A SPEECH UNDEPSTA IDING SYSTEM

WITH

LEARMNING CAPABILITY

R, Da Mori - 5, Rivoirs - A. Serra
istiiute di Elettrotecnica ~ Centro per I'Elaborayions Numerale
del Seprali = Istituio Eletirolecnico Nazlonsle Galileo Ferraris
- Politecnico - Corso Duca depli Abruzzl, 34 - O128 TORIND
{laiy)

&I"‘"tl

A spegpch understanding system wilh learning copabliities i
presenidd,
lim relavan! aspescis ara:
al Tha spoken senience ia represenisd concisely by a descriplion thal carn be
used ¢ reconsirucl the senience and 1o verily whether ils meanihg was nol
degradeg by 'the coding.
&)

3]

Syliablies or brosder cosrticulalion segmentn are the smallesl uhils,
The evalustion of an hypothes a i Dased o1 the probabiliiy that & syllable,

» word ar Lhe senience can genergle the spacirogram of the spoken

message and thgt & Bynisclic siructure can gendraie (s ilch Contour.
o) ol paliern

Cousrhityligtion effecis ara Heacribed in terma grammare

L]
yererat:ng all the possibia formant Irajeciorigs Tor g given uilersnce.

¢) Speciral and prosodic features can be learned by inference of slochastlc

finite—siale—-aulpmeln.

1)

Morwe lormani cholces are allowed for & single syllabic segment and  an

sigovithm I8 provided for ssv oning to #arh choico 8 probabliliy,

Intrgouctign

Larpe offoria have baen devaolnd i the Iust ysare (o ihe des on of

speach undersisnding sysiems (SUSH 1 12 /37 These efforis have
revealed Mmary sspecis of tha protlem that are siill opan and whosas golution s
a necessary condition for the success of such desipna,

The purpose of this paper i o presen! & framework I which aome

Particular
ail the

of tha sbove problenms can bs solved with successive rafinemants.
care is Oavoled lo the problem of smilliing and varifying hypothesis

ayltabrc lavel, this lak®y into accounl, a8 much as possible, the hnow e OQe
apuul we siruciore of speech thal is available 10 & phonetician performing a

vidug) inkpecl.on of spacirograms.

On the Hine of & Prev,ous Work [ ] ], coarlicuiglion eflacis are
takan N0 acCount by & grammar of spesch that 18 inferred by an  auviomaus
procedure,

Concepis from phaneiics, ayntallic patiern recognilion  1Theory |

yrammatical nterance, siochestic sulomala, informalion theory, dentiticution

and modeliing, snd natursl languade processing \heor as are used in this

Proect 1o Ccharactarize sources of knoaw iedge and dala basss al difler am
Itveis of iha urocess ng, namety paramelric, acouslic, phonological, lexice! |
By MMACIIC and semanic.

The mnsl relevan! and ariginal aspsciy of 1his project

ar®d  Ihe

fultow ing:

s} Tiw spohen varience (4 represented concisely by a dewcription 1hal can be
uead (o reconditutl the senience and Lo vacily whather lis Meaning was
nol dapgraded by the coding.

) Syliables or broader cosrliculation sagmenis ara the asmallest wnits.

t) The evalualion of 8 hypolhesis is bassd on tha probabitily Ihal & sytiable,
& wor d,or |he Sentsnces CAN generate the specirogram of the spohan message
and that & Syntechic siructure Can gensraia [is pitch conlour,

] Comrticulation effects are deacribed v terms of patiern grammars genarat-
ng alt the possible formant Irajeciories for & given ulterance.

a} Specirat and prosodic lesfures can be Iwarned by infsrence of sinchasiic
friruig=-ginie-guiomsla.

t} More tormant choices ars aliowad lar 8 singie syllabic segmant armgd  &n

algurithm s provigad (or asnigning 10 S4ch choice & probablliiny,

The orgamizatan of the sysism and the hypolhesis eswvalugtion
sigariityn, pperating & the syllabic taval, alinw one 10 recover informalion
sl dhie 10 Bredirg iIn sepnenlahion, specical eslimalen, formant Iracking and

farmant coding,

The sysiem has baen designed alsc 10 Bo wsed lo inveslipale some

Porbbeehy celated 1o Lol oiher (han SUS, lihe wptaker ¢haratierizalion
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vwvasilgation of phanetic rules Ih conlirnuous speesch arnd moddiling of Paman

speech perception, (1 has 10 ba considered Mors an ingirunent for astdran

than a commarcisl implenentation af a SUS,

The scousti; ievel

Al this lavel the informalion aboul the spoken SANIENcs (s 1he 1 /me
wavetorm, 11 is sampied &l 20 kg and processed 1or eatracting 1he amplilude
and pitch,uslng sn algorithm based on comb=filiaring and patiern recognition
Furthermore some globs! feplures are exiracied by & bark of digital filtars

operaling In raal-1ime,

The \'me evolutions of guc parsmmers ars described by &8 wvery

aimpla language that is procssssct by o sel of finae—wiate sutomats (FEA] (har
locale silences {SL ), unvoiced wracts UT), vawels (V] and tracis of successiva

voiced consonanis (VC]. Tha deiails of vhe dataciion of such "elemental
fragmenin! are reported in /3 7 and ihw descr.plion of 1ha sueg sl purpose that
performs digital filvering «n real-time can be found in [l]

