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Introduction

This report deals with two aspects of research conducted in
the Department of Linguistics under Grant No., GN-53L, from the
Haticnal Science Foundation. One of the aspects concerns itself
with (i} the form and information content of lexical entries in a
transformational grammar of English, (ii) the mechanism for lexical
insertion in such & grammar, and (iii) the nature of the syntactic
apparatus in terms of whose operations the lexical insertion process
and the treatment of lexical information is to be carried through.
The doctoral dissertation of 5. A. Thompson was completed under
this project; the present volume contains two articles based on
the dissertation., TFillmore's paper on grammaticality deals with
related issues.

The second aspect deals with communication by spoken language.
During the past year, major efforts have been made to build up a
facility for speech synthesis. This volume contains a detailed
progress report (paper by David HMeltzer). In connection with the
building up of facilities, we have begun to identify research
problems for which the synthesizer will serve as a tool. The goal
is the testing of hypotheses about sveech production and percepiicn.
A survey of various production and perception models has been made.
Concrete results include the paper by M. A. A, Tatham on speech
production models, and the translation (from the Russian, by I.
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Lehiste) of a monograph by Bondarko et al., presenting a new

model for speech perception.
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On Genersativity®

Charles J. Fillmore

l. For scme time I have been striving to understand Just exactly
vhat it takes for something tc be a generative grammar. The
nature of my concern with this gquestion is not that of a2 meta-
thecretician within the discipline, nor that of a philosopher of
scilence locking at our field from the outside; it is rather that
of an easily confused Ordinary Working Grammarian wheo is trying
to be minimally clear sbout what it is that he is doing.

The ordinary working grammarian of whom I speak has fairly
special and feirly limited ways of troubling himself with the
problems I will be discussing, and he has special and limited
reasons for being pleased or displeased with a theory. For
example, when the ordinary working grammerian is told that a
generative grammar of a language is a recursive device which
demarcates exhaustively and exclusively the unlimitedly large set
of sentences in the langusge, what that means to him is that the
theory gives him a test for knowing whether what he has done, in
describing a certain language, has been successful: if he discovers
sentences in the language which his grammar fails to recognize,
or if he notices sequences which his grammar allows but the
languasge does not, then he knows that his efforts have fallen
short of complete success.

If the ordinary working grammarian is told that he can capture
generalizations that would otherwise escape him only by adopting a
particular notetion or a particular set of conventions regarding
the form and interpretation of grammatical rules, what that means
to him is that the grammatical descriptions he writes should be
simpler if he uses these notations and conventions than if he does
not, and thet grammars written by pecple who adhere to the same
conventions will be interpretable to him.

Further, when the ordinery working grammarian is told that
the model of grammar with which he should work must contain in
its notation or in an auxiliary set of conventions a body of
assumptions about language universals, he is willing to accept
this, not so much because he is pleased that in this way the theory
abstracts properties of the basic human psychic apparatus

*An earlier version of this paper was in need of surgery in several
places, and the surgery was performed. I am grateful to the
diagnosticians Arnold Zwicky and Stanley Peters.
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for language out of the cultural diversity of individusl languages,
btut because this decision makes it possible for him not to have to
remember all the things he believes to be true about language in
general: to the extent that his beliefs about language universals
are embedded in the notations he uses, he will always know when

to be surprised by new evidence which contradicts one or another
of these beliefs., He knows that when he encounters linguistie
farts which he cannct articulate with the notational and concentual
apparatus at his disposal, he has correctly detected a erisis in
the theory and is now in a position to revise his beliefs about
language.

Cur grammarian, we have seen, is essentially lazy, and,
indeed, almost 'practical' in his views about what theories are
for.

I am going to claim that the ordinary working grammarian is
confused about what it takes for something to be a generative
grammar. Before I go on to explain myself, I must report immediately
that we do not find him guilty of the much-disecussed econfusien
between 'generate' as a stative verb used to relate a grammar and
the sentences of the language it is a grammar of, and 'generate'
as an active verb used of & human being and the utterances he
produces. The ordinary working grammarian knows and is careful
about these distinctions.

1It is not so easy to keep these notions distinet in one's
unconsciocus, I must admit. I continually find that I am attracted
to what is called 'generative semantics' or back again to 'inter-
pretive semantics' depending on whether I have recently been more
impressed with my experiences of wanting to say things I do not
know how to express, or with my experiences of having said things
which I cannot understand. In the former mood I am convinced
that the mechanism inside me for constructing well-formed messages
is intaect, and that what is malfunctioning is the component which
maps messages into utterances; when I am in the latter state L
feel that the mechanism for producing grammatical sentences is
intact, and that what is defective is the apparatus for assigning
meanings to them.

T must also explain, before I go on, that the ordinary working
grammarian I have in mind finds himself fairly solidly within the
generativist camp. His doubts about generative grammar do not
arise from any assumptions about the superiority of the research
goals of the taxonomists or distributionists of a decade or two
ago. To him, the data do not determine the conceptual base of the
theory; they constitute, rather, the phenomena which the theory
has to explain. And this was something he learned from the
generativists.

For the sake of the younger reader, let me interpret my
allusions, T am old enough to remember the days when, as a typical
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classroom demonstration of analytic procedures in linguistics,
the professor presented a pair of linguistic forms, demonstrated
on the basis of the distribution of their constituent elements
that they are analogously constructed, and then continued by
pointing out that their externsl distribution shows them to be
distinet. I contribute the following examples for illustration:
the pair "maternity dress' and 'paternity suit'. It is easy to
btelieve that there are distributional parallels in English-
language texts between 'maternity' and 'paternity', and that the
distributional properties of 'dress' and "suit' are analogous.
However, on examining the external distribution of the two-word f
expressions, we would discover that they are in fact quite |
distinet, in that they ocecur in vastly unlike total context sets.
Scme of my teachers took the trouble to say that when a linguist
claims that two forms are grammatically distinet, all he means,
in fact, is that their total context sets are distinet.

Today reasonable people are much more likely to say that there
is something about what these expressicns are which accounts
for their different distributions, rather than the other way
around; and such reasonable people might be said to be taking the
generativist position. To the challenge that these two ways of
talking about the facts amount to the same thing, I reply that
in the development of a generative desecription, one would notice
the internal similarity of 'maternity dress' and "paternity suit’
only by accident; in the development of a distributionist account,
the comparison of these forms is a necessary step in their
individual deseription.

i

2. My topiec, then, is the way in which a "generative' linguist
conceives the relation between a grammar and the oblects which
the grammar is designed to identify and describe, i.e., the
'"erammatical' sentences of the language in gquestion.

In the earliest discussions of generative grammars, a
comparison was suggested between writing a grammar and specifying
the set of well-formed formulas in a mathematical system. In
Chomsky (1957, p. 13) we read, "The fundamental aim in the
linguistic analysis of a language L is to separate the 'grarmmatical'
sequences which are sentences of L from the "ungrammatical'
sequences which are not sentences of L and to study the structure
of the grammatical sequences. The grammar of L will thus be a
device that generates all of the grammatical sequences of L and
none of the ungrammatical ones." A generative grammar recognizes
certain strings of symbols as well-formed sentenees in the language,
but not others, much in the manner of the formation rules in a
il mathematical system.

E This function of a grammar is interpretable as being identical

' to one of the unarticulated goals of the traditional grammarians,
the difference being that & generative grammsr is one in whieh
the characterization of the totality of well-formed sentences is

4 made explicit. To mention an aspect of such a suggestion which

: comes quickly to mind, it seems quite likely that some traditional
grammarians, and many classroom grammarians, may indeed have been

e R e a1
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willing to think of a grammar as anslogous to the system of formation
rules in a mathematical system--that is, in the quite literal sense
that in both cases the rules were devised by wise end ratiocnal
creators, for the creators' own purposes, and that the admission or
rejection of a presented formula or sentence was to depend on
whether or not it was in conformity with these indevendently

valued rules. A mathematical system and a system of grammatical
rules upheld by proponents of the deoetrine of correctness are both,
after all, man-made.

Explicit generative grammars anpeared on the scene, fortunatelw,
at a time when the question of the membershin of a sentence in a
language was taken as an empiriecal issue. On the de facto, as
opposed to the de jure, theory of grammaticality, the speaker is
the source of the language, and a successful generative grammar
iz one which conforms in its predictions to certain kinds of
Judgments made by speakers of a language about the sentences in
their language. A proposed grammar can be shown to be incorrect
by a demonstration that the set of sentences in the langusge is not
the same as the set of sentences recognized by the grammar.

That, at least, was the goal which grammarians learned to =zet
for themselves. In the face of this first reguirement, it is
¢lear that what the ordinary working grammarian needs to find out
is the identity of the set of de facto grammaticel sentences, and
what he needs to figure out is whether the grammar he constructs
puts the good sentences in and rules the bad cnes ocut. We will
see soon that this requirement is a difficult one.

In addition to the requirement that a grammar identify each
of the grammatical sentences of the language, the concent of
generative grammar comprises the further condition that it associate
with each of the sentences it generates a structural deserintion--
a display of all of the grammatical informetion about the sentence
which the speakers of the language can be said to possess. Our
first two requirements are phrased in Katz (1966. p. 123) as
follows: "the rules of a linguistic description must not only be
capable of producing an infinite list of formel objJects, but the
formal obJects on the list must be the sentences of the langnage
under study and the list must exclude any string in the vocabulary
of the language that is not a sentence in the languapge. Further-
more, these rules must somehow specify all the information about
the sﬁntences that a speaker utilizes to produce and understand
them.

The second requirement does not commit us to anything new in
the actual workings of a grammar. The very rules which play a
part in the successful generation of the sentences of the language
can be used, via a structure-assipgning algorithm taken to be mart
of linguistie theory, to provide the correct structural descrintions.
As stated in Thorne (1968, p. 302), "The set of rules involved in
the generation of a sentence is equivalent to an analysis of it."

With the concept of generative grammars thus elaborated to
contain the notion 'ecorreet structural deseription', the relation
between grammar and the set of linguistic objects it generates is
syubtler than was apparent at first. The native-snesker judgments
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to which the analyst needs to appeal for convineing himself that
his work is adequate invelve not only acceptance or relection of
gentences, but also assent to various kinds of asserticns about

the sentences thaet are accepted.

Qur ordinary working grammarian looks at this new responsibiiity
and sees two problems: first, whether he can determine what the
correct structursl descriptions of the sentences in the languages
are, and second, whether the rules needed for generating the
sentences in the first sense are indeed preecisely those which
will succeed in assigning correet structural deseriptions. The
ordinary working grammarian worries, in other words, about whether
there is really a definitional relation between a deseription of
everything speakers know about the sentences of their language and
grammatical rules of the type he has learned.

From the beginning, but only with seriocusness in work later
than Chomsky (1957), the concept of generative grammar has been
further enriched by the requirement that it be capable of ranking
sentences along a dimension ranging from the fully grammaticsl to
the totally unstructured. It was apparently believed by Chomsky
that for this new role there need be no new reguirements on the
form and operation of the generative apparatus itself. In Chomsky
and Miller (1963, p. 291) we read that a generative grammar, defined
as a device which enumerates the grammatical sentences of a language
and which assigns structural descripticons to each of these, may
alsc be regarded as a device which assigns to any string presented
to it a relative-grammaticality index. What is needed, apparently,
is some system of conventions which governs the way in whiech the
structure-mssigning apparatus is to be consulted for determininge,
for any non-sentence, its degree of departure from full grammaticality.

The ordinary working grammsrien, confronting this added
respensibility, sees now three things to worry about. The first
is whether he or anyone he trusts knows how to rank sentences
according to their degree of deviation from full grammaticality;
the second is whether there is a general way of determining, from
the rules of the grammar, a ranking of sentences which conforms to
these Judgments. IHis third problem is that he fails to understand
why knowing what is wrong with each of two sentences should entail
knowing whether one of them is worse off than the other.

One final enrichment of the concept of generative grammar is
found in the view that a grammar which a grammarian constructs is
a claim about something which speakers of the language have inside
their skins and which makes them able to produce and comprehend
the sentences, and many of the near-sentences, of their language
(see Chomsky (1965, pp. 3-9)). With this addition the study of
grammar takes on a new interest and importance, naturally, but
with this addition one finds it particularly difficult to imagine
in advance the precise nature of criteria for success. It will
be my coneclusion, nevertheless, that the most intelligible view
of grammatical research sees it as the attempt to discover the
internal rules which account for the rule-guided aspect of human
linguistie abilities.
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3. The most simply conceived goal of a generstive grammar, to go
back to the beginning, is that of determining, for any sequence of
elements in the vocabulary of the language, whether it is grammatical
or ungrammatical.

The details of the technical side of this task are of little real
= interest to the ordinary working grammarian. He knows that to the
? e extent that any genuine generative grammar is an effective theory, it
:%ﬁ will always be possible to tell, if a sentence iz generated by the
e grammar, that it is generated by the grammar: one tries out the rules,
] using whatever heuristic one has at hand, until one finds the sentence
in question, and declares that it is in. There is, to be sure, ancther
issue——~that of knowing for certain that a presented string is ungrammatical
a according to the grammar--but that question is related to subtle
e properties of grammars that are of little concern to the ordinary working
' grammarian. He is willing to assume that an interpreter of a generative
grammar, given wit, luck and patience, will be able to find out one way
or another whether a given sentence is in or out.

What does concern him is the non-techniecal problem of knowing
whether the sentences that get in are the good ones and whether the
sentences that get left out are the bad ones--whether, in eother words,
the grammar and the speakers make the same choices. He sees this as a
. problem because he knows that judements about grammaticality are subject
i to all sorts of confusions between grammaticality and significance,

: acceptability or intelligibility; he knows that even when speakers say
they understand that they are to make Jjudgments about grammaticality
rather than these other things, they still disagree:; he knows that
sometimes people change their minds about whether a sentence is grammati-
cal; and he finds appeals to unending idiolectal variation somewhat
unsabisfying.

There was a time when these uncertainties would not have bothered
our grammarian: a decade ago there was little reason to doubt the
Clear Cases Principle proclaimed in Chomsky (1957, pp. 13-1k). On
this prineiple, native-spesker judgments are criteria of grammar-
constructing success only with respect to the clear cases. The
grammarian begins by considering sentences like "I like ice-cream” that
are clearly grammatical and seguences like "Ice-cream me the" that
are clearly ungrammatical, and he constructs the simplest grammar
which generates all the incontrovertibly grammatical sentences and
fails to generate all the incontrovertibly ungrammatical sentences.

The grammar, then, and not the grammarian, makes the decision about
the unclear cases.

Today's grammarian finds little comfort in this primeiple, because
he knows, if he has read Ross's thesis (Ross 1967), that the kinds
of arguments that seem to bear very crucially on the nature and
operation of syntactic systems inveolve him in grammaticality decisions
that are extremely difficult to make. If he has seen the Elliot,

Legum and Thompson (1969) studies of speech variation, he knows

that properties of grammars and sentence configurations figure
importantly in the description of idiolectal and stylistic differ-
ences, but not at all in a way that gives any primacy tec a simple
distinction between being in the language or out, being generated or
not generated by the grammar.

s g
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The simplest eriterion of success, which was to consist of
rhecking the identity between being 'in the language' and being
'generated by the grammer', does not do, in short, what our
ordinary working grammarian had hoped it would do for him.

L, But let us turn to another problem, that of designing &

grammar capable of assigning degrees of grammaticalness.

Chomsky's theory of relative grammaticality (see Chomsky 1965,

pp. 148-15k) takes roughly the following form. The grammar
generates the set of fully grammatical sentences in a more or less
straightforwvard way. For & string of words not found among the
fully grammatical sentences, its degree of deviation from full
grammaticality can be computed by comparing it with the grammatical
sentences to which it is in some ways similar.

The procedure may be thought of as ineluding something like
the following steps. For each deviant string one identifies the
set of sentences maximally similar to it. One identifies the
properties which the deviant and the grammaticel sentences have
in common and in deing that one isclates Just those properties
which are 'out of place'. If an 'out-of-place' element is a
constituent of a major category not found in that position in
the grammatical sentences, the deviation is particularly serious--
we may say that the string loses three points. Where an out-of-
place element is of an appropriate category but has grammatical
properties not found in that position in any of the fully
grammatical sentences, the deviation is of minimal seriousness——
the string loses one point. Where an ocut-of-place element is of
an appropriate major category according to part of its context
but requires ordinarily a categorial enviromment of a type not
found in the string in question, the offense is of medium
seriousness—--the string loses two points. The degree of deviance
of the string as a whole might be registered, in the most simple-
minded rendering of this procedure, as the sum of the wvalues of
these various offenses.

The deviance-computing procedure I have Jjust sketched, as
well as subtler variations on it, has to be based on the assumption
that it is in prineciple possible to identify, for a deviant string,
Just those lexical items or features which are out of place, or
Just those orderings of elements which are inanprooriate. Even
if we agree to allow multiple ways of recognizing the out-of-place
elements—--that is, even if we are willing to record certain strings
as ambiguously deviant--we still must face the ill-defined problem
of determining which portion of a deviant string provides the
framework within which the rest can be described as out of place.

For any attempt to deal with this task, we have to distinguish
between a deviant string of words taken in the abstract and a
deviant or mistaken utterance. We will find for the former that
there is simply no possibility of determining in any absclute way
its degree of departure from full grammaticality. In the latter
case, an account of deviant utterances must take two cases into
account: mistakes, as in the speech performances of children,
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drunkards and foreigners (and the rest of us when we are off our
guard), vhere what is of interest is a comparison between what
was intended and what was said; and figurative speech, where
vhat is eof interest is the structural type which the speaker
wants the hearer to perceive as the framework upon which the
hearer's 'eonstruing' abilities can impnose some sort of inter-
pretation--hopefully the intended interpretation,

To see what is involved for strings of words considered in
vacuo, we can take the most favorable cmse —--that of strings
which happen to be identical to sentences generated by a grammar
which differs in miner ways from the grammar which provides the
measure. Suppose, for example, that we wish to say something
| about the sentences produced by a speaker of a nonstandard
dialeet of English and suppose that we wish to determine whether
it makes sense to talk about the degree of deviation of his
sentences from those of the standard dialect.

Taking the single sentence (1), what we need to know first
] of all is whether it is to be compared with (2) in the standard
1 dialect or with (3).

(1) I seen it.
(2) I have seen it.
(3) I saw it.

Depending on which of these is taken to be the basis of comparison,
the sentence is deviant either by virtue of an omission or by
virtue of a substitution. If the index we need is scmething
which grades strings of words along the grammaticality dimension,
it must be a meaningful question to ask whether the string comes
cut as more ungrammatical under one of these interpretations
than under the other, and it must likewise make sense to ask
whether the intuitions of native speakers of the standard dialect
ecan bhe called on to decide which interpretation iz correct. Such
inguiry, surelv, does not lead to an understanding of where (1)
fails with respeect to the standard dialect, and we are motivated
to look for other kinds of information to tell us this.

Of course, in order to know which comparison is the 'right'
one, we need to know whether the rules of the dialect from which
we have taken our sample allow the perfect auxiliary 'have' to
be contracted to zero (where the standard dialect requires retention
of the final fricative), or whether these rules specify 'seen'
as the preterite form of 'see'. In case the source dialect has
nothing corresponding to the standard dialect contrast between
(2) and (3), our problem is more serious still: are we to say
that the dialect has only the perfect form, with the auxiliary
deleted; that it has only the preterite form, realized phonoclogically
as 'seen'; or that, having the two constructions distinct at some
level of analysis, the grammar neutralizes them in surface sentences?
The answers to these aquestions involve detailed comparison of the
grammatical ruleszs of the separate dialects, but can in no
meaningful way, as far as I can tell, be expressed as information
about (1) az viewed from the standard dialeet,

s 2
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Wwith (1) we have the simplest possible case, and yet
there were these uncertainties. The situation with random word
seguences is totally beyond hope. That becomes obvious as soon
as we realize that the possibilities available for matching any
one of these with a set of grammatical sentences include the
operations of order change, insertion, deletion or revlacement
of elements, and unrestricted combinations of these.

For utterances that are deviant by mistake, the relevant
comparison is between the actusl utterance and the intended
utterance, but in this ecase, (i) it is not always possible to
know what the intended utterance is, and (ii) it does not matter
whether the actuml occurring utterance is, in the abstract,
grammatical or not.

What is needed is some apparatus for pairing any strings of
words with any structural deseription, and providing some index
of the degree of fit between the desecription and the string, the
value of this index determined by an cperation which relates the
lexical information associated with the individual words of the
string with the structural description. Such a device is what
we find elaborated in Lakoff (1965). By Lekoff's procedure, any
string will have an indefinitely large number of grammaticality
values according to the infinite number of structural descriptions
that can be brought inte association with it. For a fully
grammatical sentence there will be at least one structural
description which it satisfies completely. An ambiguous grammatical
sentence will show perfect fit with two or more structural
descriptions--one for each of its possible interpretations.

Working out the details requires giving different weight to
distinet types of 'poor fit'. A1l such decisions will involve
appeals to native-speaker judgments of some sort, but technieally
the thing seems feasible.

But notice what happens to our understanding of the working
of a8 generative grammar when we adopt Lakoff's device. The
syntactic component specifies the set of well-formed structural
descriptions. The dietionary component associates with each
lexical item a szet of syntactic, semantic, and phonological
properties, the syntactic properties understood as ineluding informa-
tion about insertability into deep-structure confisurations and sensitivity
to grammatical rules. The relative grammaticality algorithm
automatically assigns a grammaticality index to each ordered pair
in which the first element is & seguence of lexical items and the
second is a structural description.

Under Lakoff's proposal a generative grammar can do what I
think Chomsky suggested a generative grammar ought to do, i.e.,
serve as a grammaticelity-index assigning mechanism. But the
whole thing depends crucially on having correct information about
the lexica. items of the language. How are we to discover, our
ordinary working grammarian asks, what are the correct lexical
properties of the words and morphemes of a language? Can it be,
he frets, that the difficulties of knowing correctly the grammar
and semantiecs of lexical items are of the same order of magnitude
as those of determining the grammaticality of sentences?
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These worries of his are, I think, justified. Presumably,
we are to determine the grammatical properties of lexical items
by comparing deviant with non-deviant useszs of them. We know
that 'resemble'! is unpassivizable, for example, because
speakers of English tell us that while (4) is grammatical, (5)
is not.

(4) John resembles a horse.
{5) A horse is resembled by John.

But, in fact, there are some speakers of English who tell
us that the passive sentence is not ungrammatical. That means
that when we observe a seemingly deviant use of a lexical item
we must ask whether this usage constitutes a departure from
conventions provided by that speaker's language, whether the
speaker's language differs in relevant ways from the language we
have been considering, or whether his Judgments on grammaticality
are sometimes inaccurate. In other words, we must be able to ask
whether the speaker regularly uses the word in ways of which the
observed usage is an instance, or whether in this situation he
made a mistake,

Two examples will demonstrate the diffieculty in knowing
what the facts are. The first is an elementary case of figurative
speech. While it is certeinly possible to come up with clear
cases, it is frequently in practice impossible to know, even in
one's own speech, whether a word has been used figuratively, in
the creative sense, or whether it is simply polysemous in the
needed way. The use of the word 'bitech' in referring to an
unpleasant adult female human was clearly figurative in its
first instance, but when we find people who hesitate to use the
word when speaking of a female dog, it is apparent that for them
the insulting sense of the word involves no avppeal to their
creative abilities. A descripticon of this state of affairs in
terms of the marking of deviance would run like this: somebody
whose lexicon contains only the literal interpretation of the
noun but who is observed to use it nevertheless when referring
to human beings has made a creative extension of the scope of the
word that is accounted for by reference to the knowledge that
rarticipants in our civilization use attributions to human beings
of non-human animal properties for pejoration; somebody who does
not use the word when referring to female dogs lacks the original
sense and has a lexical entry for 'bitch' with the pejorative
sense built in rather than acquired by a construal nrineinle.

Unfortunately, an empirieally indistinguishable account is
found in the claim that some speakers have two descriptions of
the word, others only one. On this interrretation, the acquisi-
tion of the non-literal sense i1s an event in the history of the
language. I know of no reasonable proposals for evaluating
these alternative accounts.

For a second example, I turn to the fact that some zpeakers
of English do not use 'convince' in the same ways they use
'persuade'. They allow themselves to say (&) but not (7).
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(6) We persuaded him to come.
{7) We convinced him to come.

Suppose, knowing that, we hear our informant say {T). We may

say that his internal grammar makes the distinetion just mentioned,
tut that he has generalized the infinitive complement construction
to the verb 'convince' this one time; or that he is in the

process of acquiring the more generalized rule; or that he was
imitating speakers of & lesser dialect; or that he mistakenly
produced this utterance by choosing the word 'convince' when he
intended 'persuade'; or, of course, we might simply say that in

his lexicon 'convince! and 'persuade'! are given, apart from their
vhonology, identical deseriptiens.

There are, then, uncertainties about the proper way of
interpreting apparently different uses of lexical items and
uncertainties about the accessibility of correct lexical informa-
tion in general. Appeals to introspection, the compilation of
questionnaire results, and claims about idiclectal variation
gseem not always to point to the truth. Grammatical theory needs
instead to consider deviance marking as a precise formal problem,
and this it can do by applying to lexical descriptions something
akin to Lakoff's proposal for computing relative grammaticality.
The lexicon is a device which characterizes well-formed lexieal
entries but fails to associate phonological material (i.e.,
'"Texipal items') with lexical descrintions. Grammatiecsl theory
cen now be thought of as providing a way of registering the degree
of grammaticality of word strings with respect to structural
descriptions if the lexical descriptions of the words are known.
This is accomplished by associating any sequence of clusters of
lexiecal features—-minus the phonological content--with any
structural description. The grammar is able to assign indices
of relative grammaticality, but only to ordered pairs of lexieal
description seguences and structural descriptions. The grammar
says, in effect: if you can find strings of words that have such-
and-such properties, then I can tell you exactly how well they
fit any structural description.

