for the sounds that comrespond to the
consonants only,

It 3z clear thar the signal n the ome doman and i the
frequency  domair  zlone does oot provide  sudficient
nformation on the differences Between the tirget sounds and
misariiculated ones.  Differences betercen target sounds and
produced consonant sounds are appoarent in the Wignes
distribution, but since the consonant sounds are of much lower
energy levels than the vowel sounds, much of the detail s not
present.  The zero and first order moments, envelope, group
delay and mstantaneous frequency of the consonant sounds,
make the differences apparent.

Thus, thev can be used as feature vectors for 2 nevral necwork
scheme thar will categorize the sounds in terms of place and
manner of arliculation as well a5 whether they are vowzd of
unvoiced.

PROCESSING
METWORKS

Meural nerworks are very popular in speech recopnition and
speaker dentification since they reguire weaker assumptions
about the statistical properties of the imput data than more
traditional  signal  processing  technigues,  Propertics  of
imporiance here are:

OF  ALDIY SIGNAL USING NEURAL

w  ability o learn: A speech therpy computer svsten needs
to be ghle to leamm both the actual word and its special
feamres in the time-frequency plane, |t also, needs w0
leam specific pamems of a patient's speech 50 that
monionng of progress 15 achieved.

s robustness: Meuwral oetworks by therr design allow for
noisy inputs.  This is important since speech signals are
inherently noisy. Also, in a speech therapy system IL 15
necessary 10 allow for speaker vanability.

+ paraflclism: Because newral nerworks are inherently
parallel in namure, they can process the spesch signals fast
This 15 necessary because feedback must be tmely.
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#  generalization: Networks leam the underlying pattemns of
speech so they can generalize from speech used for
training to new examples of speech. This is essential since
twn specch signals are never the same [ 6],

Husg and Lippmann frst demonstrated that neural nerwoeks
can form elaborate decision surfices ffom speech data |for
vowelsy wsing a mulilaver percepren and the first two
formants of the vowels as the input representation [17].

What is currently being investigated is how to train o neursl
nerwork system with time-frequency inputs from group defay,
envelope and instentancous frequency and perhaps other inputs
for & phoneme sound and obtain a ranee of valoes for outputs
corresponding 1 configurations of the oral cavity,  Output
charicteristics may ncluds Ip closure, wngue placement,
placement of juw. burst duration, and vibration of vocal cords.
Clearly, o single newral network cannot perform such a
complex function. Separate newral necvorks will be used for
each owiput charactenisiic leading 1o a pamicolar value. The
combenations of values for the characteristics con lead 1o a
different arucolation configuration. Figure % shows such a
concepiual neural network diagram, where the newral nemwork
in the figure is a combination of neural neworks for each
e

Blcbay 'y Foammane 2

E{"TP {I-'mmm I

M Instandanicous .-
'!i-l} QRIS EY

Envelope Peak
(Clser Iropits .

Figure 8. Proposed coscepracd neecal network for
idemification of speech problems ineluding time-frequency
information. This comesponds o 2 group ul'nl."ur.]! networks

for each outpur.

Fur signuls, such as those shown in the exampies above, the
segmentation of the consonants from the vowels 35 probahbly
the first necessary step of provessing of the time-mequency
signal. Thas can be done usine a low pass- filtered version of the
envelope i comhination with 2n aemomatie sy llabic detection
alporithm such as thar of Melmessiein [18) With this, peaks
and dips ase found in the envelope waveromm while ar the same
ume duration and absolute level constraints are placed as well
{19

Since the size of the envelope, instanwneous frequency, and
gre delay vectors may be too large o effectively be used by
e network classification algomthms, feature extraction is
Aecessary o produce feature vectors from these.