The saquence of slsmentatl fragmeniy 13 ther processsd by a simple
FSA thal locaies the spesch segmenis, called paevdo-sy!lable~segmena (P55

where coar bicul@twan 1% Fapaciag 1D L more DF rdianingnt,. SNot.oe that the F5G g

can avor lap,

The preliminary segmentation has (wo [auks,

t - 11 gelimilg tha vaiced tracls of lhe apeech waveform on which the specirs
are computed, using plich-aynchronous {inear prediction, while for tha
unvoited Iracis an asynchronoud FF T s performed,

’ -

The prelmingry sagnentslion uelimilg ihe fislds of specirograme correaspan
ding lo PSS5s, wn which possitle farman! paths are specified and orparn ped
e mullihnkhed data stcuciure. Furthermors s pegmenialion anchors on
ihe missdy-si1ate poriions of vowels, the siariing points of e enlimales
of the bes! posw bie lormaniy,

Thess formanis are used 1o amit ihe flral hypothesls aboul  the

possibie syliables present in (he spoken senience, while Ihs regues! for a

Mypathesis vecilicaton from highsr lewvals resulls In & avarching for paths  In
some specifC atlowed pasrages, This pearch is corried oul in the mulil inhed
datla siructure and if possible paltha are found, Their probebllities ares also

remputed,

A nige N The datas struciure containe informalion aboul a IFfrsquancy
nterve! of & Quen spedirum, whera & concentralion of energy and fThe max mum
1 thia energy have been {aund,
tha algorithms for

The arganirannn of the data struciure and

furmgnt \Fach .y are reporied in [5], The weay in which probabililiee are
asgigned will b gescribed Drafly at tha ond of 1his paragraph, The possibiliy

af performing ilch-synchronous FFT an Ihe voiced Iracis is &lso slilowed.

. The difference besiwesn FFT and (insar prediciion (LP) in 1his
spplicat,on o5 that FFT ganerally introtuces many spurious patha  In e
specirogram, white LP requirsy a carsful operalion of gap-1illing; both the

ASPRCla ACq reltey by 1The Tarmant track ng aioorithm, bl one method cen be
beiter or poorer than the olhwr, depending on (ha waveform,

Formanis, ampiitude and plich are praseniod a1 the higher levels
&% & hint ol descripriony,

ine form of thess descriphions &re introduced in the

fotlowing account.

Amplivde descrpiion [ADES)

The amplitudes desceiption has he primitive ferma ropresenied by

the 101Qw NG Mmoo~ terminal alphabel:

v, {BLT. c1, €3, €3, ca} ;

These forms are related 1o & (erminal atphabet comaining hree
symbols represeniing § tinear apromimation of he amplitude curve; the lerminal

Aluhnabel 1n:



Vz - ‘h: horizonial IFSCis, & sacenddnt Iracls,

d: deacendent IFacte } H

and 1he compos ILion rulen are:
®LT) = cn® cn en®
Cl = a0 ¢ ahd
oCia = oha
Cidn = ahs
dCa = dhd

The canpositions are performed by & simpla finlie—sistes auiamaion,
operating n s vme closs lo the res!-1im,

Each primitive symbel le followed by four aitribuies: the duratfion,
the ampiliude of the firsl point, (e abaciass and the amplitude of the manimam,
-

Thets parameisrs allow one 1o reconsiruct the amplitude wavelorms with

poiynomial approaimation,

Plich Jescriplion [PDES)

Plich gescriplion ig wery similar 1o the ampolitude description |

encap! Ihat a new symbol 13 provided for 1he silences or The uAvoiced traces,

Pascripiion of spacical leglureas for an _snilrely woiced PSS

The descrigiion SDES of an emirely volced PSS (s characieraed

by the following rujes:
SpES — AN .
B FITFIT 4 FIT 4 FAT 4 FST |
whera FIT is & tract whers | lormant 1lnes have been deoiaciad,

The descriplnions of such \FacTs sre:

FIT = (Fiol [(AD) (b)

F2T = (FIF20) (AtAZD)

F1T = [FIF20) (A1AI0D) {(FID) (AID)

F&T « [FIF2D} {(AIA2D) (FIAD) (AIAMD)

FST  « {FIF2D) (A1AZO) {(FID) [AID) (FAFSD) {AMASD)

Whers FhD g the gescription of (e 1ime &#volutions of the h-th forman
frequency,
W g by cesc~'pti=m of tha tire evolitions of the h-th  formant
amplitude,
e} is o sei ot aymbols gescribing Lhe | 4 1O xH2 spectrum of voiced

Iricative and voiced 8top sounds,;

FIF L s the descripilon of tha svolution of Fi and l=‘J In the F' - F‘

ulane,
ALAJD ia 1tha descripiion of the svolutione of 1he empliluoes Al and Aj
in the AI—A} plana,

The descriplions haue bwa iypes of primliive farme, namaly linas
and siable Fones,

These prumliivas sre GHISCISU Using an aigorithm preasantad in /8.7
A slabie Yone corresponds o & quaki-pialionary porlion of Ihe speesch wavelorm
and 1s representad by s symbol S with the following atiributes: the durstion
and lhe gravily center coordinaias of the pointe belanging 1o 1he s1able zone,
aight

seciors of

slope

ass

The lines are represdnisd in the SIS by ons of

symbols, K, |, m, n, o, p, q, v, Corresponding 1o angulsr

tollowwd by 1wo Pumerical atiribules: the duration and the line langth,

The choico of the maximum allowable sreor In linear approximalion

' & cCMPrunibe Delween comprepsion and lideilty, This value cartainly neead

.,
nol lalt below the limeny of the percepiion of formants, thal s 3 of the

farmanl valuss.