If this is what a generative grammar is to do, it has
managed to get as far as possible from its initial goal of
specifying the well-formed sequences of words. The fact is,
of course, that when we took this step we completely lost the
attention and interest of our ordinary working grammarian. He
wants to know Just what these deviance markings are for, and he
has serious doubts about whether the speaker's intuitive Judgments
on grammatically deviant sentences can be accounted for in
general in terms of misordering errors and category substitutions
of the sort he sees this device capable of detecting. Our
grammarian knows first of all that the construal prineciples for
a great many instances of metaphor involve understandings about
objects and events rather than properties of the linguistic elements
which give expression to these objects and events. More than that,
he can think of many cases of what he insists on considering deviant
uses of language but which cannot be described by any of the
grammar-bound plans for characterizing that have been proposed.
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I have in mind a situation 1ike the following. Journalists
these days have been made conscious of the jecpardy to Justice (or
at least the danger of a libel suit) that results from nublic
assignment of guilt to their fellow citizens. They have been
instructed to heed certain rules of thumb that are supnosed to
keep them out of trouble, and among these, I assume, are the
following: "Never say of a person who committed a crime that he
did it, only that he allegedly did it." "Never call the person
vho committed the crime the culprit, or the murderer, or the
burglar, until after the trial; call him instead the suspect."

As a result of sincere obedience to these injunctions,
journalists (perhaps most noticeably in Columbus, Ohio) have
acquired odd uses of the adverb 'allegedly' and the noun "suspect'.
Recently I heard on the evening television news in Columbus:

(8) Six members of the Students for a Democratic
Society were charged with allegedly distributing
inflarmatory literature.

(I am assuming, incidentally, that they were charged with actually
distributing inflammatory literature; if they were only charged
with allegedly doing this, then they were surely guilty, and

my point is lost.) In a report on the burglary of a milk store

in my eity, the local evening newspaper reported that

{9) The police have no clues as to the identity of
the suspeect.

There was of course no suspect: they had no clues on the identity
of the burglar.

These are assuredly deviant uses of the words in aquestion,
and I believe they would be recognized as such by their authors
if they had had time to edit what thev had written. But it seems
to me that a correct description of the nature of the deviance is
not the sort of thing that can be provided by a generative grammar
rigged to assign grammaticality indices. I may be wrong, but I
find it diffiecult to imagine how such an algorithm could successfully
mark the two sentences I came across as being more acceptable in
%Dugnalese than such techniecally equally odd sentences as (10) or

11}

(10) He wanted the children to allegedly rob the flower-

girl.
{11) I hope no suspect burns our house down while we're

on vacation.

The deviant uses I have been discussing simply do not invelve catepmory
errors of familiar kinds.

Uncertainties about the ways in which lexicel items figure ip
the operation of a deviance-marking apparatus brings one face to
face with the question of analogy in sreech behavior. Although I
have agreed with and once contributed to the body of unkind words
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pecple have directed toward a little book called State of the Art
(Hockett, 1968), I find myself convinced that in the description
of changes in the lexicon, the appeal to changes in the content

of grammatical rules faces a number of serious difficulties,.
Consider the recent popularity of event nouns used in the context
of social protest in which the first element is a verb and the
second element is the preposition 'in', as in 'sit-in', 'love-in',
etc. I believe I am correct in my understanding that 'sit-in' was
the first of these. The ordinary working grammarian in me wonders
how we are to describe what happened when 'sit-in' became a part
of the English lexicon. Were there changes in the derivational
rules of the language? Was it registered as an unanalvzed lexical
item? Or what?

If 'sit-in' entered the language as an unanalyzed lexical item,
then it had no influence on the rules, since only generative rules
assign structural descriptions. If the word did have an analysis,
then there either must be some supplementary anparatus for assigning
structure to lexical items, or it must be taken as being generated
by a possibly newly created generative rule,

Suppose we take this last position, sinee it is the only one
that is intelligible within the framework of generative grammar.
What iz the nature of this newly created rule? If the rule is
stated as one which takes any wverb, shall we say that 'sit' was
marked, for a& while, as the only verb to which it could apply?
Shall be say that the scope of the rule was perfectly genersl, and
merely observe as a fact about the history of usage that nobody
bothered to use it for anything but the verbd 'sit' for the first
few months after the introduction of the rule? (If the answer to
this second question is yes, then we must understand the ocececurrence
of the later words in the way that we understand the constructi-
bility of novel sentences.)

But if the original rule was an excepticnal one, applying only
to 'sit', then what are we to say about such later additions as
'wade-in', "pray-in' and 'strip-in'? Are we to say that at the
later stage the rule became generalized so as to inelude any verb,
or any of a certain type of verb, or are we to say that the grammar
became more complicated by virtue of having the relevant exeception
features added to the verbs 'wade', 'pray', 'love' and the rest?

If we accept that the rule was originallyv general enough to include
any verb, in some strict sense of 'verb', was it in fact general
encugh to include the later hippy creation "be-in'? If not, with
the extension to 'be' are we to say that the rule was further
generalized or that it was made more specific so as to include 'be'?

These are all, quite obviously., senseless questions. It
would never occur to anyone today to line up all these alternatives
and to worry sericusly about which is to be preferred, if only
because we remember how silly certain clder works seem in which
we are taught five alternative analyses of the word "took'. We
have here one of those cases where we might indeed agree to say,
with Hockett, that somebody made up a word, the word caught on,
other people apprehended a pattern and made up some new words on
the same pattern. A reconstruetion of this history in the form
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of a sequence of changes in the systems of generative rules would
strike the ordinary working grammarian as nothing more than
allegiance to a ritual form. However we eventually manage to
deal with descriptive problems of this sort, it is at leasst very
clear thaet in none of this inquiry would it have been of anv help
to have avallable to us a metriec of relative grammaticalit:r,

5. I have said that it is difficult to see how a generative
grammar can be required to demarcate all and only the grammatical
sentences of a language in view of some rather serious ouesticons
about the empirical determingbility of that set; and I have said
that it is impos=sible to imagine any way in which a generative
grammar can assign grammaticality indices to deviant sentences.

I turn now to & brief consideration of the wavs in which a grammar
assigns structurel descriptions to the sentences which it generates,
The theory of transformational grammar mekes available for

structural descriptions of sentences (i) the categories of the

base rules, (ii) the domination relations that are defined initially
by the rules of the base and are adjusted by the transformations,
{1ii) the left-to-right sequence of elements, (iv) informaticn about
permitted co-occurrences in particular structures and (v) information
found in the lexicon regarding (a) insertability into deep-structure
configurations, (b) sensitivity to grammatical rules, and (c) the
semantic structure of lexieal items. A grammar is Judeed as adenuate
in one important respect if it deseribes sentences in ways which
match certain sorts of intuitive judsments on the part of native
speakers, if it captures certain aspects of their knowledge about

the sentences.

One specific descriptive problem, ordinarily taken to he the
easiest, is that of knowing whether a grammar gives the correct
constituent-structure analysis to the surface sentence, Considering
the variety of ways in which complex verbal expressions in Fnglish
get parsed, I am ready to assume that native-speaker intuitions
about constituent structure are among the least important criteria
for judging the adegquacy of proposed descriptions.

But it is also likely that there are a great many facts about
the grammatieal interpretation of sentences which the devieces of
categories and sequence and domination fail to capture altogether,
yet which must be a part of the generative grammarian's added
burden if the goel of achieving descriptive adequacy is to be
seriously sought after. I have in mind a number of descrivtive
problems connected with the treatment of focus, topvicalization,
reference, deep structure cases, presuppositions, and illocutionary
act potential. The brute force method of incorporating all these
matters into the theory is by letting emssertions about them find
their place in proposed underlying structures for sentences. The
people called generative semanticists have been sccumilating
reasons according to which the underlying linguistic structure

of the sentence

(12) Did I give you the other book?
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will ultimately have to be something whieh, when rendered into
English, would sound like this:

{13) There is a set of bocks that both vou and I know
about and the cardinality of that set is scme
number n and you and I have Just had in mind a
subset containing n-1 of those books and I am
now calling your attention to the remaining nth
book. There was & time when I had that bock in
my possession and I am now asking you to tell me
whether I did anything in the past which would
count as causing that book to be in your peossesszion.

The speech act function of the sentence is made explicit in the part
about the spesker's requesting an answer from the hearer; the
presuppositions are captured in the clauses preceding the operative
clause:; the category of definiteness is reconstructed as a set of
assumptions about what the speaker believes the hearer to be 'having
in mind': and so on.

When the ordinary working grammarian sees such demonstrations,
he is properly overwhelmed, but he has trouble believing that the
principles by which these maximally abstract representations are
to be mapped into the sentences of his language are principles that
today's grammarians are equipped to discover. He feels, in fact,
that he finds himself in the age of what we might call the New
Taxonomy, an era of a new and exuberant cataloguing of the enormous
range of facts that linguists need eventually to find theories to
deal with. The attempt to capture fully the native speaker's
intuitions sbout the structure and content of his sentences hasg
led to observations which make it extremely diffieult to believe
in the simple and comforting things we believed in, about grammatical

theory, just a few years ago.

£. I see in much recent work a shift of interest away from the
properties of an apparatus needed solely for generating the proper
set of sentences, toward the mechanisms which speakers of & language
can be shovn to have, on the basis of any evidence within reach,
which account for their ability to do what they do when they
comminicate with each other using their langusge. This switeh of
emphasis to the system itself, and away from the in-or-out jJudgments
assoclated with the striet notion of generative grammar, makes It
possible to ask new kinds of guestions. Let me give an example
of what I mean.

When grammar-construction is seen as a purely formal task,
one of the desiderata of & grammar must be its completeness. In
evaluating & grammar which is to generate all and only the sentences
of a language, we cannot tolerate a situation in which symbols are
introduced at one point and never interpreted or operated on by
later rules. It is possible, I want to suggest, that a grammar
which exhibits the workings of & natural 1anguage cannot meet such
a requirement.
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It may be that an earlier portion of a grammar sllows the
introduction of a structure even though the remaining rules of
the grammar fail to assign it an aceeptable surface form. For
types of phenomena that have concerned Perlmutter (in Perlmutter
1968), such & failure is to be accounted for in terms of surface-
structure constraints. BSurface-structure constraints, however,
make up a feirly clearly-defined segment of the grammar itself,
and their Justification is based on thelr contribution to the task
of isclating gremmetical from ungrammatical strings. The issue
I am about to bring up is different.
In general, tag questions in English are constructed by adding
to any assertive sentence an interrcgative piece which contains
as subject a pronoun which matches the surface subject of the main
sentence, and a oro-verb-phrase whiech corresponds to the predicate
of the main sentence and which is negative in case the main sentence
is affirmative, and vice versza. What we need to be able to say
about English is that a tag question formative can be chosen with
any assertive sentence but the rules for constructing tag guestions
out of such combinations fail to cover all cases.
People have trouble with tag questions after such sentences
as
(1k) Somebody's out there,
(15) Somebody tried to get in.
(1) I'm competent to do that.
(1T) One of us could go.

The rule for forming the tag question requires the selection of

an appropriate pronoun, 'Scmebedy' is humen and singular and
unmarked for gender. 'It' is non-human, 'he' and "she'! are marked
for gender, and 'they' is plural. There is no pronoun which matches
'somebody'!. From the paraphrasability of (1) with (18), many
people say (19), but others end up with (20} or {21), and still
others give up.

{18) There's somebody out there,

(19) Scmebody's out there, isn't there?
(20) Isn't he?

(21) Aren't they?

For a sentence like (15), some people say (22), and others give un:
I have heard myself say (23). For (1£) some people accept (24), a
great many allow themselves to say (25), but many others simplyv
do not know what to say. For (17), the best thing is to make a
joke out of it, as in (26). Our grammar sometimes fails us.

(22) Didn't they?
{23) Didn't there?
(24) Aren't T

{25) Ain't I

(26)

One of us could go, couldn't you?
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Observations like these are certainly familiar, and for
illustrating my peint I could just as well have considered the
rules for sublect-verb agreement and their failure to yield
grammatical sentences corresponding to (27) and (28).

{ (27) Either he or I is? alwavs on dutv.
(28) Either he or I am? always on duty.

vhat people try to say, how their grammars fail them, and how
eventually they invent a new form, they go shead and say scme-

| thing they feel is ungrammatical, or they give un. To account

3 for such situations we must allow grammars to be 'incomplete! in
i Just the right ways, that is, for Just those situations in which
i the creative part of a grammar sets up something which the inter-
i pretive part cannot cope with.Z2

]

! The recognition of problems of this sort iz the recognition of
i

1

3

1 EItxshould be pointed ocut, incidentally, that the disecovery

? of this sort of cperative failure in a grammar offers no comfort

to those persistent spokesmen for the inherent vagueness of
grammars. Grammars mey indeed have areas of unimprovable vagueness,
but the facts about English that I have been discussing can he

made totally explicit. What gives the native spesker the

impressicn of vagueness is his uncertainty about knowine what to

do when he wants to say something which his grammar--in ways
unknown to him--fails 4o allow him to say.

T. The ordinary working grammarian learns what he can about the
grammatical processes which are available to the producers of
: sentences, and he uses what he knows of these processes for describing
| these sentences. He welcomes Chonsky's discussions of the non-
: accessibility of correct grammaticality judgments, because without
i the Clear Cases Prineciple to guide him, he knows of no way to
bring to his task of writing a grammar the evidence of grammaticality
Judgments. He wants to know what sorts of things can go wrong
in the production of an utterance, and what kinds of freedom creative
users of language have for constructing sentences or near-sentences
in their language. He doas not want to be responsible for a
relative grammaticality ranking of utterances or utterance/descrintion
pairs.

He will be gzlad if he can be reassured that his success as a
grammarian will not be measured on the basis of his ability to
it demonstrate that his grammar does everything that generative grammars
have been sald to have to do. I believe he deserves such reassurance.
i Knowing what he does not have to do will not give him relisble
b insights into what he does have to do, unfortunately, but that is
i because the ordinary working grammarian I have in mind is exactly as
confused as I am about that., If he is a practitioner of the New
i Taxonomy, he is having a good time. It is possible to remain happy,
i for a while, without well-defined poals.
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The study of relative clause sentences shows nquite clearly
the limitations of our nresent grasop of the relation between
syntax and semanties. In trying to understand what relative clause
sentences are, I have been struck by two facts. First, there are
certain very clear structursl properties of relative clause
sentences which distinguish them from sentences containing. for
example, sentential subjects or cobjeets. These seem to me to he
strictly syntactic properties. OSecond, there are certain very
subtle meaning differences between definite and indefinite noun
nhrases containing relative clauses; clearly a semantic fact., Let
us briefly characterize these two facts.

Deseribing the semantics of definiteness seems in part to
involve, as cutlined by Karttumen (1969), several disjunctive
statements of what the speaker presupposes the hearer knows about
the entity named by the definite noun nhrase. 3ut this would be
Just a beginning, for we find the definite determiner used with
superlatives, and we find certain instances of the conditions for
its use apparently being satisfied, and yet it is not used. For
example, I am puzzled as to why we generally say

(1) Here is a cookie.

or
(2) Have a cookie.
instead of
(3) Here is the cookie.
and

¥This paner and the other paper of mine anrearing in this volume
constitute the revision of my Ph. D, dissertation, received at

Chic State University, December, 19(9. I am indebted to the
followinr people for valuable discussion on various aspects of this
work: George Bedell, Dale L[lliott, Jim lleringer, Shuan-fan Huang,
Andreas Koutsoudas, Steve Krashen, Stan Legum, Peter !lenzel, Barbara
Partee, Jerry Sanders, Robert Stockwell, Meliillan Thompson, Arnold
Zwicky, and especially to ry teachers Terry Langendoen, Ilse Lehiste,
and Charles Fillmore for their investment of time and interest in my
work. Of course, none of these peonle necessarily agrees with
evervthing I say here.
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(L) Have the cookie.

under conditions that normally give rise to the definite determiner,
namely in case the referent is in sight of beth speaker and hearer,
as in

(5
(6

) Look at the dog.
)} Please lock the door.

I look forvard to a discussion of e model of linguistic description
which allows for an account of such semantic areas ss definiteness;
I see no proposal of such a model even on the horizon at present.

The structural facts I have been referring to include the
following: Relative clause sentences appear to be instances of the
syntactic device known as embedding. However, when we comrare them
toc sentences containing embedded subjects and objects as in

{#] His speaking so eloguently impresses me.
(8) I like his spesking so eloquently.

we find that the embedded portions of (7) and (8) play an obligatory
role with respect to the main wverb, the role which Fillmore (1968)
has called the objective case. In addition, the verb governs both
the oceurrence of the clause in such sentences and the type of
clause which can occcur. These facts are not true of relative clause
sentences. The relative clause plays no role, obligatory or other-
wise, with respect to the main verb. Ho verb, then, is ever marked
for taking a relative eclause. Structurally spesking, it is superflucus.
The relative clause sentence amounts to two independent propositions.
These facts can be accounted for if only sentences with embedded
subjects and objects are considered to be instances of underlying
embedding, and relative clause sentences are taken as instances of
underlying cenjunction.

The facts that lead me to this conclusion seem to be quite
independent of whether the head noun in the relative clause sentence
is definite or indefinite. There is no structurzl motivation for
assuming a different underlying representation for these two sentences:

(9) The pitcher that I gave to larry last year is on
Jane's table now.
(10) A pitcher that I gave to Harry last year is on
Jane's table now.

Definiteness is zimply not relevant for specifying these syntactic
facts about relative clause sentences.

The approach which appears to me to be incorrect, that there
is no underlying autonomous level of syntactic renresentation, has
been argued for by Lakoff (to appear), Lakoff and Ross (1967T),
McCawley (1967, 1968a, 1968b, in press). I object to this position
on two grounds.

First, it suggests that there is, if we can just get deep
enough, one abstract representation (referred to by the proponents



as "the semantic representation") for a gziven sentence. Dut there
is no reason to believe tiat one deep structure cannot underlie

more than one sentence, even where the sentences are not necessarily
SYNONYMous ,

¥y second point of criticism is that it seems nuite nossible,
and I think conceptually valuable, to define a level of renresentation
exhibiting the relationshipns among the items in one sentence as well
as the relationshins among the simplex components of a complex
structure. The question of whether these relationshirs are semantic
or syntactic simply does not need to arise. The fact is that these
relations ameng the structursl elements of a sentence can be
represented formally in terms of structures which underlie surface
structures exactly acecording to the kinds of arguments for under-
lying structures which cen be found in Postal {1264) and Chomskyr
(1965). Moreover, it is only information of this relational tyve
sthich has been shown so far to Jjustify any formalism for underlying
representations. In other words, we can conceive of a theory of
sentence structure in terms of a model in whiech superficial syntactie
structures are relatéd to more abstract syntactico-semantic structures.
These are the deepest representations vwhich we are able to discover
by the use of linguistic evidence; they revnresent the relationshins
emong the hasic pieces of a sentence. This view will be elaborated
in more detail helaow,

In other words, as long as we insist that sentences (9) and
{10) must have different deepest underlvines representations because
they have recognizably different meanings, the structursl relation-
ship between relative clause sentences and conjunctions will he
virtually impossible to discern. Indeed this relationshin has not
been observed, and I think this is because it is very difficult to
represent one pair of conjuncts as distinet from another in such a
way as to capture the meaning difference between (9) and (10). I,
for one, cannot construect such conjunction sets.

In fact, I think this is totally incorrect. !Ny understandine
of the structure of relative clause sentences and sentence complexity
depends upon the assumption that the deepest structure of a sentence
does not exhibit the full range of information about its meaning.

I will suggest that what underlies a sentence is not a single
representation revealing everything that that sentence "means." but
instead a "basic elemental structure" (BES) for that sentence

plus a set of parameters which can be asscciated with this BES and
which play a role in determining the transformations which it can
undergo and what its surface structure will be. The BES will
specify the meanings of "content words" and the relationshins amoneg
thern.

To see how I suggest that syntactic structures and semantic
"parameters" might interact, let us take an example. Underlring

the sentence

{11} We found the book that Terry wrote.

_Wwould be the BES:
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we found book Terry wrote book

The way this structure comes to the surface is determined partially
by such factors as definiteness. If the speaker presupposesl that

“"Presupposes x" is here used in the fairly well-accepted sense
of "believes x," where x represents a set of conditions which must
be met for a given sentence to be uttered in good faith, and which
are independent of the illocuticnary force of that sentence.

the hearer knows neither of the facts expressed in the conjunetion,
the surface form of the sentence may be the conjunction

{13) Terry wrote a book and we found it.

-

or either of the following relative clause sentences, with an
indefinite head noun:

{1Lk) We found & book that Terry wrote.
(15) Terry wrote a bock that we found.

If the speaker presupposes that the hearer knows about the fact
expressed in the first conjunct, the corresponding relative clause
sentence will have that conjunct as the relative clause, and the
head noun must be definite:

(16) Terry wrote the book that we found,

and if the speaker presupposes that the hearer knows about the
information of the second conjunct, the surface sentence will be

(17) Ve found the book that Terry wrote.

The implications of this analysis as well as well as the
relationship between non-restrictive relative clause sentences and
conjunctions are discussed more fully in my paper, "The deep
structure of relative clauses."

This account is the only one I know of which attemnts to
characterize the fact that, with the definite determiner, the
relative clause exnresses information which the smesker presupposes
to be known by the hearer.

It might be suggested that, instead of having certain semantie
parameters affecting the derivation of & sentence at various under-
lying levels, I could as easily have semantiec interpretation rules
assign appropriate readings to the surface structure of the sentence
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in guestion. Although there is much that is similar in these two
positions, evidence such as the following, which was nrovided by
Stenhen Krashen (personal communication), forces me to nrefer
the former. The presuppositional facts which hold for relative
clause sentences hold for sentences with pre-nominal adjectives
as well. The sentence

{18) Janice wore the outfit that is black.

is used T a speaker who presupnoses that the hearer kneirs about the
cutfit that is black. The sentence

{19} Janice wore the black ocutfit.

carries nprecisely the same presuppositicns. A semantic inter-
pretation rule providing this information which onperated on surface
structures would either have to be stated twice, onece for each
surface struecture, or it would have to contain a note to the effect
that what is semantically true of relative clause sentences is true
of prencminal adjective sentences. Oince neither of these alterna-
tives is defensible, I prefer to view the interaction between syntax
and semantics as I have ocutlined above.

In certain respects my view of the relationshin Letween syntax
and semantics is reminiscent of that put forth in Chapter 9 of
Chomsky (1957):

It seems clear that undeniable, though only
imperfect correspondences hold between formal and
semantic features in language. The fact that the
correspondences are so inexact suggests that meaning
will be relatively useless as a basis for grammatical
descrintion. Careful analysis of each promosal for
reliance on meaning confirms this and shows, in fact,
that important insights and generalizations about
linguistic structure may be missed if vague semantic
clues are followed too closely. For example, we have seen
that the active-passive relation is just one instance of
a very general and fundamental aspect of formal linguistic
structure. The similarity between active-passive,
negation, declarative-interrogative, and other trans-
formational relations would not have come to light if
the active-passive relation had been investigated exclu-
sively in terms of such notions as synonymity. (p. 10}

To digress briefly., my poesition is also reminiscent of the nosition
taken by the opponents of Bertrand Russell's "Theory of Descrintions."
CAccording to Russell (1905, 1919), definite noun phrases whieh
are complex "refer to" entities in a very special way.l Such noun
phrases cannot refer tc entities in the crdinary sense, he argues,
because it is quite possitle to reforrulate a proposition containing
the noun phrase in guestion without mentioning it at all. So, the
sentence
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(20) The author of Waverley is Scotch (sie).
is actually a conjunction of three propositions:

(21) (a) At least one person wrote Waverley.
(b) At most one person vrote Waverley.
(c) Whoever wrote Waverley is Scotch.
Russell (1919, p. 17T)

A sentence like (20), then, does not have to be viewed as meaningless
even if there is no author of Waverley; (20) could be asserted to be
false because (2la) was false, ©Cimilarly, the sentence

{22) The King of France is bald.

can be shown to be false because one of its underlying propositions
is false,

This view was critiecized, I think correctly, by both Geach and
Strawson. According to Geach (1950), when the definite noun vohrase,
"the king of France" is the logical subject of a sentence, an
affirmative answer is presupposed to the guestion

(23) Does the King of France exist?

Since the answer to (23) is negative, the use of the phrase as a
logical subject is out of place, and the gquestion of the ftruth of a
sentence in which the phrase is a logical subject does not arise.
Etrawson (1950) objeects in a similar vein: it is false to
say that a sentence such as (20) contains the provosition (2la) without
recognizing that (20) is an assertion and (21a) is "implied" (in
some sense of that term) by (20).
loun phrases containing relative clauses are "definite descrin-
tions" for Russell, similar to the subjects of {20) and (22). Vhile
the philosophical problem to which Russell, Geach, and Strawson
were addressing themselves is not of central concern here, the
conelusion of the latter two thinkers parallels that which I have
reached. In fact, I am going one sten further: in addition to
claiming that the user of the phrase

(24) the girl who speaks Basque

oresupnoses the existence of such a girl, I am suggesting that.he also
presupposes that her existence is known to the hearer,

A. "Stacked" Relative Clauses.

Most accounts of relative clause structures that I know of
simply assume an underlying embedded structure, a natural assumption
to make on the basis of their surface emhedded form. The notable
exception is the work of the UCLA Enrlish Syntax Project (Stockwell
et al. (1968)), in which an attempt is made to justify the underlying
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embedded structure. It is erpgued there that the correct anaelvsis
of relative clauses reguires configurations of the ferm

{25} P
D "o
::c'z.':'//\\\“"n
| P i T
] 1P VP
D 1o

T
45

Stoclwell et al,(1968), "Relativization"

The argument for this representation turns on the eclaim that IlP's
containing more than onme relative clause can be interoreted in such
a way that each successive relative clause from right to left
"modifies" or "restricts" the meaning of the head noun plus the
preceding relative clauses. Let us take an example (op. cit. o. 23

(26) The colt that our stallion sired that grew up
in Indiana won the [Derby.

One interpretation for (26) is

{(27) Out of all the colts sired by our stallien,
the one that won the Derby grew up in
Indiana.

In this interpretation, the clause that grew up in Indiana is taken
as "restricting" the class of objects referred to by the expression
the colt that our stallion sired. Let us call an interpretation

like that represented by (27) a "stacked interpretation” of a
maltiple-relation-clause sentence, and let us furthermore call the
elause that "modifies" the head noun and the other relative clause

in such an interpretation the "higher ranking clauee." The structure
for (26) according to the UCLA analysis would be:
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D oM won the Derby
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colt |
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WP VP colt
: D H%M gsired the colt
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stallion

If the stacked interpretation of (26) has as its basis a structure
like (28), then we have both an argument for an embedding analysis
of relative clause sentences and an argument against a conjoining
analysis of such sentences, since a conjoining structure could not
directly show that the clause which I have labeled 57 in structure
(28) is of higher rank than that which I have labeled S5a.

