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Abstract:

A new representation of human speech forms the basis for the design of a system for extracting the
linguistically encoded information of natural speech. We restrict linguistically encoded information to
the words of an utterance and require that any representation preserve sufficient information to allow
the emulation of major aspects of human listener behavior. The parameterization of the acoustic speech
signal begins with a predictive segmentation that provides boundaries of signal epochs of homogeneous
character. The acoustic details of each segment are recorded, and the segments are classified as one of
eleven Production Modes. A Relative Opposition characterizes the distinctive changes in the signal
character between adjacent PM's. The ROi is an ordere'd set of elementary calculations that provide a
detailed description of the relationship between PMi and PMi+1. . The complete representation of an
utterance is then a sequence of elements (PM's) and the relationships between them (RO's) that are
consistent over divers speakers.

The relevance of the representation is discussed with respect to a general stratificational linguistic
theory model of the speech encoding process. The PM-RO sequences are decoding units in a P-PHON
stratum that describes the interface between the phonetic elements of the PHON stratum and the
acoustic speech signal waveform. The use of these units in the design of an automated decoding system
will realize two very important attributes.

1. The emulation of five general characteristics of human listener behavior: a. Operation on the
conversational speech of divers speakers.

b. Potential real-time operation.
c. Strong immunity to noise and interference.
d. Incremental changes in the vocabulary.

e. Probabilistic operation on several levels to provide recognition, perception, error detection and
correction, and nonsense response.

2. A significant economy of computation resulting from the directed search induced by the
representation.
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ABSTRACT -

A new representation of human speech forms the basis for the design'
of a system for extracting the linguistically encoded information of

" natural speech. We restrict linguistically encoded information to the

words of an utterance and require that any representation preserve
sufficient information to allow the emulation of major aspects of human
listener behavior. The parameterization of the acoustic speech signal

- begins with .a predictive segmentation that provides. boundaries. of .signal

epochs of homogeneous character. The acoustic details .of each segment

are recorded, and the segments are classified as one of eleven Production:.
Modes. A Relatlve Opposition characterizes the distinctive changes. in the
signal character between adjacent PM's. . The RO. is an ordered set of
‘elementary calculations that provide a detailed ‘description of the

relationship between PM and PM, The complete representation of an
utterance is then a sequence of e}ements (PM's) and the relationships
between them (RO's) that are consistent over divers speakers.

The relevance of .the representation is discussed with respect to a
general stratificational 1linguistic theory model of the speech' 'encoding
process. The PM-RO sequences are decoding units in a P-PHON stratum that
describes the interface between the phonetic elemeénts of the PHON stratum
and the acoustic speech signal waveform. " The use ¢f these units in the
design of an automated decoding system will realize two very 1mportant
attrlbutes C

1. The emulation of five general chgracterisfics of human
listener behavior: .

a.. Operatlon on the conversatlonal speech of
divers speakers.

b. Potential real-time operation.

c. Strong immunity to noise and.interference.

d. Incremental changes in the vocabulary.

.e.” -Probabilistic operation on several levels
to provide recognition, perception, exror
detectlon and correctlon and nonsense

Lo response.

2. A significant economy of computatioﬂ resulting ffem'the _“\
" directed search induced by the representation. '

———




1.0 INTRODUCTION

For many years, activity in numerous research areas has aimed toward
a fuller description and a deeper understanding of man's verbal communica-

tion processes. The recent advent and availability of electronic computing

" equipment has accelerated the collection of data and detailed analysis

concerning many facets of speech produétion and‘analysis. The possibility
of man-machine dialogue'in man's natural language has motivated consider-
able work in the generalzarea of automatic speech récognition. Specific
automatic recognition stud%es have generally been directed at either the
message content, the speaker's identity, or the speaker's emotional state.
In this study, we are concerned with efficient methods fqr machine
decoding of the liﬁguistically¥encoded information embedded iﬁ human speech.
The foremost problem in machine recognition, regardless of the specif-
ic objectives, is that of partitionipg the continuous speech sigpal‘into
time epochs (segﬁents of similar acoustic character) common in both form
and function to the speech of all.members of a gi&en language communit?.
In the.caée of the'linguistic content, a subjective solution is availaﬁle
in terms of the minimum sound units that listeners i&entify. The assign—

ment of symbols to these minimum detectable sound units and the description

-of their significance within a particdlar language is the branch of

linquistics known as phonetics. The phonology of a particular language is

the grouping together of the phomnetic transcriptions of that lanéﬁége's

.

" minimum sound units according to significance with respect to semantic .con-

tent. The linguistic syétemaof a language includes a phonology and a

-
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“susceptible, by their very nature, to the-application Qfléiatefpf}ﬁhe=é¥ﬁ L
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grammar. The phonology identifies significant sounds with respect to -

meaning; the grammar antéins the rules for the expression of ideas. ,The_

elements of a phouology are called phoneﬁes.' The substitution of one
phoneme for another changes the identity of the'utterance. The elements of

the grammar are words, phrases, and groupé of_phrases;'the rules of the

" grammar specify comstructions that produce well—formed utteranqés.

An objective solution must deal only with measurements on the physical
speeéh signal as opposed to the subjective properties ascribed to it by

human listéners. Different speakers, due to their personal physiology,

produce different acoustic waveforms. Isolated speech sounds have no

absolute meaning in themselves; they have meaning only with respect to
other sounds. If we view speech as the concatenation of phonemes, then the

realization of each phoneme is modified by its adjacent phonomes. What is

.. even more disturbimg is that the boundaries of adjqcent'phoﬁomes blend

. together to form a continum of acoustic eﬁergy; Many of the acoustic cues

that appeér significant in the human identification of sounds-seem to be "

Zembedded in the tramsitional portions of the speech wayeform. In any

recognition system, the processing of these‘transitoiy portions of the

signal is extremely important and is recognized as a major'factor in the ’
B ) . T . L. v ) ‘ 1 .
potential performamce of a total recognition system [Flandgan] .

Several automatic speech recognition systems have dchieved a signifi~ -

cant level of performance operating with a high—quality sighal from a

‘small élass of speakers uttering a limited set of words and phrases. These

systems are engineering solutions to‘weil¥specified'pfoblems thét‘aré,:g

- . . . s
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3.
pattern recognition techniques. 1In the area of speech production, using
the information gainéd from speech analysis, several classes of synthesiz-

ers have been used to construct words and phrases that readily convey

information. "However, listenserg invariably attribute<an unnatural -
mechanical sound to the syntheéizéd speech. These efforts in automatic
analysis and production have generated a considerable gtore of knowlédge
about the particulars of the physiéal speech signal and the redundancy of
acoustic cues resident to it. But no comprehensive’theory has resulted.
The basic sound units used in thé cu?rent investiga;ions have not
proved suitable as basic units of a consistent theory of speech. All
current investigators have chosen either to attempt to imitaté the human
phonemic analysis or simply'to define convenient souﬁd units in terms of
"their analysis equipment and the problem at hand. In this paper, we
attempt to define an information-carrying unit froﬁ‘the physical unit that
possesses the latent power to serve as the basis for a system able toA
emulate many of the facets of the human listener's beha;ior; The ‘elements
“of a phonology construcfed ffoﬁ these physical sound units might be called
:"p—pﬁonemes." The next section éontains-a brief description of the sound
elements.of spoken language in pseudo-technical classical terms. Althgugh
moré'qualitative than quaﬁtitative, it provides a common framework within
which to discuss the higher level aspects of spoken communication. In

Section 4.0, we will re-open a quantitative discussion of the physical

~.

elements of speecch.
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1.1 'A BRIEFHDESCRIfTiO§:OF‘SPEECH ELEMEﬁTS
The human proqucfién of speech consiéts of a series of physical

. movements céntrolled by.pattérﬁéd ﬁérv6ﬁ§ im§u1ses and performed in |
_sequénce.td'proddce audiblé agi%étion éf the surrounding air. ‘The sourée
of eneréy is a steady stréam of air ekhaled.from the lungs. The air
fiows oufward thfough‘fhe vocal fract, ;arious parts of‘which create
acoustiéal disturbances percéived as séunds. _The'ié¥yn$, éituated qut
above the lungs, contéins the Vocél cords. .The areg] above the larynx
is considered the vocai tract;"if cdn;ists of the phar&hx, the mouth and
the ﬂo;e.. The aéoustical shape qf the vocal éract is varied by movements
6f the tongue, iips, and,ﬁuscles of the thféét-and jaw. 'Thé ﬁrocéssnof

.adjusting the vocal tract characteristics to produce different speech

‘sounds is called articulation.

Thé vocal cords form an adjustable.barrier for the air flow from the.

-

lungs into the vocal tract. When théy,afe relaxed. and open, air may '

pass.fréely inté thelvacal tract. If the vocal tract is constricted at onél
" or more points, the air stream becomeé turbuient and produces a hiss or
fricative-like sound (e.g. /f/ or /s/); If the vocél cords ;re tensed to
the point of’periodically intérrﬁbtipg the air flow,.then a periédig train
of ;ir puﬁfs is prqduced. Tﬁis:periodic train of aif puffs is’heard as a-
buzz souha, and after passiné tﬂe iength of fhe vocai'tracé‘ié recognized’

as the pitch of'a'personfs voice. The buzz sourcetprodueesza distribution

. of énérgy at harmomics of the basic pitch frequency. This spectrum of
energy is shaped by the other elements of the vocal tract to produce sounds

heard as vowels or vowel-like. A-sound may consist solely of voicedrehérgy

e
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(periodic éxcitatidn) or poiéeélike'enefgy (aperiodic excitation), or it
may ﬁe a combinafion of_théAvoiced and noise-like excitations. Souﬁds are
‘also given a uniﬁue charaéteristic when tﬁe soft palate open;lthe path ih
thé nasal’éévities,.alléwing'acéustip eneréy to radiate from the nostrils.
" Many sounds are.transitqry in néture and‘ﬁay’be identifieq only when pfo;
duced in combination with adjacené sounds. These'gre the stop sounds,
where‘thgre is a total édnstriction af some point in the vocél,trapt,
followed b& a rapid feleése.
The diétinctive.sounds within allanguage from which words and ph?asés
_are built are called phonemes. The phonenme does not symbolize the exact.
acoustic description éf agy souﬁd. But phonemes have meaniné in re}ation
to other_pﬁonemes; they distingu%sh one wordrf:qm“another. Aécprdingly,

s

the three forms of the English consonant /k/ in the initial position of the

’ t ‘ . cps . ..
words "key", "car', and "cool" are identified as one phoneme, while in

Slavic 1aﬂguages this initial sound would'be idenfified as three'different
;honemes. The’conéept "phonemeq and a more preciée def;;ition of its
character will be'discuésed in a later section. ﬁor the present, we sﬁall
" consider phonemes to bé_the sounds w?thih a particular language that the
languaée community members identify aS'the‘building blocks of their speech.
l Phonemeé are generaliy produced'in groups of two's or three’s;ﬁwhiéh
we know as syllabies: The syllable usually has‘a onel as.its cenﬁrai
phonéme; surrounded'ﬁy one qr‘mofe consonants~ordinérily of leésér ampli~
tude. ‘The Qowel is genérélly the.stfgngesf an&.longgst ﬁoftion*qf gﬂé’
'SYiiablg.and’isvhegrdfas‘being ﬁodifiéd by the.éufroundiné coﬁépnanté.l)AA

féiily geﬁefal set of Eﬁélish vowels is the following [Pike]zﬁ

Cad




?ure.Vowels . Examples of
Diphthongs
i fESt ou ygne
I fEt ei take
mite ' ai might
E said au shout
ae cat ' ol ‘pgil‘
A cup
u bégt
U fggt
0 ygte
) qigght
qglony

Diphthongs are combinations bf fwo vowels in which the change iﬁ the vocal
tract from one vowel position to another vowel position‘is a éigﬁificant
characteristic: English also has two semi-vowels: /w/ and/y/. These
sounds are forméd by briefly positioning the vocal tract in a vowel-like
configuration and then rapidly changing it into t@e form required by the
vowel of the syllable. The semi—vowels may not be formed in isolation and
must always precede a vowel. One méy regard‘/w/ and /y/ either as vowels
or as consonants.

The consonants of English may Be grouped for discussion=accordihg to

their manner of articulation, place of articulation, or their distribution

within continuous utterances. We have grouped them by manner of articula— "

tion and will discuss place of articulation within these categories. No

discussion of distributional properties seems appropriate at this point.




. Nasals (m, n, ﬁ)
The nasal sounds are forméd whan the soft palate ié opéned to allow
the nasal cavity to become a second branch of the vécal tract. Tﬂey are -
voiced.soundé, cbntinuous in character throughouf their duration. The
immobility of the nasal cavity fixes the distribution of acoustic energy
throughout the nasal sounds. Articulatign may take place anywhere from

the front of the mouth to the back, the /m/ being formed with the 1ips-and

the /T)/ being formed in the back of the mouth.

Liquids (1, 1)

The liquids are articulated in the interior of the mouth. Their
duration is long, like that.of a vowei., Tﬁe./l/ is unigqgue in that the tip
of the tongue is placed against the roof 'of the mouth and an'écqustic
cavity is formed on either side of it. The /r/"sdund is always transitofy;
in an initial position it involves the moygﬁent of ﬁhe tongue tip from the
~roof of the mouth to the following vowel position, whilé in the terminaiA
position theIVOWel ends with the tip of the tongue moving to the roof of
the mouth. The /1/ and./r/ are both voiced sounds with an amplitude

slightly less than that of the pure vowels.

Fricatives (f, v; ©, th; s, z; sh, zh; h)

The fricative sounds in English have as a significant feature a wide
spectral distribution of noise-like energy. The fricative sounds come in
pairs, grouped according to their place of articulation. The first sound

in the list, /£f/, is pure noise-like énergy, while its voiced cognate, /v/,

has the same noise-like energy with the addition of low-frequency voicing.
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1 Thé ﬁriéative sounﬁs are gén%inuéus and may be ?roduced in isolation.

: Their.dufation'aﬁproagheé ﬁhe'léngth of yowé;s, nasals, and 1iquid$, Thé
place of érticulation proéresgeé rearwara from the front of the'mouth.
The /f/\and‘/v/ are p?oduceg with the lips, whilé %he /h/ i; proauced:in
tﬁg pharynx. | N o g ‘

Stops (o, b t, 4 K, ©)

Ailvétop conconanﬁs depend upon the dynamic action éf-the'quél trgct
_for'théir identity. 'These sounds are prpduééd with a comﬁlete élosureaaé'
some point in the vocal tréct. Preséure is built up.behind thistééclusion{
and its sudden releaée is characterized by an abrupt motion by the artiéuj'

lator. The sudden release and aspiration of turbulent air creates a very

short noise—iike pulse. . This hoisehpuise may t?ke place eitﬂer with:or
without simultaneous voicing. In.th; precgding list /p/, /t/, and /k/ are

. fhe voiceless stpss. Their voiced cognafes are /b/: /H/} and'/g/. None :of
thenm maj exist or have meaning in isolation. Théir place 6£ articulatiqh
varies from the lips through fhe fip of the tongue to:-the soft pélate
c}osure. It is known that much of the,informatioﬁ identifying stop

consonants is contained in the surrounding vocalic segments.

