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INTRODUCTION

In the generative model of grammar, the function of the phonologi-
cal component is to assign a phonetic representation to an utterance
by modifying the underlying representations (URs) of its constituent
morphemes, Morphemes are the minimal meaning units of language, e.qg.
mean+ing+ful. URs are abstract entities which contain the idiosyn-
cratic information about pronunciations of morphemes.

Phonological Phonetic
URs —> component — Representations
(rules)

Phonological analysis attempts to determine the URs and to dis-
cover the general principles or rules that relate them to the phonetic
representations,

The purpose of this paper is to discuss prospects and directions
for developing an intelligent system which does phonological analysis.
The structure of the paper will be as follows. First, the potential
value of the endeavor will be considered. Second, reasons for the
lack of previous work in this area will be explored. Next, a pilot
study done by the author will be outlined and the prospects of its
approach will be examined in light of other work in learning and gram-
matical inference. Finally, the particular approach proposed will be
justified.

This work would be of potential theoretical interest to the gen-
eral study of learning systems and of grammatical inference. Its pri-
mary application within Artificial Intelligence would be in speech
synthesis, which uses the results of phonological analysis. It would
also be relevant to linguistic theory especially in connection with
the comparison of various versions of Generative Phonology which pro-
pose different constraints on the class of possible phonological com-
ponents and the way in which these constraints relate to learnability.
It has a clear connection with work on the acquisition of language by
children, and also relates to work in Cognitive Psychology on learning
in general.

REASONS FOR LACK OF RESEARCH IN THIS AREA

The author knows of no other researchers at the present time who
are working on phonological analysis by computer; some work was done
by Petrick in 1963 [16]. One might suggest two factors which may have
contributed to this--the first peculiar to phonology, the second per-
taining to linquistics in general. The first factor is the stigma
connected with the term "discovery procedures" which for phonologists
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is associated with the discovery procedures of the American Structur-
alists, the predominant school of linguistics in the United States
prior to the Chomskyan revolution. The discovery procedures proposed
by these linguists disallowed "mixing of levels", e.g., the use of
information about syntax and semantics in doing phonology. The inter-
dependence of levels and the necessity for grammatical prerequisites
to phonological analysis is a basic tenet of Generative Phonology.

The second factor can be attributed to Chomsky's writings. 1In
Aspects of the theory of syntax (1965) regarded the construction of a
linguistic theory that could select a descriptively adequate grammar
on the basis of primary linguistic data as unachievable at that time.
This property of a theory he referred to as "explanatory adequacy."
Chomsky recognized [6, p. 25], "As a precondition for language learn-
ing, he [the child] must possess, first, a linguistic theory that
specifies the form of the grammar of a possible human language, and,
second, a strategy for selecting a grammar of the appropriate form
that is compatible with the primary linguistic data."™ Chomsky contin-
ued his efforts to define the form of the grammar, i.e. the class of
possible grammars. He translated the second precondition into a
requirement for the child to have a method for selecting one grammar
out of those within the class of possible grammars that are compatible
with the primary lingquistic data. Corresponding to this, he suggests
[6, P. 31] that a lingquistic theory aiming for explanatory adequacy
must have a way of evaluating alternative proposed grammars. Instead
of a learning strategy or procedure, an evaluation procedure was
sought.

PHONY - A PILOT STUDY

Phonological analysis proper may be considered to take as its
input phonetic transcriptions of pronunciations of words and phrases
upon which a preliminary morphological analysis has been done. They
have been divided into morphenes, and different instances of the same
morphene have been associated. (This is done partly on the basis of
meaning.)

RULES

PHONOLOGICAL
PHONETIC TRANSCRIPTIONS -3 ANALYSIS

URS

The output of phonological analyses is a set of rules or regular-
ities in the data, as well as a set of 'underlying representations’
for the morphemes. The phonological rules generate the various
pronunciations of the morphenes from their underlying representations.
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The task of phonological analyses can be contrasted to that of
inducing LISP-programs from input-output pairs [18].