However, as was pointed out to me by C. J. Fillmore, although
multiple relative clause constructions can be interpreted this way,
there are good reasons for rejecting the proposal that stacked
interpretations should be explained in terms of stacked structures.

First, notice that the stacked interpretation iz closely
corrslated with stress. For many speakers, & non-conjoined inter-
pretation is possible only if one clause or the other is stressed.
Otherwise, the subject of (26) would be interpreted, for these
speakers, as referring to a colt that both had our stallion as-

a parent and grew up in Indiana. For a few speakers, the stacked
interpretation is possible with no special stress; for them a
normally stressed multiple relative clause sentence is ambigucus
between (a) a conjoined interpretation and (b) a stacked internpre-
tation in whiech the cuter relastive clause is of higher rank.
Incidentally, as pointed out in Stockwell et al (1968), the colt
specified by interpretation (a) is the same colt as the one specified
by interpertation (). In other words, a conjoined and stacked
interpretation do not differ extensionally.

The erucial point here is that for both of these grouns of
speakers, the interpretation can be switched so that the inner
clause iz interpreted as being of higher rank simnly by stressing
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that inner clause.Z So,

EThe UCLA group has recognized that the stacked interpretation
of relative clauses is problematiec, but their ceonelusion is that
accepting or not accepting a stacked internretation is one respect
in which dialects car vary, and that to deseribe this difference
might involve nostulatins different {though both embedded) analvses
of relative clause sentences.

(20) The colt that our stellion sired that grew un
in Indiana won the Derby.

cannot be interpreted by either group of speakers except in the
following way:

(30) Out of all the colts that zrevw urp in Indiana, the
one that was sired by our stallion won the
Derbur.

What this means is that there is no motivation at all for trving to
explain stacked interpretations on the basis of underlyins embeddings
relationships in terms of which the outer relative clause is "higher"
than the head noun with the inner relative eclause. The fact that
a clause is "higher" in a structure like (29) does not seem to
correlate with whether it is interpreted as being of higher rank.
It might be arpgued that some device could easily be introduced into
the structure which would allow the lower relative clause to be
interpreted as the higher ranking one, or that a "clause-scrambling
rule” could operate. liowever, neither of these devices would in anv
way enhance the proposal that a stacked interpretation is based on
a stacked structure, since the purnose of the introduction of either
of these devices would be to force a certain interpretation in
spite of the structure. In other words, the intermretation is
independent of the structure, and the theory should reflect that
this is the case.

Gecond, if a stacked relative clause structure could be
Justified, and did influence interpretation, then we would exmect
to find that preposed adjectives would carry with them the information
as to whieh elause, in terms of position, they came from. The
fact that they do not makes the stacked structure highly suspicious.
That is, we can interpret the adjective-prenosing rule as operating
evelieally, and working from the bottom up, on each cyvele insertine
the adjeective into the NP of the & immediately above it. Tut
notice that no matter whether each adjective is vlaced before the
adjective from the next lower 3, or after it, there is still no
correlation between this linear ordering and interpretation of rank.
For example, from the noun phrase

(31) +the man ¥ho has 2 beard who iz bare-footed
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we can derive the following noun phrases, by prevosing one
adjective at a time;

(32) the btearded man who is hare-footed
(33) the bare-footed man who has-:a lLeard

or both together;
(34) the bearded bare-footed man

In each case, the interpretation is linked to the stress: the
adjective Lhat is stressed is intervreted as modifying the rest
of the NP, indenendent of its position; if neither is stressed,
they are interpreted as being conjoined.

Third, if the stacked relative clsuse structure were a basie,
meaning-determining structure, we would exnect the interpretation
to come as naturally for sentences with indefinite determiners as
for those with definite determiners. Actually this is not the case;
a stacked interpretation is very difficult to impose on an NP with
an indefinite determiner:

{35) A man who had a beard who was wearing a striped
shirt was passing out MecCarthy buttons.

If we assumed that s stacked interpretation of relative eclauses is
structurally based, then, given that such an interpretation cannot
be imposed on an indefinite sentence, we would have to find a way
of bloeking sueh structures in cese the definite determiner has not
been chosen; or alternatively, we would hawve to block the choice

of the indefinite determiner for this structure. Either of these
would seenm to be an unfortunate device to introduce, since I know
of no other ceses in which the choice of the definite determiner
depends solely on the structure of the sentence into which it is to
be inserted.

What I have shown here indicates that an argument for an
ermbedded analysis of relative clauses which depends on a structural
explanation for the stacked interpretation of relative clauses
collapses when this explanation is shown to be the wrong one for
such an interpretation.

B. Houn Complements,

REelative clauses have been noted to be distinect from embedded
clauses in several important respects. Another type of apnarently
embedded clause which ecan be shown to behave structurally aguite
similarly to relative clauses is the noun complement as in

(36) The idea that he will vote for the bill worries
us.

as with relative clause sentences, (36) makes two independent
vrepositions involving the noun ides: the that eclause is structurally
superfluous. If we postulate (37) as a source for (36)
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(37) 2
r-// D-‘\“H“‘\"‘ﬁ
I-.'-l IJE
,#f”ff#fﬂx“ﬁh

idea worries me idea is S

A

he will vete
for the bill

we find that precisely the same rules that generate relative clause
sentences from conjunctions are used in the derivation of noun-
complement sentences as well. Frem (3T), by embedding S, into 5,
we can derive

(38) The idea whiech is that he will vote for the
bill worries us

Deletion af the Wl-form pvlus BE is obligatory when the EF is
followed bty a complementizer and a sentence, resulting in sentence

(36), Embedding 5 inte 5, results in

. (39) The idea which worries us is that he will vote
e for the bill.

The difference between the two phrases

(40) +the idea that we should go to the party
{41) +the idea thet you mentioned

is clearly that, in the first the that is a complementizer while in
the second it is & relative word, a replacive for another cccurrence
of idea. This correlates with the fact that they do not conjoin:

{(L42) #*the idea that we should go to the party and
that you mentioned

Thus, although both (LD} and (41) can be derived from conjunctions

(though not the same conjunctions) by the same set of rules, they

gre not structurally identical. The structural difference alsc

correlates with the fact that relative clause noun phrases, like
(43) +the dog that they bought

and noun-complement phrases as

{LL) the idea that she's a mother

normally receive different intonation patterns.
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It between the claim that S and I claim that S is lost. It seems

it predicete nominal.

o
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One might object that in my analysis the parallelism

guite reasonable, however, to consider that the lexicon shows that
such noun-verb pairs are l;sted with the information that where

the verb takes a sentential objeect, the noun takes a sentential

i

|

1

|

I

H

II

| Placing the remarks we have just made concerning the nature
It of relative clause and noun complement sentences in a broader

r perspective of sentence complexity, let us consider the variety
! of sentence types for which embedding analyses heve been pronosed.
é The embedded S in each case has been circled.

! (45) That the doctor came at all surnrised me.

,——-—""'_'_-_-_——"—._._'h)‘_’____-_____-_____-___‘———

PDP

D /f,z’gz:l““mhahh‘ 'H’;H_ﬂﬂ,ﬂf*ﬁﬁﬁﬁﬁﬁﬁmﬂ

+P?D| That the doctor
came at all surprised Il

Rosenbaum (1967), p. 12

{LE) They doubt that you will go.

_.-’-,/_-"‘-—-.-h‘hh—‘“-_._‘_‘-‘
P FPDF
] m

they v vre P

|
doubt ) 1

Rosenbaum (1967), p. 3L

{(47) Bill condescended +o stay here.
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Bill stay hLere

Rosenbaum (1967), p. 9k

(L8) Somebody trusts John to do the work.

;"ﬂﬂ'rﬂﬂrﬂﬂa-saﬂﬁhﬁﬁh&?DP

ﬁP i
Scmebody VE
ebo H,,,;ﬂ’*'fT‘“‘“‘*-~‘H_
v EP (%)
|
| John gif’fffﬁhhh“imhh

trust
John do the work

Rosenbaum (1967), p. 9

(49) John is more clever than Bill.

HP
!
John Aux VP
f’ffﬁxhhﬁm
is Pred
Compar Adj

i |

mcf;#!H:;;; (:) clever

i

Bill is elever

Chemsky (1965), ». 178
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{50) the boy I saw

(51) the professor I liked

BT z

_ ART nrofessor
the I liked the vrofessor
Stockwell et al. (1968), "Relativization," o
(52) P

Dean (1967), p. 3b

The previcus three structures for relative clause sentences are in
competition.

(53) I reeret that it is raining.

zaTﬁrﬂﬂﬂjﬂﬂﬂﬁhhﬁhﬁp
| e e

it is raining

After Kipersky (fortheomine)
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The following set of confipurations surmsrizes the environments

1

in which it has bheen proposed that 3's be introduced:

(54} (a) NP (b} VP (e} compar

o
@ 1 (3) v (§P) m%’éﬂ‘?f)

(d) P (e) P (r} =P

(z) 1P
B> i

fact @

The fact that each of the structures in (S5U) has been recently
called into question suggests to me that a very natural constraint can
e placed on the introduction of embedded £'s. The advantages of
eliminatine both structures (a) and (b) have been fully dealt with by
UCLA (1969), "Nominalization," Bowers (1968), and VWagner (1968); a more
adequate analysis than (c) for the comparative is nrovided by Celce
(1970): and I have shown here why structures (d) throush (g) fail to be
the best representations for relative clauses and noun cormmlements. The
only instances of ermbedded S5 which remain ungquestioned are those in
which the 8 is the unigue expansion of an NP which 1s a subject or an
object. Extending Fillmore's suggestion (1968), p. 28 to "limit
complement © to the case OBJECTIVE," I would suggest that

{55) All occurrences of non-topmost S's not immediately
dominated by 5 be limited to unigue exmansions
of subject or object NP's.

Let us eall (55) the "embedding constraint." Such a constraint
limits the power of a grammar in an irportant way by providing a natural
restriction on the ways in which complex sentences may be built out
of simple ones, and it provides an account of the differences betuveen
erbedded and conjoined structures which I have polnted out above.

AFPENDIX

Some further remarksz are in order concerning one member of the class
of nouns which take the surface complements, namely fact. I seem to
be suggesting that sentences such as:
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{56) I regret the fact that Jack is ill.
(57) I regret that Jack iz il1l.

have different BES's, that (56) would be derived from & conjunctien,
while (57) would result from embedding Jack is ill as the objlect of
regret. In fact, I think that the distinction made by the Kiparskys
(forthcoming) between factive and non-factive complements is a very
important one and I agree with them that sentences like (56) have

the same source as sentences like (57). I would propose the following

source:

(58) s
r"_’-"/-,-‘-. ‘-‘H—‘-‘HS
A _-iif.._.l.

I regret fact fact is

Jack is 111

Regret is a verb which must take fact as its object; aopnlication of
the rule which deletes fact yields:

(59) I regret (Jack is ill).

whiech more directly underlies (57).

As confirmatien of (58), Stephen Krashen has mnointed out to me
that if a configuration must be involved in stating the presupposition
of factivity, as Kiparskys claim, it cannot be:

(60) P
T i

fact =

The reascn for this is that the truth of the sentence Jack is ill
is presupposed in:

(61) The fact that I regret is that Jack is i1l.

exactly as it is in (56). According to my analysis, both (56) and

- (61) are derived from the same BES, namely (58) (see p. 31), so that

this semantie faet is accounted for in a natural way. ZEut the
Kiparskys would have to have some way besides (60) +to account for
the presupposition of factivity in (61), since there is no (60)
under the VP node in the underlying representation that they would

g

suggest it has:
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‘\H\-\-‘*“_
:ﬁﬂﬂ#ﬂﬂﬂﬂﬂr VP
fact 8_ igfffﬁﬁﬁhhhhi
ff;;;;e;%;;::- Jack is 1ill

In terms of this analysis of factive sentences we are now ready
to consider an aprarent counterexamnle to the embeddings constraint.
4 sentence like

shows
indicates |
(63) That the floor is sticky implies > that
| proves !
.

Darlene spilled the Koolaid.

seems to contain two oceurrences of the OBJECTIVE case, a natural
conclusion if complex subjects and objects can arise only from IIP's
in an Q0BJECTIVE relationshin to the wverb. As D. T. Lanrendoen pointed
out to me, however, two facts indicate that the objections raised by
this type of sentence are only nseudeo-preoblems for the embedding
constraint: (a) the subject clause in (63) is a predicate nominal
clause to fact; and (b) this noun fact is in the INSTRUMENTAL case
To demonstrate point (a), I would cite the obvious paraphrase of

(63),

shows i
J indicates
(4) The fact that the floor is sticky < implies f
| prowves
L P 7

that Darlene snilled the Koolaid.

Furthermore
SNowWs ‘I
indicates l
{G5) #({The fact) that the floor is stick:r implies -
Troves '

x 3

the fact that Darlene spilled the Foolaid.

with the fact in both eclauses, is ungrammatical, hecause of a
selectional restriction which does not allow show, indiecate, irnlr,
prove, and the like to occur with factive objects. Sentence (Al now
can vpe shown to be identieal in structure to a sentence like (66)
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(66) The knife cut the cheese.

Loty dded R,

That is, a knife can cut cheese only if somecne uses it to cut
cheese; a Tact does not prove something unless someone uses it te
prove something. In each case the verb requires an apgent, which
may be optionally deleted. The fact-clause in (6L4) is thus an
underlving instrumental WP, just as the knife is in (66). The
BES I propose for (6b) is:

(67) 5

= =
s [+

T e Lo i g et e T TR

fact proves & fact is S

e

Darlene snilled Koolald floor is sticky
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A number of general studies in transformational grammar {includine
Chomsky (1965), Jacobs and Rosenbaum (1967), (1968), Lakeff (1966),
Langendoen (1969), Ross (1967)) have assumed that the appropriate
underlying representation for a relative clause sentence involves a
sentence embedded into & noun phrase. I would like to question this
assumption, and to suggest that in fact the appropriate underlying
representation for a relative clause sentence is a conjunction.

The argument will be developed in several stages. First, I will
suggest some facts which indicate what conjunctions must underlie
relative clause sentences. Next, 1 will show the general process of
relative clasuse formation and some of the implications of my analysis.

Finally, I will indicate in what resvects the derivation of
sentences containing non-restriective relative clauses is similar to
that of sentences with restrictive relative clauses. :

I. Indications that a conjunction source for relative clause
sentences is correct.

(a} To my knowledge, no arguments defending an embedding
anelysis against a conjunction analysis for relative clause sentences
have ever been presented either in the literature or informally.

{b) There is wvirtually no agreement ameong those who assume
that relative clauses are underlyingly embedded as to what configuration
of nodes is appropriate to represent the relationship between the two
sentences. UCLA (1969) presents a summary of the various approaches
whiech have been taken and the arguments given to support each.

(¢) There is a significant but generally overlooked set of
structursl distinctions between relative clause sentences and those
complex sentences which are clearly realizations of structures
containing embedded sentences, namely those containing sentential
subjeets or objects, such as:

S D

{1} That Frieda likes to cock is obvious to me.
(2) I think that Frieda likes to cook.

For sentences (1) and (2), an embedding analysis is well-motivated
since the contained sentence is required as an cobligetory argument
of the verb; it plays a role with respect to the verb which Fillmore
(1968) has called the objective role and without which the verb
cannot stand. Furthermeore, the verb governs both the ccecurrence

*To appear in D. T. Langendoen and C. J. Fillmore (eds.), Studies
in Linguistic Semantics, Holt, Rinehart and Winston.
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of clause and the type of clause whiech can ocecur. These conditions
do not held for relative clause sentences, A relative clause is
always structurally superflucus; it plays no role whatever with
respect to the main verb and no morphemes in the language are marked
as requiring it. 4 relative clause sentence is equivalent to two
independent predications on the same argument. These differences
are captured by an analysis in which sentential subjects and objects
i & are instances of underlying embedding, and relative clauses are
§ 3 only superficially embedded. If relative clause sentences are not
underlyingly embedded structures this could account in part for
the general disagreement, pointed out in (b) above, as to the
underlying representation of the nosition of the embedded sentence.
II. The derivation of relative clause sentences.
A. Assumptions
In order to present the schematiec outline for farmine
1 relative clause sentences, Two assumptions must be made explicit.
- (a) The difference between narts of sentences such as
¢ the following:

g (3) I know a student who plays the harmenieca.
L (4) I know the student who plays the harmonica.

g will be assumed to be introduced at some level of derivation other
i than the one at which "econtent morphemes" and the relations amons ;
them are specified. I leave cpen the guestion of just where such
a distinection must be made; for the present discussion, it suffices
to point out that (3) and (L4) must have identical representations
inscofar as the meanings of the nouns and verbs and the relaticns
among them are concerned. I shall further assume that the choice of
the definite determiner will in general correlate with certain pre-
suppeositions which the spesker makes about the extent of his
listener's knowledge.

(b) As pointed out by Bach (1968), numerals and quantifiers
must be introduced outside the clause in whiech they ultimately
appear. That this must be so is illustrated by the faet that the
sentences of (5) are not matched by the respective pairs in (6):

(5) a) I have three students who are flunking.
b) I know few people who smoke clgars.
¢) I saw no students who had short hair.
(6) {T have three students.
Three students are flunking.
I know few peorle.
b) 4 Few people smoke cigars.
1 saw no students.
(o students had short hair,
B. Derivation
Feturning now to the propesal for deriving relative
clause sentences from conjuncticns, I suggest that underlying (T)
is a structure like (8}:

c)

(7T) I met the girl who speaks Basque.
(8) (I met girl) (girl speaks Basque)
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The choice of the clause to become the relative c¢lause correlates
with certain presuppositions on the part of the speaker about what
the hearer knows, and accordingly with the choice of the determiner.
Consider (B) again. If the speaker presupposes that the hearer
knows neither about his meeting a girl nor about a girl's speaking
Basque, then both of the fellewing conjunction realizations of (8)
are acceptable:

(3) I met a girl and she speaks Basque.
(l0) There's a girl who spesks Basque and I met her.

83 well as both of the fellowing relative clause sentences with in-
definite head nouns:

(11) I met a girl who speaks Basque.
(12) A girl I met speaks Basque.

If, on the other hand, the spesker presupposes that there is = girl
such that it is known by the hearer that he met her, the relative
clause sentence corresponding to this presupposition will have the
conjunct containing met as the relative clause, and the head noun
will be definite:

(13) The girl I met speaks Basque.

Similarly, if the speaker presupposes that his hearer knows about
the girl who speaks Basgue, the corresponding relative clause
sentence will have the conjunct spesks Basque as the relative clause,
and again the head noun will be definite:

(14) I met the girl who speaks Basgue.

C. Implications

(a) The distinction then, between the "matrix" and
"eonstituent" sentences in a relative clause structure can be seen to
be related toc nothing in the structural portion of the representation
of such sentences. The meaning difference between sentences (13)
and (14), in other words, is not a function of the fact that the
matrix and the constituent sentences have been interchanged; if it
were, then we should expect the same meaning difference to characterize
the pair (11) - (12). But (11) and (12) do not have different meanings
in any usual sense of the word "meaning". Instead, the semantic
difference between (13) and (1L) is a funection of the presunpositions
which the speaker has about the extent of his hearer's knowledge.

(b) Similarly, the "restrictiveness" of a relative clause
is also shown not to be a property best described in terms of an
embedding underlying representation. FRelative clauses with indefinite
nouns do not "restrict" these nouns in the way that relative clauses
with definite nouns seem to, and yet underlying embedding structures
do not reveal a basis for this difference. Again, I think that the
apparent "restricting" nature of relative clauses with definite head
nouns is a function of the presuppositions discussed above.
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(e) Postal (1967) has shown that a certain ambiguity
can be explained only if relative clauses are assumed to be deriwved
from conjunctions. The sentence he gives is:

(15) Charley assumed that the book which was burned
was not burned.

On one reading, Charley assumed that a certain book had not been
burned when in fact it had been. ©On the other reading, Charley
assumed a contradiection. On the hypotheses that relative elause
sentences are underlyingly embeddine structures, there is no way

tc represent the ambiguity. This is because corresponding to (15),
only one embedding structure can be constructed, namely:

HT VP
Charley assumed NP

S
-"."‘!‘___,_.-""'-\__\-““-
NP VP
NP 2 was not burned

| ,ff“ﬁ#ﬂhhﬁh“Hhah

book book was burned

But there are two conjunction sources for (15). Underlyings the first
reading, in which Charley is merely mistaken, is the representation:

(17) ({Charley assumed (book not burned)) (book burned)

llotice that, as we would expect, (17) also underlies:

(18) The book which Charley assumed was not burned was burned.

which results from the first conjunet's becoming the relative clause,
as well as the conjunction:

(19) Charley assumed that the book was not burned but it
was burned.

Underlying the second reading, in which Charley assumes a contradiction,
is:

(20) Charley assumed {(book burned) (book not burned))

As with (19), (20) underlies two sentences besides (16). By selecting
the second of the two conjuncts of (20) as the relative clause, we
can derive:
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{(21) Charley assumed that the book which was not burned
was burned.

which is an exact paraphrase of the second reading of (15). The
conjunction derivable from (20) is, of course:

(22) Chaerley assumed that the boock was burned and that
it was not burned.

At this point, it should be made clear that there is one class
of relative clause sentences which do not seem to be related to
conjunctions in the manner just described. A sentence such as:

(23) Men who smoke pipes look distinguished.

which contains a relative clause with a generiec head noun, obviously
does not have a conjunction such as:

(24k) (men smoke pipes) (men look distinguished)

as its source, It is generally assumed that such a sentence is
instead derived from the representation underlying an if-then
sentence like:

(25) If & man smokes a pipe, he will look distinguished.

The extremely interesting semantic and syntactic issues raised by
this assumption will unfortunstely be left unexplored here.
III. HNon-restrictive relative clauses.

The similarities between non-restrictive clause (=NR)
sentences and conjunctions have been remarked upon by a2 number of
linguists (see, for example, Annear (1967), Drubig (1968), Lakoff
(1966), Postal (1967), Ross (196T7)). I will not review these
gsimilarities, but I will assume that NE =sentences must be derived
from conjunctions. Again, as far as I know, no arguments have been
advanced in favor of an embedded analysis for NR sentences; in
those studies which present underlying embedding representations
for NR's, the question of there being alternative analyses is not
even raised.

At the outset, two types of NR sentences must be distinguished;
I will refer to them as Type I and Type II NR sentences. Type I NR
sentences are exemplified by:

(26) Jerry, who used to play football, now has a
sedentary Jjob.

{27) I had a date with the librarian, who read to me
all evening.

Type II NR sentences are exemplified by:

(28) She took the children to the zoo, which was very
helpful.
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(29) Joe debated in high school, which Chuck did too.

In type I IR sentences, the relative pronoun replaces a referring noun
phrase; in Type II, it replaces an entity, the nature of whieh will
be clarified later in this section. For the moment, we will consider
only Type I.
A. Type I NR's

Ross' proposal (1967, p. 1T4) that all Type I NR's be derived
from second conjuncts seems to be correct. That is, at some inter-
mediate level before anaphoriec nronominalization has apnlied, given
a conjunetion each of whose elauses contain an occurrence of a co-
referential noun, the second conjunct can be moved to & position
immediately following the noun in the first conjunct. Pronominsli-
zation can then apply, moving either backwards or forwardsl, so that

annald Langacker pointed out this fact to me.

from the conjunetion

1 (30) George noticed that Margie refused the candy, and
g George didn't take any candy.

any of the following can be derived:

(31) George, who didn't take any either, noticed that
Margie refused the candy.

; (32) George, who noticed that Margie refused the candy,

1 didn't take any either.

(33) George, who didn't take any candy, noticed that
Margie refused it too.

(34) George, who noticed that Margie refused it too,
didn't take any candy.

One apparent counterexample to the elaim that NR's are derived
from second conjuncts is the following sentence:

(35) Is even Clarence, who is wearing mauve socks,
& swinger?

As Ross (1967) points out, its conjunction counterpart does not
exist:

(36) *Is even Clarence a swinger, and he is wearing
mauve socks?

It seems to me that Ross' solution to this problem is not as radical
as he indicates. As a source for (36) he proposes the structure
underlying:

(37) Is even Clarence a swinger? Clarence is
wearing mauve socks,
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Instead of following Ross in his conelusion that all IR's must be

derived from sequences of sentences, I claim instead that the

connector is deleted between & guestion and a declarstive,
Imperatives are similar to questions in this respect. The

source of:

(38) Tell your father, who is outside, that supper is
ready.

apparently cannot be:

(39) *Tell your father that supper is ready, and he
is outside.

But if there is a rule deleting and between imperatives and declara-
tives, the problems disappear. HNotice that it would not help to
posit a conjunction source in which the declarative sentence came
before the guestion or imperative; questions and imperatives simply
cannot be connected to declaratives by and, either before them or
after them.

{4L0) Clarence is wearing mauve socks, and is even he
a swinger?

(k1) Your father is outside, and tell him that supper
iz ready.

Finally, a restriction must be placed on the NR rule to the
effect that questions and imperatives themselwves cannot become NR's.

At this point two objeetions might be raised; I would like to
consider these in slightly greeter detail. First, it has often been
suggested that an NR represents an assertion by the speaker, a
comment injected into the sentence whose truth is being vouched for
by the speaker independently of the content of the rest of the
sentence. An example of the type of sentence which mekes such an

analysis seem likely is

(4L2) The mayor, who is an old windbag, designated
himself to give the speech.

An implication of this analysis is that HR sentences should be
represented in such a way as to reflect that the NR is an independent
assertion made by the speaker, perhaps by positing a separate
superordinate declarative performative for it. However, it is not
correct to assign the responsibility fer the truth of every NR to
the speaker of the sentence in which it occcurs. Bach (1968, p. 95)
points out that a sentence like

(k3) I dreamt that Rebecca, who is & friend of mine from
college, was on the phone,

which might be thought to contain an IR asserted by the speaker, can
be made ambiguous by changing is to was. The case is even clearer
in a sentence in which the subject is different from the gpeaker.