The masnimum arrar has baen s¢lecied inorgor to  obtaln  the

deiacion of & Bingle stable zone for all the non reduced vowsle in s corpus

ol 53 sentences. Values of 70 Hz for the firet formant, 150 for 1he sscond
ang YOO for the third, have baen fo:und.

Assuming & gaussian disiribulion of 1he erraors over (ha slable
zone, & lola) average value ol the srrors over \he three formant regione of 52

s ohlainad. Smilar resulia are obisined for 1ha lines.

Silgnce gnd unvoiced Iracie descr iplion

Slencos ars Sascribad by & Symboil 5L and (Il duration,

Yo represeni the unvoiced Iracly, tha symbol  LUT is wueed

fallowed by & concine description of an sversge specirum of tha unvoliced

negmont, For saparatling two succe3sive fricalives sn shalysis of the speciral

Leg

derivals is parformed, accoldifg 1a DraviGus SRpErisnces In the segmeniation
ot conlinuous spessch,

MNasals and nasalized vowets olien generate & Begnen af
spucirogram wiih more than thras formants. The possibilliy of nanslrralion
dapends on frequencies aend amploudes of tha First formani, For ihose
sagmenis for which this postib:lity is Oeleciad, a more sccurats reseatch tur
Chuniers or olher forman! | iNnes 1= slaried,

Two lracis having & diiferent number of lormants can UP £60 Aleir
aled in different ways, Thase silustions are dencribed Introgucing prediceies
t etween formant descriptom [ ¥ 7,

The dascriplions oblained in \his way sllow one 1o FecorRiruct and
fislen lo the spohken senience and Lo evalusie if the sentence stil! preserves

i1a meaning,

Frobability ses i grengnt

The infiusnce of ssgmenigiion affecis only the greliminary emission

of hypotheses aboul posaible phonelic wranscriptions of PESe, In i cperation

and In 1he complemeniary opwralion of hypothasis verificetion It is imporiam

to knaw the probabillly £ (g, /u)) thal the description 6, 1ruty repressnis

ihe segmery U, of ihe specirugrasm of Lhe spohen senience.

The subscripts of such parsmaiers arms 1o bs inlerpreisd as

foHlowa:

t e the I-1h possibie description of the I-ih speciral segment,
', 2, ..
1 .

L] :. - L] l’ L]
whera L is ths number of segmenis svidenced on ihe BDECIFogram &1 & cerlain

P T

Instant of the undersianding,
l' is the number of possible descriptions of the | - 1k segmaent.
The probability P la”/r.rl} will be used In tha nex! pereagraph for
ihe svaluation of a sylliabic hypoihesie,

[ 3

Lel U
I G

have G lormanta; lat F » F be the formants of

ﬂl; hus:
Pfﬂ“/ﬂll- PtF‘/ul) P{F’z/UIF'L.. P{FG/ulF....FG_I) t)

E wheare

] vany M R
' [ RA & M ¥ I
each path ends al & node whers |1 can be followed by mors than ohe way. Then

Lar be tha concatangiion of v' palhs %

nne has:

PIF '/u ') - Pin “{ul} Pl u/n ”ntl In ) (z)

Pin e ¢}
1) 1Y)
The generic condiiional probablilty In (2) Is the probabllity thet

on O

M T |

piven a path 10 for the first formant, this path cont inuse

T .
w 1wl

This probabilily s svalualed considering the svarsge amplilude |

ths number and duration of gaps and how far it Is posslble o 9o following
Ty et nsiead of the oiher poseiDIe direciions,

Wilh relations similar to (32) the other conditiona! probabilities in
{1} can be compuied, remembering thai, given the firgt T formanis, Ihe
{t + t}-th should bw in & proper frequency range and sbawve the firs: |

tormianis ., This approach aliows ons 10 use the iMormallon aboul formant swe-
lut1ons that have been proven very sipnifica™ Oy Mmany percegllon eaper imens,
Several possible formam pgrierns and 1her propabililies can os ODIaINEd avai-
ding thal an arrar in formand (Facking compromise irrspargbhly tha succeas In
TECOGNLON,

Y lighlc (gvel

At the syllabic {evel the Informatipn gboyt ihe SPoken sentence s the

desiription d“

ihe probabilitins P(u“.fﬂ'l ot Ihe descriplion d_l .
L]