Affricates (tf as in chew, tzh as in jar)

The affricates are analogous to thewdiphthongsu‘ They are the .com-
binations of two fricatives'produced with a significance attached to_the
vocal tract change from the first to the second fricative.

Qi .
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An information-carrying aspect of speech not yet discussed is the

‘stress and .intonation of.an utterance. These are the parts of the spoken-

language %hﬁé
,By the ﬁse of
content of aﬁ
s{llables and
;ﬂé phoneme.

Three factors

and change in

intonation of

express a speaker's emotional attitude and semantic goals.

stress'and intonation, one may drastically alter the semantic

utterance, Stress and intonation are generéllyfdirecféd‘ét’ .

thus affect ‘the speech utterance over.a.longer time.unit than
The major influence in a stressed syllable is on the vowel.

tegether indicate stress: amplitude, increase in duration,

pitch. These factors fit togeﬁher within the overall

the utterance.

It must be emphasized that no partiéulai set of rules exists for

"associating an acoustic speech waveform segment -unambiguously. with one of

.the ébove phonemé labels; The éhoneme is tﬁé:name f&r a éét of articulg;
fory movements Eaving meahi;guonly when compared tq some ofher sét.
'_Furthermorg,:;heir distinctiveness can be 6b§erved only:as théy-function
‘ to Aifferentiate one word from another. The cong;tenation of phbnémes in
. the syllaﬁle fﬁrcés,séme change in'aéoustic character of eacﬁ individual.
phonéme. In_adiitioﬁ, the concatenation df.syilables causes the boundaryu
N phopemes (béfween‘syllables) to undergoqurther ﬁgdificafion.
lTﬁe.electricalksigﬁai as transduced by an acoustiéal—té—elec;fical
"devicgvhaé some rather complicateﬁ pro?efﬁies&leﬁe ﬁassband of hiéhf'.
qualityksﬁeegh is épﬁr@xiﬁéfely 80 éyclééipéf secééd'tolio'kilocycies Péf
sécoﬁdf. Normal felephong;quélity spgech used(in évéryday communicaggdq is
- :f ,ﬁéndlimited Eétweéﬁ 300 ;ycles éer sgcoﬁd;aﬁdIB,soo cycle;.Per'second.. The
‘pérﬁicular,acoustié.seéménfs tha£ eoméose qunemesa§;£y in durat?on frgm

N
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abou%:ZO—ﬁillisecoﬁd sﬁop sopnds té SOO—ﬁillisecond-Qowel sounds. The
amplifude variation in a normal connected utterance wili be as great as
20 to 30 db.  The vowel—-like fricafive sounds afe véry lowiin qﬁplitude
_and peak~to¥a§erage ratio.— In ﬁhevspECfrum of speech signals we obserfe_
that theiehergy of most sounds is concentrated at one or more freqﬁenciésq
‘These regioné of tﬁe spectruﬁ are denéted as formanfs and generally number—
éd froﬁ 1 to.é;”stérting at the.loﬁ—f;equency end. The vowel ;ounds are
normally-éharactefized by three formant positions Qithin this rénge. The
noisé—like portions of the fricééivé'and plosive sounds may extend over a
2— or 3-kc régioh. fheir_ene?gy may be concentrated in a single.peak or in -
two peaks, with a possible third gnd lowest formaﬁt (théf.is, the_voicing).

Brief silences within -speech surround the stop sounds.

'ﬂFigqfe i is a sonagram of an iéolate&’spoken word.. The sohagfam is

" made on a Kai Sonagraph maéhine. As indicated on the-figure; the‘horizan—
tal axis.displays'fime at 200‘milliseconds‘per inéﬁ,‘and fhe vertical axis.
is a linear frequency scale. fhe voiceless fricative (;f A) is inaicéted

albng with the formants. The darkness of the shading represents the

amount of energy.

S
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1.2 CONTEXT AND INFORMATION DISTRIBUTED IN NATURAL SPEECH

Humanvspeech and the phenomenon of spoken communicatioen is a complex
process requiriﬁg the participation of both £he speaker and the listener.
To describe in detail ali the information contained in a particular spoken
utterance is a difficult, if not imﬁossible, prbblem, One might as weii
be trying to Aefine the beauty iﬁ a painting. A lérge measure 6f the
meaning conveyed by a spoken'segmené is in the ears of the béholder. More
formélly, a good deal of the .information tranémittéd in speech depends

upon the listener's knowledge of the subject matter, the sﬁeaker'shidentity,

- and the speaker’s motivation. Por the sake of discussion, we will define

three primary types of information contained in any complete utterance.
These three classes of information are in no way -disjoint, né; is some
information from each class required\to be present for the existence of an
utterance. Of‘the three types of information listea, we are primarily
concerned with metpods of automatically extracting the linguisticglly encod--

ed information from natural speech:

1. Linguistically Encoded'Information -~ is considered to be the

equivalent orthographic representation of the words of,tHe-utter—
" ance. The determination of the words in the utterance should be

the.cbnsensus of a group‘of ordinary English speakers.

2. Speaker Identity Information —— is considered to be that portion
of the speech'signal primarily determined by the speaker's physiology and
his manner of articulation. A secondary, long-term identification of the

speaker's identity iS'cértainly provided by his choice of words.
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3. Speaker'é Emotional Stafe Information ——.is_the iﬁforma-
tion that te11§ 1istenefs familiar with %he sﬁeaker_of the
mofivation for the utterance. Three facets of tﬁe speaﬁer'é
wemotionai stéte seem appropriate; |
_a) .The speaker's quiescent statelof mind;
b) The\staté of ﬁind which thé speakef wishes
.fp present to his listener;
‘c)' Aﬁﬁ a priori réaétion induced in the spgaker
by‘the‘reaction he expects to elicit from his
current utterance. .
. To complicate-maﬁters furfhef, spoken'éommuﬁicétion iévarranged so that
:ftyeygfé;eﬂgt lgggt_th;eq‘lgﬁels‘éf cquéxtjwiﬁh;niwpiéhfthgiinfqrﬁation
.ié embeddéd. In one seﬁse, a level of confext is reélly #o more than an
acceptable format for presenting a particular type of information. Three

" levels of context with fuzzy boundaries between them may be outlined.

1. .Global Context ~- This most inclusive level is a combination

of the speaker's gemantic intention and the rapport between the
speaker and the listener. This level is often considered to be

fhe*speaker's tone of voice.

2. Local Context -~ This is the gfammatical level that specifies
..the word arraﬁgement required. to transmit the linguistically encoded .

content. o ] R , o
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3. Micro-Context -- This level is also known as the phonotactics

of a language. It is the célleétion of acceptable modifications
which the speakér may,incdrporate in the formation of the indi—
_vidual uﬁits of the séquence he is articulating; Most often
these micro-context features are not noted separately'by the.
épéaker or the listener.
'These levels of contéxt éperate in an hierafchical fashion direcfed down-
ward from global to micro. However; the.time span’of the context ‘dictated. -
at each levél is much greater than the épan of fhe level below it. Thus,
the cdhtext which sets the tone of voice doe§ not spgéify the choice of
words. Nor does .the cﬁoice of words dictate the articulatory stresses to
be uggd in their production. The individual sound articulation is affécted
by the global context.- o |

The mpst fortuitous situation would be to have each -of the three types

of information appearing in a separate level of context. However, this is

not the case. The extraction of the linguisticaily encoded content of an
utterance is aided by,thé global aﬁd 1oéa1 context. 1In fact, many times
thehlistener relies on what he expects to hear to help resolve ambiguities
ar?sing at-the migro—context level. The amount of linguistically encoded
) informétion, the number of words correctiy understood in an utterance,
is_the_oﬁly concrefe thing which lends itself to easy measurement.

The amount of informatioh contained in a speaker's'sighatuTgﬁis a

nebulous quantity. His persdnal signature invades all levels of the cou-

text. That portion of his signature due to his physiolégy shows up-in the
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micro—context‘as the‘range'of his.yoice; thehetrength;of’his Voice,cano:

~ his speed of articulation. His personai signature a;so ehone up'in his.

:choicelot Wordshand his tone oftvoice at the global.context level.. At the

1ntermeo1ate context level ‘his dlalectal background colors hlS pronuncra-

tion. The amoéunt of.this type of information transferfed in any particuiar

. utterance is unquestionabiy a function of the‘listener's,familiarit?*with
-the{speaker-and the situation. The information ahout the_epeaker'sﬂ

_ emotional state‘shows up at ali leveis of context.:‘Honefer, this type-of
-information may be evaluated only withlrespect to‘somé guiescent State.5f
the speaker; In one - sense, the epeaker’a deviatrons-from'hre-ouiescenti

:-enotional.state.become hie emotionalleignature. _It rs anparent that ﬁ&:h-

determination of the speaker's emotional state could be reliably under-

taken with one or two isolated samnles of his speech. Any attempt;tov>i
assign a,quantitative measurefon the anount of information‘concerniné the
speaker s identity and emotlonal state contalned in a part1cu1ar utterance
is senseless; An automaton designed to extract this 1nformatlon could not
be evaluated.in terms of yes or n0~performance. It_could be said thati
such.an autonaton was successful only if it arded_in detérmining the
linguietic content-of ntterances. |

The remainoer"of this paper will he-concerneo'ﬁith;the extraction of ~
-the:iinguistically—encooed information from a‘apoken meSSage; The problem--

is that’ of converting a normal, conversatlonal Engllshrlanauage utterance.

~a

to an orthographlc representatlon with the same“llngulstlc content. The =

; flrsL restrlctlon is to accept the fact that homophonorous words (e g. . The .’
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red car; He read the book) are the same when spoken and homographic'&ords

(e.g. Row the boat; They had a row) are different words in spoken 1anguégen
The goal of the decoding process then becomes relating acoustic segments of

the speech signal to meaningful groups of symbols.




'.1.3 ~ LINGUISTIC SYSTEM MODEL FOR SEMANTIC CONTENT

ig.this seqti&n, we Wiil‘detgilva'linguisticfmodel=Aeceptiyéi§Asimilé£
to'fh§se'prop6ééd by Lamb [3]_éﬁd.othe; étrgﬁifiqatiénal:gfammarigns; jhéée
models are ﬁost_détaiied iﬁ,tefms of thé‘generation 6f speech. They illum;cﬁ
‘ingte £he vafious ésPécfs:Qf_the‘spéech‘signai generation that ﬁust,be
:recogniéed'aﬁdhidentifiéd:in décodihg'thé utterance. The-s£rata of_fhe -
modéi (Figurelé) a%e produced in.an‘éttemét £6 défiﬁe levels of context
strictlylwifhin the-semgpfié éystem. They a%e a?ranged from toé to boftom
by their‘de;cénding.o;'deéreasing context influgnge in the time‘span sense.
N Anéthér,characteriéatidn of'this is that thé sizes of chunks of information
' Witﬁin.ééch stfétum.are comparable-and_}éﬁally cdntext free. The fgur
straté, LEX, MORPH, PHéN, and P—PHQﬁ,-dor?éspond to:the incréésing detail.
that the-enching process must'haﬁdlé iﬁ each stratum. |

.Eéc#'of fﬁe strata.is aivided‘into a left and'right side Cwith,respegt
'to‘ﬁiéure 2)_reépéctively labelle& with the suffixes'”emef.énd ”Qh”t'“Iﬁu
ali;strata the —gme’s ﬁay be-thougﬁt éf as the unitsyof signifi9ance and
the —on;s as'tﬁe objective descriptibns‘of'thése units; Through éqmﬁosi;
tion.rules.pn tﬁe féme unité-gfé traﬁslatea,into‘fon:un;ts.  The Lnapsi£ipﬁ
" from the -on's of oﬁé stratuﬁ to £he —-éme's éf Fﬁe next stratum is ﬁédg
throuéh\é set of reélizat£on.fules. The —oﬁ unifs Qf a particular stratuﬁ ‘
become the cofkesponding ~eme -units éfitheaﬁéxf loﬁéf'étfatum‘thfﬁhgh“thé
céﬁneéting realization rples.'-iﬁe-relétionsﬂip 6f the'—oﬂ~uni;$'fé ﬁﬁeif}..
co?responding ;eme uni£é wipﬁiﬁ:§ stratﬁﬁ“ié Ehét of mgaéﬁrémen?s to théir"
mééﬁingfulnesé.' Essent;aliyw'éhe —on units feéord phy%ical.happeniﬂgé; ana

thé'ﬁeme's-provide'the sigpificaﬂce of the occurrences. Cbnséquehtly the .

s
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—eme's of .a language may be determined only with respect to their use. Note
the similarity here to the discussion of the phoneme as standing for a con-
-;cept having meaning with respect to the other phonemes but not bj itself.

- The LEX stratum is composed of lexemes and lexons. The definitidn of

lexeme will have to be the vague concept of a minimal unit with which the -

content of ideas is expressed. Lexemes are composed ‘of lexons., The
. : o \ . . - .

réalization of lexons are the mprphemesvbf the next lower stratum, The

: morpheme is quite ﬁearly a syllable, but is more easily defined, A morpheme

is a minimal unit of meaning from which words and phrases are constructed. . -

The concept of ''minimal unit of meaning' is meant to imply that the unit
" may not be further decomposed and still retain a stable ﬁeaning. Within

the MORPH stratum, morphemes are coﬁpOSed‘of.morphqns, which in turn become

the phonemes of the next lower stratum, Again the phoneme label represents

a class of siﬁilar sounds that are normally-indistinguishable within a
.ﬁartigular language. The phoneme might~be characfefized as the minimum
histiﬁguiéhable sound unit with respect to the identityﬂgf utterancés.
Phonemes are cbmbosed of'phonons..‘Phonons ére a descfiption of the art;cu—

latory features of the sound unit.

At this. point in the linguistic-model we.have added aﬁother-stratum;..

’Thié stratumfis called the_P—PHON,tp indidaﬁe its close conneétion with
l the ﬁhysiéal speech éignél; fhesfon rank oﬁ'thié stratuﬁ-iglthe miﬁimum
'acoustic signal'ségment seen by the'anaifgis-é&steﬁ; The'p¥phohémé units
-wo&ld be:eduivéient_recuffing sé@uenéés of-p;phonoﬂé. Theladdiﬁiggtdf the
fP~PHONR§trafum is ﬂe¢essitatedﬁby'thé rebiACement of the human‘ear—brgin

combination with a mechanical measuring'system. Consequently, we expect
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many phenoméné.not knowiﬁg}y aﬁal&zed py the huméﬁ_lisfener;%o gppea;'i£>
the P-PHON stratum. A detailed diséussioﬁ of the e?emeﬂts in thé P—PﬁON:'
.étratﬁﬁ will bengﬁpplied‘ip Seétiqn.SFO that rgléées ﬁhe anaiysis methods
to this linggistic model. .