It seems to me that the following sentences are ambiguous as to
whether the subject or the speaker is vouching for the truth of

the HR:

(L4) Harold says that his girlfriend, who is a little
- bit erazy, wants to go to llanoi.
(s} The claims agent said that the paint job, which
should have been done long sgo, would cost S150.

In fact, each of the above sentences can be disamtipuated by adding
g clause which forces the interpretaticon in which it is the subject,
rather than the speaker, who asserts the NRH.

(46) Harold says that his girlfriend, who is a little bit
crazy, wants to go to Hanoi, but I think she's
too rational to try it. '

(47) The claims agent said that the paint Jjob, which
should have been done long ago, would cost +150,
but he doesn't know that now is when it should

be done.

The other possible objection to my thesis is that if both non-
restrictive and restriective relative clause sentences are derived
from conjunctions, then sentences of both types, which may have
very different meanings, can be derived from identical sources.
Arguments against having identical sources for the two types of
sentences carry weight only for sentences with numerals in thenm,
which I will discuss shortly. In other cases, it seems that once
again the differences between restrictive and non-restrictive relative
clause sentences are not of the sort that ought to be renresented
structurally; instead they are differences revresenting a speaker's
decisicon about how to present to the hearer information present in
the underlying representation. For example, consider the two sentences:

(48) The boy, who works at the library, is majoring in
philosophy.

{L9) The boy who works at the library is majoring in
philosophy.

The representation underlying both of these is:
(50) (boy works in librar:r) (boy is majoring in philosonhy)

For (LB) the speaker has decided that the boy is already known to the
hearer:; the speaker is adding two pieces of information about that
boy. For (L9) the speaker assumes that the hearer knows about the
boy who works at the library; the can be used with this WP, and the
information which the speaker assumes to be new annears as the main
predicate. I can see no way in which such a difference as that
which exists between restrictives and non-restrictives could be
represented in a consistent way for all such sentences in terms of
some underlying structural distinetion.
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Restrictive and non-restrictive relative clause sentences with
numeral assoclated with the head nouns do have different repre-
sentations. Consider the sentences:

(51) Three boys who had beards were at the party.
(52) Three boys, who had beards, were at the party.

The assertions are quite different: (51) means not that three boys
were at the party, but that there were three boys all of whom both
attended the party and had beards. But (52) does mean that there
were three boys at the party. Understanding very little about the
representation of numerals, I can do no more now than to suggest that
underlying (S1), the numeral is associated with neither of the
conjuncts, while underlying (52) it appears in both. This is
confirmed by the fact that corresponding to (51) there is no two-
clause conjunction, but corresponding to (52) we find:

(53) - Three boys were at the party, and they had beards.

B. Type II IR's
Typell NR's are also derived from second conjuncts. The

examples given above of Type II NHR's were

(28) She took the children to the zoo, which was very
helpful.
(29) Joe debated in high sechool, whieh Chueck did too.

I suggest that these are immediately derived from the sentences

4 (sk) She took the children to the zoo, and that was

i very helpful.
(55) Joe debated in high school, and that Chuck did too.

Before outlining the process by which Type II NR's are formed, let

; us consider a derivation in reverse, with (28) as an example. Its

| immediate source is (54). The that of (54) is a pro-form for certain
i repeated portions of a sentence; directly underlying (54) would be

?E; (56) She took the children to the zoo, and her taking
| the children to the zoo was wvery helpful,

| Disregarding the tense of the first conjunct, we can see that the

8 that in (54) has replaced the repeated portion of the second conjunct
.P of (56). Let us take a derivation in reverse with another example:

i

h (57T) They said she could play the marimba, which she ecan.

The sentence containing that which immediately underlies (57) is

|
'r {s8) They said she could play the marimba, and that she
can.
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Directly underlying (58) is the full form with the repeated
portion npreposed:

(59) They said she could nlay the marimba, and play
the marimbe she can.

The immediate source for (59) is

(60) They said she could plary the marimba, and she can
vlay the marimba.

In detail, the derivation of a type II NR sentence nroceeds as
follows: Given a near-surface-level conjunction in which part of the
surface VP of the first conjunct matches part of the VP of the
second conjunct, (a) the repeated portion may be preposed;2 (b) the

EThis formulation is slightly ingccurate. Exactly what gets
preposed will be described more carefully below.

rreposed portion may be replaced by E;;E;E and (e¢) the connector may

3'ThF.- order of these two rules will be reviewed below,

drop, with concomitant change of that to which.
Notice that, as outlined by Chomsky (1957), when there is no
auxiliary element to carry emphasis or negation, a do must be added,

as in the following exsmples:

{(61) She promised to dance for us, and she did dance for us.
{(a) She promised to dance for us, and dance for us she did.
(b) She promised to dance for us, and that she did.

(e) She promised to dance for us, which she did.

(1) She dances well, and I don't dance well.

(a) She dances well, and dance well I don't.

(b) She dances well, and that I don't.

(c) She dances well, which I don't.

The following examples show the operation of an optional rule of
"parenthesis:"

(63) That Cornelius was pleased was to be expected, and
he certainly seemed to be pleased.

(a) That Cornelius was pleased, and he certainly seemed
to be pleased, was to be expected.

(b)) That Cornelius was pleased, and pleased he certainly
seemed to be, was to be expected.

(¢) That Cornelius was pleased, and that he certainly
seemed to be, was to be expected.
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(d) That Cornelius was pleased, whieh he certainly seemed
to be, was to be expected.

&4 smecilal set of examples is the followine, in which a do avppears:

(64) She taught me to bake & cake, and I couldn't bake a
cake before,

(a) Ghe taught me to bake = cake, and bake a cake I
couldn't do before.

(b) She taught me to bake a cake, and that I couldn't
do before. .

(c) She taught me to bake a cake, which T couldn't do
before.

(65) We read Tom Sawyer, and we had never read Tom Sawyer
as children.

(a) Ve read Tom Sawyer, and read Tom Cawyer we had never done
as children.

(b) We read Tom Sawyer, and that we had never done as

' children.
(e} We read Tom Sawyer, which we had never done as children.

Sentences such as (6L) and (65), when considered with certain other
sentence types, provide evidence for two related hypotheses.

The first, advanced by Ross, iz that activity vErbs are asscociated
at some level with the "primordial" action verb, do.” I understand him

L1 cannot fully appreciate Ross' position since I have access
to it only in the wvery sketchy form of a handout from his paper,
"Act," presented at the July 1969 meeting of the Linguistic Society
of America in Urbana, Illincis. From this handout, and from reports
on the paper, I believe that the points which I have attributed to
Ross are accurately stated here.

to be claiming that this do is present in the underlyine representation
of all activity sentences. Because its occurrence iz entirely
predictable, I would choose not to view it as present at this lewvel,
but as inserted into activity sentences early in their derivation.

The second hypothesis which sentences such as (6L4) and (65)
provide evidence for is that the do in such sentences has as its
object an HP. According to Ross, the 0P in question is the underlyinr
object of do, and it is an entire sentence:

(66) Frors produce croaks.
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produce frogs croaks

Aside from the fact that there seems to be no evidence for NP3, that
is a second underlying occurrence of the surface sublect, the evidence
which indicetes that the do must take an NP object indicates that it
is not an underlying NP that we are concerned with here at all, and
that it is not a sentence., Let us consider this evidence. In a

sentence like

(67) I realized that Art had visited the Dean, which I
should do too.

we are tempted to declare that the which replaced an NP, since we

know that in restrictive relative clause sentences and in Type I IR
sentences, which always replaces an NF. However, this is not a very
strong argument, since in questions, whiech can replace a demonstrative:

(68) Which book did you steal? I stole this book.

But the argument that which replaces an HF becomes more convineing
when we consider the immediate source for (67), namely:

(69) I realized that Art had visited the Dean, and that
I should too.

Beyond these NE sentences, no example of that replacing anythine but
an NP comes to mind. TMurther support comes from a paraphrase of

(67):

(7T0) I reslized that Art had visited the Dean, (which is)
gomething I should do too.

Something is the NP pro-form par excellence, and it is elearly the
object of do. But what it is coreferential with is not the sentence:

(7TL) Art had visited the Dean.
since what underlies sentences (67), (69), and (70) is not

(7T2) *I realized that Art had visited the Dean, and I
should Art wvisit the Dean too.
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What underlies (67), (69), and (70) instead is

(73) I realized that Art had visited the Dean, and I
should wvisit the Dean too.

In other words, somehow the phrase visit the Dean must te an NP !
before the rules changing this phrase to that apnly.

Foss has suggested that pseudo-cleft sentences nrovide additional
support for the hypothesis that phrases like visit the Dean must be
NE's:

(74) What I should do is visit the Dean.
(75) Art did what I should do: visit the Dean.

What examples (67) through (75) show is that the NP which the
NR and pseudo-cleft rules, and certain other rules, must refer to
need not be an 5 at any level.

Further evidence that the NP referred to by these rules is a
surface NP rather than an underlyimg NP can be found in the fact that
what follows surface be must alsoc be an FP. A collection of relevant

examples is

(76) Hick is tall, which I will never be.

(77) HNick is tall, (which is) something I will never be. .
(78) What I will never be is tall.

(79) Nick is what I will never be: tall.’

Ross (1969) has used examples like these to show that adjectives must
be underlying NP's. However, examples like the following show that
adjectives and other post-be expressions must be not underlying but
superficial NP's.

(80) T saw that Irma was easy to please, which I should
be too.

(81) I saw that Irma was easy to please, (vhich is)
something I should be too.

(82) What I should be is easy to please.

(83) Irma is what I should be: easy to please.

The expression easy to please in (80) - (83) cannot be an underlyins
WP, since in deep structure easy and please are not even constituents
af the same &:

(B4) ({one please Irma) easy)

In the examples

(85) Chinese was emsily mastered by Rich, which it was
not by Claire.

(R6) Chinese was easily mastered by Rich, (which is)
something it was not by Claire.
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(BT) What Chinese was was easily mastered by Rich.

We can see that the phrase easily mastered is not an underlying
complement of be for there is no underlying be; moreover, since
the verb master is an activity verb, at some intermediaste level it
would actually be the ctject of do.

My proposal, then, is the following: neither do nor be is
present in underlying representations. Be may become the main verb
by any of a variety of well-known obligatory transformations. Do
is inserted preceding activity verbs. At the point at which do or
be is inserted into a sentence, the part of the VP which follows
becomes an IP; its NP status is then referred toc by a number of
optional rules, such as those which produce the sentences we have
been considering hers. If none of these rules applies to separate
the do from its object, Ross' rule of &o-gohbling applies,
deleting do's that are directly followed by their objects.

If this : analysis is in general correct, we are ready to
reformulate the steps by which Type II NR's may be formed. Rephrasing
the set of three rules (a) - (¢) given earlier, we arrive at the
following statement: Given a near-surface-level conjunction in which
rart of the surface VP of the second conjunct is a remetition of
part of the surface VP of the first conjunet, (a) the NP "complement"
of be or do may be preposed; (b) this NP may be replaced by that;
andhfh} the connector may drop, with concomitant change of that
to which. This reformulation corrects two inaccuracies in the

previous (a) - (¢). The earlier formulation said that the portion
of the 5ec0nd conjunct involved in these rules was the "repeated
portion." This is not quite accurate, since in

(83) Nick is tall, and I shall never be tall.

be is part of the repeated portion of the second conjunct (with tense
disregarded). But clearly the be is not part of what is changed to
that, or preposed:

(89) Niek is tall, which I shall never be.
(90) Nick is tall, and that I shall never be.
(91) Hick is tall, and I shall never be that.
{92} #iick is tall, which I shall never.

(93) #fick is tall, and that I shall never.
(9h) *™Nick is tall, and I shall never that.

What does achieve the desired results is the requirement that what
is preposed or changed to that be an HP.

Second, the order of rules (a) and (b) is irrelevant now, since
that can &ppear either after do or be or in its preposed position,
Beginning with the initial sentence of {6L), we derive

(95) ©She taught me to bake a cake, and bake a cake T
couldn't do before.
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i by applying (a) alone,

I (96) She taught me to bake a cake, and I couldn't do
il that bhefore.

by applying (b) alone, and:

% (97) She taught me to bake a cake, and that I couldn't
do before.

i by applying both rules. Similarly, beginning with (80), we derive

;? {98) I saw that Irma was easy to please, and easv to
il please I should be too.

by applying (=) alone, and:

il (99) I saw that Irma was easy to please, and I should be
' that too.

§ by applying (b) alone, and:

i (100) I saw that Irma was easy to please, and that I
i should be too.

by applying both rules.
One final minor point. A do cccurring immediately after a
o stressed modal may be dropped. Thus, sentences (57) and (65) have
il a variant form with final do:

e

(101) They said she ecould play the marimba, which she
. can (do).

| In this section I have considered two types of NR sentences,
* ﬁ showing how both are related to near-surface conjunctions, and how

' HR sentences of Type II provide evidence for two hypotheses, one that
activity sentences have at some level do as main verb, and the other
that only at a fairly superfiecial level must the phrase following do
or be be an NP,

IV. Summary.

I have tried to present some heretofore unexamined evidence that
both restrictive and non-restrictive relative clauses must be derived
from underlying conjJunctions, and that this can be achieved in a
grammar with certain well-motivated and fairly traditional restrictions
on what aspects of the meaning of a sentence are to be represented at
the structural level of its underlying representation.
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APPEIDIX

As this paper was pgoing to press, a saulb anneared in Linsuistic
Ingquiry 1.3, July 1970, by David Perlmutter and John Fobert Boss,
in which it was pronosed that sentences like

(i) & man entered the room and s woman went out who
were quite similar

"rresent the theory with a new paradox." In their words,

deither of these singular noun phrases can serve as the
antecedent of a relative clause whose predicate (similar)
requires an underlying plural subject, and whose verb
{were) is inflected to agree with a plural subjeet in
surface structure. The only npossible antecedent of

the relative clause in (i) would seem to be the dis-
continuous noun phrase s man ... (and) a woman. But
how can a discontinuous noun phrase be the antecedent
of a relative clause? Ho analrsis cf relative clauses
that has yet been proposed for the theory of generative
grammar is able to account for sentences like (i).

(n. 350).

I would like to suggest that sentences such as (i), Cwhich are indeed
anomalous in a traditicnal embedding analysis of relative clause
sentences], present no naradex at all if relative clause sentences
are viewed as underlying conjunctions; the conjunction zource for

(i) would simply be:

(ii) (man entered room) (woman went out of room)
(man and weman were similar).



References:

Annear, Sandra 5. OSee Thompson.

Bach, Emmon (1968) "Nouns and noun-phrases," in Bach and Harms (1968).

Bach, Emmon and Robert T. Harms (1968) Universals in Linguistic
Theory, llew York: Holt, Rinehart and Winston.

Chomsky, Noam (1957) Syntactic Structures, The Hague: Mouton.

Chomsky, Hoam (1965) Aspects of the Theory of Syntax, Cambridee,
Mass.: M.I.T. Press.

Drubig, Bernhard (1968) "Some remarks on relative clauses in English,"
Journal of English as a Second Languase 3.2.23-h0.

Fillmore, Charles J. (1968) "The case for case," in Bach and Harms
(1968).

Jacobs, Roderick, and Peter Rosenbaum (1967) Grammar I, Crarmar II,
Boston: Ginn & Co.

Lakoff, George (1966) "Deen and surface grammar," Unpublished paver.

Langendoen, D. Terence (1969) The Study of Syntax, New York: Holt,
Rinehart and Winston.

Postal, Paul (1967) "Restrictive relative clauses and other matters,”
Unpublished paper.

Reibel, David and Sanford Schane (1969) Modern Studies in Enslish,
Englewnod Cliffs, N.J.: Prentice-Hall.

Ross, John R, (1967) "Constraints on variables in syntax," Ph. D.
Dissertation, M.I.T.
Ross, John R. (1969) "Adjectives as noun phrases," in Reibel and

Schane (19€9).

Thompson, Sandra Annear (1968) "Relative clauses and conjunctions,’
Working Papers in Linguisties No. 1, Ohioc State University
Research Foundation.

UCLA English Syntax Project Report (1969) Los Angeles.




Speech Synthesis Project®

David Meltzer

¥Sponsored in part by the liational Science Foundation through Grant
Cli-534.1 from the Office of Science Information Service to the
Computer and Information Science Research Center, The Chic State

University.

g



'_
i

RN T R T e,

—

Speech Synthesis Project

David HMeltzer

The purpose of this project has been to attach a terminal analog
speech synthesizer of the Glace-Holmes type (JAWORD) to the PDP-10
computer tec allow on-line speech synthesis in an interactive environ-
ment.

The JAWORD synthesizer is an advanced terminal analog type
with T resonators and two forms of excitation (see Figure 1). The
frequency and amplitude of each resconator are controlled by an exter-
nally supplied voltage of from O to +3 volts. Of the 1L parameters
thus needed, only 10 are used at any one time; which of these 1L
are used is determined by an llth parameter which also controls
which form of excitation is applied to the resonators (noise or pulse
excitation). The important characteristics of this synthesizer from
the wviewpoint of interfacing it to a computer are:

1. Eleven analog voltages must be supplied simultanecusly
to the synthesizer.

2. A new set of voltages must be available every 10 milli-
seconds, i.e., the control voltages change at a very slow rate.

Previous experience had shown that the normal confisuration of
JAWORD did not allow sufficient control of the time of occurrence
of the fundamental execitation pulses. The synthesizer was therefore
modified so that the pulsze could be supplied from an external source,
in this zase the computer.

The configuration used to control the synthesizer is shown in
Figure 2. The digital control information generated by the control
program is fed to the synthesizer controller wia the PDP-10 Input-
Cutput Bus. This controller, designed and built at Chic State
University, converts this information into the required analog
voltages and supplies them to the synthesizer. The controller (see
Figure 3a) uses an analog multiplexor feeding a series of capacitive
held circuits to generate the 9 continucusly variasble ocutputs from
the output of one Digital-to-Analog Converter (DAC). The control
word (Figure 3b) includes the information to set the DAC as well
as the address of the hold circuit which will receive the value.
Although considerably slower than a one DAC pre-channel system, its
response is adequate for this application. Additional bits are
provided in the control word for control functions, including a hit
for the fundamental excitation pulse (l=pulse, O=no pulse).

The logic of the controller is implemented in Digital Equipment
Corporation B-series discrete component logic, the same family as
used in the PDP-10 central processing unit (CPU). This family was
chosen for reasons of ease of interfacing to the CPU. The DAC is a

R
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high precision 10-bit unit also made by Digital Equipment Corporation.
The analog hold and amplifier circuits as well as miscellaneous

level conversion circuits were designed and built at Ohio State
University. The hardware is completely operational on-line with

the CPU,

The next ma)jor element in the system is the control program
for the synthesizer. The program is the basic interface between the
user and the synthesizer. This control program operates as a privileged
user job within the time-sharing environment so that other Jobs may
continue to use the system during speech synthesis Jobs, There is a
definite rendom degradation in output speech quality due to the
presence of other activity in the system during synthesis, but this
iz not & problem for trial synthesis runs. A future revision of the
control program is planned which will optionally turn off the time-
sharing for the duration of synthesis output and then return to time-
sharing mode. The actual cutput is of short enough duration so that
this will not cause appreciable response time degradation.

The control program as now in operation performs several
functions necessary for effective interaction with the experimenter.
The primary level controls the operation of the I/o bus and
appropriately sequences the outputting of control words to the
synthesizer controller. These control words are generated by the
next level of program, the conversion routine which translates from
a standardized code (Carlson, 19G9) to the appropriate channel
addresses and DAC level, adds offset and calibration deta and packs
the words into a table in CPU core memory. This table becomes the
input to the first program.

The basic interface to the experimenter is one of the Teletype
consoles attached to the CPU. It is anticipated that this funetion
can be taken over by the CHT display at some future date but the
lack of adeguate systems programming support and hardware character
generator feature on the display makes this a difficult task.

Synthesis of a speech sample using the current program involves
the following steps.

l. Typing in the sample in coded form and in-core
editing it to the experimenter's satisfaction. The program provides
for selective display and alteration of portions of the parameter
table.

2. Outputting the speech sample and then makine needed
corrections.

3. Dumping the table in coded form on paper-tape for
later use. The paper tape sc prepared may be used as input in
olace of step 1.

The speech output may also be recorded on a built-in tape
recorder. Future program versions will allow dumping the output
on DEC tape so that many words cor phrases may be kept on one tape.
At present, however, there are not enough DEC tame drums available
to allow each user of the system to have one tape and still let the
synthesis job have two, one for orogram storage and one for sneech
sample storage.

The program as described above with paper-tape storage is
fully operational. Ewvolutionary changes are being made to improve
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the output quality as experience with the synthesizer grows.
Synthesis parameter tables distributed through SOUGHS (Society
of Users, Glace-Holmes Synthesizer) are being used to gain
experience with the system.

Reference

Carlson, W. A. 1969, "On the Establishment of a Standard Format
for Exchange of Data for the Synthesizer /Among the Users,"
(private communication, distributed through SOUGHS).
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Figure 1. JAWORD SPEECH SYNTHESIZER (SIMPLIFIED)
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A Opeech Production Model for Gynthesis-by-rule

Marecel A, A. Tatham

l. Introduection

Froblems in the design and operation of vocal-tract analog
synthesizers suggest an interim handling of articulatory svnthesis-
by-rule. Relationships have been established between the acoustic
outout of speech and the articulatory gestures reouired to cause

that output (Fant 1960, 1965; Flanagan 1965).

are usually diagrammed:

Articulatory
gesture

_ 3 acoustic

theory

R

These relationshins

acoustic
outnut

As a vreliminary then to articulatory synthesis the actual smneech
cutput from the device can be generated from a formant synthesizer
which is immediately preceded by the rules of the acoustic thenry,

thus:

rules |

vhonemic N generating _.;, acoustic

input

articulatory |
gesture |

rules

farmant ———-)

synthesizer |

simulated articulatorr
svnthesizer

In the system described by Yerner and Haggard (1969) a 'vhonemic!
input is turned intoc a number of time-varying articulatory rarameters
which correspond to spatial measurements in a stylized wvocal-tract.

A computer then applies a set of acoustic rules vwhich are entirely

extra-linguistic to generate from these articulatory narameters

control signals whiech will operate a standard formant (or terminal

analog) speech synthesizer.
Several very basic and influential assumntions underlie this

apnroach, some of which refleet a non-linfuistic viewnoint.

et

Unlike
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a true vocal-tract analog, where in the ideal situation the sounds
produced could not sound or be other than abselutely natural, this
system relies on a terminel analeog synthesizer. I have discussed
elsevhere (Tatham 1970} some of the difficulties of synthesis in
general and indeed it is noted in Werner and Haggard that the
conversion tables are not free from 'tricks' (p. 5) which are
designed to meke the speech sound more natural. Put a more striking
criticism can be levelled at the use of terminal analog synthesizers.

Historically the parameters of terminal analog synthesizers
and their control have been derived as a result of two criteria:

(a) visual and (b) perceptual. (a) It is quite clear from the
literature since 1950 that the wvisual inspection of spectrograms

has dominated these choices (Lawrence 1953; Libermen et asl. 1925L),

It was observed that in spectrograms vowel-like sounds exhibit two

or three major formant areas in the frequeney/amplitude domain:

often a (possibly correct, but this is an 'after-the-fact' discovery)
assumption was made: such obviously sudible and therefore acoustically
major parameters were clearly going to be the most perceptually
relevant and ought therefore to be svnthesized faithfully. (b)
Later, relevance of individual parameters was established using
perceptual experiments (Liberman et al., 1954). There is no doubt
that perceptusl criteris dominate approaches in terminal anslog
synthesis today. That a variety of stimuli can often produce similar
rerceptual responses cannot be denied and the absurd limit might

be reached where for the sske of economy (of computer time, output
interface, programming, bandwidth restriction in telephony, ete.)

the output of the terminal mnalog will reduce even more its identity
with real speech--yet sound similar.

These criteria of economy are never justified on linguistic
grounds and particularly hard to defend in terms of speech production.
That a "nasal' ean be perceived by Juggling with formant amnlitudes
only clouds accurate modelling of the speech production system and
may even bias perceptual experiments—-the fact that the perceiver
can be fooled is comparatively trivial.

There is every reason to suppose that synthetic speech is & tool
of considerable value in providing stimuli for perceptual exveriments,
but up till recently it has been a tool that mey have been handled
with more confidence than has been justified. It remains to he
seen whether subjecting the listener to distorted artificisal sneech
(rather than distorted reasl speech), as in the classical experiment
by Broadbent and Ladefoged (1967), enables us to infer anything about
the perception of real speech,

These of course are the reasons for preferring articulatory
synthesis. As mentioned esrlier vocal-tract analog synthesizers
are still not entirely satisfactory--but there seems no reason to
wait. The approach offered by the Cambridge group seems admirable:
generate as an interim output articulatory parameters. Under ideal
conditions thesze would be converted to parameter control sifnals for
a vocal-tract analog, but pending this ther can be converted to
terminal analog contrel signels usineg the rules of the standard
acoustic theory of speech production. If the speech is to be used




for perceptual experiments then absolutely nothing is gained,
however: wvroperly the system should ston at the articulatory level.

2. The Production Model

The present paper outlines a2 proposal for a model of smeech
production which is linguistically dominated and which might serve
as the basis for an articulatory sreech synthesis nrogram.
Linguistices has a lot to say about sneech production which cannot
be inferred from mere revroduction by lookup table of ohserved
articulatory configuration, however. There is much more imnlied:
it is not encugh to generate correct vocal-tract shapes in an
econcmical way for exactly the same reasons that it is net enough
to generate 'correct' sounds. I have overstated my case deliberatelv:
the incorporation as standard procedure these davs of "targets!
and computed transitions hased on contextual information is more
than simply elegant--it does rest on linguistiec theory: namely on
the model which assumes that the phonologicel elements are phonemic
(or quasi-phonemic) in nature and that allophones (or most of them)
are the result of neurc-mechanical inertia at some low level in
the system (Ohman, 196L). There is evidence that this view is
inadeguate however: the work of MacMNeilage and Declerk (MacNeilare
and Declerk 1968) has shown that there are segmental overlap
phenomena not directly attributable to neural or muscular inertia
(see also Tatham 1969a).