The g~prioci intarmglan gource far the syllaliic

grammer nof speach gensraling a languagse recognized by & asl of stochsslic -

of the time svolutions of formants and ampliludes, lopgeiher with

tave! is &
firvte—utale putomatn {SFSA]l with some auwniliary unils 1hat will be descr ibed
iater an. The formani patterne corresponding 10 & gywven VCV Ul 18rance pronou-—
NCEd IN vAricus Conlexts Cannot be random palierns, they have 1o respect some
rules underly ing the relations betwecrn the articulatory commands snd the
specira of ths geasrated waveforms On 1he other hand, \he pefterns are nal
aqual bécaus® some disloriions on the archelypes do nel alier the interpreaati-

on given iy a lmlensr o the original uiterance and {1 Is impartart (o Know



the siallatice of auch distoriions. Thus the SFEA are & proper 1ol for repres-
onting the possible patisrne of a given ulierance. Their implementalions and
thair luarning are also feasibie because 1he segmanis considered srae shory in
time and their postibie psiterns ars described by g concatenation of few symboia
belionginng 1o a very small vocabulery,

Two opersiions are performead at the syliablc tevel, namely hypothe-
s minsion and verification,

AL the baginning of the underslanding, (he segmenier representy the
SDOKSN BENISNCS AS & CONtinious saguence of PSSy, This SegQuUence is e firsi
ssgmaniation hypaothesis. Then for the voced portions of each PSS, |he mogt
likaly formants ara ssiraciad and & description is gensrsied. Tha descriptions
are processed undar the conirol of & grammar of spesch and ara transtsieg
into possible phorwtic transcriptions, with asaociated tha probabilily PlSl/gfi
tha! the syllanie Sj corrasponga o QI , 1ha -1 gegmaent of the EPECYODram Df
he apohen saniencea,

The gravwnar of spesch s a B10Challic grammar represeniing \he
possitle patierns for sach coarficulalon instance, corresponding to the concat-
enations of sismenial fragmenis genersisd by The Jegmenialion prammer,

The starting symbal of the grammer of speech (s PSS, 1w termanal
siphabet contains all {he symbols with which the descriptions ars made, the g
isrminal alphabel containg all the possibls concatanations of phonemes for which
cosrticulation affects the formant patlerns even alier the descriplion approxim-
stions, The non-1erminal siphabel contmine aiso the symbots emilled by the gu-
mitgry unite preceding sach BFS5A, and scling as (ransi/siors of ths oRRCE DY -
tons made of symbols, aliributes and probabilities inle symbaels snd probab,d -
los, provided Ihal soms relations hald betwesn the anrbuies, Finglly | iha
produciions of \he pgrammar of spesch ars righi-linear siochasiic rFeawriting
rulas, deriveble from 1he SFSA inferred by e brocedurs 1hat will ba preagen-
ted In the neat paragraph.

Tha oparations of hypothesis smission and verificalion conla'in hyp-

athaain evatuation ss & comnonent. thus this operation w.tl be described firg:

Speaker
sepandani

modif iers
lanical

l modifiers

¢

_ Swchasiic
L;!-ur:nlmﬂ Filniis-sialm
o r-r:;‘-wr _"""'“ o Ao g o
i for syllabls
—] s
] 4
Flg /9 )
Plddﬁ." ot Plg /5 )
4 (1
]
I AIQOor ) ihm Pis |
vl e —
— ASP !

il

PIs /1)
i

\

Fig. 1 - Bchame for hypalhesis svalualion,

Hypothesis evaluation

Hypothesis evaluation la performed with a procedure whoae block
diagram is shown in fig. 1,

When a syllable or a coarliculalion segment la hypothesized on a
certain portion of lhe spectrogram, tha SFSA of that segment and the correspo-
nding description translator are built up from the grammar of speech.

This operation is simple and fasi due to the straightforward ratal-
loni between the productions and ihe automata. The syllable description is
processed by the description translator (OT). The DT translates a primitive
form, with its attributes to describe correctly some torment evolutions, into a
symbol and its associated probability. The symbol is emitted only if some con-
ditions on the attributes are verified. These conditions are stored for a talker
mna a typical lexical position of the segment and can be modified by soma epea
war depeitdent modifiers, acting mainly on the form ant loci for the etable-xones
constraints. In addition, some lextcal- dependent modifiers, acting mainly on
lhe durations , change lhe constraints in accordance with the stress of the
salient. The design of such modifiers that also involves the knowledge  of

probability di«iributions Is actually limited to spactral loci end ttia influence of
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the sirsss on the durailons, pitch snd ampliudee. A lal of investigalions are
atill 1o ba done for characlarizing The individual influsnce on formam evolution
and Ioc! for syllabiss embedded in continuous speech and the app=cach foltowed
here should be considered a lirsl approximaton. The ol 1o the DT s the
descriphon diI . The outpul ol the OT is a siIring 9, of symibals withoul si-
tribuies oblained from nn which Ip a miring of symbois with atiributes. 1ogé

thar with g tha probability P{ﬂ”/n“} is obiained. Finally, 1he g, s
t

l .

processsd by the SFSA andd, H 1he 9” is recognized, the probabiliy

F'(g_IIS_J I @iven. All the oblained probakilities are processad by the folle—
' i

wing algorithm ASP,  that gives PlS,/uI}.