The mech?nism-of the composition and realiégtioﬁ“fﬁies éhéuid‘be clear
from an -example of theif operation (Eigure_B). Beginnigg.af tﬁé.iexeﬁe, we‘
'desiré'to discués a collection'pf mapriea women. TheULEX.stratﬁm.cémpoéifioﬁ
“rules indicate that this is the wife and that it‘shduld be'plﬁral. The
realization rules 1éading to the next stratum inférm_ué that the plu%ai.of_-
. wife can be formed.as a suffix to the word. Thus,.ﬁﬁe representatioﬁ §n thé’
morpheme level is."wifé" plus a piural suffix. Theﬂmorph composition rules
" indicate that the plural of "wife" is made by éhé addition of-"s." The
morphon is thus "wife plﬁs s." The realizafion rules for'the phsnémic'rep—
resentatién indicate that the f changes to a v anq the s to a z, producing
the phonemic representation /waivz/.. Them;ompositiﬁn rgies of the PﬁON
'stratum transform th;t;phonemic‘sequence into the_appropriate set of
articulatory-mofioné. The set of érticulatory motioﬁs is realizéd-as’gn'
acoustic.signal iﬁ the P—PHON sStratum. _Thﬁs we gncounter fhem as. our
meaﬁurements'on thelééoustic signai.-

The sﬁratg médel deals with.the‘translation o? ideas into‘segmehtéiéf
'igcoustic signal. 1t mﬁst be emphasized that:it‘modelé oniy fhé géngrafién
of the 1ingﬁistica11y enéoded informatién. Within each étratum it deéls
with unifs‘of a ﬁarticular size.and a particu}ar set of:céntext rules.\ The
graﬁmar of a iéﬁguage ié contgined iﬂithe LEX stratum cbﬁpoéi?idn‘ruieé;ana

_the LEX-to-MORPH strata realization rules. The signalling elements of the
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pérticuiar grammar rules afe found iﬁ‘the';coustib signal as‘supréL
segmegtal features.A'Théy pddify fhe acéﬁétic éegmenté of the‘siéﬁal,ﬂiet“
fhejinterpfetafioﬁ of fﬁeif meéping'extends over ﬁaﬁy segments: -Wriften'
language attempts to ;eali;e éubra—seéméntél féafufes gy the use of puﬁé£u4>
afion. There‘ére,easily idéntified supra-segmental featufes.in the fol—.
lowiﬁg thrge sentences. | |
| | bon't éat fa;t.'

Dor:l’t.eat, fast.

Doﬁ’t eaf fast?
The first sentence is'déclarative? with équal stress on each wofd'in a-
ménotonically descending,pifch. In the secohd sentence, thé.fifst'fwo
- W°rdsf%?e‘streSSedlaS a-gﬁqu{‘g;p%Hse ih_theAP??dPQFiQQQOf&#hg%ufﬁ???nce
is inserted at the comma, and the final wérd is stressed with a déscending
pitch. .In the third sénteﬁée, the first and 1asfﬂwords are‘stresséd with
unique'pitch'contouréi A‘less_proﬁinent ;;pra—segﬁental feature is thé
slurfing of the t's.in'thg firét anq third sentences. Many subtle or dis-
tﬁibuted.suppa—segmental features in a spéken utterénce have‘no‘eQuivalen%‘
représentatibn in wri%fenllanguageh Consider the séntencg: |

fhe bolicéman whistled by the doorway.
_This sentencg may'have at 1eastAtwo meanings._ |

1)',The-poiiéeman may be standing b& the doorwéf'whistling.:x

. .2);'The policeman may have dashed quickly past the doorway.

In spoken language, it is possible, . through use of supra—éegmental features;
unambiguously to specify the meaning of “the sentence. In'Wriﬁtéﬁ language ~ -

Lot
]
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meaning often'requires a iongér length of .context. The contextcspan of
the gloﬁal level in written language is sométiﬁes greater and somgtimeé ’
less than ﬁhé local contexﬁ span in spoken‘language;

" The lack of éorrespondence petween éﬁélcontext'of spokép and writteﬁ
language is one of the most difficult. aspects to ﬁe considered in the
extraction'bf the semantic content of an uttérance.. Figuré 4 disﬁlayS‘the

‘elements of context in spoken aﬁd written language;A,It is oﬁvious from
thig-table that no correspondence exigts between the two.mbdés of expres-
sion, except that each possesses both static and dynamic context.

The strata model for the encoding of ideas into spoken language appears
useful.. An analogous system model opérates simultanedusly and in parallel'
to embed the speakgr's identity and emotional state. _This parallel systém

~is not structured With“the precision of the linguistic informati;n‘éncoding
system. The result is that an automatic system féy the exfraction of tﬂe

linguistic information content must opera%e to decode what was said without

desfroying the supra-segmental features specifying howﬂit was said. This

péper déals strictly with the composition of what was said.

CLSV




'LEVELS OF CONTEXT INFORMATION

Static Global Context -- The general relationships (ﬁhysical) initially
"established between the message writer (speaker) and the reader (listener).
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2.0 “BACKGROUND FROM OTHER ,INVESTIGA’fIQNS - o . K B
N The'géneral Eerm'ﬁautométi; éﬁéeéhAféqggﬁitionﬁ”has come to be apgliea
to any attemét at using electronic_compufing,équipmeﬁt.to éxtrac£ eigher |
the iinguistic content tha£ was.éaid) or the sbeaké%rs identity (who éaid_
it) from én aéoﬁstic speech_éignal. Wé ére pr;marily intereéted in eéxtract-
ing what was’said, regardless 6f who éaid it. Iﬁvestigétion directed'at.thé‘
automated ext?action of the linguistic ééngent from a'speéch'siénal_follow
along two basic éatﬂé.' The search for components'or'building blocks of the
speech signal thgt cogld be fouﬁd in all spc—;akersI ut£erances is by farﬂthe
older of the twd,paths. The newer anq currently:more popular ‘approach is a
total systems view of the problem. The goal is an engineering system that
solves a particular set of input~féséonse relations. A very comprehensive
survéy of both appréaches is availaﬂig in Flanagan [l]’and in Liﬁdgren [47.

Consequently, we mention only a small number here that are directly related

to this inﬁestigation. -

The research dealing with ghe componenté of the spééghﬂsigﬁai revolves'
around détailed investigapions of sbeech p?oduced_bf numerous speakers. It
"is motivated by:ﬁhe ciaésiéal.cdncept thét speech is a3iinea£:3ﬁring.6f

_ phonemes. Thé séarch i; for acoustical correlates that are the realization
of each individual phoneme. Many détailed investigafions of the acoustic

gignal were made im an effort tq'fina aspects of'the{éignai which changed at

phoneme boﬁndériés. The'most:common fesult is that more cﬁanges‘Yere found
in the acoﬁstic”signai than tﬁere wefe:phoneme ﬁdundariés [Tuftslér :ébme
investigators feel'théé-thé differences in»tﬁe.écéustip signai'due to-thé .

speaker's'Physiolog§'may be normalized out [ThomasJ6, These invéstigations

PR - . . e ..
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ﬁéve searched for methods to nérmglizé férm;n£ ranééé.acrosé numeroué speék—
_efs from a minimum and maximum méaéqréﬁént; This_ﬁethéd.ﬁaé fhe obvious"
disadvantégé'of requiring a sample‘éf.the speakg; saying a’ known utterance.
.The notion that phonecme uniﬁs would eventually~ge found in continuous séegch—
predicéted several investigation of is&lafed-phgﬁeme ?ec;gnition. .These“ |
_iﬁvestigatiéns produced signifiéant kppwleége'about pattern recoénition but
préved to bé‘unﬁroductivé When:apéiigd~to:continuoué séee;h‘[Martin]7i A
papér_by Ohman [8] best deﬁonstratgé fhe Erébléms Bf'cbérticulated phoneﬁes.'
ﬁe éoﬂsideré vowel/stop-consongnt/vbwe; utter%nces with the sﬁop consoﬁant
fixed while the preceding and sgcceeding vowels aré changéd with a number of
'Aspeakers'providing the data. ﬁis‘data élearly“deménst;ates the relevance of

the vowel transitory portions in specifying the vowel and the consonant

identity. It also éontradicts the concept of fixed hubs of phonemes-that

‘was suggested in the work of Potter; Xopp and Green [9] and Libereman [I0].

His data provides evidence that.even'ih precisely articulated clusters the

'effects of one vowel go across the stop cogsoﬁant to colér the other vowel. .- .
Several investigators have producéd extensive'data concgrﬁing the‘

ncdnfusion-by huﬁan lisfeners,of iéoléted sounds in the présencgfof.noisé

and intéfféreﬁce. The'firstuﬁork in Fhisiarea was byuMiller~and Nicel?[ll];

with other significant contributionsﬂbY.singh and Biack tlZ] and.Wickelgrén

[13]. In all cases, thé test material coﬁéists of éqnéonanf/&owel utteranc-

es, wiﬁh thé iisteners identifyingufhe consonaﬁt.' Collectivelﬁ, the rESulté
aré préaictablé‘from 6hman-[8j and Potte?, kopp ana G%eeﬁ"[9], thé?aéreement
_being that the confusiog of i§él§téd consonanfg iﬁ.a:cgnsoﬁant/vovgl .
_Eenvirqnmeﬁt'is greatest in_thé voipeleéé c&néoﬁantsJ_ Voice}ess.céﬁsona%ié;

- . . . P ) - Ve e . -

.
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are seldom confused with yoiced consonants. This'finaing agrees with daté'/
' iﬁdicating that &oiceless consonants have the least_effect 6ﬁ the foliowiﬁg_'_-
Vowel.formants. ‘The voiced consonants modify'the formant‘strﬁctufe_of the
following vowel to a greater exfent and'thus pfovide more acoustié cues. An
expected result:is that ‘listeners have the most trouble with sounds not
found in theiF nativé language. Thé éonﬁusion ﬁatrices frém the;e experi--
‘ments are most deceptive when they suggest the possibility of a closeness
measure over tﬁe goﬁsonants. This possibility of a cloégness measure led
manf investigators to feel that a consonént in context could be recognized
with a second and third choiée. This is not the case, because humans do
.nét reéognize consonants in a continuous.utterance; rather they perceiﬁe
‘the consonant as. part of the total utterance. (An outstanding discuésion
of recognitioﬁ vér;;s perception is availaﬁle in S;fre [14].) Any measure
over consonanfs iﬁ.a continuéﬁs utterance,muét Be a context;sensitive |
meééure. ‘ihat is, the consonants in a particular ﬁfterance that are clése
" to other consonants are close oﬁly in that pafticulér s;ﬁnd environment.
'As ahman-[S]ihas so concretely demohstrated, the contextttranscends many
-~ consonants. |
The other majof approaches are engineefing sysﬁems that respond to a
_certain class of speakers and provide outppts for.a number of isolated words
and phrasés. They are most aésuredl& pattern recognition systems with para-—
“ﬁeferization'of the -input and some sort of decisién structuré to.idenfify it.
As’sdcﬁ,.thefé‘is @o';equiremeqt”thaﬁ thé.pafaméfe:s’extracted from‘fﬁe. |

. input signal have any particular 1inguisfic significance. The decision .
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'stfuétﬁresjyéry‘in éompléxity.With the fequirements'of size aﬁd type of
vocaBulgry'phanges réqui;e&. N&merous pharécteristicé of totai speech |
rec&gnitiqn~systéms ﬁgy be used in glassing‘them for discussién. Some of
tﬂese charactefiéﬁics are: single.speaker and multiple speakers; male,
child, and female speakers; vocabular& of‘a fixed size or arbitréry, but
_ finité, si;e;‘the restriction to a longest word or phrase; and whethér-o:
ép£ the respoﬁse includes.é second and third choice for the input utterance.

- One of the eafiiest:systems is repbrtéd ﬁy Géidagtl5]. He used the
outpu?s‘of_a number of'filters as dimensions and then looked at simul—:
taneously‘éccurriqg statgs within his'multiplé time,series: Déaling-with
spokén‘numerals, he looked for recurring sequences of machine states Within
‘ his‘défa. He*usea a linear thrééhold éecision strqctwre. His results‘on
fécognitioﬁ were‘good, but the hardware‘filt;ré:on tﬁe-input aufomaficaily
iimit the_s&steﬁ to a certain class of ﬁale.speakers.

A current Systems approach by qurow';nd Klatt [1§j'has the particulgr
objective of recognizing approxiﬁately fifty wqra; and phrases <a11 less
-than two secbnds in»lqngth) uttered by a veryirestricted class of male
speakers. Their system was to bg used By only one speakef at a time bﬁt:had
fac;lity fo% rapid aajustment tb one Qf.the cher.speqkers. They fgrtﬁef_
'required thé_addition.or deletion of single vocabulary words §r phraées.
Their- -basic sys%em.uséé a specially chosen Set.of 19 bandpiss filtefs;to

'prbvide'samples of the speech spectrum. The filters are a contiguoﬁs

IS

set with each filter bandwidth related to the average information cbntent
.- ) - - S E
. as determined by articulation testing [French and Steinberg] . " The

o envelbpé~fuhctions definéd.by the oﬁtput_fromLeéch\bandpass filter afe
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'Simgitaneousiy sampléd-evéry 10 ﬁilli;ecohds; The‘éuanfizéd en?elopes form
a set of ninefegﬁ basé fﬁﬁétibng op whicﬁ Smgller ranged gnd more'comﬁlij
cgﬁéa'funct;ons ;re eventﬁa1i§ éomputed‘> The mofé compliqgted functioné
’ ére threshglqéd to ";a-d’ +1, and forﬁ a time series that'refresents a
>numbef of features.of écpustic and linguistié significance, -The time -
élément from each of the feature Seéuenceg is compreséed by saﬁing only the
pbiptg of feature changeé. This servgs to préduce short binary éequences
§f leés than 10 eleménts for each’two—éeqohd ﬁtteraﬁce. The collapsiﬁg of
time results.ih a gréat data savings qnd allows a final decision struéture
" of reduéed,complekity. -The_structure is a tree;likeAproéess realized in
a.list—pfoéramming language. _Thélpefcéntage of correct recognitions report.:
ed-is‘significant. They were sucéessful with several roabularies~and the
fequ;red class of,sbeakers. However,~ due tp-the bandpaés filﬁer nature of
the ﬁrimary inputlto-this.syéteﬁ, it ig not_adéptéble Fo women or children,

" Nor is it useful for the sequences of arbitrary length that appear in

natural language.
Réddyhfls] and Reddy and Robinéop [19] have reported on'fwo‘aspects.pf

" a total systen desigh; The former pépéf"éoﬁcerhs the construction of a

)

phoneme recognizer designed to translate- continuous- (up to 2 seconds 'in
length) samples pronversationaiépeech into phonemé strings, énd the latter -
_papef is concerned with a set of pfogréﬁshfor parsing error~free strings