The synthesis strategy should be hased on a cocherent theory of
gpeech production and the system deseribed here will take into
account one particular theory. But since there are comrmetinge
theories a further function of the entire synthesis system will be
to test the production theory. Hotice, however, that the obtainins
of a correct output is no test, just as the obtaining of correct
perceptual resnonse is no test of accurate acoustic signal. Consider,
For example, the following possibilities:

transfer
function
| A

"'nhonemic! transfer correct
input function | acoustic
B gignal

N

transfer
function _]#f

N S
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In such a system there is no internal basis for evaluation
of the model and the sconomy critericn menticned above will not
do as a measure of correctness, Consider the even worse situation:

[ transfer

funetion |
A t

'phonemic! ;

input trarsfer

funection
B

transfer
funetion i
tsyllabic! g correct
input _ acoustic

: transfer gignal
function
o

transfer
funetion
E

'allophonic!
input

transfer

function
| K

Not only now is there no way of evaluatineg the wvarious contending
transfer funections but there is no internal way of evaluating the
contending input types--but both these are candidates for evaluation
and a measure of "correctness' is crucial to the theory. Accordingly
the transfer function must not simply be a mathematical formula
which happens to provide the correct ocutput from a particular
input: there must be exteriocr constraints om this function.

Thus for example it iz now established that muscle movement is
not a continuocusly programmed system but a ballistic system
controlled by temporally-spaced and non-continucus command situations.
So at time T1 a musecle will be instructed to GOTO target tl (this
GOTO might be based on a given spatial movement, or on a given
muscular tension), at time T2 an instruction will arrive to GOTO
target t2 (a number of updating and correction signals may have
arrived between Tl and T2)--but it is not the case that at Tl there
is a '"start-moving' command and at Tl+l a 'move-a-little-more’
command and at T1+2 a 'continue-moving' command and at Ttl & 'rieht,
-held-it' command and at Ttl+l a 'relax-a-little' command, ete,

Now what would these two different models of muscle command
mean to the design of an articulatory speech synthesis system? The
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'sontinuous command' theory would reauire the computation and
surply of & moment-by-moment command signal at some level in the
synthesis system corresponding to neural signals arriving at the
muscles. The GOTO, ballistie theory would require a single computation
(of the target value cormmand) and the supply of just this single
command (if necessary repeated for updating purposes) at the same
level in the system.

The choice of the GOTO command in the synthesis strategr in
the articulatory model presupposes a formula for the actual
contraction of the musecle upon receint of the full command--i.e.,
a factor expressing the inertia of the muscle in question. This
factor is clearly derived at a level different from the level at
which the instruction was computed (since it is a vronerty of the
muscle itself). But in addition it will also be argued that the
computation could not have been msecomplished without this niece
of data.

For example, consider Jjust one parameter of the muscle
contraction: rate. In order to contract X amount, time Tx is
necessary. Now, Tx will not alter the value (in a simple model)
of command Cx, but it will alter its timing of delivery relative
to the desired timing of achievement of contraction CNx. Thus
a command signal Cx is commuted based on at least two input
channels: (a) the need for contraction of the particular muscle
Ccommand from a higher levell and (b) data about the rate of
inertia of this musele [data from a lower levell],

Any synthesis strategy which began by observing in EMG or
other data collection system that contraction for X began Tx
before the achievement of X and simply arranged for this to be
simulated would not even inelude the power of descriptive adeaquacy,
let mlone explanatery mdegquacy. PEut a strategy which inecludes
the generalized data that this muscle is always (in the simple
model) inert by a certain factor and computed a temporal change
of the delivery of the instruction would provide explanatory
adequacy--i.e., it would be able to prediet in a transparent
fashion the exact timing of the start of contraction of the musele
and would further provide the correct slope of the rate of achieve-
ment of that contraction.

In its simplest form then the model of sveech production will
have an input level to be eguated with the input to the motor
control system of human speech. It is not necessarily the case
that this level is to be further equated with the level of
systematic phonetics output from the phonological component of a
transformational grammar——although this could be made to be the
case,

Certainly there will be identity in the temporal respect.
Phonology contains only a notional time: that of sequencing of
segments. One immediate function of the nroduction model is
to transform this notional time into a less abstract time whose
segments (whatever these should be decided to be) are organized
on more than a seguential basis. Notice the important observation
that such a model does not mention 'real-time'--indeed, it would
be difficult to know vhat is meant hy a 'real-time' model, in the
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correct sense of 'real'. Possibly a real-time model of speech
production would deliver an output from an input in exactly the
same time as 2 human being and with that time subdivided in
exactly the same way as in the human being. Systems are said

to operate in real-time, which means that there is no storage or
slow-scanning of the data to make up for deficiencies in handling
capacity in the simulator. Real-time notions do not affect the
validity of the model or its ability to test the accuracy of its
assumptions. It would be easy in asdvocating a performance model
to misuse the term real-time; performance models merely have time
other than notional time--they do not need to be reel-time models
or systems.

The segmental-input type will be azsumed. There is enough
psychological evidence for us to assume that there is s reality
to segments. OStrings will be assumed to be segmented in terms of
extrinsic allophones--not in phonemes. This is nearly the case
with all synthesis-by-rule systems. However our definition of
segments will need to be different from that already established
by researchers such as Mattingly (1968). It is not the case that
the input segments will be phonemes except where the language has
an idiosyneratic subdivision of phonemes which cannot be said to

E
be co-articulatory (the elassic example is: L -+ { % } in English).
We will adopt the theoretical standpoint that rules of this tvpe
(properly allophonic rules that form part of the vhonologyr, rather
than the phonetics) have been applied to all segments. Thus,

besides L - { : }, we will slsc have X+x and Y-y, etec.; it is
enough to argue this point on the grounds of symmetry alone, but

we assume also that any phoneme is subject to a group of allophoni-
zing rules, one function of which (in the model) is to switch
levels of abstraction.

Thus the input to the model is characterized as a level expressed
in terms of extrinsic allophones (Tatham 1969b). Recent experimental
investigaticns of speech indicate an important and initial factor
immediately influencing the aseription of time features to these
segments. It seems to be the case that in C1VC2 utterances there
is a motor-control link between Cl and V which cannot be exnlained
by any low-level system or co-articulateory effect (MacNeilage and
Declerk 1967; Tatham and Morton 1968b). VWhere this linkage or
cohesion is introduced is not clear.

Notice the theoretical standpoint has been adonted that postulates
that the cohesion hes been introduced at a sub-phonologiecal level.
The point still needs to be argued in publication, but we will assume
for the moment that although it is possible to construet a vhono-
logical component based on syllable segments (or segments of =
similar kind) this is a theoretically clumsy and non-productive
concept in abstract phonological theory. We shall assume (nossibly
wrongly--but decisions need be taken in a working model that
complete the system; this iz the difference between a working and
a non-working model) that initial-CV cohesion is established at
the motor-level. It is not erucial to the model (since it will
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satisfy the data without further smeculation), but we might assume
that the nature of the motor-control svstem is such that in sneech
this cohesion must be imposed.

Evidence from acoustic exmeriments (Lehiste 1970) SuDports
the CV-cohesion theory, since these two elements remain non-
compensatory--that is, complementary--under conditions of rate
variation. The variation of rate is a factor to be accounted for
erucially later. The data indicates that in cases of temnoral
strain on the overall word, compensation effects will sccur
between the V and C2 elements. This indicates temporal elasticity
between V and C2 and temporal cohesion between (1 and V: that
motor ccohesion is observed (preceding narasraphs) is sufficient
for us to introduce an actual linkage here which we could exvress
with markers, thus:

FC1V-C2# where # indicates a syllable boundary,
Juxtapesition (as C1V) motor-cohesion
and-temporal compensation.

operating as constraints in muech the same way as +, #, ate., in
the higher linguistie levels, The notation needs further thought
because there will have to be rules deleting boundary svmbols:
these rules may have to be time-constrained. E.g., in cases of
low rate speech we might well have

#C1V-C2£03V-CL#

vhere C2 and C3 are identical extrinsic allophones (e.z., 'black
cat'); in high-rate speech we may want to add the rules:

(1) =xC2#C3y xCSy wvhere C2 = C3 = (05
(ii) =xCV-CVy  xCV#CVy where (i) and (ii) are ordered.

Thus so far extrinsic allophones have been linked (for Fnglish)
in two ways: motor-cchesion and temporal compensation. This
composite linkage provides us with a complete syllable unit [#C1V
(-C2)#] which still retains identity of its internal constituents.
This is important because at this point there are two prossibilities
in the speech-synthesis strategy:

look-up tables providing (initially) non-temporal
(from the segment-sequencing viewnoint) information
are consulted. These tables can be organized in one
of two ways: (a) syllable-types are listed, (b)
segment~types are listed.

(a) Each possible syllable type (we are concerned here only with the
ClV part) is listed as a non-analyzable unit exhibiting two temporallv-
spaced GOTO targets. This will not be chosen because (i) (a
theoretical reason) non-analyzability is rejected; (ii) data (often
derived from slips-of-the-tongue experiments) indicate that the
cohesion is not final. C(note, however: slips-of-the-tonpue
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experiments are confusing because there is often no evidence
whether the slip has occurred at the phonological level (supports
(a)) or at the phonetic level (supports (b)) (see, for example,
Boomer and Laver (1967))1.

(b) Segment types are listed together with an external set of
rules (i.e. external to the segments) which determine cohesion. If
cohesion is similar between all Cl1V possibilities this simply
takes the form of a composite rule indiecating in which motor
parameters cohesion takes place and to what extent (NB the effect
of this high-level cchesion on lower-level co-articulation, ete.
will be discussed later). This solution satisfies the theoretical
criterion of maximum generalization and compares favourably with
the listing system of (a).

8¢ far we have considered the characteristics of the input to
the model and an initial stage intended to establish cohesions
detected in experimentsl data. The theoretical model further
assumes, as adjunct teo the notion of GOTC control, that phencmena
such as co-articulation are low-level rule-governed processes.
These low-level processes are held to be true universals inasmuch
as they reflect tendencies (predominantly inertial) of the neuro-
muscular/mechanical system.

At this point it becomes necessary to discuss whether there
is any attempt in higher-level programming to overcome such
tendencies. So far, unfortunately, there is no definitive instrumental
evidence, but it is assumed in the present model that (at least) a
ternary system exists in the motor handling of (most of) the
inertia-based effects. Inertia effects exist (they must, since all
electrical or mechanical systems in the universe possess them)--
the question is: are these effects handled in any systematic way;
iz any higher-level account taken of them? The ternary system in
the model at the level postulates that one of three possible
modifications exist: (i) counteract the effect, (ii) permit the
effect, (iii) enhance the effect (these could be understocd as -,
0, +, where 0 indicates the unmarked state). It is not clear from
published data on co-articulation (Ohman, 196k, 1966, 1967; MacNeilage
and Deelerk 1968) (ineluding over- and under-shoot) effects whether
all mechanical or other inertia can be modified: presumably further
data will be forthcoming; meanwhile the model will aceount, in the
most simple way, for the existing data.

Thus, consider a language with only two palatal consonants of
any one manner-type. Assuming s dominance of maximal differentia-
tion (a psychological constraint) these will take the target forms
of back and front (velar and alveolar, say}, but this detail is
comparatively unimportant. What is important is that the present
model will prediet a very wide variation in the point of contact
of each consonant (but with little, if any, overlap) directly
correlatable with segmental context. Thus preceding a front wvowel,
the consonant will exhibit a front allophone, ete. The model will
further prediect that this is the O or unmarked case--i.e., that there
is no voluntary effort made to make the tongue less subject to
context effect.
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The model will predict, however, that, in another languare
where there are four such palatal consonants, (a) wariation will
again take place in exactly similar circumstances and (b) such
variation will be very much more limited than in the case of the
two-consonant language. The present model prefers to express this
marked situation in precisely that two-level {or aspect) way main-
taining the original inertia-derived rule and limiting it with a
second, linguistically-determined rule. Thus the marking rule does
not collapse two quite distinct and opposing tendencies—-cne
quite a-linguistic and the other aguite linguistic and concerned
with maintaining perceptual clarity. Exactly the same phenomenon
will be predicted for languages having a small number of distinctive
vowel phonemes: the range of over-shoot and under-sheoot wvariation
will be considerable compared with a language with a larger number
of vowels where the risk of perceptual confusion is that much
greater if some kind of control is not exercised.

lotice that if control is to be exercised, the knowledge of
the inertia effect must be possessed in advance by the control
mechanism. This has got to be the case in this model; simple non-
adjustable feedback systems cannot be relied on solely for one
very simple reason [but there is an allowable alternative solutionl:
Language L1 with 3 palatal consonants and Language L2 with 5
palatal consonants both share a target value for one of their
conscnants—-—-yet the range for L1 will he greater than the range
for L2. But the model postulates a GOTO signal which will be
identical in each case, Feedback cannot control the range of
variation unless that feedback has been 'set' with respect to its
limits: that such a possibility exists is well attested in the neuro-
physiological literature (see, for example, Matthews 196L). But
the feedback cannot be set unless there is prior knowledge of the
inertia that will ocecur and the steps that must be taken to contain
the variation within the linpuistically determined limits.

It could be argued that a relationship exists between the
linguistics system and the bi-level inertia system such that it
becomes language idiosyncratic to establish a relationship between
the systems resulting in what has been termed an 'articulatory
setting' (Drachman 1970). That there is a tonic state of the
musculature (called 'basic-speech-posture') is undeniable and
similarly that certain languages exhibit a predisposition for certain
prevalent (usually secondary) phonetic characteristies (like
velarization, retroflexion, predominance of lip-rounding, ete.).

But we have only to discover one language with 2 small number of
vowel phonemes with wide articulatory variation and at the same
time with a large number of psalatal consonants with a small degree
of variation for this hypothesis to become suspect.

A second argument against this hypothesis is that it lends
tooc much status to the low-level systems and gets them unsystematically
invelved in high-level phonological processes by mostulating that
phonological processes 'carry-along' with them arbitrary handling
of the museular and articulatory system.

A third argument against this hypothesis is that it does not
adequately account for the range of variation exhibited by a serment
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in a constant enviromment. If there were that much correspondence
‘between mechanical inertia and phonology the articulation would
be much more precise. The present model does predict a range of
variation in the same segmental context because it only establishes
limits for the variation, not new and different targets. I.e., the
favoured model postulates =& target, establishes the inertia
formula, and establishes the limits to be imposed on that formula:
the unfavoured model postulates a variety of a relaticnship
established between mechanical tendencies and linguistic demands
further resulting in an agreement for a particular and new target
for each allophone [EMG records de not show that there is any
contextual variation of this kind--but interpretation of such
data is as yet only scantily formalized (Cooper 1965)1.

Thus a particular articulatory gesture is the result of
(a) the linguistically-motivated desire to articulate a particular
extrinsic-allophonic segment, (b) the operation of a motor procedural
mechanism establishing the cohesion of this segment with syllabic
context, (c) the insertion of the composite syllabic-sized unit
{of which this segment novw constitutes & part) into the chosen
rhythm or rate for this utterance, (c), in English, the modification
of segmental duration depending on the stressed/unstressed pattern
within the rhythm, (e) the generating of a target program asscciated
upwards (i.e., linguistically) with this segment and horizontally
(i.e., motor-wise) with the syllable unit, (f) the appendage of
co-articulation limiting factors which limit the freedom of range
of articulatory wariables but which do not change the established
target program.

Fig. 1 represents & simplified version of the present model.
Some boxes are tentative (such as the setting of the gamma-loop
system) but their function must occur somewhere to complete the
system: they may just be in the wrong place or attributed to the
wrong external mechanisms--what is correct about them is that, if
inecluded, then this model satisfies in a true explanastory warv,
the observables.
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Operations in Fig. 1

1. Input from the vhonology decides which segmment (=extrinsie
allophone in sequential context with morvheme and word boundary
symbols, stress pattern, etc.) is required at a particular noint
in the utterance to be generated.
2. Test for segmental context:

(a) utterance (or inter-vause group): initial, medial, final?

(v} (any) sub-utterance groun: initial, medial, final?

{(e) word initial, medial, final?

(d) morpheme initial, medial, final?

(e} syllable initial, medial, final?
3. Establish whether motor-cchesion (lack of temporal comrensation)
or temporal compensation is to operate (this depends on the answver
to 2).
L., (from 1) Look up muscle targets. If targets are expressed in
terms of degrees of muscle contraction we have to ask the thecretical
gquestion: should targets for all muscles be snecified irrespective
of whether or not some are not invelved in this particular segment,
i.e., should a marked/unmarked system of classifiecation be introduced?
A combination of full entries with marked system would produce a
segmentally determined feature hierarchy which is an issue of
theoretical importance,
5. Establish relationship between targets and cohesion and
compensation--i.e., establish syllable unit.
6. Decide overall rate of utterance. _
7. BSet rhythm generator according to 6: (i.e., provide metrconomic
determination).
8. Establish how each segment [incorpnratin; 5} will behave temnorall-
in the rhythm established by T.
9, Hand over the information about the segment to the motor-commard
generator (this must be buffered to allow command-initiation
overlap).
10. Establish information about anv neural line-delay in the syvsten,
11. Establish the muscle-resvonse delay.
12. Construct a muscle command ordering dependent on 10 and 11
(at this point commands for individual muscles involved in the
production of a particular segment are no longer temporally
synchronized).
13. Consult table about muscle (and other) inertia factors.
1Lk, Ering linguistically-determined information about anv limits
to be imposed on any articulatory wvariation whiech is likely to cceur.
15. Recruit any additional (antagonistic inecluded) muscles which
may be necessary to maintain the limits of articulation wvariation
decided under 1k,
16, Set gamma-loop for targets and limits.
17. Send command at appropriate time (notice that this model does
not assume the possibility of any low-level senquential trigrerinre
of commands).
18. The muscles contract within the specified limits, besginnine
at the correct time to achieve synchrony of articulator movement
associated with a particular segment. Iliotice that EMG data shors
that contraction seems to have finer temporal than amplitude
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limits (Tatham and Morton 1968a).
20. Apply the accustic theory.
21l. OQutput soundwave.

Implementing the above model is well-nigh impossible, for
several reasons, prineipal among which is that there is just not
encugh data for most of the boxes (even if the boxes themselves
are correct). Take, as an obvious example, the temporal compensa-
tion and motor-cohesion boxes: that these two phencmena exist
seems likely at the present time, as we have shown, but even a simple
descriptive statement of their details does not exist yet. For
the moment this does not metter. What does matter is attempting
to use the model's implicaticns for synthesizing speech even if
we have to guess at individusl wvalues for any item. Guessing
reduces reliasbility of using the working model for perception
research, but it is a way of getting at the details for production
research,

Before beginning a description of the synthesis strategy let
us recapitulate the most fundamental assumptionz of the present
model--which (however grossly) would need their respective repre-
sentations somewhere in the synthesis system.

Fundamental Assumptions of the Speech Production Model

A The input shall consist of individual segments which shall be
extrinsie allophones bearing only notional time marking in the
form of simple sequencing.

BE The iaput shall be indexed with boundary symbols, such as:
utterance, group, word, morphene, syllable,

C The input shall be indexed with certain prosodic features,
such as: stress (lexiesl, group, sentence), intonation
(possibly only if marked, but suspect all).

D Also input will be (extra-linguistic?) information derived
from decisions about the overall rate of utterance.

E ©Speech production is ultimately reducible to articulatory
targets (though whether these are stored as representations
of -shapes, sounds, muscle commands, etc., is unknown).

FF These targets are constant within individual for a particular
language (irrespective of final output rate, co-articulation,
segment position within the syllabie, ete.).

G The hypothesis is adhered teo for the moment that a-linguistie
motor control dominates the syllabification of segment sequences
at the periphery.

H Rate of utterance does not dominate the programming of targets
but merely provides a factor which will enhance the effects of
system inertia.

I A function of the motor control system is to stagger (negatively
or positively) individual muscle commands to achieve desired
articulatory movement at the correct time--the thecretical
standpoint is taken that it is not until this late time that
staggering cccurs. GStaggering is computed according to lockup
table.

J A lookup table containing inertia factors reacts with command
staggering and antagonistic systems, together with psychological/
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perceptual information about the crowdines status of the
perceptual snace, to commute limits of co-articulation and
variation (over- and under-shoot) which nmay be permitted.
Some kind of buffer is reouired at the point of stacgerines,
serving two functions: (a) it nermits successive passes of

data for re-srransement for stasrerine and (b) permits 'hold'
facilities for output to final peripheral mechanisms of the
motor-command signals.,

This model (desnite Wickelrren 1967) heolds that gamma-lcors

and any similar mechanisms are used for two functions: (a) to
'set' limits and (b) to hold them; it further holds that
garma-loop systems are used to provide information about the
nrior state of the musecles which resultis in a left-to-ripght
effect observed in the final output; and further

that fast conducting neurons will permit command sipnals to
arrive at a muscle during the nrevious segment, thus peneratinr
the right-to-left effects observed in EIG and other data
(MacNeilage ang Declerk 1962).

A composite signal arrives at the muscle which is a temporally-
poverned transform of the orifginal extrinsic allonhone lookun
table target values. This signal embodies: (a) the tarret
value (re-computed); (b) a terporal element (which mar just he
a re-issuing of the same command for a given period of time);
(e} limitineg factors to govern phenomena associated =rith arny
succumbine to inertia.

It is therefore held as a theoretical tenet that at the final
stages of articulation, universal (that is: slways oneratine
7ithin a particular spesker under normal conditions and
comparable with similar effects in other sreakers) constraints
apply to the transformation of the input sirnal to the nuscles
to produce the cutput configuration. This constraint syster

is rule-governed (i.e., quite predictable) and 'knowm' to the
system which has used this inforration to corpute the limitatinns
or counteraction measures to be arrlied.

Such a postulate of the role of inertia nrediects that where
constraints were not controllable then no fine differentiation
could be required by the lineuistic svstem (2 trivial hyvothesis,
but requiring to be stated).

The model permits variation in successive revetitions of the
same utterance in a way that existinrs sreech-gynthesis systems
do not (we are concerned only with sneech sirnthesis-hv-rule).
Existing programs (Holmes et al. 196h: Mattingly 19A8) store
tarpets and generate allovhones in such a war that neither
temporal nor target nor transitional cutput can vary unless the
stores are changed.

3. The Synthesis Ctratery

Fig. 2 is a very tentative suprestion for implementing the

shove model, Most of the information required for the lockun
tables does not exist.
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Fig. 2. DIAGRAM OF SYNTHESIS PROCELDURE
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Description of the synthesis system

1. Together with the deecision to input a certain sequence of
extrinsic allophones an overall rate for the utterance is decided;
this could take the form 'fast (+), standard (0), slow (-)°'.

2. A rhythm is established which might take the form of an

actual time for duration between tonic-stressed elements.

3. Information from the input about the stress pattern establishes
the placement of stressed and unstressed elements within the
established rhythm.

4., By reference to a table of the relative durations of all
phones in the language the relative durations of the actual input
allophones in seguence are established.

5. (3) and (L) are combined to establish the actual timing of
each element (segment) by including information about cohesien

and compensation.

6. Reference is made to a table of target values for each feature
for each of the segments in the utterance and this informaticn is
brought together with the timing information already established.
T. A table of universal inertia formulae asscciated with each
articulatory feature and a table of marking values for these
inertis formulae dependent on segmental context are brought together
to establish which features of the utterance segments are marked or
unmarked for transition and what the transition formulae are for
these features on a universal basis.

8. By loockup table of the language-svecific limitations to be
applied to these transition formulaee, particular formuilae are
substituted for the output of (7).

9. Feature targets, segment timing and specifie transition
formulae are brought together.

10. Trensitions and reduction, ete., are computed.

11. VT shape is established by means of a lookup table related

to the ocutput of 10.

12. Acoustic theory is applied.

13. Conversion of the output of the acoustic theory to TA
parameters.

1k, Operation of TA to output (5) soundwave.

Notice that prier input information for storage purposes
(lockup) is required for:
(a) general ratio of phone durations
(b) cohesion/compensation information
(e) articulatory-feature targets for all segments
(d) universal inertia formulae for each feature
(e} context-sensitive inertia information
(f) language-specific limitations of inertia wvalues
(g) feature/shape relationship.
Hypothesis: {a), (f) and (?b) are language specific; the rest are
universal.
Utterance-specific input information reguired:
(a) string of extrinsic allophone segments
(b} rate of utterance
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(e) stress information
{(?d) intonation

Come of the deficiencies

A

The system is tentative for the roment and much of 1t could not
be implemented except on a very ad hoc basis because values

for most of the lookup table information are not awvailable.

In particular no mention has been made of intonation and how
this is derived; no mention has been made either of how amplitude
control (e.g, for stressed vowels) is derived.

Guite clearly not all the boxes in the speech production rodel
have been implemented (particularly at the neuro-muscular level).
Particularly unsatisfactory is the way segment, timing and

transition formulae (9) are brought together in one big obscure
computation,

It is hoped that this is the beginning of a speech-svnthesis-

by-rule system which will render transvarent some of the staces in
the speech production process,
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A Model of Speech Percention by Humans

L. V. Bondarko, N. G. Zagorujko, V. A, KEEevnikov, R Fclganov,
and L. A. Cistovie

Translated from Bussian by Ilse Lehiste

Foreword

This book sets forth some results of investigations in the
areas of psychology, physiologr, and exrerimental vhoneties, directed
towards the elucidation of the mechanism of sneech percention by
humans. On the basis of these data and the application of methods
of the theories of complex systems and pattern recognition, a
nlausible model of speech perception by humans is oresented.

The work may be of interest to srecialists working in the
area of the automatic recognition of sneech signals: mathematicians,
engineers, physiologists, psychelogists, and linguists.

1. Introduction

The authors of this work are united in the convietion that the
elaboration of a mocdel for speech perception by humans coinecides in
practice with the elaboration of a system of automatic recognition
of a sufficiently large set of speech events.

It is not necessary (and, for the time being, not nossible) to
demand commlete structural isomorphism between the human speech
perception system and the system of automatiec recognition of sneech
signals. One can, however, hope for a functional resemblance
hetween the model and the original.