Algorithwm ASF
Remember ing thal the syllable '.-‘»‘I is the unton of il the descrip-

lions recognized by the SFSA, e ;

*y )

Sj .L.:.J| 5, (Y]

where al - gj ' n; e v “It v o -:'J-] Is the awt of 3!l The descriplions

recognized by tha SFSA of the syllable Sj , tha following relation Cah be
wrilien §
z ] P(gkl

Pll.ll/Sjl - L Pe /g _Plle 4}

Combining (3} and ihe following relation:

p|,:; P{g:f\ s )

- - Py’ (s)
CER PIS ) Ple, / 8}
one gats :
.3
- ! I {6l
Plu’,fs]r E;' Plo/a) Pla / Sli

whars P{.i / sjl can be obialned al tha oulpul of the SFSA when o: e
reacopni zed,
Let now :
o, - ‘ LT Y d‘l T]
be tha set of the possible descrigilors of the apaciral sepgnent 0‘ and

J| }
O -{dil' e

2 'dilﬂnlgnl

ihe subsel of descriplions of U, wransisied by the DT of 1he aylisbie SJ tnio
gl . Lear M he their numbar
[ by

Lei O:‘ os 1he el af all the posslble Cencriptions that can be {rar
slaled o g: . et Nh: be their mumber. As the descripiions sre disjoint ele—

manis oM Can writa;

N
1 k'
P(\-l/ﬂh" Z

J ] J
P(al/d.ml P'dum / 'k' {7
n=1
bt -
o Pl /e ) Pln )

Pi{u jd ). N R (e}

'okn pid’ )

kn

The cescriptions obislned by n' must belong 1o tha set o‘ amd hos
1ha! are mappaed inio n: and are oblainad by ul musi belong lo D:I . hus
(7} raguces 10:

[ %}
kg Pl Ju ) Plu )
Pl /o' - Rl ) L pdd  sedd ")
1 gk ;1 P{l’:'m' kim .h

whars the ptu:‘m/g:‘l sre learnedwith the SFBA of the syllable 8, and  the
Pld:|m/u'l are obisned from the descriplor.

Using the relations obtainad ae far, the svaluation of The hypathesly
that the syllable 5J (¢ the irascription of 1the portion ol of 1he speciropram,
can e compuiad as follows :

Pl /5 ) P(S )

PISJ/u;I- P‘“.’ -
™ {10)
o} & P(oj Ju 1
- ) w1 J
Plsjl Z, P"""J) z P“: !m/uk,

m= | PM:.MI

Inpractice, it is supecied 1hal often only one descripllien d“ Is
recognized and irarsiaisd by the OT inio a 9, ihat I recognized by the BFEA;

inhia case the hypothes s is simply svaluaisd as follows :



Pd /o)
P(dnl

F»tlil/ul )= Flsjl P[d“fg“l Plgufsjl tr)

whare the ihras condilional probabillties ars glven respactivaly at Ine ouiputs
of e descriplor, Ihe DT and the SFEA,

s S, ..

La 2t i

tha description ¢  be recognized ss PSSas S

il "

v1yS . The probabifiy F"d”k-n be computed aa fotlows
w

Pld") -Pu"/s‘lplsllo op{u“/sjlplsl_h e

2
v:P(d”fsw)pts*l {12}

bacauns 5

- Sj. e 5* are dizjoint Aels,
Each addend in {11) Ix cbiained from the sa-priori knowledge of 1he
aysiem .an follows :

F’(u”/s’l Pis}i -Pis’/ d“) Pidnl -

- p(d”..-‘g‘-ilptg”/s})plsji 113}

Tha provabllities in (13} gre Ihe g~priorl informations 1hat nesd o
be lsarned. Thers are severs! possible gppronimations for P{ﬂ”/ gij} Ihay corre
spond 10 different reductions in the compulation of {11) end { 12).

Tha simples! ADProximetion CONs It 1 Considering r-id“/lj”' indep
ondert from |, A belier approximation, thal seems to be vary realishic, cons sis
In coneidering the probabllity pf an si1tribule of d" uniform over the range al-
one

terwad for this attribule, in order to Irans!ale ¢” imo g In 1his canm,

]

need lsarn onty Ihe inlervales aliowed for the atiribules of d'l the
1

., Finalty,
ensC! Sisiributions of the atiributes of d“ over tha allowsd intervals of the DT
could be learned ahd used 10 compuis pm“fgul. Thin lasl approseh would ree
quire a wvery large number of sxpsrimants, prouably withoul greally improv.ng

the ayaier perlormancas.

Emigyion of hypoihesey

When a PS5 haes besn demcribed, its descriplion is processsd in

order o decide whelber or nol i batongs 1o the lenpuape genarsisd by e

grommar of apesch,
Can be genaratad by many ayliabian, tThus |t may DA recognized by aifferern:
SFSAs This is ane of the reasons why Ihe lingulstic approsch praviously foll-
owad [ 3 ] has bean exiended now 1o the fiaid of stochasiic grammars, in prea=
crice, 11 Is lime~consuming 1a try to find (f the description of a PSS is recog-
maed by any among all the SFSAg of the grammar of speech. For ihis resason,
Ine PSS degcriplion s preprocessed by the FSAs shown in fig. 1. The outpuls
of 1hese auiomats define the sub-3e1 of SESAR thal may accepl the whknown ,
desLrpiion,

Onty Mis subset s used {0 process  the input dascription, the
sy'lable corcesponding 10 (Nose SFSAR (thal accep! the description with an as-
sotial@d probabatity is smilled sy hypothesiv of the syllatic level, Tha se! of
proabilives smitied by the SFSAs, altows one 10 computs Lhe 1olal probabilliy
ihat Lhe descripiion belonge 1o the language perwrsied by the grammar of
spaech,

From the PS5 gescriptian, s first formant Jescripuon (FFO), a
second formant descriprion {SFD) and the smplilude descripiion {(A1AZDES) ,
are sxiranod and processed separalely,

The aviomata of fig. 2 are determinisiic.