. of phonemes from natu}al lahguage'into graphemes. Two prohinent features

of their work are the use of processing of the real-time waveform (no”

"filteré) and the use of only-one speaker.’.The'proqessing programs are ad

hoc algorithms designed'fdr finding stable segments. in the inpqt,spgegﬁ ’
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~Signal. One or-more input,segments‘are equated to a phoneme. At the-first
level,,conditional-prohabilities of the English'language have:been'used.
. Noticeably‘ahsent from the'system_is the determination of any~characteris—
.tics'of the transitor§ portions of'long-noiced sounds. Vowei'identification
is based on a_short segment'taken from the interior of the vowel segment.
The justirication for‘the work with a single speaker appears.to be the
'feeling that a sufflciently detailed description of onexspeaher over a :
‘large variety of s1tuations Will provrde’for the extraction of at least
enough acoustic cues from the speech of any speakerT The raw time series ‘“
_is characteriaed in.terms of statistics.of axis crossings and'amplitudev
'IVariations‘and‘does nothmahe'use of'any orthonormalizeo ekpansions. Ant
=:Ainteresting‘and'useﬁulhaspect br their preprocessing is that acoustic
:segments are initiaily assigned to one or‘more overiapping classes and the
final Qecision‘is4determinea from context and more detailed measurements.
.Reddyland Robinson [19],'in attempting a-phoneme~to—grapheme‘transla-

tiomn, assume an error—free string of phonemes as input, ’Their graphical
gutput is détermined by'a dictionary of.a thousand English words.represent-—
ed I one or more phonetic spellings. The parsing of the'input“phoneme _
o string is done'by a directed'search of this library. Many;of"the.constraints
of natural language are included in their parsing algorithms. However, there

'are enough non—unifoim rules on phoneme alternations 1n natural language SO

'-that the'operation gecasionally fails catastrophically. At3a failure, the

computer requests the operator to enter the grapheme representation of thc
word and the number of phonemes it contains. It then starts over in the,-

:-parsing procedure. we feel that this has greatly conplicated the par51ng
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" problem by.destrOYing sﬁpra~ségmental feétgres of stress, ﬁause{.and PitEh
variations in.the iniﬁ%al p;eproéesé;ﬁé. Tthfattémpée&'éoﬁe"errbr“éorréétion
of the input‘phoheme string Ey defiﬁing a élésenesslover tﬁe_phoﬁemes..fhen,
.when thé,directed seérch.of‘the'aicéiona;y fails,-it.m;y be sta?ﬁed agaiﬁ‘
for the next—élosést phoneme.- However,-we poinﬁéd out befofé that the
closeﬁess of phonemes Has préviously Beén‘meésured 6ﬁiy in the senée af
rgcognition‘énd not as‘tﬁey are.gctuéliy ﬁeréeived in céntinﬁous speech.

. To recéﬁitulafe,'mény acéﬁrate mgas#fémgnté'havé been made on tﬁe-
chérqcté? of the.acoustic speéch signai.' Mucﬁlkqowledge'has been gainéd
-jabout a listener's ability tp.make use’of the re&undanéy of acous;ic cues..
The-engiﬁeeriné system approach td:augpﬁatic speech recognitioﬁ haé eliﬁin—
afed man§ feafureé.pf tﬂeiphysical signai. As a rgsulf‘of thggglstudieg we
are left with a treﬁendous amount of~uﬁorg;niééd knowledge about ;hé chafacf

that can be used in the

,teristiés of the speéch Siggal.. We know mény thiﬁgs
analysig Qf linguisticaily:encodea ;éhtept, fhe spééker‘é identity and his
emotional state. This'knowledge7lécks an 0£ganizatién Ehat details exactly
Wﬁat gqnstitutes a naturally articulated speech.sﬁgﬁal,-as.is ceftainly
'éVideﬁcediin’the‘nﬁmefoUsispeech synthesizers wﬁich all*haye:a mechanical
quality about them that may be'descfibed.as~a huﬁén ;mitatiﬂg‘a robot. In
tﬁe ;eﬁaining seétions'éf this paper wé'détail‘a metﬁoq, with'examples,
‘;hét aﬁpears fo‘éufficientiy repreéent thé sﬁeech signéls df.ﬁaﬁy épéakers.

"to enable the automatic extraction of the Ilinguistically encoded informa- -

tion.

[

-~




3.0 THE APPROACH IN THIS INVESTIGA$ION‘
Thé goél“of tﬁis investigafion.ié the.definitién of alset 6f unité fhat

will allow the automatic extrgc?ioﬂ of the iinguistically encoded info?ma—
;tion from natural speech. Withfreferénce to the strata model, we are at—
tempting to define units oﬁ:the P~PHON and the PﬁON strata: We‘wish to ex—
'jclpde considetatiop of'gny informatiéniindicative'of_éhe épéaker's ideﬁtity,
: gmotibnal state, of‘the.physical sitﬁaﬁién. The motivatiph for dgr,aﬁpro;ch,
is fhe facf‘thgf thé.search for fhe.eluéive pHonéme‘éé a'definablé elemént
of the aﬁoustic éignal hés féiiéa. If'we.accept the-nétion that speake?s
have said the séﬁe thing when a group of listeﬁers hear the same thing, thenl
it certainly appears thaf éacﬁ épeakér is péing an acoustic coding:of the
information that apparently utilizeé_éodé élements (or symbols) agree& upon’
“by the'entire éro;é; We tacitly assumed that.some minimal get of these

code .elements must be present in'the_utterances of each speaker. The major

>

innovation in our approach is to implement the search for and the initial

comparisonlbf theéelelementé in the P—PHON_stratum.
In this investigation, we collected saﬁpleé of five speakgrs‘(threg
',‘malés,'t&é’féméles)'ut£ering thg samelteh, £wo-syllgbie Qé%ds in'a'quiét

_ envi?onment. The primary concern has’ﬁeen the search:for a fepreéentation
'thag bfings out éimilar features of gach'%qrd"és uttered by~all speéke?é.

The test words were chosen for the variety of sounds; consequently few

sounds are present in more than one of the vocabulary words. The single

¥

‘overall objective is that any representatioh developed must lead to a decis—

ion structure that is usable on constrained natural English. Initially,
neither the allowable measurements on the apduétié signal nor the form Of

E]




34
the decisionAstrqéture,werefspecified. Thié provided Egeyfféedbm £o‘al£er—
nafely specify one and.then the‘ofher iﬁ‘hopeé of arriviqg at a powerfui énd':'
eﬁficient combination. The ﬁrocesé was begun Wiéh'£he knowledge fhat regard-.
:less of the féchnique uéed téfdisplay the speechﬁsample;, any compariéon.of:
elements écross speakérg would neéessarily be dqﬁe éimultaneously with the .
development of aigorithms to paftifion the samplés.x Inlqrder‘to evaluate
the potentiai of the possib;e méthods of segmentatién,,five cha?actéristicsl
Qf'human listenerhperforﬁanée were defined."Aﬁy futurgiéfstem that met
these'five perfo?manéé réqu&reménts woéld emulate human behavior éxcept for
the possibility of'coﬁgingousl§ dgcaying‘meméry'of'past ﬁ;terances. The

five overall system o?erating réquirements follow:

1) Operation‘ggjfhe Conversational Speech.9£ﬁDiveré~Speakers
Conversatiqnal speech is not unnaturally stressed, not precisely
ennunciated, and not produced with restricted tonal patterns. It consists

of the normal words and phrases used in everyday communication with one's

contemporaries. HoWevér, we must fequire somé'deg?ee.qf_conformity; the
‘obvious substitution of sounds or words requiriﬁg a normal listener to make
a conécidus traﬁslétion must.npf be éllowed. The conyefsatianal aspect is
giéo'meant to imply that‘any recorded samples are made in a quiet environ-
mént‘with~the speaker casuglly positioned With‘respect to a microphoﬁe.-m

There should not be any particular restrictions on the‘speaker's rate of

o

‘production or timing between utterances. Divers speakers is taken to mean

males and females who are mature with respect to knowledge of the spoken

language. : L e T T

Ci,
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This performance requirement is interpreted primarily with
respect to the loweét leve} of processing. The following three
aspects of the acoustical signal must be taken into account.

1. Anmplitude -~ long-term variations over speakers

and utterances of as much as 60 db with short-term vari-

ations of 20 db being normal Witﬁin connected speech.

2. . Frequency Range -~ ﬁale and female speakers have

as much as an octgve variation on the low-freguency end

of the épeech speétrum. ‘Some female speakers have a

cénsiderable'variatioﬁ in tﬂeir gecond formant not seen

in male speakers.

3. Timing —- there appears to be a pattern to the time

a particular speaker dwells on the production of each
soqnd unit. It ié commonly accepted that stress is
indicated by a co—relgtionship ofwduratidn,'amplitude,
and pitch.‘ However, the duration of sounds is not
consistent enoﬁgh over divers talkers to be useful
as the unigque charaéteristic of particular éounds.

These three points maké it Qlear‘ghat'an acceptabl e, segmenta-
tion techni"que must be independent of what is said, how it is said,
and who said it. This sﬁggésts that the procedure for segmentation
'muét mark off boﬁﬂda?ies of time epochs’ whenever the‘éharacfe¥ of
tﬁé signal changes independently of a second level of processiﬁg .

that actually paraﬁeterizes and preserves a description of the

signal within each time epoch.
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(2) Potential for Real-Time Operation

. This ié a necgssary pfoperﬁy-wﬁeﬁ we cogsider natﬁrai lénéuage
and'an arbitrary sét of gttérépées with néla pribfi knowledge 6f the
maxiﬁum length. _Tha% is, if we‘cohéider:a finite vocabulary of
Engliéh words and thep gsk whéf is fhe.iongest sentence £hét may be.
constructed; the answer is inaeterminant for anyqsignificant,vocabu;
.lary'size. The followiné two.properties seem suffiqiépt ?o guarantée
.continﬁing real-fime operatiqn With.appgopriatély designéd hardware.
1. Th9 preprocéssing and.subsequeﬁt parameterizaticn of the
incoming signal 'must begin with a‘éignal onset and continue
asynchronously-throughout éhe duraﬁion of the sigﬁal. The
initial pf?ameterization.should'be able to .reduce the
storage fequiréﬁents by at least a factor oﬁ 100; This
property also manifeéts #tself as- a requi?ement for -single-
pass data normalization.in order %o.allow.datanﬁo'ﬁe contin-
uousl& passed to the decision.stfuctureh_ |
.2:' fhe decision sfructﬁfe.should be actively working~

toward a.final décision:énd proéfesg'one:sfep fﬁrther‘as-
each unit of pafémeteyized input is received. In fact, we
would héve a decision structure cqnsider onl& ézfinife
"amoun%_of past inforﬁatioﬂ at any ore point of'tiﬁe while
.céntinuously atfeﬁpting to cemvert -the .input speech to
the highest'ieve} of:codiﬁg contained in the machine.

This greatly reduces the interim memory requirements.
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(3) Operational Immunity to Noise and Intérference

In a communicafiop éysfeﬁ,_&e éenéra;ly considq? noise és
épériodic'signal'energy mixed with the'deéired signal and inter-
.férence és beinga:periédic ;ignal ip thé.same rélation. This_is
not fhe.case in human'épeech communipation. ‘It is known that a
lgood deal of the human listener's ability to operate .under adverse
-cqnditions is rélated to situational aﬁd contextual factors.
However, onlthe séund unit level, humaﬁ épeech is guite cleverly -
bqnstru;ted so as to be inherently imﬁune té background noises.
Since'spgech is a sequeﬁce of sound units that are alternately
perio@ic fvowelsi aﬁd'aperiodié (friéati&esl étaps), the character
‘éf fhé infOrmaggpn siénal ishcbnstantly alternating. "Thus,a periodic.
sigﬁal Sehind a vowéi may severel& interfere with a’voﬁel's i'den—~

tity. However, it has no particular effect in the identification

of a fricative. It is apparent that f;érfirétwstaggﬂpreprbcessing :
(ihcludiné segmentation) should be able to def;ne the speech unit
boundariés in the presence of'uﬁdesired signals thch lack lbng—term.
speeéh¥1ike quaiities, and pqss‘thesé ségmen%s to the'decisionlstruc—
ﬁure‘in-a form sﬁfficieptly detailed;to preéerve the chéracter df

the ofig%pal épeech gnd yet'allow ény neceésary iurther‘ﬁrocessing
to'eliminaté'tﬁe residue of undesired sigﬁais. ThigSAéfinitély

implies an adaptive segmentation procedure.»> ) i T
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(4) Incrementél Additions énd Deletions:ﬁg_the Vocabulary

The terﬁ "voéabularyd'is ﬁsed in ajgeneral.sense here to
indicate poth ind;vidual Qérds and alléwa#le séduences . of Qords.
Thé ability to'exﬁaﬁd'tLg vécabuiary'ié certainlyloneiof thé
most_gseful powers of the human listenér. Aﬁy/finife machine
will certginly have a maximum roabula?y sizé:dictétéé by eithéf
.the ﬁﬁmber'éf words that may be stored or the number of rules
'reduired té specifj the allowable seduEnces ©of a few words.
The_i?ct that we reqﬁire a vocabulgry to be exﬁéndéble from
one ?o thé maximum, N, composed of arbitrary:words'in an unspeci—'
f%ﬁ? order; reétficts'thé clgss'of accgptable tréiﬁiqg‘algor;thﬁs
#o %hose thaf”do n&t’reqﬁireirepetitivelérégégtatians.of ;he
- entire data base in a specific order. This desiféd‘form‘of
operation is a nétural consequence ofispecifyiﬂg words as sequences
of idéntiiiable'iﬁformation;cérrying units}- Theﬁ, as long as a
set of representaﬁion units ié sufficiéntly complete, new wo%ds

and relations bétween words ﬁay be added by‘éimply presenting

. examples of the new sequences.

(5) Probabilistic Operation oh Several Levels: Recognition,

Perception, Error Detection and Correction, and Nonsense

Response

. This operational characteristic necessitates a distinction.
T , C el oa1a
between a recognition process and a perceptual: process [Sayre] .

. The basic process of associating one unknown,input'with_one'of a
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number of stored exampleszis récognition;-that is, the choiée
-of thaf éample from tﬁe iibrary most nearly fésembling the input.
A closeness measufe is‘genefally coﬁﬁﬁted to effect the cémparison
of the input with the ;ibrary members. The likéliest library
member is identified as a fi?st’choice, and the others may be de-
noted as second, third, etec., choices. 'Anofher manne% of stating
this is to reguire fhat-the input-elements_tﬁét are close should
élso be close in thé 1ibrary. We consider percéption és a higher
lével process. Perception is a sequence of recognitions wﬁere con- -
text may partially make'up for iﬁformation not complete enough to
permit perférmance of unique individual recognition. However, the uée

of context allows the accumulation of an error in identifying a

whole sequence in an almost unpredictable.manner; This-implies
that two inputs. identified by a perceptual process which appear
very much alike may result in vastly aifferenf aecisions.”