In the process of developing the model, it is unavoidable
that questions arise which are inaccessible (or accessible with
difficulty) to direct experimental investigation. Insuffiecient
information is then supplemented by puesses and assumptions. The
first natural test which these assumptions must meet consists in
the requirement that the model which has been set ur using these
assumntions must be efficient. This. of course, cannot he established
Lefore the model is converted into a technieal construet or a
machine algorithm.

Is it impossible to solve the problem of constructing a model
of speech perception in a purely formal way?

For example, let us try to look at the procedure of speech
recognition from the point of view of the theory of complex svstems
Cl]. If one does not demand structural isomornhism between natural
structures and those to be designed, then it is possible to assume
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an infinite number of wvariants of the automatic speech recognition
device., Cptimal will be the automaton that will recognize a
given lexicon with the required reliability P, at & minimal cost
. Obviously R will be a function of the cost of memory elements
(short-term as well as long-term memory) and other elements

which enter the construecticon.

Hardly any speech researcher believes at the moment that a
sufficiently large set of words can be recognized immediately from
current parameter values of the speech signal. It is the exverience
of many laboratories that this method of approach iz justified only
when the wvocabulary does not execeed 20-25 words,

For more complex tasks, multi-stage hierarchical structures
of recognition devices are usually proposed. A genersl block
diagram of a multi-stage recognition device is presented on Fig. 1.

£(t) Xy T, 51P1 1 e,
= & iy = W |
~ X
)

Figure 1

Here X; constitutes the description of the signal at the
input to the i-th level of perception. The classifier Dy, with
the help of certain rules ("decision functions") makes the decision
whether an unknown vector-realization X; belongs to this or that
element of the alphahet Si with a reliability P;. The sequence
of elements 5; constitutes the selection space Xj4+] of the next
(i + 1th) level of the recognition device.

The diagram given on Fig. 1 is a general scheme which may
serve 45 a skeleton model for the analysis of existing artifiecial
as well as natural hierarchical recognition devices. The analysis
is reduced to determination of the number of levels and the
structural elements of each level X, D, 5, and P, and the nature
of the interaction between these elements.

Externally given requirements for the planner are usually the
speech signal f(t) at the input, the lexicon S5ps and the reliability
P, at the output of the system. All intermediate blocks may he
selected arbitrarily.

First of all, it is indispensable to implement the transiticn
from f{t) to a more compact and at the same time sufficiently
informative deseription X;. It is possible to try several, for
example "k;", variants of description. Certain short speech
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elements S will be recognized according to this deseription with
a reliability P71, after them——elements 52 in their turn, ete.
Classgifiers may have a different structure at every level. It
would be desirable to examine several ("r") versions of algorithms
for deecision-making.

There are no formal limitations on the intermediate alphabets
S4. At every level it is possible to examine the suitability of
"q" wvariants of the alphabet. If the number of stages equals m,
then N different wvariants of recognition systems are subjiect to

examination, whereby

H=k xr;xq; xro X qp.....n =k xrp | ryay.

For the sake of simplieity, let us assume that k1—ri=q =n. Then
= ngm, and vhen m = 4, and n = 5, N = 360,000. It is clear
that the examination of so meny variants is practieally impossible,
especially considering the fact that each variant represents a very
cumbersome task. The most expedient is the following 'biotie'
approach: for a first approximation to the optimal schema, the
variant should be selected which incorporates all reliably known
facts concerning the physioclogy and psychology of speech perception.
Later on it might be attempted to find the best approximation to
the optimum in the neighborhood of the point represented by this
variant.
As was noted above, the genersl operating criterion for

testing the quality of systems being nrojected is the summary
complexity (cost) of the system R, complying with the limitations
f(t), S, and P,. It is possible to determine the complexity of
each stage separately. For example, the complexity of the
classifier Dy is a function of such quantities as the extent of
the selection space (i.e. the number of elements in the lexicon
of the preceding stage Si_ll, the number of elements to be recognized
54 and the type of the decision function Dij. The selection of D: depend:
in turn on the reouired reliasbility of recognition P: and on the level o!
reliability Pj_; with which the elements Sj_j had been recognized.
Therefore

Ri = f{Si_l: Pi-—l; Dl" 51 p:]

Unfortunately the shape of this function is unknown: it is

not known how the reliability of recognition Fi-1 is related to Py,
that is, what mistakes in the recognition of elements 5; are induced
by mistakes made in the recognition of elements at the precedine
level S4_37. At any rate, the form of this dependence must be
determined experimentally (that is, it is necessary to construct
and test a concrete automatic machine). This constitutes the basic
reason why up to now it has not been possible to optimize a
hierarchical structure by formal methods of optimization of the
type employed in linear or dynamic programming. For setting up a
more detailed schema of the automatic machine at each level it is
therefore indispensable to return to known facts about the nerceptiﬂn
of speech signals.
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Thus both the investigators of speech perception {phoneticians,
psychologists, physiologists) and the specialists in the automatic
recognition of speech (mathematicians and engineers) are now
equally interested in setting up a first version of A sneech
perception model whieh would incorporate in an uneguivocal manner
positively known facts about speech perception by humans. The
present paper reflects the first stage of our collective efforts
in this direction.

In the beginning of the paper (52) facts and assumptions are
presented regarding the structure of a model of speech percention.
This is followed by an exposition of some elements of this model
(563, L, 5). The paper concludes with a schema and description
(§6) of a plausible (from our noint of view) version of a model
of the recognition of speech signals,

2, BStructure of the Speech Perception Model

As soon as we define the final result of speech percention as
understanding the meaning of the communication, and demand that it
should be possible to understand sentences that have never been
heard before, it becomes obvicus that the nprocess of nerception
must be hierarchically organized.

In order to understand the meaning of a sentence it is
indispensable to have at one's disposal a description of the SVﬂtactlc
structure of the sentence. In order to carry throusgh a svntactic
analysis, it is indispensable to have the sentence first divided
into words, and to have assigned to each word its lexical and
grammatical characteristies. In order to analyze a word, it is
preliminarily necessary to have at one's disposal its phonemic or
near-phonemic description. Finally., in order to transform a speech
signal intoc a sequence of phonemes, it is first of all necessary to
distinguish in that signal those acoustiec features that differentiate
rhonemes from each other. Distinguishing among acoustic features
presupposes an earlier time-frequency analysis of the stimulus.

Specialists engaged in the automatic analysis of texts consider
it to be sufficiently well established that the transformation of
the alphabetic form of a sentence into a description of its meanine
must consist of three successive stages, represented on Fig. 2 to
the right of the dashed line [2, 3, 4]. It is obvious that the
same three stages must also be present in the analysis of spoken
language. Furthermore, the process of the perception of spoken
language must include at least two additicnal preliminary stages
of transformation C5, 6, T, 81.

The first of these stages is the auditory analysis of the speech
stimulus. As a result of the overation of this stame, the stimmlus
is described in terms of acoustic (auditory) features. Logically
it iz to be expected that the set of features which the auditory
system distinguishes in the signal is quite large and is intended
for the totality of acoustic signals with which the organism has to
deal. It is probable that only r part of these auditory features
will turn out to be useful for sneech recognition.
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The next stage in perception is the phonetic interpretation of
the stimulus. The description produced at the ocutnut of this
block must be already sufficiently abstract and applicable to
either an acoustic or an articulatory representation of the smeech
event. Such an abstract descrintion might be given in terms of,
say, phonemes or distinctive features [91.

2.1. The hierarchical model and the possibility of its realization
with the help of simple automata.

From the point of view of the theory of complex svstems, one of
the sdvantages of hierarchiecal structure is the fact that each block
can be relatively simple ("cheap"), can make do with small amounts
of short-term and long-term memory and with a limited number of
operations in decision-making.

This is connected with the fact that each nreceding block
serves as an information filter with resvect to the followines block,
decreasing the dimensions of the signal and bringing it closer to
a form that is more convenient for further nrocessing.

Let us imegine that classifier D4 has been allotted a limited
number of cells of short-term memorv and a limited number of
operations. Then it must inewvitably be simple, for example linear,
and must operate within a restricted space, and the level i - 1
must output such elements 84_j7 that short sentences thereof can
be recognized at the i-th level with the help of linear decision
functions. The nossibility of renlacineg a complex decision function
with a sequence of simple (linear) classifiers is demonstrated in
reference [10]. If the summary complexity (cost) of a multi-stare
system with an identical reliability (P,) in the recognition of
elements S, turns out to be less than the complexity (cost) of a
single-stage system, then a re-coding mar be considered justified.

To what an extent are these arguments in favor of hierarchical
structure supported by facts about the auditory analysis mechanism?

It is considered to be sufficiently well established at the
present time that the capacity of the human short-term memory is
very limited [11, 121, This is revealed by data concerning the
retention of sneech or speech-like stimuli. Thus it has been shown
that a sequence consisting of only three vowels or pure tones 1s
remembered as a seguence of decisions about stimuli and not as =
sequence of auditory descriptions of stimuli [13]. This makes it
possible to believe that the automaton carrying out a phonemie
interpretation of the stimuli must verforce work with asuditory
descriptions of wvery short segments of the smeech train, certainly
shorter than the average duration of a word. It is known that the
length of a sequence of nonsense words which a humen can remember
does not exceed T - 10 syllables [11l, 1L]. This obviously
characterizes the dimensions of the "temnoral window" through which
the utterance is "seen" by the automaton performing the mornhological
analysis of the word. The sequence of grammatically and semanti-
cally unconnected words which a human can renroduce after one
hearing is likewise wvery limited [12].
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Finally, it has been demonstrated that it is easier to recell
the meaning of a sentence than the complete sequence of words
constituting the sentence [15]. The adduced data allow one to
assume that from the point of view of the total cost of short-term
memory at all levels, the hierarchical system of speech recognition
must prove sufficiently economical.

Let us proceed further. It is known that the complexity of
the clasgifier depends to & very high degree on the number of patterns
to be recornized. Ewen if we assume that we should succeed in using
alphabets of small dimensions at intermediate stages, nevertheless
at the last stage the alphabet of objects to be recognized cannot
be smaller than, say, the number of words in the lexicon S,.

Would it not be possible to recognize a word without comparing its
complete description with every standard item contained in the
lexicon Sg7

In reference [16] an algorithm is described of a sten-by-sten
reduction of the lexicon in the recognition process, whiech is
based on the method of "ecrossing out" nroposed by L. Cistovic.

In this method, a feature is selected (the first one that occurs

or the first in importance among a number of simultanecusly

oceurring features), and all words that lack this feature or this
marticular meaning of the femture are crossed out from the initial
lexicon S,. Thus the lexicon is sharply reduced. The same operation
is performed with other festures. The task becomes simpler at every
sten. At a specified stage, the algorithm proceeds to a comparison
of the word with the standeard forms of the remaining words in the
lexicon, in the complete, multi-dimensional description space, with
the help of any chosen decision function. This "combined" algorithm
enables one to reduce the decision-making time by several orders

of magnitude. There exist reasons to assume that humans fellow an
analogous procedure. It would be important to find out how concretely
it is reslized at every hierarchical level of human perception.

An analogous role--reduction of the initial lexicon on the
basis of incomplete preliminary information--is probably played by
the phenomenon called "psychological setting"--the increase of the
a priori probability of certain hypotheses as compared with others.
The algorithmie model of this procedure differs hardly at all from
the "crossing out" procedure and is possibly realized in livinr
systems by means of a general physiological mechanism.

The reduction of hypotheses and numbers of variants apparently
plays an important role at every level of the svstem, which makes
it possible to employ economical classifiers,

A study of the nature of decizion functions used by humans
has shown that in the process of making a decision in a multi-
dimensional space of features, they employ hyperplanes parallel to
the planes of coordinates, i.e., the simplest type of linear decision
functions C1T7]. An enalogous result was obtained in experiments
dealing directly with the perception of speech signals [1A1].
Consequently, experimental facts support the arguments (the small
capacity of short-term memory and the simplicity of eclassifiers)
used to Justify the advisability of the hierarchiecal structure of
recognition.
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2.2. The hierarchical model and the reliability of recognition.

It is natural that at every level of the hierarchical svstem
information losses must take place, which seeminglvy makes such a
system less effective with respect to the reliability of recopnition
in comparison with a single-stage system. This question has been
repeatedly discussed in the literature in connection with the
problem of 'decision units' in speech perception [19]. There exists
a large amount of trustworthy experimental date, which demonstrate
that in the interpretation of a speech stimulus one relies not only
on its accustic properties, but employs also information concernine
phonological and syntactic rules, frequency characteristics of the
lexicon, and semantic rules (ef. the survey in ref. 5). It can
be concluded from this that one does not make decisions about
individual phonemes in the stream of speech and that the units
with which one operates correspond to words or even larger segments
£191.

If we should interpret this result to mean that acoustic
imeges of whole sentences must exist in human brains, we would arrive
at complete absurdity, since we would te forced to assume the
presence of images of szentences that have never yet been heard. A
reasonable explanation of this result might be the following: if
the information at the input to a given eclassifier proves
insufficient, the classifier ocutputs several npossible internreta-
tions of the input signal indicating their a vosteriori probabilities,
and the final decision in the sense of the selection of one
definite alternative may be postponed from stage to stase all the
way up to the last one--the recognition of the meaning of the
utterance.

The presented ideas correspond to the conclusions drawn by
Galunov [20] on the basis of an experimental inwvestigation of the
perception of speech in noise. The author arrived at the conclusion
that humans carry out a continuous re-coding of the speech stream
into phonemes, but make final decision after the elanse of sufficiently
long segments.

There is no doubt that the stability of spoken communication
among humaens in spite of interference is based on the use of
redundancy. Voloshin worked out an algorithm for increasing the
relisbility of recognition at the exmnense of the redundancv of the
signal [21]. Experimental testing of the algorithm showed that
it is indeed possible to build reliably functioning devices for the
recognition of oral commands on the basis of phonemes that are
recognized with a low reliability.

The complexity (or the reliability) of the automatie recomnition
device depends strongly on the nature of the distribution of the
totality of objlects to be recognized in the selection space. Usually,
given the recognition reliability P; of elements of the alphabet 83,
the complexity of the classifier Dy increases with a greater dispersion
of those elements 854 in the snace X;. An increaze in the disrersicr
of speech signals usually accerranies an inerease in the number of
spealiers vio rarticinate in the exrerirert.
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It would be possibtle to decrease the dispersion, if one could
successfully limit oneself to working with standard forms produced
by one speaker, adapting them to the particular characteristics
of any other speaker. The possibility of such a procedure was
examined in [22]. It turned out that the gquality of recopnition
is in faect substantially inecreased when a standard is provided
for the speaker.

The use of a hierarchical recornition system may allow one to
make use of the most varied kinds of information about the sneaker.
starting from the acoustic peculiarities of his pronunciation and
ending with the sphere of concents with which he onerates. One
possible mechanism could be changing the a priori probabilities of
output units in the lexicons of classifiers. It is possible to
think that some kind of elementary adarntation to the speaker is
already incorporated at the lewvel at which aunditory features are
isplated. Thus the phoneme boundarv in the svace constituted by
the first two formants of isolated synthetic vowels denends on the
frequency of the fundamental tone and on the freguency of the third
formant [23].. The reliability of recognition is alsoc obviously
inereased through adaptation with respect to tempo, sneech loudness,
acoustic characteristics of the room, ete.

2.3. ©Speclal characteristics of the pronosed model

It follows from everything said sbove that a complete model of
speech perception must include such higher stages of information
processing that are currently being investipgated by specialists in
machine translation. The realizetion of such a complete model in
the form of mutomatic algorithms is hardly possible in the near

future. At the same time it is obvious that partial models, describing

the transformation of information at separate stages of the chain,
should preferably be worked out in such a way that they could later
be easily inserted into one general model. For that purpose it is
indispensable that the output signals of models of lower levels

be identical with input signals to models of higher levels.

At the present time specialists in machine translation work
with written texts, and input signals for their algorithms are
writien words, 1.e., strings of letters separated by spaces. In
oral speech there are usually no pauses between words, and the
problem of determining what is a word avpears to be sufficiently
complex in itself. Eesides phonemiec information there is also
prosodic information which likewise must be transmitted in a
transformed shape of some kind to the input of the block that carries
out the syntactic analysis. This compels us to assume that the model
for morphological analysis (block 3 on Fig. 2) must be worked out
specially in conformity with requirements for oral speech, and that
this is & task for the joint efforts of specialists in automatic
speech recognition and gpecislists in machine translation.

Correspondingly, we shall formulate the task of the present
investigation as producing a model of the chain of transformations
that ensure the transition from an acoustic sveech signal to its
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deseription in terms of & sequence of words, in which every word
in its turn is described in terms of the set of its lexical and
grammatical features. This corresponds to the first three
blocks on the schema presented on Fig. ?. Besides that, a word
must be assigned at the outout certain supplementarv prosodic
characteristics (this question is not at all clear wvet and
requires special investigation).

I
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In the beginning stages the size of the lexicon of the
recognition device will rationally be limited te two-three thousand
words.

Below we will attempt to formulate some considerations reparding
the structure of the first two blocks of the model. ™ithout touchine
the structure of the third block, we will at this time only define
the character of its input signals. It is nossible to consider
them as sequences consisting of no more than ten syllables each.

& syllable will be defined as an element ending in a vowel and
containing no more than one vowel. Each syllable is described in
terms of phonemes (which, however, mav he incompletely recognized).

In addition, each syllable is provided with supnlementary information
characterizing its stress and intonation (the number of degrees and
the form of description of these features has not yet been determined).

It has been shown in the work of Lisenko [2Lk] that on the
basis of such input information it is, in mrincivle, possible to
arrive at a segmentation into words and carry through their

4 morphologiecal analysis.

£ A specification of the input signals for the third block is
indispensable within the framework of this study, since it determines
the requirements which must be imposed on the phonetic internretation
block (block 2 on the schema presented on Fir. 2). Let us now turn
to facts which are known from electrophysiology of hearing and from
psychoacousties.

3. The processing of =speech signals by the aunditory organ.

The initial analysis of signals by the auditory organ takes
nlace in the cochlea. Because of the non-uniform structure of the
basilar membrane, the transmission of enerpy from the signal to its
various points is realized with dispersion in frequency and time.
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In practice, a spectral analysis of the sipnal takes place in the
cochlea according to the transmission functions of the basilar
membrane. An approximation of those to Bekesv's data was carried
through by Flanagan [25]. An examination of the results of the
approximation shows that the representation of the stimulus at a
given point of the cochlea is connected with a definite freauency
selection and temporal delay of the signal.

It is known from psychoacoustic experiments that a deecision
about the stimulus is taken with regard teo its development hevend
the so-called eritical time of analyvsis, consisting of arproximately
150-200 milliseconds. Taeking inteo account what has heen said, the
representation of the signal at the level of the cochlea may be
described by means of a contour in the frequency-time-energy snace.
A given contour reflects the stimulus which immediately brings about
the execitation of neuron endineges found in the organ of Corti.
However, the transmission of this excitation to successive sections
of the neural net proceeds differently for different elements of the 1
contour causing the exeitation. Fsychoacoustic experiments demonstrate
that 2 human listener identifies sound signals as similar if they
differ only in amplitude. Invariance with regard to amplitude
(loudness normalization) is evidently connected with the transmission
function involved in the transmission of the exeitation into the neural
net. The frequency of impulsation (or the probability that a
response occurs after a given time segment) of a peripheral neuron is
connected with the intensity of the stimulus that acts upon the
corresponding receptor with the logarithmic dependency relation

p (x) = log2 ¥ £2 (') at'~log (E + B,); (1)
t o t

where p(x) - the probability that an impulse will oceur in response
to the stimulus,
PD — the gquantity accounting for the spontaneous activity
' of the neuron,
t = integration time,
ft{ti - the size of the instantaneous value of the stimulus
(only its positive part is taken into account).
If the part standing under the logarithm sign in equation (1) is
taken to be connected with the average energy of the stimulus, then
the response reaction of the neuron at the periphery of the auditory
system will be proportional to the logarithm of the average energy
of the stimulus E for the time t. The working rule of the elementary
structure that isolates any given feature which is dependent upon
the spatial distribution of the energy of the stimulus aleng the
basilar membrane and independent of changes in intensity, may be
formulated in the following way:
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A; = p(xy) - plxp) = log ( 1 +E | (2)

where Xy and x5 - two arbitrary points on the basilar membrane,
E, - a constant taking into account spontaneous activity.

It iz possible to write an analogous expression for deseribing
the amplitude changes of the stimulus with respect to time. A
complete description of the shape of the stimulus, invariant with
regard to its intensity, may be cobtained if the walues represented
in equation (2) are formulated for all distinctive points of the
excitation contour. It seems that the Jjust presented normalization
process of the description of the signal with respect to intensity
takes place at the outermost periphery of the neural net and
constitutes a part of the mechanisms for isolating the most distinetive
peints. It is of great interest to examine electrophysiclogical
datae as to which elements of the signal are observed to produce the
most clear-cut reasctions of the neurons in the various sections of
the neural part of the organ of hearing.

At the present time, abundant data are available regarding
the responses of single neurons, starting from bipolar cells and
ending with the cortieal part of hearing. It is difficult to say
to what an extent the characteristies of these responses are connected
with the results of psychoacoustic experiments. Nevertheless, the
fact that there exist selective rezsponses of neurons to signals of
a particular form constitutes evidence that at least at the periphery
of the system of hearing, a representation of the signal is formed
which is based on isclating its specific features.

In reference [28] it is demonstrated that there exist two pgrouns
of neuronsg in the cochlear nuecleus which can be clearly separated
according to the nature of their responses, conditionally called
tonal and phasal. The former are characterized by a substantial
sharpening of the frequency-threshold curves when the duration of
tonal emission is increased from 2 to 100 msec, by a significant
dependence of the latency period on the intensity of the sisnal, br
the preservation of the response during the whole length of the
stirulus, and also by & clearly expressed temporal summation of the
energy of the stimumlus. The character of the frequency-threshold
curves of the neurons with tonal resnonse itself nointsz to a signifi-
cantly sharper reaction of the observed neuron to the stimulus at
a given freguenecy than could have been expected on the basis of the
frequency characteristics of the inner ear's mechanical srstem (the
so-called sharpening effect). Amons the existing hypotheses set unm
to explain the sharpening effect, that one anpears best founded that
nroposes the existence of scme kind of lateral inhibition at the
periphery of the neursl pvart of the organ of hearing.

The simplest variant of lateral inhibition, conditioning the
sharvening effect, appears to be a scheme for iseclating the differences
in the intensity of excitation of adjacent elements. For carrying
through this operation, the existence of neuronal structure is
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postulated that reacts to non-uniformity in the distribution of
energy in the space of the receptors.

In the limiting case, such a structure could consist of a
single element of a neuron, if the response to a stimulus is
proportional to the sum of the absolute values of the differences
in the influence exerted on its dendrite system by the recentors.

If this iz seo, then the response of the neuron will be proportionsl,
in the limiting case, to the derivative of one or another order of
the function that describes the spatial distribution of energy in
the studied section of the receptive field.

An examination of the model of such a scheme of excitation
allows one to note the following of its properties. The quality of
frequency-selective characteristies, extracted when a tonal signal
is fed in at the input of the model, can raise by an order of
magnitude the quality of anslogous characteristics of input filters
(in this case, the frequency characteristics of the basilar membrane).
The angle of the slope of the frequency-selective characteristics
mey reach a magnitude of the order of hundreds of decibels per
octave [26]. If two tonal signals act upon the input of the model
simultanecusly, .of which the second is out of tune relative to the
mean frequency, one observes a clearly expressed masking of the
first signal. The response of the model is insignificant when a
signal with a continuous uniform spectrum is fed in at the input.
When tonal signals with varving duration are used as stimuli, the
model displays clearly expressed effects of temporal summation: an
inecrease in the duration of the signal is accompanied by a lowerine
of the threshold of exhaustion and an increase in the quality of the
freguency-selective characteristies. The latency period of the
response depends strongly on the intensity of the stimulus.

The quoted data show that the model of lateral inhibition in
the given formulation possesses the basic properties of neurons with
tonal response. The characteristic property of the deseribed lateral
inhibition model iz the sharp isolation of extremes in the spatial
energy distribution of the signal. This allows one to propose that
the mechanism for iscolating formants in speech signals as starting-
point features operates with data about the position of extremes in
the continuous spectrum of speech elements.

The neurcns which give a so-called phasal resvonse to stimuli
are characterized by the independence of the response latency
periecd of the signal intensity, by a small dependence of the response
threshold and the sharpness of frequency-threshold curves on the
duration of the stimulus, and by a significant dependence of the
response on the steepness of the onset of the signal. The phasal
response usually consists of one or a few bursts, immediately
following the onset of the stimulus. Neurons with phasal response
constitute about 20% of all investigated elements in the cochlear
nueleus. Besides that, their procentual share inereases in the
higher sections of the neural net of the auditory system (in the
inferior collicula etec.).

The described properties of neural structures with phasal
response make it possible to assume that they play the role of
determining the moments at which a change takes place in the energy
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of the signal, concentrated in one or another freguency region.
Cne may assume that a temporal segmentation of the uninterrunted
gtream of speech is worked out in higher seections of the suditory
system on the basis of signals which have been received from
rhasal-type neurons. Apparently there exist in the neural net
of the auditory system isolators of significantly more complex
characteristics of stimuli, which desecribe in detail how their
energy changes with respect to time as well as to frequency. The
same isolators accomplish the quantitative evaluation of the

shape of the perceived signal.
In reference [28] it is shown that in the inferior collicula

of rats there are neurons which respond with a grouv of impulses
to a short signal (of the order of 1 msec) end do not resvond at
all to longer-lasting stimuli (longer than 10 msec).

In the auditory part of the cortex neurons have been isolated
that respond conly to stimuli whose freguency changes in cne or the

other direction C307.
The neurons of a given group can be differentiated inte three

groups according to the nature of their response to a frequency-

modulated signal.
The first group is constituted by elements that react to a

change in the frequency of a tone in the direction of a higher

frequency.
The neurons of the second group respond only when the freguency
of & tonal stimulus is decreased (with a definite speed!)., Finally,

neurons of the third group react to a change in the frequency of
a tone, if the direction of this change leads to a closer anproxi-
mation of the freguency of the tonal signal to the characteristie
frequency of the given neuron. A multitude of data, accumulated
in investigations of the wvisual analyzer, point to the existence
of structures in its neural part that isolate from external
stimuli such elements like contours, angles and more complex
configurations C2T]. A special signifiecance have those cases
in which neurons in the cortex respond only to a2 spatial movement
of a certein kind of signel. It is interesting that the underlining
of contours in drawings 1s realized at the periphery of the wvisual
analyzer of a frog owing to the interaction of the processes of
excitation and inhibition, vwhich evolve in time according te
different laws [27]. This points to the subtlety and complexity
of the structures which accomplish the isolation of informative
elements in images. In view of the proposed communality of the
basic principles of the processing of information in different
sensory systems of the organism, it is useful to consider the
possibility that there mey exist neural structures in the system
of hearing that resact to the same kinds of features of signals as
are reacted to in the visual analyzer.