The firgt automaon {FBA: front-back automalon) processes FFD
recognisas if thers 1= one or two vowels in the PGS and if they are from {F)
or back {Bh

The second auiomaten {HMLA: high, m:ddle, low aulomaion) recog-
nizea il It vowaels sre high (H), middie (M) or low (L),

The third ainamaton recognizas [f the consonant balwesn (he vowe-
in s nasal (M), volced sigp or fricstive IVEF), liquid or glice {LG), or other
{0}, The automaion may recognize mors than ond of such ciasses becsuss of
the gmbiguily of 1the consonant segment or of the presence of iwo Consone™Ms.

Such aulomata sre Inarnad without probabilities using the ssms

profecure presenisd in the successive paragraph.
Verificglipn ol hypoihesss

When an hypoihes:s about a syllable sj has 10 be verifiad on &
cerlain porlion of the descriplion, the descriplion is processed by SFSA of

sJ ; if & portion of the description is recognizsd, the recagnition probability

The grammar of speech is aMbiguous BECausE & dEscrption
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ip emiviad a5 &4 muasurs of 1he var.ficavion.
Otharwise, possible Inseriions, oMissions or subdtilutions on the
dascriplion are consldyraed in oroer 10 recognile 1he ayllable,
The descriplion modications are (hen verifisd in the apeciral da-
ta base and if they ara found possiblejheir probabrilities sre Compuled and e
Hhe
the

syliable Is saccepisd. Ths corresponding probabitily II‘IlIt.l'ﬂ.ﬂ 1o ba

masswre of the veritication. If these modificalions aller |he preavious segmen—

tation, mnew hypotheses are pensrgied at the aylfabic lavel,

it wome of tha adescription modifications srt found 10 b IRCONS 1S I8N
wiih the specirs! dala Gasw, a loss funclion le compuled thal Incrsases wilkh
the units of irdormativn of the esvents that are nol received al ihe propar Lime
Ly the SFSA. I many solutions are possible, the one corrasponding to the mi-

nimal 1oae Is chosen,

Lesarning |s accomplished through the construcilon of a siochasiic
finitr-siate suviomaton for & fiN:1e sat of sochastic sirings of symbols descri=
uing The same syllsbie /8 7.

Every siring with probabilily of baing diiterent from zero Ia gane~-
raied by the gremmar aiscciated with tTha automaken, while nons of tha ather
strinus can be generated,

The semplas of Informalion are preasenied seguenlially 1o 1the infe—
rence mathine, which deiermines & siochastic finlis-s\ate automaton afrer 1the
t-ih obusrvarion on 1he basis of the 1-th sanpie and of INe aulomalon generated
atier he (1-1)}-th observalion.

Thae probabiiity of generation assocleted wiith sach string is oblsi-
nagd by the relalive frequancy ¢f occurrence and 1a spproached s ! spprosrhes

wlhe.
The lsarning system (s based on an interactive procadurs with &

human irainer. The teacher chacks far ihe corraspondence of ine BIring lo an
Accapiabla phooetic gescription of a given syllabis and dacides if i1 mus) or
mus! not Ue earned by the inlerence machine.

He can be helped lo decide by listening to tha synthesis of the ail=
tabler obilained wilth the phonatic description paramelors.

The siochasiic firntewslalw automalion saiisfiss two conditiona: W Is
unambiguous and 1 has the mirnamat cwevber of siates. A sirsighiforward proce-
dure penergtes from o & ripht~Hinear grammar with & mirimal number of non
termonal Aymbails,

The grammar inferred cen be continuous |y updated during recogni-
lion by adding new siates and Iransitions 10 the SFSA If 3 confipursiion s noty
recognired, or by refiming the protbabitity assignmenis it the conligurstion |e
recogried. The SUS can in this way updsis continuously its hnowisdge, A ma-
asurement of iha slabiftiy of this knowledge is oblained coneidering & sy!iable
a3 an informaiion source; the possible speciral configurationa of t1he ayl!labls
ard |he MessaQen dMitied by the sourca, Ar tha probabliity of cach message

can pe obtained by the SFSA, the eniropy of the source can be measured i



ulfferent moments of the jaarning. Whan ihe snirapy remains guasi=-siationary
afler g lgrge enough  rumber of sxperimants and o new corfigurations arg
lesarned, a good degres of know ledge has bsen reached,

The isarning of syltabie configuralions {s performed In accordance
with the theory of mechsnical 1nference of SFSAs /7/ The following aspecrs
clar ity why the Isarning of sy liablec {esiures i3 praclically feasible snd oo mo)
reguire & large smount of memory and computaltion,

1] The sirMgs (0 be learned have a limiied lenglh, Nedher cecurgion nor (cae-
tatenglions of I1hg same symbol can Le presem,

2]
3

The rerminal alphabe! has few sjpinbois.
The sytiable pallsrns should respect the Ghonetic struciurs of the syllgbfe,
Thus the variely of descriplions actopted by a syliable automaton canr ot be
very large evon I the romber of patterns ¢an be very large. In faci sach
tifve L &N be gendrated by concatenanion of slemental arcs CoONREELing [wg
ponis and the raomber of such arcs can be largely varable.