It aﬁpearé that humans identifying isolated sounds are essen-
tially performing ;imple recoénitions. However, Wheﬁ~they récog—
__nize words gnd pﬁrases, it ;s a pe%ception of a whole word or
_phrgse upon its comple;ion...The-resultanf wsrd and .phrase errors.
‘are of a random nafure and are normally corrected by the situation.
The rationale behind seeking g representation thét allows these
tyéésiof_errors is that humans designed lapguage, humans use it,

" and these are the fypés:of'errofs’huméns makg. ' - -

We-would define error detection and correction as the filling

" in of a sound unit within a sequence of soéund units when there was




-- . -evaluation is that the basic information-carrying segment of the acoustic
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a high degree of doubt as to the unit’é éctual identity. This
amounts to é conditionai_correction. -The fact that éontext
could be used at all times implies that a large number of minor
error corrections continuously occur. But;'at the degrge of uncer-
tainty ﬁhere a conditional corréction is madé, it would be pos-
sible to.consider‘the next two or th}ee contgxt units for a plaus-
ible overall identity. The condi%ional'correction could be néted
as a possible major error in the output.

The nonsense or start-over response is a consequence of
ailowing the error corrections we previously discussed. If we
consider'thg sequence of sound units as spgpifying individual
wofds, then it would be possible for a correction tb ﬁake place,
continue with decisions leading along an gcceptable seque;ce of
sound units until a point is reached where né plausible error cor-

rection could be made. At this point, the machine would be thor-

oughly confused, and to process any further inputs would be nonsense.

‘The metﬁods described in the néxt section reéult from é.careful con-
- sideration 6f the previous five charactéristips and the concepts expressed
.in the linguistic strata model. The actual 1;st of comparaﬁle,and con-
flicting design constraints induced by our knowledge of natural language

and these five constraints is lengthy. The overall conclusion of this

-

signal must be defined in a context-free sense at several levels. Context-
free means the avoidance of problems such as measuring A, but A is followad

. by B, therefore A could be.C if'prégeded by D, but then it could be . . :
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4.0 DATA AND ANALYSIS PﬁOCEDURas

'In accordance with our deflnltlon of llngulstlcally encoded 1nformaL10n
as belng fhe same 11 1dent1cal words said by, dlfferent speakers, flve speak-
ers-were chosen for their notlceably dlfferent manners of speaklng These
éive speakers each utfered-the same ten words in random order (from flashed
cards) and were recorded on a high-quafity audio tape unit.# Ten multi- -
syllaole words were chosen toﬂcontain examples of the general phonetic
, categorfes of'sounds. Three male sneakers were used who nay be grossly
descrioed as: 1) small.man with a slfghtly nasal-sound; 2) mediun—sized
man with a tynicai.voice, but slower than average enunciation; 3) a large
man'with:a tyofcaliy full male voice. Two female speakers were used. One
" woman was snali-with_a strong, concise voice, while 'the other woman was of
medinm build with akiow, quiet, and almost breathy woice. ALl five .
-'speakers.spoke English as their native language. .

-Three.methods were considered for generating angraphical display of the
data“that would be suitable for rhe inifial visual-examination. From time
series plots (comnuﬁer'afded),:it was not difficult to identify the tines
that the character of the:signal underwent botn abrupt and subtle‘thangesr
But, due to the comnlex nature of the speech waveform, it is extremely
diffdcult to discuss the similarities of tne subtle waveform changes. _Thus,
ft was decided that a display of'the_power spectrum asfit changed throughout

- the utterance would be mdch more useful.

'The 50 utterances were converted to sonagrams (TypevB) on a KAY Sone
'Iagraph located at Stanford Research Institute, Menlo Park, Callfornla

*
. The ten words.are: mumble, thlmble, downward forward before whlstled
rudder, shovel, engine, gosllng h -




»

7 mate,

42

o Though there are numerous approximations in the hardware realization of this

T

.machine, the sonagrams do‘provide-a graphical display which cleariy exhibits

the overall changes in the spectrum of the signal during the utterance. A

w 5o

_ more detailed picture of these spectrum charges was obtained‘nith the -use of

"+ a fast Fourier transform computed over a 30-milligecond interval, with the

intervals stepped (overlapping)ﬂevery six milliseconds throughout each
utterance.AkWith the original'ten‘kilocycle;per—second sampling rate, this
prov1ded coeff1c1ents of 150 components, 33 cyclec per second apart _ from 33

to 4950 cycles per second.. The computed spectra of each utterance (approxi~-

~mately 100 frames of 150 components) were very cumbersome to ‘work with.

The_sonagrams'rather than‘the computed_spectra'were selected for the
final analysis. Even though the accuracyinith whichnthey can be read is
poor, it is much easier to make.visual'interpretations and comparisons of
hypothesized invariant relationships. After an -initial subjective inspec~

tion of the data, the following.methods were chosen in an attempt to insure

B

‘the object1v1ty of the complete analys1s.

We chose a method of segmentatlon des1gned to detect any apparently

‘significant changes in the character of the speech signal. A change in

character may be abrupt. as the cessation of the voicing of a vowel preceding
the pure noise of a fricative or as subtle~as the downward trend im the
second format trajectory of a vowel gllde " The basis for detecting these is

the comparison of the spectrum at tk w1th a predlctlon of the spectrum gen~>

erated from the two 1mmed1ately'preced1ng (tlmes tk l,' ke 2) spectra. If

there is a dlscrepancy between the current lnput and the most recent est1—

&
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marked and a new prediction is generated as soon as sufficient data becomes

availeble. Abrupt changes are easily detected. The'sensitivity to-subtle

changes is determined by the length of the prediction.interVal»aﬁd itS're—-

lation to the degree of discrepancy required. The process has been carried .

- _ out by digitizing the sonagrams in data vécﬁors, creating a predictioﬁ-
vector, and finally storing the history of the signal between segment boun-

daries in terms of state vectors.

The sonagrams represent the spectral'energy over the range of 85'cycles

- per second to 4000 cycles per second. 'The utterances were from 500 milli-

_seconds to 900 milliseconds in'duration(with.mlapproximately 200 millisecond

long, 1 kilocycle per second, calibratioﬁ tofie, placed 441 milliseconds

before each Wordl The time scales are_zoo milliseconds of real time per
inch horizontally‘end 979 cycles per eecoﬂd per inch:vertically.. Thought .
of as a surface, the darkest shadings represent the. highest peaks while

.the absence of shading is a valley of undeterminabie depth. The sonagrams

were digitized manually by overlajing them with a clear biastic grid having

" vertical rulings every one—twentleth of an inch and horizontal rullngs spacJ

'ed ‘one- elghth of an 1nch apart Each rectangle (1/20th" by 1/8th™)..in. each
- vertical strip was ass1gned a number (O, 1, 2, 3) to represent the amount

of shadlng w1th1n it (Flgure 5) This produces a 32—component vector that

‘represents the dlstrlbutlon of energy (as seen with the sonagram machine)

over the speech spectrum in a 10—mi11isecond period. These’ will henceforth

be referred to as the data vectOrsL

<A predlctlon Vector (the estlmate of the next data vector) 1s formed

fes'a 1inear projection of the two immediately preceding data vectoref ThlS
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Figure 5. Conversion of Sonagram to Data Vector.
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prediction is achieved tﬁrough the_ﬁ;e éfAshgpe ﬁunctionslto‘repreéént the‘
sigpificéh£ pgaks.of each_da;a §ect§£:(ﬁigu;e 6). Only the largersthreé"
peaks of‘energy are repreéented;;nlgsé there‘is'ovef 102 ofhfhe éhergy left
dnrépreseﬁted, in which case.a-fgurtﬂ:péék ié;allowed. As illustrated'in‘

' :Eigure 6, the two preceding data Qéctoré are in;bected‘an& iineér.projec—.
':tions are madg to form the prediction véctér,~which is thén ;econétruéted as
.a.data vgctor; This is.differgnced with fﬁe.current,data véctgr fp p%oduce
‘.thg'differenée'vectors showﬁ in Figure 7; inifiél déta aﬁalysis established

the following.thresholds for ﬁhe differenée vector pﬂat indicafe the require-

. . ment of a segment boundary..

Thresholds on Difference Vector

1. ‘Silence to anything/anything to silence.
‘Thé difference vector is either a positive or negative image of
the last data vector.

- 2. All other cases.

The ﬁagnitude.of tﬂe di%fefénce vector 1afger than five in two

. coqsecﬁtive’frames.and the second‘frame difference Vecpof elements

form one or more'sigﬁifiéant peaks.Cwiéh respéct to'the total sum
of the eleﬁents).: ' : o -

Two additional impottént segmentaﬁion indicators are determined .direct—
1y from the data vectors. The first is any change in the number of signifi-

... .cant péaks, or the merging or splittiﬁg of éeaks in ﬁhe iﬁcoming qgta-veg—

. tors. These are necessary conditions for creatidg éompérabie segﬁgpgg'acfoss
. speakers. -Thé second is a &etécpion of long pure—nbiéé ségmentsi ;
Ihg daté-veétérs afe rebreseétgd Wifh;fhé'aid of éhape fuﬁcéiohs‘ih f;‘

L
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order to generate the prediction vector.

[\
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Segmentation within /before/ spoken by CH

DATA VECTOR

33332100000000000002321000011000
33332100000000000002321000011000
333321000000000000023?1000011000
33332100000000000123210000110000
33332100000000001232100000011000
33332100000000012321000000011000
33332100000000123210000000001100
33333210900001232100000000000000
33333321000012321000000000010000
33333332100012321000000000000000
33333333201232100000000000000000
2333322211232100000000000000000C0

23333222223321000000000000000000

PREDICTION VECTOR
DIFFERENCE VECTOR

33332100000000000000023210000110
00000000000000000000000000000000
SEGMENT
33332100000000000000023210000110
00000000000000000121111000101000
33332100000000000000023210000110
00000000000000001230221000000000
33332100000000012321000000001100
00000000000000000000000000010100
3353210000000012321000000001lOCO
00000000000000000000000000010100
SEGMENT
333321000000012321€0000000000110
00001110000000000000000000000110
33332100000012321000000000000011
00001221000000000000000000010011
33333332100123210000000000000000
00000000000000000000000000000000
33333333211232100000000000000000
00000000100000000000000000000000
33333333322321000€00000000000000

10000111210000000000000000000000

Peaks merged - SEGMENT

Figure e Segmentation with Data, Prediction, and Djfference Vectors.
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. This can be noted when three or more data vectors contain. a -large number of

" adjacent non-zero. components that vary from frame to:frame.- These ségments'

will be the long noise-like unvoiced sounds. Figure 8 illustrates the seg-

quence of ségm@ntatioﬁs éfodaégd in‘tﬁéEWOrd /%efore/;'
ﬂIn order to prese;ve.#he hiéto;y of:the.speech-éiénai duringweacﬁ of

tﬁe:time éegments, a state véctgr ié cteatéd& Singa'ﬁyidéfiqition nO;Sigpi—
,fihant.éhaqges occurred inftﬂé sigpal;s.qﬁérqcter between fwo séément.boun—-
dafigs, we need only linearl§ inté%poiate %etween the initial data ﬁector of:
_the_éegment and the finél data_vector.‘ Ihe eléments of the stgée ﬁector are
illustrated in Figurg 9. .Figure“ld lists'a~state—vec;of'erécordrforltﬁé
utterance-displayed‘én Figure 8._Vérioué combinations of calculations maf'be
selected é; the elements to be_feéérded”iﬁ the-state vector. Those useﬁ
here c@rrespoﬁd'to tﬂe initiél dafélvéFtor andi%he changes' that accuf in iﬁ
_in_rea;hing the final data veétﬁ?.:.With this choice of -elements, a glance

at the state vector indicates immediateiy the dynamic changes occurring

.during.the state. There are glso cgrtgin cases where the'state'vector
elements are quite.re@unaant. AFor example,-in a one-peak segment ﬁhé iniﬁ".
figl‘energy and final enérgy:afeurecofded’both for the total segment. and “for
the individual“pegk. Thére being oniy;one;peak, thehtotaiLengﬁgy:an@-ﬁhe |
singie'ﬁgak ené?gy measurements are identical. The state vector may be
geﬁerg#eé imme&iafeiy aftex the:specificatioq~of the terminal.boundafflof
éhe seéme;t is made.. it“tﬁe;:bgcogés_the physical.record of>thé soqnd;unit
fd;-ali'éﬁrthg?;compufaf}ops. | h .\.q

: ”fiFiéure‘llfdisplayé,the acoustic cues in the word /before/ from a com—

-~ posite of our five samples. The composite is an average of the characteristics
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Typical segment boundaries

that were determined for

one utterance of the word
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Figure 8. Pictorial Example of Segmentation of /Before/.
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“The State Vector Components"

00

o8

a9

00000000000012222222222222211111N

'

Figure 9. The Formation of the State Vectors

Paraméters of Total Segment. Parameters of Individual Peaks
TR D ——] g '
iinitial final : i | i lower | * lupper
noise | # of itotal total |time peak ;peak bagln‘eﬁd 'lower boundary iupper ibOundary
- /flag /peaks/energy /energy/length///total/change/shape/shape//boundary/change //bouﬁdary/thange,j//
/{+Since this portlon conbalns the specific information about//
each peak, it is repeated for each significant peak
Typical boundary data vectors The corresponding state vectors .
| TTVE . STATE -+ STATE o
00000000001222222222211110000000 R e - L
01 ° - 00000000001222222222211110000000  * -1 .0/1/25/25/01///25/ O/BR/BR//11/ 0//25/ 0// .
02 . '32000000001222333333222211110000, ,. . PO ' OB AT, 1 L
. 32000000000012333333322222211000 CL 0/2/42/43/06/// 5/ 0/1D/1D// 1/ 0// 2/ O//
. : ' " - . ///37/ 1/ ¢/1D//11/ 2//28/ 1// -
 09 32000000000012333333322222211000 ‘ . ~‘ - '
N . /
32000000000123333332222111111100 8 0/2/43/43/05/// 5/ O/LD/ID// 1/ 0// 2/ 0// |
. o \ ///38/ 2/10/1D//13/ -1//29/ 1// -
©15 - 00000000000012222222222222211111N 4 o A 1/1/34/34/14///34/ O/E?/BP//lS/.O//SZ/ 0//
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STATE VECTOR RECORD

Utterance CH-5

N0-1, 0/1/43/43 /01 ///43 /0 /BP /BP//11, /o 0//32 /0 /7

VA A A VA A A A 14

A2 /// ///

/ /ze_/g/B_P/ﬂ(/l_s/i//ﬂ/&// -
/) T Aa/10/10//29/2//32/0//

. No3 0/3/35/36/05/// 6/0/1D/1D// 1/0// 3/0//

//_7/_0/3/3//_1_2/_9//_-?3/_0//

//_2/ 0/ BP/ BP// 28/ Oy 29/ Oy/

- Figure 10. The First Seven.State Vectors for Speaker CH

Uttering /Before/.
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Composite of the acoustic cues in the word /before/

3

noise

burst

fricative
i oF & 3F | | A oA
o |
| } aspiration
S | f
voicingi

: |
ik 2 '
LT o e

Y2 | l |

2

l L | |

1 g5 5 0

it The initial explosive noise burst of the /b/. Only one speaker
was observed to voice the /b/ in this initial position.