Finally some hypotheses should be mentioned that propose
the existence of neural structures in the auditory system that
isolate certain sequences of occurrences of maxima or sharp
decreases of energy in the stimulus at different frequencies and
at different moments in time. The existence of such structures
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might expleain the selective reaction of living creatures to certain
sounds with a complex spectral and temporal structure. According
to current views, neural structures that react selectively to
complex signals are continuocusly being formed in the neural net

in the process of developing conditioned reflexes. However, it is
necessary to distinguish structures that come into beling as a
result of training in the perception of new signals from those

that are genetically consclidated.

It is proposed at the present time that neural structures
which appear in the process of learning are to a certain degree
ponnected with the mechanism of memorizing, and that they particinate
as a part of this mechanism in the decision-making process regarding
the recognition of signals in the extreme stages of analysis. On
the other hand, inherited neural structures participate in the
beginning stages of the perception of stimuli; they isolate, 1.e.,
react more sharply to those elements that are most characteristie
for the whole broad class of signals which is teken in by living
creatures of a.given snecies in the processes of vital activity.

The proposition that a number of neural structures that isclate
complex elements of stimuli are transmitted geneticslly was proven
for the wvisual analyzer by direct physiclogical exmeriments.

It may be concluded from what has been said above that the
representation of an external stimulus in the reaction of an ensemble
of neurons that constitute the neural net may be considered passive
only at the lowest level (the level of cochlear receptors). Later
on, & reaction to the stimulus is formed from responses of those
neural structures that isolate certain elements of the signal from
its complete description. The presence of a given element in the
perceived signal is indicated by the response of a neuron or a
group of neurons at the terminal point of & specialized neural
structure. Thus it is assumed that the isclation of certain physicel
features of the signals is accomplished already at the periphery of
the neural net. The admission of such features is determined by
the availability of corresponding neursl structures. The latter are
evidently developed in the process of evolution.

This reduced representation of the stimulus is transmitted teo
the succeeding level of the neural svstem, where, on the basis of
identified features, further operations are carried through in the
classification and recognition of stimuli. It may be assumed that
not all detected features are used at the next level of analysis,
but only scme of them (more precisely--the minimal number needed for
making & classificatory decision with the necessary degree of
reliability). The complete set of features is necessary only for
solving the most difficult tasks of classification, when the ensemble
of stimuli to be recognized iz sufficiently large. For ordinary
tasks, the use of only some of the isclated features apvears to be
sufficient. Therefore it is natural to suppose that the selection
of necessary features takes place during the process of solving the
problem of classification at a relatively higher level of analysis.
Consequently there must exist the possibility of transmitting
various combinations of features up to the moment at which a reliable
answer has been achieved,
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A certain decrease in the nuantity of transmitted features
occurs due to the masking nhenomencon. Since the observed processes,
from the isclation of features of signals to the making of decisions,
are accomplished by means of essentially non-linear transformations
of the values characterizing the stimuli, such events take place
as the suporeszion of a weak signal by a strone one when the two
act simultaneously, etec.

When we study the spectra of speech sounds (especially those
isolated from running speech), we easily find that thev contain a
larre guantity of maxima, minima, sharp decreases, etec. As is
demonstrated by psychoacoustic experiments, not all of the isolated
maxima have always the same significance for classification.
Furthermore, in the process of being isolated mnay of them are
suppressed by more powerful neighbors. Up to now there is insufficient
information for establishing the rules according to which certain and
not other features (e.g. the spatial distribution of the remainings
maxima) are selected by the nervous system in the solution of a
conerete classification task. However, the possibility itself for
the existence of an operation of surveying various combinations
of features appears very probable.

L. The auditory description of the speech signal

The question about the form of the auditory description of the
speech signal, i.e., about the set of features and their nature,
on the basis of which the signal is characterized in the process
of perception, has been left practically unexplored un to now by
psychoacousticians and linguists. Amost all information concerning
the acoustic properties of speech sounds and their perception has
Leen obtained either by the analysis of differences in dynamic
spectrograms of naetural speech signals having a different phonemic
value, or by means of investigations of the perception of synthetice
speach-like stimuli. The method according to which an investigator
describes the signals is in both instances predetermined by the
properties of the instruments with which he is working. As a
result, the terminolegy used for the descrintion of the features
of the speech signals has turned out very specialized and at the
gsame time poorly formalized. This refers to such basic concepts
a2 formant, transition, loecus., burst, ete.

The qualitative peculiarities, on the basis of which one may
distinguish different speech sounds from each other on spectrograms,
are more or less known at the present time. Thus, in order to
determine which conscnant sStarts a simnle CV-gy¥llable, it is
useful to examine the following features of the signal [31, 32,

39, 113

1. Presence or abzence of the fundamental frequency from
the very beginning of the syllable;

2. Abrupt rise in the frequency of the fundamental at the
transition from the consonant to the vowel;

3. Presence or absence of noise from the very beginning of
the syllable;
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4. The frequency position of the spectral maximum of the noise
segment or the burst;
5. The bandwidth of the noise:
6. The slope of the increase in intensity of the noise:
T. The duration of the noise serment:
8. The intensity of the noise;
g, The presence of formant structure from the very beginning
af the syllable;
10. The lack of discontinuities in formant structure during the
extent of the syllable.

Besides that, the so-called formant transitions are of
essential velue in determining the point of articulaticon of the
consonant and for determining whether it is 'soft' or 'hard' (in
Russian).

Fven though the listed features have not been formalized (it
iz not indicated by which methods the features may be detected, nor
have decision-making rules been given), extablishing the list itself
constitutes an important stage in the investigation of speech--the
stage of acauiring primary acquaintance with the acoustie neculiarities
of the speech signal.

If such a gualitative and, consequently, not very definite
deseription of the speech signal is satisfactory for a number of
phonetie tasks and is fairly popular among phoneticians, engineers
prefer to use & completely formal, but very inconvenient 'eomplete!
deseription of the signal in frequency and time. In this nrocess
the dimensions of the space in vhich thonemic decisions are made
turn out to be very large, and the decision funetions are complex.
In addition, such basie difficulties appear as the inevitability of
a very precise preliminary segmentation of the speech stream and
the indispensable necessity of time normalization.

The hypothesis in favor of which data will be presented below
consists of the following. We propose that the complete description
of the signal takes place in the cochlea alone; in the processing
and transmission of the signal in the neural net, a gradual
reduction of information takes place. At a certain level, a
transition takes place from the description of the whole envelope
curve of the spectrum at a given moment in time (the curve
describing the distribution of impulsation along the projection
of the cochlea) to the description of the position on the freaquency
axis (the projection of the cochlea) of a few points (maxima or
turning-points) on this curve. On a still higher level, a
determination of the perameters of the curves takes mnlace, which
deseribe the displacement in time of the points isolated along
the frequency axis. Such assumed parameters might be the direection
of movement, sneed, magnitude at the turning-mpoint, ete. Tt is
assured that these already fairly complex characteristies of the
signal constitute the features with which the bloek operates that
carries through the phonemic internretation of the stimulus. It
seems to us also that this peoint of wview iz not original at all,
and that the majority of speech researchers, not discussing it
specifically., nevertheless proceed from this standneint.

For convenience in nresenting the material we divide it inte
three groups of data, concerning the percention of: 1) the envelope
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curve of a stationary complex signal, 2) the fine temporal structure
of a stationary complex signal, 3) changes in time of the spectrum,
fine temporal structure, and the intensity of the signal.

4.1. The percention of the envelope curve of a comnlex stationary
signal

Az 8 rule, speech researchers use the assumption that in
perception, humans somehow determine the formant frequencies of
the speech signal and employ this informetion in making phonemic
decisions. Correspondingly, stimuli are desecribed in terms of
formants, and the results of experiments are presented from the
point of view of the dependence of the resvonse probabilities
(identification or differentiation) upon the parameters of the
stimulus. Sinee to the best of our knowledee none of the researchers
has observed any contradictions in the obtained results, the
description of the stimulus in terms of formant freaquencies appears
adeguate enough. )

However, a change in the formant frequenciesz of a synthetic
speech-like stimulus signifies a change in the spectral envelope
of this stimulus. Therefore the assumption is not exeluded that
in fact humans employ in perception not the wvalues of formant
frequencies, but either the whole spectral envelope (the ocutline
of the distribution of impulsmetion alone the projection of the
cochlea) or, for example, the relative amounts of energy in some
fixed bands. The latter point of view was proposed by Varsavski]
in the diseussion of a possible model of speech nerception [3L1],

In order to prove that a human listener in fact measures
formant frequencies, it is first of all indispensable to decide
upon a sufficiently formal definition of a formant. Further, it
is necessary to find some kind of a reaction which would repularly
change when a formant frequency is changed, and would not denpend
on other parameters of the stimulus,.

The term 'formant' is used by speech researchers in two
different meanings: & formant is understood to be either a pole in
the transfer funetion of the voecal tract, or a maximum in the
spectrum of the analyzed sound. In the latter case, what one
really has in mind is a maximum on the curve describing the response
of the analyzing apparatus to a given sound. It is understandable
that such a definition of a formant is already very indefinite:
it seems to depend on the properties of the analyzing device.

If the isolation of formants takes place at a relatively low
level in the processing of aunditory information, it is diffisult
to assume that complex procedures are emploved in the process—-
procedures making use of data concerning the transfer funetion
of the vocal tract (e.g., procedures of the 'analysis-br-synthesis'
type, ef. £351). Then the first of the two above-nuoted definitions
of the formant does not apply, and the formant may, as a first
approximation, be identified with a spectral maximum or, more
truthfully, with a maximum on the curve describing the resmnonse
to the signal in those initial links of the auditory system which
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perform the spectral analysis.

In psychoscoustics it is accepted that the response curve is
sufficiently well reflected in the curve describing the masking
called forth by the stimulus (for discussion, ef. [361). Ouestions
as to whether the auditory system employs the frequency of a spectral
maximum of a complex stimulus as & nerameter of that stimulus, and
in which way it measures the freguenevy of the maximum, relate to
the general nroblems of the physiclogy of hearing and of psycho-
acoustics and are closely connected with ouestions concerning the
mechanism of auditory determination of frequency (hypotheses
concerning these mechanisms are summarized in ref., [361).

In the works of Supljakov [37, 38, 39] direct proof was
obtained that a human listener determines the wvalue of the frequency
of the first spectral maximum in natursl and synthetic sibilant
(fricative) consonants of the type /s/ and /[/. In the given case
this maximum corresponds to the second formant (in the sense of
pole). It appeared that the frequency of the maximum carries two
kinds of information: on the one hand, it determines the musical
pitch of the .sound and on the other hand, the phonetic catemory
{"hard' or 'soft' consonant) to which & given sound belonss. The
connection between the frequency of the maximum and the piteh of
the sound may be considered immediate: the decision regarding the
"hardness' or 'softness' of the sound is determined by whether the
freauency of the spectral maximum ig higher or lower than a fixed
threshold. The following constitutes proof that in this case it is
the frequency of the spectral maximum that is determined and not some
other parameter of the spectral function: a change in the amnlitude
of the maximum has no significance as long as it is above the
detection threshold, and the wvalue of the boundary between 'hard!
and 'soft' consonants on the basis of the maximum is the same for
/s/ and /[/, which are significantly different from each other on
the basis of other peculiarities of their spectra. The precision
of the determination of the position of the boundary by subjects
employing the method of active search [39] appears very high (1.5 -
3.0%), which suggests that the procedure for auditory isolation of
the maximum and for determining its frequeney is sufficiently
effective.

Data cobtained in the investigation of the perception of
synthetic whispered vowels [LOJ] indicate that the freguency of a
spectral maximum corresponding to the first formant of a vowel is
also determined. It was discovered that the boundary between the
vowels [i] - [o] and [w] - C4] in the F.-F5 plane is represented by
a straight line, parallel to the axis 0} the second formant. This
means that for separating vowels according to these categories, what
is employed is the freguency of the spectral maximum corresponding
to the first formant, and not the whole spectrum envelope or, for
example, the ratio of energy in some fixed frenuency bands.

The data quoted above were obtained for the case in which the
concept of spectral maximum is not in doubt (the maximum is
sufficiently sharp), and the frequency of the spectral maximum
coineides with formant freguency defined as a pole in the transfer
function of the wocal tract. The nuestion naturally arises what is
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being employed as parasmeters of the speectral function, if the ranre
of isolated freguencies (i.e. frequencies containing the essential
part of the energy) is sufficiently wide and does not nossess a
clearly defined maximum. ©Some data for replying te this question
have been obtained in experiments dealing with the estimation of

the pitch of band-limited noise. It has been found that for noise
whose spectrum is limited only from one end (high-freguenev or low-
freguency noise), the pereceived pitch is determined hy the frequency
of the cuteff [38, L1]., For band-vassed and relatively narrow

bands of neoise, pitch is determined by the average geometric
frequency of the noise [b2, k31. It is obvious that a further snecial
investigation is needed concerning the width of the hand at which the
transition from one to the other mode of nitch estimation takes
place.

It iz a very complex and as yet unexplored auestion as to which
parameters are used for describing the response of the auditory
spectral analyzer to a signal with a discrete spectrum (staticnary
vowels). On the basis of available psychoacoustic data [LL] one
must expect that when the fundamental fregquenecy of the voiece is
very low a separsate maximum on the resnonse curve of the analvzer
must appear corresponding to almost each harmonie in the freauency
space below 1000 Hz. There is not one of these maxima that may not
coincide with a formant frequency in the sense of a pole in the
transfer funetion. Ths supposition that a human listener nerceives
the frequency of the strongest harmonic as the formant freaouency does
not agree with data about the great precision in distinguishing the
frequency of a formant (as a pole). According to Flanagan's data
[L5], the just noticeable difference in the frequency of the first
formant amounts to 3%. Thus this question remains unclear at the
moment and urgently demands further investigation.

h.2. The perception of the fine temporal structure of a stationary
complex signal

In the perception of speech, the decision regarding the character
of the source of excitation (voiced, noise-like, mixed, imnulse-like)
is made on the basis of the fine temporal structure of the signal.
Discrimination between consconants which differ amons themselwves con
the baszis of the source of execitation is practically not disturbed
at all under significant spectral distortions of the sneech sienal
CLE, 4TI, The question is still open as to which parameters are
employed in the auditory system to deseribe the temporal structure of
sound. It is assumed that they must be some narameters of the
distribution of intervals among nerve impulses.

When speech sounds are to be classified acecording to their
temporal structure, it is convenient to divide them first of all
into two groups on the basis of whether their struecture can or
cannot be auditorily determined. ZFExisting data allow one to believe
that if the duration of the first of a sequence of two adjacent
stimuli is shorter than 15-20 msec, a listener does not recognize
its temporal structure. When either fricatives (like s) or meriodie
consonants (like g] are shortened up to that duretion, a2 listener
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perceives both as plosives (p or t), which are characterized in
speech production by impulse-like excitation C[48, 491,

Within the e¢lass of stimuli with a temporsl strueture that ecan
he auditorily distinguished, three categories may be established:
periodic signals (with a harmonic spectrum), amplitude-modulated
noises, and continucus noises. The amplitude modulation of noise
in voiced fricative consonants anproaches right-angled modulation
(for a discussion of noise production mechanisms, ef. [501); its
frequency is fairly low and corresvonds to the freaueney of vocal-
fold vibration. Psychoacoustie experiments (ef. the survers in [36,
511) demonstrate that at these modulation frequencies listeners
not only detect them, but distinpuish one meodulation frequency from
another and, furthermore, assign a pitch to the signal that is
equivalent to the frequency of medulation. It has been also shown
by numerous experiments (cf. the survey in [36]) that the period of
repetition of a complex periodic vibration is perceived and serves
as the basis for estimating the frequency of the sound, even if
the spectrum of the sound does not contain corresrondinege low-freauency
components.

One may thus assume that for the description of the fine
temporal structure two narameters are necessary and probably
sufficient. One of them must reflect some kind of measure of the
degree (explicitness) of periodieity, the other must reflect the
magnitude of the period of repetition.

In psychoacousties, perception of the temporal struecture of
the gignel is sometimes taken to include the percention of chanpes
in the signal that occur with a freaquency below that of the vibration
of the vocal folds (below 100 Hz). Periodic low-frequency chanrfes
in the signal are almost never encountered in speech (the excention
is provided by the sound 1}; however, single occurrences of ranid
changes in the spectrum (formant frequencies), fundamental freauency,
or intensity level appear regularly. It seems to us that the para-
meters by means of which these changes are described can be
considered as derived from the parameters that have been examined in
this section (formant frequencies, period, degree of neriodiecity).

The next section will be devoted to their consideration. The intensity
of vocal fold vibration should obviously alsc be assigned to parameters
of the same level as formant frequencies and the period of remetition.
The time constant for the auditory determination of intensity is
approximately 10-20 msec [52, 531,

The essential characteristic of the parameters listed above is
that auditory measuring devices responsible for their detection must
have & low inertia. Therefore it is nossible to consider these
parameters as indicators of instantanecus (current) proverties of
the speech signal. Only stationary sounds (synthetic or artificially
pronounced isolated vowels and some consonants) can be described
with a single value for each narameter. In natural connected smneech,
the values of the parameters of the signal constitute functions that
change with respect to time.
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k.3, The perception of changes in time of the snectrum, fine
temporal structure and intensity of the sipnal.

An essential chermcteristie of natural connected smeech is the
fact that the values of formant frequencies, fundamental freauency
and intensity change significantly in the course of the duration of
separate speech elements, and that these changes are by no means
random, but have a completely regular character. PFrom the noint
of view of speech production, the stream of speech may he considered
as a seaquence of open syllables [1k, Si, 55, 561. A standard kind
of time funetion corresponds to each syllable and each parameter
(formant frequencies etc.), as well as a limited set of vossible
transformations of the function, connected with the tempo of pronun-
ciation, intonation, and position of the syllable within a word.

This means that the curve deseribing the change of each of the
parameters in the course of a long utterance may, as a first
anproximation. be viewed as a seoguence of sections (pieues), where
each section is a certain standard time funection corresponding to a
syllable.

The question is almost unexplored as to how a signal is
deseribed in the process of percention whose parameters change in
time. In order to discuss the small amount of fragmentary data
that are available it would be useful first to summarize existing
hypotheses.

One of the hynotheses says that the time picture is desecribed
completely, i.e. that readings are used for each of the parameters
taken at, for example, every 10 msec. Thus the change in the parameter
during the extent of the syllable iz described by a zet of numbers
reflecting the value of the parameter at successive discrete
instances in time. The difficulties connected with this hypothesis
consist first of the faect that such & description appears extremely
unwieldy (a large memory canacity is reaquired for registering it)
and, secondly, of the fact that phonetic and prosodic information has
not yet been separated.

Yhen this form of description is employed, the same syllable
produced by the same speaker will leok different, depending on
the tempo with which it was pronounced, on the position of the
syllable within A word., or whether it carries logical stress, ete.
Therefore it is still diffiecult to use such a description as the
immediate input to the bloeck that performs the phonemic intermretation.

Twe wars have been proposed to overcome these diffieulties. In
one of these [57], the representation of the syllable obtained at
nerception that has been entered in short-term memory is subjected
to certain (for example topological) transformations, as a result of
which it is given a more standardized shape. The formalized renre-
sentation enters at the input of the bloek nerforming the recognition.

The second way [58] consists of comparing the representation
entered in short-term memory with a standard syllable which is synthesized
under the assumption of a different tempo, position within the word, ete.
The phonemic compcsition of the =syllable, temno, mosition within the
wvord ete., constitute initial variallles for the synthesizer. Vhat is
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being sought is such values of those variables with which the
synthesized representation and the representation entered into short-
term memory are closest to each other.

Although the presented hypothesis of recognition by syllables
sppears sufficiently logical from the noint of view of existinge
knowledge about the process of speech vroduction, there is no mroef
whatsoever that perception of speech by humans is indeed accomplished
in this manner. Furthermore, there exist data that contradiet this
hypothesis., These data concern the possibility of partial reccgnition
of the syllable, recognition of some of its phonemie {distinetive)
features while others are not recognized (for examnle, the recognition
of the manner of articulation of a consonant without recognizing
its point of articulation, etec.), and recognition of wnrosodic features
without the recognition of phonemic ones.

Into this category falls also the fact that some phonemic features
can be recognized earlier than others, even before the listener
hears the complete syllable [14]. These data suggest that the
auditory description of the syllable that enters at the innut of the
block performing the phonemic interpretation is already organized in
such a manner that it allows parallel, multi-channel processing.

The second hypothesis consists of the proposition that the curves
whieh reflect the change of formants, fundamental frequency, etc.,
during the extent of the syllable are described in percevtion by means
of the set of features of those curves. These features might include
the direction of change of the parameter, the rapidity of change, and
the value of the parameter at a certain specifiec point.

In experiments in the perception of synthetie stimuli it has
been shown that the nature of the initial transitions of the second
and third formants of vowels carries information about the peoint of
articulation of the consonant C60, 61, 62, 631. At first it was
proposed that the characteristic of the transition used by human
listeners is its '"locus'--the initial wvalue of the formant frequency,
which supposedly does not depend on the vowel with which the given
consonant is connected in the CV syllable. (Later it was discovered
that the locus value is different for different vowels [6L41).

Not long ago Stevens [65] examined in detail spectral changes
in the sound during the transition from stop consonants to vowels at
different points of articulation of the consonant. Comparing his
results with data concerning the perception of formant transitions
cbtained at Haskins Laboratories, he advanced the hypothesis that
when formants are close to each other in freaquency, vhat is determined
in perception is the fregquency position of the sum of the spectral
maxima., From this point of wview, the transition from labial consonants
to vowels is always characterized by a rise in the frequency of the
spectral maximum, and the transition from apical consonants to vowels
iz characterized by & lowering of the frequency of the maximum. As
the absolute frequency pogition of the maxima depends on the nature
of the vowels, it is natural te admit that the useful feature which
distinguishes between labial and apical econsonants is the direction
of the change in time of the frequency of the maximum.

Data in direet support of the assumption that human listeners
use the direction of change in the freauency dimension of the energy
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meximum as the indicator of the point of articulation of the
consonant were obtained in exmeriments for determining the boundary
between p and t in synthetic syllables constructed in the followinrs
manner: the syllable consisted of a short (10 or 15 msec) emission
of noise with a narrow bandwidth or of & sinusoid, followed by a
harmonic signal with a maximum in the range of 300-600 Hz (u) or
900-1200 Hz (a). The subject changed the frequency of the tone (the
center frequency of the band-passed noise) in the short emission,
trying to find the walue at which perceplion changed from tu to

pu (ta to pa) or from pu to tu (pa to ta). It turned out that the
boundary between pu and tu is located near Loo FHz, and the boundary
between pa and ta around 1000 Hz [66].

The notion that it is the direction of the change that is
perceived and not the locus, i.e., the initial wvalue of the formant
freguency, is supported by the categorical nature of percention CaTI.
Subjects behave as if they detected only the vresence or absence of
a change in the formant and its positive or negative sign.

The transition from a velar consonant (k, g) to a vowel is
characterized by the fact that the frequency of the maximum dees not
change itz position in time, but the pertinent frequency range at
the beginning of the transition is narrow (the frequencies of Fo
and F3 coincide) and then becomes wider (the formants separate
during the vocalic segment) C681. In Russian, one of the features
distinguishing k - g from t - d and p - b is the greater duration
(for k - g) of the noise of the explosion.

There exist also data supporting the noticn that humans use the
rate of change of formant frequency as a useful phonetic feature [£9].

If the direction and the rate of change of formant freaquency nlay
the role of useful features of consonants, then, it is proposed,
useful features of vowels consist of the values of formant freauencies
during the stationary part of the vowel (if present) or at the
turning-point of the formant curve.

Of great interest are here experiments in estimating the
fregquency of a short stimulus (20-50 msec) whose freouency was
changed significantly (raised or lowered) during its extent (69, T0I.
These experiments showed that humans equate the pitech of suech signals
with the piteh of & stationary tone having a frequency eoual or close
to the terminal freguenecy of the signal. These data permit one to
exclude the assumption that it is the time average of the frequency
of the changing signal that serves as an auditory parameter.

These experiments should be followed by an investigation of the
perception of the piteh of sounds with more complex changes of freauency
in time.

Fairly little is known regarding the auditory features emnloyed
in describing the curve that represents the change of the fundamental
frequency of the voice during the extent of the syllable.

It has been shown that a sudden jump in the freguency of the
fundamental at the transition from consonant to vowel serves as a
useful feature in distinguishing b from m C71]. The threshold value
for the rise in fundsmental freaquenecy that corresponds to the boundary
between these consonants consists of 107 of the absolute value of
the fundamental frequency.




=112 -

On the basis of & fair amount of phonetic data it may be
assumed that a more gradual rise (proceeding with lesser rapidity)
in the fundamental frequency during the syllable serves as a
feature of stress.

Data are available showing that the relative intensity of =a
consonant constitutes a useful feature [T2] for distinguishing
fricatives from each other [T1l]. However, the guestion has not
yet been investigated at all which and how many parameters are used
to describe muditorily a signal changing with respeect to intensity.

In conclusion it is indispensable to turn to one more parameter
that obviously must be assigned to the same level in the nrocessing
of the signel. This parameter is the duration of the section
(segment) of the signal.

The interest in this parameter consists in the faect that it
makes obligatory a preliminary segmentation of the utterance into
sections.

There is no doubt that a human listener somehow determines
the duration of segments corresponding to vowels (it iz possible to
determine stress placement on the basis of comparing the durations
of vowels in a sequence; in a number of languages the duration of
vowels has phonemic significance). It is also known that the duration
of the hold (approximation) of a consonant makes it possible to
distinguish a double consonant from a single one.