A delailed deccription of the infersnce procedure is gescribed in
swother papar [ 8 7 and 1a only summarized in Ihe following,

La r‘i {n} be the SFSA of the sylighie 5’ alier n samples have

been isarned. L o r"lr\} be the corresponding non~siochasvuc automaton fieca-
uste Of Ihe sbaernco of reLursiiine n r'lni 1% BaRy 10 conSIFul! & COFF Py on-

ding regular expressian RUnk. L el lire 1} be the informanon 1o be learnea

because il is nol reroprized byr’!'n}_ A Aww reguiar espreggliogn:

Rlne 1) = Hlint s 1(ne 1}

is Lunsigersd and The new aulumalton r'JIm BT conuiructed considering (he
der vaiives of l‘-'ljl‘rn ) with respnc! 10 all the Firat symbois, Ihe derivetives of
the derivatives wilh regpec! Lo her first symbols and so on T hanthe pratabiily
disiribution an IR sulomalon is compuled. This gperation 1a performag Chnily,
becavae for sach IFTansion N 1he siored automaton the iolal rumber of 1imeg
thin rransition NS Dedn execuled v sStored wilth the trens uon isell, The go—
<urrencies of the transinions n the new automalon are conipuied from the kno—
Irdye o the oid oney,

The state minam . zanon problem i3 smplified by the Tac) thal No re-

CLfwI0NG 478 S110wW8Y, Thus all the slates from which the same Hinal siale 5

tuached with the same strings of ngih 1 and with tha same probability, sra
ravivatent and can ba merged, This consideraiion can ba sxiended lo merge 1he
slates Trom which the sams siale s reached with same sirings wiih the asme
probabihily |

YWiith 1he above consiaeralions, [the resssrch of sguivalent siates
tan be periormed sequentially, 9oing from the final siuta back 10 the initial
BNE cangdering latle of s1rings of (ncreasing tengith, Fig 4 shows the avloma-
ton ol 1he Pacudo-sylighly "ama Y, the operation ot the corciaponding Famng ia=
tar o satrtar i zeid v abile AL

When the gulomalon correspending 1o & given PSS has been legr-
ned an algorsinm descebed fﬂ] it apphad o check f 1he conaidered 155
N b Bolicd o nded ot aroushically independent uriis, Furllnrmorn‘many SUTO~
risl&, COFFosponghing s sy llabte., whose phunemes 1fec tor Tew distinglive fea-
tures, has € TonsORFaLlE portbions 0 common fe. Q. the formant amplitude palie~
rR). These aulnmala oan be reduced \o s Bngle pne whers some Irgnslsations or
Iranssons ava val:d only for gome syligblen., The siruciure of the source kne-
wiedige al the ghonelic loval 1x characinrized by slochestic rules thal will be
refined dur.ng tearning when more insight In the properiies of (he audilory pat-
erns n gained, Finalty, 1he stochaslic Fules parlinlly refer o d.ffargnt
poksibihities of griviulation ang parbaliy fo the noss Inruduced by the &lgor-
Hhvns that transtorme (ha speech wavelfgrm inio audiiory patlerns, The nose
t+iecis are Frobebly (ndependent from he particular syllabDie compos i tions and
foulttDe characierized by » single grammar Indured by srror (rasformatiana

us ity AN algerihm proposed by Fung and Fu ['] .

The lexicgl, semanllc gnd symiactic lqvely

These lavala hove been conceived in & slmple way and wlil bae

described briefiy. The proiocal used so far was injroduced only Tor expecimen
tal nurgose and refers 1o an sulomated reservation and informatlon system for
travets. The vocabulary s aClustly of ahoul 200 worts and the synlax snd
semanlirs ars described by simyie nelvwurks, The semanilc network contalng

3 Emall set of hey words for each node and IEsusE the Mman requesis for hypo-

theass varlfleution,
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The lenlcon comtalng a stochasiic finlie sisle sutomation far the
ruot of asch word, corresponding to the diffaren! ways the word can bo orong
unced, The probabliity asalgnmen! Is sirongly dependan! on (he apesher asnd
his dialect; the possiblliting for sach word are faw becauss the l1allan L snguase
doed not allow a farge varlaty of reatlzailons,

The differen pronunclations taken Inte account refear to uilersnces
that are parce,wieuas ciearly differant during the learning of such rules,
Probilems of sitecalions in word concalenstlon are atso very limhied in the
Hallan Language,

THe syniaciic network reflnags the hypothesey 0 arder o (rcaie
or recognlic & sequente of words I1hat is grammatically correcl, Furthermore,
8 Stochastic sylumpaton, that IS taarned by sxpeciments, gives the probability
of having a cortaln dekcription of the plich contour, given a synlactic form,