2,13 The vowel has a strong onset of 1F that continues until 4. The
2F and 3F are very close with an abrupt path change at 3.

4, S5 The abrupt cessation of voicing followed by the pure noise of
the fricative. The lower boundary of the noise appears below
the lower 2F boundary.

6 The termination of the long fricative is signaled by the strong
onset of the voiced 1F and 2F.

7 The 3F travels downward and the 2F comes upwards towards the
final merge at 8. The exact time that the 3F and 2F make
definite moves varies considerably across speakers.

8 A final steady state portion that concludes the voicing of the
utterance.

10 This is the release of any remaining breath at the termination

of the utterance and consequently the range and intensity are
relatively unimportant.

Figure 11. Illustration of Some Common Acoustic Cues.
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contained in the ﬁive utterances. The segments héve been #rtificially seﬁf
arated to accentuate the boundary difference betweeﬁ segmenﬁs., Figure 12
compares one speaker's realization of /befofe/ to the compésite'of the five
speakers'.realiZations; In a Qery'real sense; the rélationéhip betﬁeen the
single realization gnd the composite is that of phonetic to phbnemicbl In
comparing these.two‘squences it is apparent.that many of fhe'distinctive
elements are the &ransitions between the state vectors. In-order to produce

an equivalence between these two sequences of states, Production Modes and

Relative Oppositions were created.

The Production Modes and Relative Oppositions are a result of the need
to. represent utterances as sequences of elements and the relationships be-

tween these elements. The Production Mode (PM) is one of eleven classes

into which the state vectors may be divided. The eleven PM's are listed in

Figure 13. The PM classes are gross enough in nature to overcome many char-
acteristicé-of speaker variation. For'instance, the vowels with three sig-
nificant formants all fall Within the same PM. Another PM contains all
Voiéeless fricatives greater than 40 milliseconds in duration. Tﬂg Relative
Opposition (RO) is a sét of calculations that provide a detailed record of
the distinctive éhanges that characterize the trangitions Between neighbor—-
ing Pﬁ's. The RO contains more information_than is available at the instant
of éeémént béundary determination. Ihis‘resu;ts from the fact that RO-com—
putétioﬁs are based béth on bbunda&y phenomena and on the total signal his-
tory throughout both states. The calculation of ROi(i being the timefindex)
requires the determination of PMi and PM. .3 the resultant ROi is aésociatéd”

i+l?

1° fhe 42 detaile& caléulations that
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Composite of the Acoustic Cues in the Word /Before/

S Sl -t S A QUSRS S oo

r\
noise
burst
|
sl
Y s
//2F % 3F Frlcatlvel‘- i
3F I
S~ e AR SN A ',\\‘ . e i i R
2 A e e |
708 : s i l
{

L. | m L ) b NI ik
5 T vo}cing ; : voicing ///i /)iasplratlo?
> | 5 Pt L LS I I i I —_— -
& [ | i : ; et ]
o 1 $ : i i ot |
&?; Tl Wi 5 T I 3 il | |
o !//' "I1F L* IF & | 2F' : ‘ | [
e 1 S ,~LA ’ it i R Bl ! g i _,_A.__.-‘,,-___,,_J___,___.
! i H i ' i !
[ + TIME —> : : » ' ; !
: : ! \ e : | I J
1 3 4 5 6 7 8 S
ot / ]* | Dot | ' : P /*,\ \ o
| | | xora | i (4
f ! f | , State | : : 'Extra| ) :
g3 ! {8 ! ! ;Sxﬂe |
A RS ) ; | | AEea | ki o |
R D | I | I |
~ | ! f i i i : |
| Fricative ' oy | l 3
| ! | ' | |
E l ' i i |
y//i\\‘\\\ : | | i i
] b
{ Gl el , ! i
2F , & 3F ! ' |
: : l t
Nf [A__‘ & B R ‘
I /“\~\\ 1 % {
B !Aspiration %
1\ il |*~--~ e o
Bt
oise
ﬁ Burst o
§, X
e ///'1F IF & 2F \
|t ) .
TIME ~> Single Speaker Utterance

Figure 12. Comparison of Single Speaker Utterance to Composite
of /Before/.
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Production ‘Modes

‘Duration No. of Pea,ks‘ Power Distribution Comments
M1 '~ . > 4d0msec 1 NA Voiced Continuents
fPM 2 > 40 msec : 2 . NA - Voiced Continuents
PM 3 > 40 msec. | 3 T NA Voiced Continuents
:PM 4 > 40 msec ’ 1 : " NA . Noise Fl!.a’g.
: PM 5 > 40 msec s < 10% ) > 90% " Voiced Cc')nst.ruen'i;s
PM 6 | < 40 msec _ ' NA " 'Mostly Stops
APM 7 < 40 msec 2 <10% / > 90% . Voiced Noise ‘Burst
‘PM 8 . < 40 msec ) 2 > 16% ./, < 90“7; Transient Seéments’
PM 9 . < 40 msec . 3 .. - NA Trans‘ient‘Segmen;:s
P 10 (§) < 100 msec " Guiet ' | B
PM 11 (8) > 100 msec  silence .

N.B. There is a certain symmetry that is obtained by iisting PM's that
differ only in duration. ’

PM 4~ PM 1 with Noise Flag
PM 6 ~ Short PM 1’
' PM‘7 ~ Short PM 5
PM 8 ~ short PM 2
PM 9 ~ Shor‘;: PM 3

PM 5 ~ PM 2 with.Special-Energy.-Distribution

Figure 13. Classes of State Vectois in the Production Modes
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compose the total ROi are denoted as the set {fo.} , where 1 is the time
. . . ) . . . J i . .
index,and j=1, 42 indexes the individual results recorded on the ROi data

1

sheet of Fig.:14. The extensive algorlthmsyfor the calculatlons are
‘exhieited in Fig. 15 as a sequence of illustratione that detail all cases.
Tﬁe reeults of all {rog} calculations areieither‘nemerieal or indetermiﬁant.
Tﬁe letter ”I”‘ipdiéates an indeterminant calculation ‘that eifher makes no
sense to pe%form or has no'ceunterpart in the PM‘ﬁransitibn.

The use of the indeterminant I as the value of aﬂ roJ is an-iﬁtegrei
part of the ROi algorithms, The RO records.coetinuous and discontinuous
features of the signal across the PM boundery. The.discohtinuous case is-
that of a'for@ent %erminating at a boundary Without-integseetihgvanother"
formant;4'the most'commog examplé of this is the ceesafion of voicing;
other examples:edcur in the second ane thirdlﬁo?ﬁents4of mediel and %ermiﬁal
nasals, ‘The.RO‘ that reeords thﬁs eiscontinuous phenomenen has‘a subset
of iro } that appear to represent a peak not actually present In the“case
of termination, no comparison can be made between-the formant's dynamic
eharacter in the PMi and PMi+1 sta#e. Consequently, the infqrmation requir—
ing comparisons of the formant in the PHi and its charac?e? in the EMi+l is
reeorded as indeterminant. The initia?ion of a formanf'causes the - inverse
'to,be.reeprdeef, A further result of this appreach is‘thaf_an ROi,xepresent;
liﬁg~thektermina£ioﬁ-of a three—formant vowel eonﬁainsgﬁhree.elements, while
. hothing is there. The worst césé possible would be the terminétion of thfee’

—-

formants and the initiation of three more, requiring the.,.ROi to have six

major elements (peak sections). We have found that three peak sections of
the RO, were sufficient in this data.

. T
.8 .




PMi 2 PMi SEQ NO. 6
PMi+1 SAMPLE WORD ?—PL
ro R .
1 Duration Ratio 21/6
- T, Powexr Ratio 21/23 i
r03_6 Powexr Disgtribution 71 ~29. / 48 26 26
ro9 Merge; Split 01 Boundary Revigions
r010-15 DESTROYED Ll 0 Ul 1 L2 1 v2 1 L3 0 U3 0
ro ., CREATED L1 _O0 Ui _1 L2 _1 v2_1 18 _1 U3 _1
PK-1 Information
ro,, Abrupt Initiation (Power and Shape) o
-'r023 Abrupt Termination (Power and Shape) (¢}
r024__25 Abrupt Bbundary Discontinuity LB Step 0 UB Step I
Oy - Shapes _I/ID . Slopes 070 -flopes  I1/-.16
PR-2 Information h .
ro,. Abrupt Initiation (Power and Shape) o .
ro., Abrupt Termination (Power and Shape) 0
rosl_é2 Abrupt Boundary Discontinuity LB Step I "~ us Step . O
- TOq0 a5 Shapes 1/BP Slopes _I1/+,16  Slopes 0/+.16
PK-3 Information .
_ro36 Abrupt Initiation (Power and Shape) 0
'r037 Abrupt Termination (Power and Shape). 0
ro38__39 Abrupt Boundary Biscontinuity LB Step (8] ~ UB Step . 0
TO40_ 42 Shapes  BP/BP - Slopes ~-.1/~.3 Slopes -.1/-.3

-57

" Relative Opposition Data Sheet

Figure 14. The ROi Calculation Recording Form
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The»élgorithms for the cpﬁputation of the {roj} are most easily
-pregented'as é number of specific cases, All the more generai cases

are straightforward combinations of these specific cases, The

following nofation has been adaptedvfor the sake of simplicity.

1. Lowér and upper bouﬁdarieélof peaks.ére q§$ign§£egz
as L1, Lé, L3 and Ul, U2, U3; exceptzin‘thé basic.
:single—peak casesgwherg the Kth peak béﬁndaries are

. ’-désignéted as Lk and Uk,

2.- Thg.{roj} elements dealing with duration, totél

power-andAﬁowe; distributionlgre.nof ihcluded,

since there are no ambiguities in the calculation.

' 3. The shapé of each peak is designated as SHki and

SHki+l in terms of the shape functions used for

-

‘the state vectors (Figure 6).

4, The slope of each boundary- is designated—és SLki

. and SLk.
! 1+

for lower boundaiies and SUk., and SUk,
1 i i+

1
. for upper bbdnplazjies°
5. The discontinuous boﬁndary,steps_that have a numerical

valué are designated J

boundary PMi / boundary PMi+1'

Figure 15. Algorithms for the Generation of the Roi{




PM

PM
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1
: l
Lk e S
: } =Tk
! .
PK-k

'SHKk,/SHk, .
i i+l

PM
- i+l

PP N SN

PK-k Abrupt Initiation

I1/SLk.
I/SHki+1 /8 il
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Bagic Continuous

! i+l
!
FERE
‘!Am.—v“’"“'ﬂf"/
' Uk b1k
C .
Lk ]
{
J. :
EJLk/Lk ‘ Uk/Uk
Sik,/SLk, . SUk,/SUk_
1 isl i i+1
‘Basic Disconfinuous
PM. PM,
i i+l
! -
Uk oo
LK mecessmenres
0 0

. PK-K Abrupt Termination

. SHk./1
I/SUki+1 i/

SLk_ /I SUk./X
i i

'fEigure 15 continued.

)
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Combination of Continuous and Discontinuous

Figure 15 continued.

11 ———
i e —— L2
]
' Ul
Ll
i
0 : 0
Significant BElements
Abrupt Initiation
r024_25 PK-~1 1 ) .
Y00 s 1/8HI, , 1/SL1, 1/SU1,
P ’ K—
¥031-32 PK-2 J11/12 Tva/v2
r?33735 ' I/SHZi+l SL}i/SL21+1 SUzi/SU%i+l
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Merge/Split 01

Significant Elements of RO,

ro

T%10-15

C16-21

¥Oo4_25
¥C26-28
roél-éz__'
¥033-35
tO38_39

TO40-42

1

_ Figure 15 continued.

. P
1 ; Mi+1
b
U2 : - e U3
| o
L 2 A FEEITAE Y -{ 'L 3
f
.U:l."'—‘h)--—»= =2 f ﬂ.a.;ay»-:w“‘wzt-'ﬁi‘“UZ
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Combination of Continuous and Discontinuous

Significant Elements of ROi

TC94_25

00628
TO31-32
¥033.35

TO3g8_39

T40-42

I
PM
P ¢ 141
! £
: . WTT"’;E -
U2 ? | s U2
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§ ’ i ,e;rsr’-"""“'-"':th 2
M sl .
et ‘Ul
) s NS S Ll
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Ul
i R
0 : 0
Abrupt Termination
PK-1 I
SH1, /1 ) SL1./1
i i
- J
PR-2 L2/L1
: SL2,/SL1,
I/SHli+l ) i/ i+l
PK-3 Co I
SH: 1/8L2
4 Zi+1 / i+l

Figure 15 continued.
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Merge/Split 01
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o 9 m/s 01
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o, 15 . 0 0 0 1 o‘ o-
1'016_21 C 0 0 0 1 1 1
*C94-25 PE-1 11712 Tu1/v1
TO,e oo SHli/SHli+1 SLli/SLli+l SU1i/sq1i+1
' PK-. : - T
T031-32 2 ILo/ie ,
L |
T033-35 1/8H2; SL2;/8L2; 1 1/802; 4
1‘038-_39 PK-3 I JUZ/US ‘
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TO40-_42 1/8H3; 4 /81354 U2, /5035 4
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Merge/Split 10

Significant Elements of ROi
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094 25

T096.-28
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e
g .
s [ rcieh S I
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C 0 1 1 -1
PK-1 JLl/Ll
/ ' sL
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Figure 15 continued.
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Merge/Split 01
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' Figure 15 continued.
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. Merge/Split 10
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Merge/Split 1C
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. Figure 15 continued.