There exist experimental data about the diserimination of the
duration of the pause corresponding to the closure of a voic=leszs
stop consonant (73, T4], and about imitating the duration of a voiced
stop consonant in an isolated CV syllable CL491. On the hasis of
these data it is possible to assume that the walue of the duration
of a segment, established by the auditory system, is a monoteonie
function of its physical duration. In the phonetic interpretation
of the obtained value supplementary information is employed, concerning
probably the tempo of speaking and/or the duration of other nearbr
segments.

The guestion appears completely unexplored regarding the mechanism
of auditorv segmentation of the utterance. Therefore we can only list
some assumptions bearing on this question.

The most obvious of these is the assumption that auditory segments
need not coincide with phonemes in the-sense that each segment contains
information about one and only one phoneme and that the number of
segments is equal to the number of phonemes.

One of the possible assumptions is that segmentation is accomplished
as a result of processing the complete spectral-temporal description
of the signal, and the points of segmentation are established at
instances at which significant changes take place in the spectral
picture. This would correspond, logically, to assuming that the
isolation of segmentation signals proceeds at the same level as the
isolation of parameters desecribing 'instantaneous' values of the
spectral envelope and fine temnoral structure. The functional meaning
of segmentation signals might be that they control the consideration
(transmission into short-term memory) of output signals from feature
detectors, charscterizing the dynamies of 'instantaneous' parameters
during the extent of the segment.
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Another proposition is that segmentation signals are formed as
a result of processing 'instantaneous' parameters, and a separate
segmentation might be performed for each of the parameters.

Tt is mrotable that the sepmentation signals cannot be processed
at a rapid rate. Thus, according to vsycho-accustic data, the
temporal threshold of the perception of sequential ordering is
approximately 20 mseec [T751.

5. The Phonetic Interpretation of Speech Stimuli

5.1, Units emerging from the block of phonetiec interpretation.

Under the phonetic interoretation of a stimulus we understand
the process of working out an auditory deseription of the stimulus,
as a result of which a definite articulatory reaction may be associated
with the stimulus. If large numbers of such reactions R; and Ro ,
observed in response to numerous repetiticns of stimuli ¥X; and Xg, do
not differ among themselves, we accept that cne and the same nhonetic
description, and one and the same phonetic image corresnonds to both
stimuli.

The phonetic image may be specified either as the set of instructions
for synthesizing the speech complex in case we consider it from the
point of view of the final stages of transformation in imitation, or
as the designation of a multitude of stimuli (and a multitude of
auditory descriptions) possessing certain given proverties, in case
we consider it from the point of wiew of initial stages of trans-
formation CTS1.

Inasmuch as the phonetic image is an abstract description of
both the acoustic stimulus and the motor complex, its Internal structure
must reflect the constraints that sre essential both to the auditory
svystem and to the system of speech production.

At the basis of contemporary linguistiec investigetions of language
lies the assumption that the speech signal is described in perception
and production in terms of a set of segmental units--phonemes, and
suprasegmental units--prosodemes. This assumption is supported by
a series of experimental data. Thus, a study of the mimicry of vowels
({761 showed that in response to a signal, the subject selects one of
g limited set of known configurations of the vocal traect. Thereby a
certain category (multitude) of speech stimuli corresponds to each
configuration, so that information about the regquired configuration

may be represented in the phonetic image in the form of a symbol.
The contradiction, well known to engineers, between the linguistie

approach to a phonemic system and the "technieal' (from the peoint of
view of automatic speech recognition) deseription of phonetic images
consists in the fact that the set of phonemes must be minimally small
for a linguist, while the set of phonetic images need not meet this
condition for an engineer. The requirement for economy may be left
unsatisfied if it counteracts the requirement for reliability in
recognition.

Cases in which the sets of phonemes and vhonetic images do not
coineide are found in instances in whiech one and the same phoneme is
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realized in essentially different ways as a result of the influence
of immediate phonetic context. As the most characteristic examnle
of this we may consider Russian vowels after hard and soft
consonants: ta - t'a, to - t'o, ete. [7T, T81.

From the point of view of the reliability of asutomatic
recognition, it is useful to describe separately the groups of
vowels after hard and soft consonants and to assign to them separate
symbols. An experimental study of the perception of these vowels
showed that listeners (native speakers of Russian) proceed in
exactly this manner--they interpret the a of ta and the a of t'a
as separate entities, although from the linguistic point of view
they constitute one phoneme /a/ CT81.

At the present time encugh data have been accumpalated C83, 8L]
to maintain that the number of different entities used by the brain
of a native spesker of Russian in the interpretation of vowels is
larger than the number of vowel phonemes in the Russian language
established at the linguistic level.

In order to designate these entities one might want to introduce
some kind of new terminology, since they do not coincide completely
with phonemes determined linguistically. The essential difference
between them is that basically, from a linguistie point of wview,
redundant features of phonemes (those that arise, for example, as
a result of the influence of some other phoneme) are not considered
important for their description and isolation as separate phonemes,
whereas for a listener it is indeed the redundant features that are
made use of. In the following discussion the term '"phoneme! will
be used, but the term will be understood to refer to the subjective
image employed by the brain of the listener in the process of speech
recognition. Other investigators use the term '"sound type'! in this
sense,

It has been shown experimentally that a number of subjective
images--phonemes--really exists in the human nervous system, and
that this number is not only finite but quite limited in size.

Final data about the size of this number for native speskers of each
concrete language are not yet available. As was mentioned above,
only the minimal set of phonemes is established linguistieally;

it is uneclear, however, whether any arbitrary linguistic phoneme

can be associated with a phonetic image. For seclving this nroblem
it is indispensable to turn to methods of experimental psyvchology
that have been worked cut in the last few vears (the method of
mimiery, the analysis of confusion matrices, the method of active
search for boundaries along phonetic categories, and methods of
psychological scaling).

Let us consider how one might describe a phoneme taking it as
a symbol denoting a certain range of auditory images and a certain
articulatory complex. According to one of the methods for producing
such a description, each one of the symbols is independent of every
other symbol. According to another approach, the set of phonemes
is systematically arranged, and each phoneme is described by listing
the values of some of its 'distinective! features. In this case, the
number of features is significantly smaller than the number of phonemes.
The idea of such a description of phonemes belongs to H. 5. Trubetzkoy
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C8L]; it has been developed by R. Jakobson, M., Halle and G. Fant
£311.

The logie of such pronositions is rather obvious, if one looks
at the phoneme as a set of instructions for the synthesis of an
articulatory complex. These instructions must relate to sneech
organs (groups of muscles), and they can be considered as a set of
elementary commands addressed to the various organs (voeal folds,
lips, different muscle groups of the tongue etc.). One of the
basic tasks of present-day physioclogical vhonetics is to determine
which sets of elementary instructions (motor commands) correspond
to nhonemes [B57.

The idea, formulated by linguists, that phoneme sets are inherentlwy
systematic, also finds confirmation in specifiecally linguistice
regularities (positional and eonditioned sound changes, historical
sequences of changes, morphological regularities, ete.). The
description of such regularities appears more economical, if a
phoneme is represented not as an isolated symbol, but as a list of
its distinctive feature wvalues,

Exverimental proof that human listeners recall phonemes on
the basis of a set of feature values was produced in investigations
by Wickelgren [86, 8T] and Galunov [82], In these experiments listeners
were presented series of six sound sequences, e.g. of the type CVC,
where the vowels were different, but the consonants remained the
same. The subjects had to write down the sequences after having
heard the whole series. Mistakes made in writing down the recalled
sequences were analyzed. It turned out that the mistakes have a very
regular character. For each transmitted phoneme there exist some
'close' phonemes with which it is most frequently confused. This
could not be the case, if the phonemes were remembered as isolated
symbols, unconnected with any other symbols--phonemes.

Thus it is advantegeous to accept that phonemie informetion, as
it emerges from the block of phonetic interpretation, must be represented
in terms of abstract distinective features. Which must he the concrete
set of these features and how many gradations are possible for each
feature remeins as yet unclear.

Very important is the question concerning the mutusl connections
between acoustic (auditory) features of the speech signal and the
distinctive features of phonemes. The simplest and most attractive,
although as yet experimentally unproven, is the proposition that
distinctive features are binary, and that for each distinctiwve feature
there exiszts a corresponding decision rule, its proper decisive houndary
in the space of auditory features. If the auditory image that is
called forth by the stimulus is located to one side of the boundary,
the value of the stimulus according to the distinective feature has
one sign, and if it occurs on the other side of the boundary, its
value according to the distinetive feature has the opposite sign.

It has been established sufficiently firmly at the present time
that information concerning one and the same distinctive feature i=s
contained in several acoustic (auditeory) features of the stimulus
[63, 89, 9]. This means that the decisive boundary may constitute
a hypersurface in the space of these several auditory features. If
the auditory features themselves are binary (ef. the preceding section),
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the decisive boundary may have the maximally simple form

i=n
g kix1=0,
1

where Xq = the auditory feature (+I or -I), ki - the weight of the
given auditory feature.

Recently obtained data concerning the decision rules that are
employed in distinguishing between synthetic b and m CT75] fit into
this kind of a primitive scheme. It was slso discovered that & human
subjeet is able to give & numerical eatimate of the eloseness of
the synthetic stimulus to the phoneme CLT75]. This makes it possible
to admit that Information concerning the distinetive feature at the
cutput of the phonetic interpretation block determines not only the
sign of the funetion

i=n .
kixl »
1

but also its modulus. This is equivalent to saying that what is

remembered is not a categorical decision concerning the class of

phonemes (e.g. nasal or non-nasal) to which a given stimulus must
belong, but the probability with whieh the stimulus may belong to
this cless.

The advantages of preserving this kind of information have
already been discussed above (section 2.2.). It was experimentally
proven by Lindner C90] that a final phonemie decision concerning an
uncertain vowel may be made after the second vowel following the
first one in time has been perceived.

5.2. The procedure of phonetic intervpretation of auditory
deseriptions.

Most complex appears to be the aquesticn concerning the temporal
organization of the process of phonetic interoretation. Direct
experimental data concerning this aguestion do not vet exist; however,
some important regquirements are known which must be met. One of
them is that the procedure must ensure the ecollection of information
that is contained in auditory features of different nature, distributed
in time within the limits of apnroximately one syllable (cf. the
surveys in [1h4, 90]). A second and most important requirement is
that the failure to recognize an element must not lead to its beine
omitted—it must be indicated in the completed sequence of phonetie
images that at a given point within the sequence there was an
unrecognized (partially recognized) element [90].

The first of these requirements presupposes the existence of
memory. Information regarding distinective features (let this be the
meaning of the functionzg:ikixi} mist accumalete with easch occurrence
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(in the general case, non-simultaneous occurrence) of the auditorv
features x3, X5, ... Xp. The second requirement presunnoses an
obligatory segmentation and breaking-un of the data. In the contrary
case, information about the first. not yet completely recognized
element will be mixed with information ahout the second element in
the temporal sequence. As a result the first element will be left
out, and the second may be incorrectly determined. It seems to us
that one of the most important tasks for the immediate future consists
of working out several different models for procedures that would
satisfy both above-mentioned reguirements, and of finding methods
for their experimental verification.

Below we will attempt to deszecribe--as yet in a very tentative
manner--a hyopothesis that appears plausible for a series of reasons,
and, accordirng to our opinion, requires further elaboration and
testing. It might be called the hypothesis of syllable recognition.

We propose that the process of phonetie interpretation inecludes
the operation of a special program that marks off syllables (omen
syllables). It is clear that the isolation of elements constituting
rhythmic and melodiec structures takes place during the percention
ef very varied and not even necessarily sneech-like signals. The
rhythmie and melodie structure of a phrase may bhe transmitted
by means of signals that are very remote from steech sounds. There
exist data that some patients with sensory aphasia have no difficult:r
in renroducing the rhythmic structure of a phrase, although thev can
neither understand it nor revroduce the sequence of nhonetic elements
of which it is constituted C61.

Under very high spectral distortion and corresvondingly veryr
low phonemic intelligibility of speech, the perception of its rhythmic
structure is almost unaffected [90]. This makes it verr nlausible
to assume that in speech perceplion two independent procedures are
employed in parsllel. One is responsible for the sepmentation of
the stream of speech into syllables (elements of rhythmic seguence)
end the description of the so-called prosodic characteristies of the
seguence, the other is responsible for the deseription of the
characteristics of each separate syllable, which is accomnlished in
terms of phonemes or distinctive features.

Ve Just used the term '"segmentation' of the stream of sveech.
Since it is frequently used in very different meanings, it is
indispensable to dwell somevwhat more specifically on what we have
in mind. As of now we propose only that as a result of =ome kind
of a procedure every syllable is associated with a kind of 'mark'
(impulse), so that the number of impulses that arise in the nrocess
of listening to a sentence will be enual to the number of sw¥llables
in that sentence,

From the fact that a human is able to repeat a meaningless
sequence of T - 10 syllables without confusing their order in time
and without distortings the prosody, it follers that when merceived
information is registered in memory certein reference signals must
be employved that allow one to groun together nhonetie and onrosodic
information about the syllable and assign the syllable its order
number. The role of such reference sipgnals must bhe plaved by the
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pronosed syllable impulses. It is nossible, for exarnle, to assume
that the short-term memory into which the sopeech senuence iz entered
consists o2 K cells which are filled in seauence. The svyllable
impulse performs the role of a switehing =ipnal, svwitching the
outvut of the preceding level of the system from one cell to the
next.

Allowing for obligatory switching makes it possible not to
make final chonemic decisions if sufficient information is not
available during the extent of the syllable:; it makes the mnosaibility
of prolonged preservation of information reparding the input
stimulus cemmatible with the absence of confusion with data relating
to successive phonemes.

Up to now we have said that a2 separate memory cell corresnonds
to each successive syllable. However, we have also said that
information within the cell is entered in terms of phonemes.
futput signals of the precedins level corresnond to a running
deseription of the stimulus in terms of auditory femstures. In order
to proceed from one kind of description to the other it is necessary
to use some kind of a decoder.

Our next proposition is that within the nervous system there
exists a series of identically organized decoders (their number is
equal to the number of syllables that can be kept in memory
simultanecusly). The syllable impulse accomplishes the successive
switching of input information from one decoder to the other. TFach
separate decoder accomplishes the transition from the sequence of
auditery features present durine an open syllable to the deseriotion
of this open syllable in terms of phonemes or distinective features.

The fact that the decoder must be designed to operate on oven
syllables follows, firstly, from the fact that speech iz articulated
as a sequence of open syllables (the articulation of the vowels
begins simaltaneously with the articulation of the consonant [91,
02]) and, secondly, from the observation that the internretation
of the stimulus during the consonant part depends on the properties
of the stimulus during the part of the following rather than the
preceding vowel [1lLk, 93].

The use of open syllables in the capacity of input signals to
the decoder appears very reasonable both from the noint of view of
the procedure of phonemic recosnition and from the point of view of
the relatively low requirements to be made in this case with resard
to the procedure of segmentation. The collection of information
avout the phoneme may be performed during the whole temporal segment
in which this information is actually oresent:; stationary and transi-
tional parts may be utilized equally. The number of elements in the
output alphabet of the decoder mavy he annroximately eoual to the
number of phonemes, since the contextual mutual influences may be
accounted for in the decision rules themselves.

According to the motor theory of perception, the work of the
decoder consists in transforming the perceived signal into a set of
motor commands whiech would be required for imitating what is heard.
How is the selection of reauired motor commands carried through?

It is difficult to suppocse that this is done by the method of
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surveying the complete set of hundreds of thousands of possible
variants of syllables. A parallel survey would demand a great
expenditure of functional elements, and a sequential one--a great
amount of time.

It is possible to decresse the number of variants on the basis
of a preliminary recognition of units which are simply connected
with elements of motor complexes. These units, obvicusly, must be
close to phonemes., It may turn out that the reliability of
recognizing rhonemes on the basis of their acoustie characteristies
will not be high. It is possible to imagine that in this case
certain of the most probable phonemes will stand out with the
indication of their probabilities. After this, motor comnlexes
are formed which are reguired for imitating seauences of these
most probable phonemes. The number of possible variants of such
sequences will be smaller by several orders of magnitude than the
initial number of possible variants. From these wvariants the
variant will be selected that possesses the maximal production values
for three quantitiesr the a posteriori nrobability of phonemes,
their a priori probability, and the a priori probability of the
sound sequence. The last two walues reflect knowledege of the laws
of the language. In this menner decisions about the recognition
of sound types are made more precise simultaneocusly with the re-
eoding of the acoustie signal into motor commands, i.e., into a veryr
compact code.

The procedure described here may explain one of the peculiarities
of motor perception of speech,. At the seme time it is a short
desceription of the above-mentioned algorithm for inereasing the
reliability of recognition on the basis of the redundancy of the
signal [211].

Let us return to segmentation. The basic requirement to be
set up for this procedure is that information pertaining to a
phoneme in one syllable must not be attributed to a phoneme of
another syllable. It is granted that the syllable impulse arises
somewvhere in the transition from vowel to consonant. Omission of
the transitional section is not dangercus from the point of view of
recognizing the consonants of the second syllable, since the transition
contains very little information CT9, 83]; the possibility of attributine
this section to the conzonant of the preceding syllable can be easily
excluded on the basis of limitations incorporated in the schema of
the decoder itself (the consonant following the vowel is excluded).

It seems a priori obvious that the most complicated task in
working out a model of this type is the recognition of consonant
clusters. From this point of view it appears extremely immportant to
obtain exverimental datas regerding the perception of consonant
clusters in nonsense sound sequences.

6. ©Scheme of a Model of Speech Percevtion
Fasing ourselves on all facts and assumptions discussed above,

let us now attempt to outline the most plausible general scheme of
a mechanism intended for the recognition of a sufficiently large



anuantity (2 - 3 thousand) of snoken words. £ speech sirnal,
constitutineg a non-stationary function of tire #(t), arrives at

the inout of the mechanism. The outout hloek rust issue a decision
about the assignment of the unknown realization teo one of the earlier
indicated 2 - 3 thousand words of the lexicon &, with a relisbility
Po, “hich is commarable to the reliability with vhich these sneech
sipnals are nerceived by humen listeners. It is clear that this
mechanism must have a hierarchieal structure of the ftyre renresented

on Fig, 1. It is indispensable to rake more nrecise the numher of

- 4

stares {elementary Hutemata], make more concrete the eontents
each stare and descrite the wrocedure for nrocessine the sifFnal in
its prorFress from the innut to the outmut of the mechanism,

It Pollows from the Torepoinr that st each hierarchical level
a block may be isplated that carriss through the nercention nrocedurs
(receptor X;), a decision-making block (classifier Dj) and a block
stating the decisions made with the reliability P; (effector ©i).

It may be expected that because of the limited ahilities of the
classifiers Dy the recognition of elements Fj will he nerformed with
an unacceptably low reliability P;. Tt would be useful to have at
every level blocks (H.) for the correction of errors. Frrors may he
eliminated on the basis of a priori information about sneech and
lanruage, which may be stored in long-term memorr. This information
is of different kinds--it mey constitute Knowledge ahout limitations
in the physical characteristics of the sneech vroduction armaratus
or about linguistie repularities in the lanruare,

Taking into account what has been said, the nrocedure for
recognizing elements at one of the levels mayr look liks
£os51].

The eclassifier Ny indicates some hymotheses &; to vhieh the
vector of unknown realization ¥X; may be attributed with the rreatest
probability. t is logically inevitable that a certain block 74
(let us call it 'supervisor') be present, which must evaluate the
quality of decisions being made and, accordine to necessity, ineclude
reserves of one kind or another for inecreasing the reliability of
recognition. The evalustion of the nuality may consist in the
simplest case of the determination of the difference A Fi of the
a posteriori probabilities of competing hypotheses S55. A deeision
iz considered satisfactory, if 4 Fi exceeds a certain fixed
threshold V.

Inereasing the reliahility may be achieved by rroviding a more
and more complete description of the reslization Xi, i.e., by the
analysis of a wider range of parameters. After that, when these
possibilities have been exhausted, and & F{ < V, the supervisor
includes block Hy {the error-correction block) on the hasis of a
nriori information about the characteristies of the speech tract
or linpuistic repularities.

As Wald has shown [961, this sequential procedure for increasine
the reliability of recognition ensures minimal mathematical exnectation
of cost for meking the decision.

It should be mentioned that the order in which these or other
means for inereasing the reliabilitr of recognition are adonted

demnends on the relationshin between the useful result of a piven method
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and the eost of its realization. This relationship is ms yet
unknovn to us; therefore the set and the order of inclusion of
means by the supervisor may differ from vwhat has heen descrihed
above.

If at any step the probability of s hypothesis exceeds the
probability of any other hypothesis Ly more than ¥, then this hmothesis
Si is transmitted to the input of the following (i + 1th) stare of
recognition. In the contrary case several of the most probable
hypotheses are retained in memory, which are then transmitted to the
input of the i + 1th level one after the other, in the order of
decreasing probability. It is possible to imagine ancther--parallel--
method, according to which all competing hypotheses enter simultanecusly
at the inputs of seweral classifiers of the same tynpe at the i + 1th
level,

If in the seguential scheme economy is achieved with respect to
the number of functional elements, then in the parallel scheme the
time needed for decision-making is decreased. The effectiverness of
parallel application of algorithms for solving complex tasks in
computing systems [O7] points to the usefulness of a parallel scheme
for processing information, esmecially when it is necessarv to ohtain
high productivity on the basiz of zlowly actins functicnal elements;
however, we do not yet know direct experimental facts in favor of one
or the other scheme for the processing of information by the brain.

Facts presented in the beginning of this work spesk in favor of
the assumption that on the level at which vhonemes are recognized, a
decision is made taking into account information scattered over =
segment of the type of an open syllable. It follows from here that
in the scheme of the automaton there must be a block for the segmenta-
tion (Ci) of the stream of speech into open syllables. It is oprobahble
that blocks devoted to the segmentation of the speech stream into one
or ancther kind of sections must be present also at other hierarchical
levels. Thus besides X, I, 5, P there must be present blecks Q, H,
and C. What will the procedure of processing the speech signal now
look like, when it passes through the recognition mechanism? TIn the
sequentizl variant (Fig. 3) the speech signel f(t) is transformed
at the very beginning into a rather complete deseription in the snace
(X) of frequency and time. During a section ('window') of a certain
duration, determined by the short-term memory capacity of the input
chains of the auditory analvzer, some features [Sl} are isclated of
the type of static and dynemic characteristics of formants, character-
isties of the noise part of the spectrum ete., normalized for loudness,
tempo and some other parameters. It is nossible that this procedure
is articulated into a series of smaller stages, as, for example,
loudness normalization, isolation of statie characteristics, temno
normalization, determination of dvnamiec characteristics, ete.

In technical models the segmentator Cj may be needed for
establishing the boundaries of the temnoral 'window'.

The indispensable reliability of recognition {Pl} of Teatures
may be obtained by using information about phyvsical laws of speech
production of the following type: the freauency of the fundamental
cannot be ¢hanpged faster than at a certain speed; simultaneous
existence of such and such features is impossible: after a given
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combination of features, the occurrence of ancther given set of

features is most probable, etec.

In living systems this information is nrobably included in the

construction of blocks that measure

the characteristies of a smeech

signal in the form of time constants, bandwidths, schemes for

suppressing or Sharpening various maxima ste.

information about speech production
memory Hl'

In technical mechanisms,
may be stored in the long-term

The use of this kind of information is continued until the

probability of a certain variant of

features hecomes grester than

the probability of other variants relative to a certain threshold

value 7.

space of deseription Xs.

If the difference between nrobabilities is smaller than 7,
variants of features 3] are kent in memorv.
On the second level the recognition of vhonemes (S2) takes

several

For this purpose, the classifier Do

This variant enters at the innut of the next stmge of
transformation, where the sequence of such features constitutes

the
then

nlace,
embloys information from the open

syllable type segment, whose boundaries are determined by the segmen-

tator Co.

For reducing the number of nossible varisnts of = certain

phoneme, information is used that is contained in the description X2,
and afterwards, if necessary, also information from s concerning the

structure of phoneme sequences.
sequences of most probable variants
consideration all this a vosteriori
the most probable segquence, If the
selected seaquence and any arbitrarvy
threshold V, then the phonemic code

to the input of the following block.

For this purpose, block Hy formulates

of phonemes and, taking into

and a priori knovledge, selects

difference in probehility of this

sequence axceeds a certain

of the syllable is transmitted
In the contrary case., a

categorical decision iz not made and the phoneme codes So of several

(most probable) syllables are retained in memory .

many variants, the procedure may be

If there are teoco
repeated, calling forth ancther

veriant of features X, along the 1ine Q2 - O] at the input of the

bloeck.

In order to recognize words from the lexicon S, the snace X3
must contain, in addition to phoneme codes, information about stresses.

The segmentator C

stream into sections stretching from one stress to the next.

carries through the segmentation of the speech

T

such neighboring sections contain as a minimm one word of the

lexicon S,.
determination of its boundaries may
algorithm of Lisenko [24]. At this
tional a priori knowledge from H3

The search for the needed word and the simultaneous

be accomplished by means of the
stage as well as earlier, addi-

about the elements of the lexicon

may be used (block H3} in the selection of a decision, and if it

should prove indispensable, other variants of the phonemic seguences

may be summoned (along the line 03 - 0p) to the input (¥X3).
Differing from this, in the scheme with htlocks working in a

parallel mode (Fig. L) several most

8

probable variants of features

are simultaneously transmitted to the input of the second level.

In each of o branches the classifier Do (j) establishes whether
the vector KE{J] belongs to one of the phonemes of the alnhabet 5.

=]
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Th? TGSt probable hvootheses are transmitted by the supervisors
as J! to the input of sumervisor Nz, which functions in the same
way as (s in the sequential variant.

The peculiarities of the funectioning of blocks weorking in
parallel at the third level of recognition are analogous.

These schemes do not contradict presently known facts about
human speech perception. At the same time we are conscious of the
nossibility that a further development of investigations in this
area may lead sither to a coneretization of thesze schemes or to a
necessity for changing them in very basic ways.

We believe that the tasks immediately ahead consist of further
investigations of the structure, methods of functionins and inter-
actions of human prototypes of the blocks which enter the schemes
presented above.
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