The hypotesis aboul a kentencn i svalualed by The pratabilin of
thal eentence, Givesn the specirogram and ihe pitch contour, 1! the sentence aoss
nCt Match the spectrogram or the pItch contaur, a genaral joss lundtion 16 ave-
Ivated, proporiional 1o the information carcled by the componenis of the sénien
ce that are nal matchad, Generallzing suth spproach reduires an evalvalion of
the Informatian ¢arelest by the varicus ¢lements of a sjroken sontence; 1he pro-
babtitity of such clemenis {syllabtes, words, phrasas] depands on the tonlbsl,

The (ikolihuod fungilon and the (oss funcilons are the main factors
on which the coniral siralegy is based. Given & cerlatin AndwitrOge OV &
apoken wenlence and & set of syilables dprecied wilth & propee probabitily, the
hy@otheses 10 br verifled first are lhose corrosponding 1o Ihe maalmoam ke
tHhood ang/or the minimum jose among the possiniliies thal are Semanticslly
and syntactically correct. A succetshal varilicpitan of an fnypothenls can

atier the segmentation and (he sei of delecind byliablies on which the choice

of Ihe Buccewkive varlfication (8 hased,

Coanclusinn

A project for SUS has heen pressnied. Some methods have heen
Introduced for evaluating rigorously an hypothesis made on &8 4pecirongcem or

an & plich contour.,

1l becarve eviden! that a 10l of ssperimental work has lo be Oone in
leprning speciral and prosodic features and in correlsling them with the siry
ciure of the language. A ool 'nr thls purpose has been provided,

A gintematic appiication of the proposed slgorithm for mechani-—
cal Inference will peip In investigsling how the sylilaplc legiures € an vary for
s sinpis Speaker, how thay are affecied by Ihe conten snd In which cases they
can be subdivided Into shorter segrents ngipendent sath other or when
sagmenis larger then ayllabies have to be considered as units for spesch
vnderstanding. Ir fact ihe sisments of 8 Seacription, that correspond o primi
tive spectral forma, have s probabliliy that depends on  the previaus sleswnis
iine In @ Markuv Droceas, bul It is nat known how many should e theee previ-
o wiemanis,

Cartuinly a spacisl purpose hardware o0ie 10 allow & pPacallislism
of many simDle operations will be suliable for carrying snuegh ewperimeniy gnd
resching an acceplabis degres of (#arming, It Is nopsd thel 1he dewveinprent
of spesch undersianding systams wli! help In concelving snd check modein or

lh.;)ritl on human speach percaptlon.
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Appendix }

This appendin presents an axameis of the svaluation of & syliabic
hypothaesin, Flg. 3 comane (he irequency and ampliiude patierns of the PaS
una® balonging 1 the spoken seflonce: voreel prenclare una vetiurs (I would

like 10 rent a car}. The phonelic (ranscriplions ere macde by hand on the plgiu-
res and have bean dechiced by the patiwrns of the ime suvalution of the parg-
melsry, In fact, Yime flows according with the arrons N the pclures, bu! the
durations carnnol be read from the orawings. The ampliudes are 0 Dasr-1wo
lagarihmic scale and are normalized wilh respac: 1o o rafarence An. The pic—
ure shaows also the alope-code. L ines have fwo paramsisrs: durshion in nun-—
dreds of microseconds and fenygths . heriz lor frequenc e and convent.onal
logar Hhmic wnils for sampliludes,

The siable tunts ard ropresanisd with a symbot S and thres pars—

melers: tha ¢uraion, and the coordineles of gravity cenier e with The same

§ KHg

2 1*
11
0 100 200 ﬂlll!=
U n

Fig. 3 - Faormanis of the syliable una®

h73

unlts uaed for lengthe.

The descriglion dl of the sylighie Is

FIF2D Si6, SO0, 700} o &, 430) ¢ 15, 20}
Sia, 700, 1300} pis, 410)
MAIAZD S{7, LS, 1.8)r (3,080, O.8) 1 {2, O]
s5ie, 1,8, 1,0Q)
FIFaD - S18, 2250, O) *« Sis, TBOO, IZ200)+ S(11, 2400, O)
AJAMN S0, 0.8, O)* 56, O,0% O.08)°
i, 1.2, O)

The tormanis have been entrgcied with linear prediciion  and have
probability | (non siterngiive paths were possiblel.
The descriphon translator (DT) tor the syllable sj = LAA GDEFA-
nd b
 ° 2
ars respeclively Ihe first and sscond gravity canter coordinates for the atabls

1en according with tabrle Al, where lo 12 for lengih, d lor duration, b

rone, Lhe probabilitiss are asaumed (0 be | for sake of s:mplicity.
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Trhe descripiion coming oul from the transiator le

. - DO s LV 2T T ANMONOD

W = ACGBFKRS TRCrE:OLM-L

The SFSA lor this syllable (s repressnied by the disgram of fig. &,

On tha basis of tha! grammar, the inpul syliagble G is recognized with & proba-

Lility :
g, / s)=0.02.
$ F2 (KHz)

|O‘r
13

o8

F1{<{HZ}
o 02 04 08 08

Fig. 3 - Parametric rapresentation of F ' and 'F’
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Fig. & = ‘F?A of the wy'!lsble " unat'.
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