- 8U3,/8U2,
i it

L3 U3

Jv1/01

SUl./SUL,
i i+l

JU3/U2

1




Significant

1o

r%10-15

Ty 6-21

0425
"°26-28
lr°31-321
¥033.35

TO38_39

68

Merge/Split 11
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. Tﬁe case of continuous formants presenté itS:bwn special probleﬁg. AA
single formant that cﬂanges in dynamié charactéristicszié easily reéérded.
The cases Whére'fofmaﬁts iptgréeét or sﬁlit is mérg difficult; if provides
mQre'férﬁant bounﬁaries iﬁ'the.f§1lgﬂing PM; The merég—split portion of
the Roi is essghtially only,g'prQQessing é?d. Whilg‘thé suﬁsgt“of‘{réj}ug
uﬁder the merge~-split cgteéory does provide a charécterization,of the exact
't&pe of merge-split, itéfmain funétion is to aid in finding the‘cprrect 
bOUndaries for éoﬁpafison of slope changeé.: There.are_various numbers of
indeterminant roj elements in.éach type of ﬁerge—split.
Each uttérance‘éf fhe’data set may'be plottéd as a sequence of RO's and
PM's. Whenlthis_is done for.eaeh particﬁlar-WOrd fhere appéar to.be par-~
ticula? PM;S tﬁat fuﬁction as %iépoints.l The PM-RO séquencés géne&ated by
%he five speakérs f;r'thelutterance )5efofe/ are éxhibited in Figu;e 16.
"The.tiepoint‘in:this particula?,word éxists i£ the Yoiceléss fricative /f/.
in thé'medial position and tﬁe terminal asi&ration.‘ Thg;RO's are shown ;s '
.iinks cbnnecting the PM’s; - The PM’% that have similar RO's linking them may
be supefimposed, as shown in figure.l7." The reprgsentation of the terminél
'/rz of thevutterance./Before/ is seen.to cause“a number.qf PM-RO sedueﬁces.
This results from fhé various manneré in Whichid;fferent spaakéxs merge and
.Sp}i;.the‘formants'characteristid'of fhe terminal /r/:b Many‘of‘thg PM-‘-
Vériétions creafed by different speakers areIQerf brief in duraéigp and-

-are correctly termed minor PM's. These short sequences of minor PM's are

~.

seen_fo be equivalent realizations of the /x/. Fortunately) the data con-
tains five realizations from the five épeakers. It is apparent thgt there

are not many,other ways that‘the /r{_can be realized. Thus a larger

»
I :
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Figure 16. PM-RO Sequence for Each Speaker Articulating /Before/.
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.dafa ;ample would cluster moré épéakers qn'eagh.of tﬁé sévéral PM;RO
‘sequencés. |

It.should be noted ghét';pme speakérs‘exhibited onl& two forﬁants
Where,;theréie%hibiteﬁ three iﬁ the saﬁé word.  This is_dué to the.partiéﬁ»
lax speakerf§ physiology'realiz%né two formahts so é%ose toéethgr that-oﬁr’
pgréﬁetefﬁzation‘of the sonag;am does not fesoive them. -A.unique,featurg
of the PM—RO representafion isxﬁh;£ it alléws,-in éome-qaées, the Eompari—
son of two fM seiuencgs Wheq one is ;gmﬁosed of threé_féfmaﬁt'PM's and the’
other of two formant PM's.‘ This reéuits froﬁ the_facf that the ROi's
. highlight the distincfive characteristics of thé transitions betweenvfM's
and éilOW'the deemphasis of uninteres%ingfinformati;h. Hence, two PM
_sequences can bé'said to.be equivalént in a dynémié sense even'though,they
contain noncomparable static féatﬁres.i o

At first'glance it appears ﬁhaﬁ'a tremgpdoﬁs aqpuﬁt of iﬁformation has
been_disgérded when tHe state vector is rééresented.by gpe-of teh‘PMrs.
This is not tﬁe fact. The information ié tranéfeéred to the RO. This is
not an immedigtely 6bvioﬁé point, butvit méy ﬁe demonstrated by reconstruc—A
tion‘of the'State—yectbré totally froﬁ the PM-RO sequéqce.’The_ROi elements
are highl& correlated in the seﬁéé that_mogf transigional feapures are
reflected in_seyérai ég éhelfaiié. There are'aléo a-éumber'oflcases where
-RO:,L élemegts are redundént. Thig appearé useful.with'visﬁal'iﬁterpretaf

tions since it brings to light more easily certain types of transitions.

~.

o




5.0 DISCUSSION.OF PM-RO METHODS ANﬁ THEIR RELAIION TO THE SfEECH
RECOGNITION PROBLEM
The methods descfibed for the éegmentation of the speéch signal and

the related represeﬁtation as a sequence of Production Modes and Relative
Oppositions operate on the P-PHON stratum of our linguistic model. As
such, they serve to define the bagis of a spage-in which many of the
articulatory movements of an individual spééker are reﬁlected. They pro-
vide a ve%y fine-grained p-phonetic representation of the actual speech
signal. These p-phonetic units appear to provide sufficiently detailed
input for the higher strata. There are numerous advantages to this ap-
- proach. ‘The initial segmentation'procédure is independent of the sﬁeaker's
voice range and t;ping. The actual determination of segment boundaries
proceeds asynchronously.with the inéut delayed by only three data frames.
Thé formation of fhe state vector may be dgne immediately upon the deter-
nination of a segment‘terminal boundary. .ihe determinat;on of the Rela-
tiveIOpposition may p?oceed one state vector behi#d the real-time éignal.
After the Relative Opposition has Been_computed, the only data‘storage re-
quired is the»PM for the ith state vector. Thus,la very‘large data reduc-
‘tion is effected. Noticeably lacking in our processing techniques is a
scheme for the extraction of such supra-segmental features as pitcﬁ and
stress. 1In an.actual recognition system, the controllof-éupra—segmental
'featu?e extraction coﬁld pe derived frqm the.PM decisions. That ;;, pitch
computations w0ﬁ1d be performed only where appropriate. The'en££re ;}of
cessing algorifhm is deterministic wiéh infqrmation flow only in the for-

ward direction. It is not context sensitive in the sense that future
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:boupdary determinations may not cause previous measurements at the lower
levels to be inappropriate. The processing produces a string of PM-RO.
Absolute and relative information are contained in both elements o% the
representation. The PM is a definite statement about the absolute character
of the signal segment. The positioning and shapg of the peaks within a PMi
is indirectly recorded in the ROi elements. However, since the-RQi's_coﬁtain,
only information about relative change, the recreation of a particular PM
may involve the coherent evaluation of informatioh contained in the PM's
and RO's on either side of the desired PMi' This demonstrates that the
information of the acoustic signal is actually distribﬁted throughout our
représentation. Fig. 18 illustrates the existence of short PM-RO sequences
that recur in particular‘speakers’ utterances. fhe fact that-several
equivalent PM-RO minor ééquences rep:eseﬁt the fealization of the same
sound by different speakers is a consequence of our fine-grained measure-
ments. Invterms of the strata model,. the ;auating of thgse minor sequences
is done in thé p-phonemic rank of the P-PHON st%atﬁm. The information that
would be passgd to the PHON stratum would be in terms of theseup—phoneﬁid‘
units. The recognition of the p-phonemic units and sequences thereof on
the PHON stratum is essentially the conversion of the phonetic representation
.to fhe'phoneme reprgsep?ation. The phoneme would be defined as the collec-
tion of phonon elements having the.same meaﬁing.'

~The choice of the cpmputations {roj} that define am RO was:nq§\§iscusséd
in the previous section 590aUse'iﬁ has important implications Qith resééct
to the learning and adaptation capabilities qf the sjé%em. There afe.severél

choices for a philosophy to follow in the selection of the roj.elements.




PM, P, P;vx3 P, '>|no pn? A
! RO'S ! RO'S ‘ RO's " RO: | RO's: ;
: Al, A2, ! B1, B2, | cL ce et | R, w2 |
P A3, A4 S | ' |

| |
|

The collapsed PM-RO sequence for the second syllable of forward and downward articulated by

all five speakers. The RO labels (e.g. Al, A2, A3, A4) denote transitions with nearly the
same collection of distinctive changes; consequently, it is possible for the same RO to

exist between different PMi and PM
i+

Figure 18. Sample of Stable Recurring Sequences of Minor PM-RO.
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The method used here was to choose a set’{roﬁ} which characterized eyery

" conceivable event.in the PM transition, TFor many PM changes, this means

the information in the ROi is redundant. and irrelevant, It also requires

. thé use of the indeterminan% result.(I) for computations Which'cannot be

pefformed for a particulaf M transition: ,The'rafionale“fof'choosing a
complete set of {foj} elements'&as thei& usefulpess_in obtainiﬁg inforﬁatibn
about universal features: ‘those features of‘each.ﬁarticulaf uﬁtefance that
were usgd by éll five speakefs. Tﬁis is accbﬁplished’gy Selectingﬂcorres—

1t sequences from each of the speakers uttering the

A
ponding PM., RO, PM.
ii i+
same vocabulary entry (e:g. word A). Turthér discussion of the information

contained in the RO{ is proviﬂed by'compariﬁg corresponding PM, Roi‘PMi+1”
. 1 * il

‘sequences (where PMi and PM 1 are the same as those of word A}NfrOm'each ‘
= AR . Ty T e R A S TR A g

speaker uttering a different vocabulary entry (e.g. word B). The interestiug

i A
elements (the :oj) of ROi and RO? are those that are consistent across

speakers and may be used to eithef eguate or discriminate A and B, A

precise description of sets of these consistent ro elements is made more.
. ; ! 3 .
tractablé by a cartesian cross product interpretation of the ROi elements

from different utterances.

 The general form of a Relative Opposition contained. in a. vocabulary

word.A articulated by speaker m, and associated with the transition. from

- PM, to PM, . is:
; i i+

1

A .
m

RO.. = .{ O , YO , ... YO,, YO. , ... YO } :}f'rp. -
. . 1 27, J J+ e - = \ T
L . . ) p S Tmax 3 -




by a set of M = Lm s m
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The values which each roj may have are blank (blk), indeterminént (D),
and numerical (denoted Ey'n.with a subscript). For a word é.articulatea
mmax } speakers, we divide the_elements of

: A
relative opp051t10n derived from all speakers (ROi) into,three.sets:

same (s), different (d), and blank (b).

Same Different -Blank
ROA = / : i ré ( j>< ro > i 1o
i Tt/ A J ;A J . LA J
\J€JSA J€Jd Jer
or, in another form: . _'
A
RO, = (ro.) (ro)) (ro.)
-1 J o J
'eJA j JA 'eJA
Jed Jed 4 Jedy
A a A ’
I U.f_d \JJ, =4 | , -
A A A A A ~ A
N3, = Jsf\Jb =30 = 8
. . A' m: . .
Let m index one speaker's ROi (denoted ROi 1) and m index another
1 2
. A . . .
A ' S ) : A A
speaker's RO (denoted ROi ). The following rules define JS, Jd’
i .

o [ 1.
and Jb. We are ellmlnatlng the dependence on Imi’ mz, "'_mmax be applying
the rﬁles.to pairs m,, m ;jm , m ; m , m; ..., until the set is. exhausted.
o i 2 2 3 3 4

A m . m : '
o. Jj e Js iff the values for ro.' and ro 2 satisfy one of the following.
o - . Jo Jo }
m m :
ol. ro,1 = ro ! = I -
o Jo- ~
. m m .
c2. ro,l = nn s ro ? = n.m
Jo n Jo A
ana 'nm C- nm” =y where Y 1is a tolerance constant




m
A -

5. j e J iff the values for ro.® and ro.* satisfy one of the fol-~
o d - dg Jo : -
lowing:

. m m
§1. ro,* = I, ro? = blk

Jo Jo
. m’ ‘ . m
62. ro' = I, ro® = n
Jo Jo Mo
m m
63. ro' = n , 0.2 = blk
J m J
o] 1 (o]
m m
64. ro = n , To? ='n
J m Jj- m
(@) 1 o 2
and n - n, > Y where y is a tolerance constant
1 2|’
;LA . ‘HE n; : .
B. o € Jb iff the values for ro, and ro, satisfy the following:
: Jo Jo
m m ‘ P
B. ro' =:r0o° = | blk
' Jo Jo

set

The process is continued by applying the rules to ROi

A
m

of ROi 2 _replaced by ros

is satisfied, replace the appropriate elements with the weighted average.

~

A
m
3

with fhe elements

m k

2 as requined, In any cases_that.the g2 condition

~
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A short numerical example of this pfocess ié inciuded'as Appendix C.

For two vocabﬁlary wdrds, A and'B, this leads to six index sets.

SN Ig I
B B B
S S S I

' A 1B
The product of the JS and JS sets is:

AB © ‘ A B ' % :
JS = { j 3 e Jsfﬁ.Js, and satisfying condition © } Type I
. AB oo ‘ N ‘ ‘
l.e. R‘O:_L = ro, - is the set of same (in value) roj across -
s AB ' :

jeJ ' ‘ . -
I ) . Speakers and utterances

‘Now define two additional index sets:

. A A A8
JII - Js Js
B B AB
= - J
JII: Js s

-

It is true only that:

I 1T
" because of having to satis£§ conditiono . - ST .. A o o ;
PR —— _A;.“'_. . . 4 -
comparing Jr'o._j and ro_ ‘instead of roj1 and ro ®
. N ' X J

.0 A & " Jo ) ls)
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A B
J and J index the discriminant sets:

11 II
) | o o X
RO, = >/ Yo, RO? = )K( Yo, Type IX
i kY J i J ——
1T /A I1. B
J&Jy1 71

. o ] . :
The remaining elements, roj, from‘ROi and RO? are those which

were not consistent across either speakers or vocabulary words.

RO%B >< ro .
1r AR J

11

Type 11X

The significance of the Type I, 1II, -and 111 sets is that they
separate the acoustic events in the speech signal into classes that reflect

the information content and the consistency across speakers. In the

particular case where PM? RO? PMA must be differentiated from PM?

i+l

-:RO?. PM§+l , they focus attention on the distinctive charaqterisfiés
.of A and E transitions. The r§j of the Type I sets are always the séme
fof’A and B for all speakers. The roj,of'the Typelll sets are not
consistent across all speakers fof eithér utterance A or‘B° Thg ro,‘j

in the Type I1I sets are those that were the same for all speakers
‘articulating either A or.B but not both A and B with the_saﬁé value.

_ The precise definition of Special Type II gets will simplify further

discussion ‘of their properties.




g2

B .
11 and JII’ may be exp#essed

The Type 11 sets previously defined, JA

as unions of two special sets.

A T CfAB . cCS.A
I = Iip U 95
B cf _AB cs_B
JII - JII 11

where the special sets are defined as follows:

cf _AB d A B
Jip T (Js 0 Is ) - JQB
cs_A d A B g B
,.JII = JS (o} (Jd U Jb ) ) _
- o A
s d JBﬁ(JgUJb)
II s

' The set of rqj elements in the new discriminant set

£
¢ RO‘Eq = >< 1o
IX . €chAB 1
Jq II

separate utterances A and B for all speakers. The éf superscript
draws attention to the context-free power of this set of roj. The

other special Type 11 sets: . . . e




: 83_‘
are contekt ;ensitive and are not.guérantéed-to provide an'absoiuté
Qifferentiation of A and{ﬁ for allns‘pe'ak_ér-s° This sitﬁatioﬁ érisés
.Qhen an roj elemenf ié consistént across spea#eré fgr one_uttérance
(eugohA).and varies across speaﬁers for anbtﬁérAutterance (e,éq B)..
Coﬁsider'a'particPlar.rojo thét_belongs to éSRO?II and thaf hés a
consistent pumericai-value n, + Yv/2 f&r word A across speakeré. The
oqéurreﬁce of -rojo‘f-no‘ > Y is gufficienfiﬁo ideqtify Eéf_é°
However, within the céntext of:the totalvPM—RO sequence-itAmay resplf ”,.

that roj € CSRO? has absolute discriminant power even when
- Yo II ‘ , o

roj - n0 < Y. 1In subsequent discussion, we will refer to a Type II

0 , ' ’ ) '

set that is composed of a Type IICf set and a Type IICS set.