A techmigque that can be used for fieature extraction is the |na-
dnd Imter-Class Separabiiity of the Feamure Space [20] To
evaluate the sceme discnminanon capability of the sclecied
features, the intra-class and inter-class scattenne matnices e
caleelmed [21]. The intra-class scattering iy revenis the
scattening of sumpics around their nespective class centroids,
ani 15 defined by

=£P{%}Ef[r-mj:{r-m‘,-)’r%]_ ()

Where, Ffo) is the o prion probabiline of class &, X i+ the
samgle feature vector, M, is the mean feanure vector (centroid)
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of ¢lass a, N 15 the number of classes. On the other hand. the
inter-class scatterning matnx is defined as;

N
Sweer= 3 Pey Y M; = Mo X 38, — bg)” (1o
i=1
N
Whete My = 3 Aoy, - (n
A=l

The diagonal iems m these two marrices characterze the intra-
and inter-class separability of individual fearres, [T the
diagonal item in the intra-class scanering matrix is small while
that in the inter-class matrix is large, then the comesponding
feature has pood class separability. The off-diagonal items in
these two matnees revesl the comelation berween different
features.  These measurcs can be used 1o eliminate highly
correlated features and reduce the dimenstonality of the featre
space {20

Meural Metwork Classifier Feedforward neural networks have
been wsed successfully as pamtern classifiers in many
applications. Coaventional multilayer percepron (MLPY use
the all-class-in-onc-network (ACOMN) structre. But such
network structures have the burden of having to simultaneousty
satisfy all the desired outputs For sl ¢lasses, so the number of
Bidden units tends 1o be lare [20]. Two other classification
techmiques are under investigation.  The first is the one-class-
in-gne-network  (OCON)  structure,  where one  subnet s
designated for recogmezing one class only [22). In this
structitre, gach subnet s rained individuaily using the back-
propazation algenthm so that s outpot 15 close e | if the input
pattern belongs 1o this class, otherwise the output is close o .
Given an input feanere vector, such as those produced from the
envelope, group defay or insardaneous feguency, it s
classified to the class whose subnet gives the highest score, An
advantage of the QUON strueture is il ong can sccommodite
a new class ensiby by adding a subnet trained for this class.

Another classification newral nerwork is the Leaming Vector
Chiantization Classifier (23] which has one competitive laver
fellowed by a linear laver. The first laver ¢lassifies incoming
vectars o subelusses, whereas the second one merzes the
final ones inte Gl sarget classes |24]. This tvpe of nerwork i
usefill when the classes of the pattems are not linearly
sepatable an the pattern space. The network Is tramed by the
LVO2 algorithm. During classifieaton, the inpet veciors are
classafied according 10 the |-MNearest Meichbor rule.

The ouipur of the neural nerwork must then be presented o a
patient in @ uselul forman so that it is casy w mdersiamd, Thie
way of presenting this information 1o the patient could be in
termis of the mouth amiculition diagrams [25]. For example, for
each range of values for that particwlar output of the neural
network could comespond to & different animated articulation
diagram,

Figure 2 shows a propesed block digram of 2 multimedia
speech recognition and identification svatem for specch therpy
of aniculation disorders. The Speech Unlersnce passes throueh
a signal processing block where time-frequency analyvsis Is
petformed.  Then estimates of the envelope, instantaneous
frequency and proup delay are obtained. These are used to
cxiract feamures of imponance, which serment the individual
phonemes and help classify the sound into what category of
speech sound it belongs, The recognition is the last part of the
first process wiere o comparisen is made to phonemes making
up wards in a database. Tl second parl of the computer based
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speech therapy system consists of 2 comparison to the desired
sound and a comparison o the patient’s progress using the
patient database.  Finally, appropriate animations show the
patient the difference between what hefshe said and whar
hefshe should ve said.
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Figure 9. Block Diagram of Speech Recognition System for
Speech Therapy.

SUMMARY

This paper discussed the under development computer based
speech therapy system for amiculation disorders, which will
hopefully be user-fmendlv, while providing customized speech
therapy in Greek language. Such a system. of course, in no
way can replace the speech therupisi. [t is intended to be used
a5 an additional interactive, versatile and fun tool for treatment
in the professional elinical seming.

The essential components of such 1 system were presented.
The International Phonetic Alphabet was shown along with the
types of speech sounds that con be produced, The analysis of a
sprech signal in the joint tme-frequeney domain using the
Wigner distribution and s moments. envelope, rroup delay
and instantaneous frequency with cxamples of speech soumds
(comect and  misariculared) were  discussed, The  time-
frequency domain will be used as signal preprocessing of the
speech sigmal with will lead 1o feamre vectors.  These will be
classified using neural network echnigues presented.  Adier
classification of the sounds based on characleristics: which
inclisde lip <losure, wague placement, plicement of jaw, brs
duration. and vibration of vocal cords, animated audic-visial
anticulation diagrams will be displuved for the patient 1o view
target sound articulation versus produced sound articulstion,
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