T

- -predetermined set_of.{;oj}', then the machine has a maximum capacilty
| for that set of {roj}.. 'In the 'interest of efficiepcyvfhe minimum set

providing for separation of the various responses would be chosen. More

: . - 3
than likely this would be an ad hoc design in which sets of {rdjj were
. L
.selected .and tested until sufficient separation of the input stimuli and

the responses was achieved. This is measured by the richnéss of the’

and Type IICS sets. The characteristics of a directed search:

Typ? IIcf

‘5re‘provided by tﬁe pbssibiiity of computing onl& a réstriétedvget ofnjm
roj at ; pérticular’fﬁi-which‘are kpown to posses; ﬁséful ?nfofma?fon
contept (i.e. those'specified by thé peftiﬁént Type.fIT gét).. Aqg?tiogs
':to fﬁe vocabulary would require the evglga#iop of thg T&peiiicf,éhd \
”fypé.lxes sets. If the a@dif?on of vocabulary elementﬁ-ﬁeanty tﬁ% diéag;ﬁ:
I seféé thén a ﬁore

] T

. pearance of the unigue rojAelements_of.the Type II
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‘ detailed oxr é mo;eAéoﬁp;?%é.set of {roj}‘ wou}d bé réquiféd.

There are two systeﬁiébjectives for thch it might bé désirabié
to automate ihe 1ncremental gene?atlon of roJ measurementé. The
evaluatlon of the 1n£ormat10n—bear1ng contpnt of each {ro } for a
partlcular vocabular& could be determlned frém the- dlstributlon of the
‘mgmbership of each .roi“in the Type IITndis;riminant éets. The .method
of apprbach would parallel fhe type of autematic feature selectién
algorithms implemehteq by Urh t26] . Thé method is fo‘érovide a set
of priﬁitive measurements (the roj elements) énd‘é set of rgpreseﬁtative
data, Fdr.the evaluatioﬁ of the hierarchiéai asﬁécts of tﬁe featufes;

one ﬁresents the total voéabﬁiéry and évaluatesgthe usefulness of each ros

.'?omputatlon by. 1ts appearnnce 1n thé d:scr1m1?an+ set ,iﬁex{ioj}
measurements‘are ;hen simply reordered with respect to their effect in
producing gorrect responseg? The numberno% fog‘is pgly as lérge as that
required'to ﬁroduce separation of the desi;ed fespbnsesq The number of
computations is'large, but the-computations are straightforwaraa“Each
roj__‘must be épplied to each input and its results evaluated by a-
seéziability'criteriqn.

,Ah atte;bé-at imitating human initial langﬁagémacquisifi6ﬁ:could be.

.made in_é simi}gr mannéf, but the sequepce of réj,gvaluatiéns‘is moré

:cqﬁplicgtéd. Thg bgocedure isﬁto;prpvideﬂa seF of primitiye_?éj.élements

and then allow for their incremental ‘selection while presenting suitable

‘data in a same-different ordering.  Suitable data consists of samples:




where the superscript denotes the input category and the i,2 subscripfs
indicate different samples within the category. The same-différént

orderiﬁg results in a special presentation of the training inputs.

Input
Cycle

1

5

®ao

(2k-1)

On input éycle 1,
thafﬂpro%ides the same measure on the two same inputs is selected and
stored as the aescription-of them. On input cycle 2, an roj.(possibly
tﬁe one selected in cycle 1) is found that,separates‘s
'Inpﬁf‘cycle‘g”finds an roj‘that places si.and sz iﬁ the saue category.
The roj‘that pléce samples in the same categories togefher:agd the

aifferent categories becppe tﬁe patfefn's déscriptor. Note that ‘th
ney désc?iptor (roj calculation) must be added fo.the 1ist qf‘desé;ig;
tions of‘the.previoué pattefné-on the éoﬁclﬁsions of every ofher inﬁﬁﬁ

cyéie° The result is.that each time a new'foj is added to the ROi list

-

Total Training
Samples

11

s s

1 =2

R
s

175 1

: k
st s2 ... s
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Comparison

New Trainihg
Samples Operation
b R
s S SAME ..
2 2
K= . '
s1 DIFFERENT
s SAME
2 .
3 ..
si DIFFERENT
3 .
s - SAME
- 2 - ’
sg .~ SAME

the first ro, in the list of

primitive calculations

1 1
2
. and (s1 » S, ).

[
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apd found‘to.be usef@l;‘if ﬁust be app;ied to every pfévious sample
and added to all lists éf:&escéiptors., A Turther operation is that
‘of cycling‘throﬁgh the sét of ééscriptors and eliﬁinating those.which
wére'previously uéeful-but are no longer ﬁsefu} in thé e#panded
%ocabﬁiary, | | | :

':The design of an automated system for-thé egtréction of the
semantic_iﬁformation baéed;on the PM-RO sequences could easiiy provide
informatioh on speaker identify, It wﬁuld regﬁire theAgddition of a
storagé systen to record the applicab;e roj of the'TypehIII sets-that'
each speaker exhibited. The exaét values Qf the Type IIilroj elements
for each speaker céuld be used as. a épeaker‘signature.. The étatistic%
of these effects could easily be incorpératedxinto an open—ended:=
speaker identifiéationﬂsystem, i.e. fopen~énded" implyiung that the
speaker is.recogniZeq as oné of a number of‘ﬁrevioésly knownnspeakers

or is unknown.




6.0 CONCLUSIONS

A solutiog,‘in concept, fo‘ﬁhe prﬁb}em of ségmeﬁting cont;nuous

) sﬁeech is.provided_by,defiﬁiné homogeneous epéchs of tﬁe_acoustic

speecﬁ signal suitable as the basis of an automatic system for the
extraction of linguistically encoded informafidn. The:ﬁethods.and”algorn
ithmé developed for the proéeésing of thé'speech'siénal és recorded in-the
sonégram are intended only as examples of the design apprba&h. it appears
that the inaccuracy aﬁd lack ofuresolutién off tﬁe sonagraﬁs is compensated
fo? by their high information content as visual displayé’of the total utter-
ance. Unfértunately; they do not provide the supra-segmental features of
stress and piteh. It cannot be overemphasized that the concepts of pred%ca
tive éégmentation, state vectér,’Préduéfi5n Mode‘and'Relativé—Oppositién
are not in any way tied té thé equipﬁent. Given any regsonably accurate
continﬁous record of the speech signal short—term‘ébectrﬁmj algorithms

to realize a'f—PHON stratum representation could be easily spectrified.
it would be wise to.include provisions for the extraction of pitch con-
‘tours and energy of the appropriate segments.

: Using the,dﬁsign“gpproéch éxpoundgd'in“this,papep, ;ﬁ@ghoﬁldxbe“pos—
sible_tp realize an automatic system for-the ext}éction oé'semantic con-
_ténf. This system should be éapable of providing a crude graphical trans—
ylatiéﬁ of:a lgrge class of English sénteﬁces‘made up froﬁ a fixed’vodaﬁﬁ—
lary: Tﬁe ﬁajor-constraints oﬂ.the set of utterances wili undoubfedly be
Sehfence strﬁctgre; e.g., ﬁtteranées_may bé“réstricted to simple deciara—
“tive ;tatements.and qqestigngl The'p?imar&ivocabuiérf coﬁstraint Qili

SN )
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probably be the total number of wofds. Tﬁe'graphical translatién

"should be in the form of rough-draft English readable by the average

speaker.

The major problem to be overcome, hoWever, is nét the numbef of
items which must be stored in a machine ﬁemor&, but rather the number

of items to which the input must be comﬁared'at each point in the

_decision process. If each minute segment.of the input must be compared

with ten thousand storéd descriptions,ithe process becomgg high;y'5
inefficienta If éome mgthbd'is available %hat allows the inﬁutlto be
compared with a subset (say ten out of‘ten thousand) of the stored
deScriptioné; the process bgcqmes-efficieﬁt and possible in reai time.
Use of our PM-RO ;epresentation at the ?—PHQN stratum provides tﬁis
directgd search through“fhe Type II‘d;scriminaﬁt.sets}A fhe homogéneous
segments.of the iﬁput signal are converted to PM—RO#rebresentatioh as

p-phonetic units which need be compéred oniy to the sequence of minor

states stored as p—phonemic units within the P-PHON stratum. 'Once the

. p~phonemic element has been identified, all further analysis is carried

VOut‘in,the PHON stratum in temms of"the_contéxt_of_phonons. Most;likely

these phonons will be simiiar to the phonohs of‘aﬁy classiqal phpno;qu.

The limited search is again realized on the PHON stratum in -the equiva-

‘lencing of phonon sequences with units of phonemic identity.. The

-supra-segmental features need either to be carried up through the‘various ’

-wStrétér'“ThiS is'appfopriafe since the suprarsegmental sjétem of featurss

(grammar) is directed at the MORPH~stratum} _

@
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The use of context is achieved on each stratuﬁ. Contekf on the
P-PHON stratum is dictated primarily by the dynamics‘of the patterned
articulatory mbvements and shows up in the Type IIcs discriminant sets.
Context within the PHON stfatum is normally called phonotactics and
involves the acceptable édﬁnd alternations that wbrds undergo as they are
concatenated to form a continuous utterance. MORPH stratum context is
concerned with-alternations in the phonemic composition.of words .and
phrases. The context constraints imposeq by the grammaxr of the language
are first encountered in the MORPEH stratum and completed in the‘LEX
stratum. From the data presented herein, it does appear that tiepoints,
major Production Mode oppositions, do exist and recur in_coﬁtinuous
-speech.(e.g, The tiepoints are numerous PMi~BOi, like voice1e§s fricatives,

that have well-populated Type IIC' discriminant sets.) Linguistic

£
theory is well developed concerning the tiepoints of context at the higher

levels. These are the supra-segmental features of pause, stress, and

pitch contours.

By far the most important characteristic of this decision structure
for nattiral language is the absence of the requirement for any closeness

J .

measure defined over the absolute:characteristics of sound units (or
‘phonemes). A closeness measure doés exigt, but it is not whélly’in terms
-of‘absolute features. The distribution of information-over all the elements
of a PM-RO sequence allows thé compﬁtation of é distance measure that is
not.Bound to the comparison of two elements alone; Any likeness ﬁgt&ééﬁ
acoustic signals is computed in terms of the PM-RO éeduences bet&een ﬁajpr

tiepoints and can make use of the elements of each Type IICS diseriminant

w
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set. This measure is not bound -to strucfuring the phonetic.elements of
speech ‘strictly by their acoustic character. It provides a basis for
éloseﬁéss.whiéh is very_similar to human perceptual behavior. Human
perceptual errors ﬁayﬂbé directiy‘rélated to the’sound‘ﬁnit‘s relationship
in the sequence of sound units. Examples of human perceptual errors may
be found in everyda& occurrences,~ For e%aﬁple, many cases-’of peréeptual
confuéion transcend normal boundaries established bhetween sounds By place
of articulation or manner of articuiation; incorrect perception of a /t/
in place of an /n/ in a vowel/consonant/vowel environment is a good
example of, this. |

The data for this investigation was chosen for its vepresentation of
a wide variety of sounds produced in conte*t by five speakers. Consequent-
ly, it requires onl& the initial portions of all ten words to uniquely
identify the wotds régardless of speaker. The allowable conclusions are
restricted to the manner of speech production usea by five speakers tc
achieve the same perceived utterances. The repreéentation of their
‘utterances in the PM-RO sequences clearly indicaces the e#istence of
certain universaliy controlled features in the production of the same Qords.

These common distinctive features are apparent in the roj elements of the

r i .

Typé IIT sets representing the'transitions ﬁétween PM'S._ The five
'speakers all added to their sﬁeech individual fgatuyes (the roj glements
thata result in the Type IIIX sefs) tha£ are continuous across‘thg PM
ﬁoundaries. Since the RO reprgsenta£ion does not‘attach_significanég

. for discrimination to these continuous. features, it appears to be a

very useful representation. It results in a representation of
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speech that distributes the information—carrying load betweep the
absolute character of homogeneous éegments and the transitions between
these homogeneous segments. The Relative Oppositiqn provides'a set
of pointers that i}luminate.the featufes carrying the major information
in any Production Mode. They provide a context-free directed search
mechanism at all linguistic levéls from the acoustic signal to the.
sentence.

"The processing algorithms that have bgen demonstrated on the sona-
grams should not necessarily be realized in an operétional system on a
power spectrum répresentation of thé speech signal. They migﬁt just as
well, and more practically; be realized by direct processing of the
acoustic time serigglT A model that represents.the homogeneous  segments
of the speech signal as a.set of time-varying statistical estimates
seems"appropriate. Predictive segmentation could 9asi1y be realized
when it éppe;rs that the present statisticéi model is noﬂ}onger accurately
predictihg the incoming signal. At the end of a ségment bouﬁdary, the
£ime<series model contains a time.higtdry of the segment and could be
converted to an equivalent state vector. The Relafive Oppositions
éoulq be realized as the cpmparison of-generation mbdel-parameters
betwéen homogeneous segments. .This WQuld provide abstract parameters
théﬁ-éould féﬁféséné éhé"continuouslchanges of a formaﬁﬁlﬁust as c§ﬁ~
pletely as do a series of short-term power spectra. The primary
difficulty lies in relating the highly abstract gystem parameters fo

the speaker's articulation. Thé choice of sonagrams (power spectrum
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representation) in this investigation allowed the use of man& years of
experience by other investigaﬁors with the relationship between artiéula—
tory dynamics and spectrqgraphic recor@s. Although the parameters used in
this investigation were somewhat abstract, they can still Ee reléted.to

previous formant analyses of speech.
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Two Speakers' Sonagrams, State Vectors, RO's,

and PM~RO Sequences for the Utterance /Before/.
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APPENDIX C -~ NUMERICAL IXAMPLE OF DISCRIMINANT SET FORMATION

This appendix pregents a numerical example of the algorithms defined
on pages 77-83. For the sake of clarity, hypothetical RO;S with only 12
elements are used. Each roj element may have the values C-10, I (indeter-
minate); or blk (blank). The data ié méant to represent thé comparable

RO's from five speakers' (m m5) single utterances of two

1 Mo My Mg
different words (Word A, Word B). The transitions between PMi and PMi+1’

RO? and RO? are the comparisons across speakers for the same word and

’ A B . : A B
define the sets Jé, Jg, qb’ Js’ Ji, Jg. Comparison of the ROi and ROi

produce the sets:

" AB
Type I JS A

A B cf AB c¢s_ A cg B

Type I JIpp Iy i i Yo

AB
Type 11X Jr

The powexr' to discriminate between A and B resides in the Type 1I sets.
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