Phonological Phonetic
URs ——> Component ————— Representation
Input —> LISP Program = Cutput
|

Phonological analyses essentially takes only the output and must
infer both the input(URs) and set of functions (phonological rules).
This task is possible because of (1) the very restricted type of rules
possible and (2) a constraint of the 'distance' between a UR and its
pronunciations. To understand these it is necessary to consider the
representation of sounds and rules in Generative Phonology.

In Generative Phonology sounds are represented as matrices of
feature specifications, the phonetic symbols being a shorthand for
these matrices. For example, the phonetic symbol d is shorthand for
the following set of feature specifications.

syllabic
consonantal
continuant
voice

nasal
anterior
coronal

R

The set of 'distinctive features' proposed by Chomsky and Halle
were claimed to be sufficient to distinguish the sounds in any
language. Further these features were all claimed to have two values;
the feature was either present or absent. There has been a fair
amount of dispute about the specific features, and several additional
ones have been proposed, e.g. gravity, advanced tongue root. There
has also been considerable dispute about whether the features are all
binary. Nevertheless most phonolecgists use the original binary
features, often with a few additional ones. Phonological rules are
operations upon sets of these feature matrices by which feature
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specifications are assigned to the matrix when it appears in a_ certain
context. The ru%g expressed (in shorthand) normally as s --> S 7 . |
(read s becomes s in position immediately before i) would be expressed
as follows using feature matrices.

continuant

+

+ coronal - anterior + syllabic
+ anterior -_— + high + high

+ strident = - back

The representation provides a language in which to express
hypotheses. The task is to find statements in this language to
express the data. Thus the representation implicitly defines the
search space. The search space is restricted by the following con-
straint on the 'distance' between a UR and its pronunciations. Every
feature specification in the UR must be present in a example, a mor-
pheme that has three pronunciations [sarap], [sarab], [sarav]. This
constraint restricts its possible URs to /sarap/, /sarab/, /sarav/,
/saraf/. Even [f] does not appear in any of the pronunciations of
this morpheme, its -continuant specification occurs in [v] and its
-voice specification occurs in [p]; its other feature specifications
are common to [p], [b]l, [v]l]. This constraint is weaker than the
"strong alternation condition"™ (cf. [14]), which would restrict the
final UR segment to be /p/, /b/, or /v/. The term "alternation" will
be important to the discussion below; here [p] vs. [b] vs. [V] is an
alternation.

Given, then the pronunciations # ad +a# and # at #, where '#'
stands for word boundary and '+' stands for morphene boundary, the UR
must be /ad/ or /at/ (since d and t differ by only a single feature
VOICE. The structural change of the single rule necessary to account
for this alternation must be either --> [-voice] or --> [+voice], and
the environment of the rule must be a subset of the feature specifica-
tions in these two pronunciations, i.e.

feature [-voice] Eeature feature
specifications |--> specifications | —— | specification
of of of
d a a
o - o B e =
or
feature [+voice] feature feature
specifications |[--> specifications | — |specifications
of of of
3 t y 3 a | a
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It should be pointed out that most often several sets of combina-
tions of underlying representations and phonological rules can be used
to derive the same pronunciations. This could happen in several ways.
It could be unclear what the UR is, and different URs together with
different rules could derive that same pronunciation, i.e. the direc-
tionality of the rule could be unclear. Also some phenomena could be
explained by a single more general rule or by several more specific
rules.

In Generative Phonology two approaches have been taken to deal
with the problem of multiple possible solutions--attempting to impose
restrictions on what could constitute a valid solution, and using an
evaluation procedure to decide in cases of multiple possible solu-
tions. One could also use both of these approaches., In that case the
more restriction, the less evaluation is necessary. No particular
proposed restrictions have been adopted by the vast majority of pho-
nologists other than the constraint on the 'distance' between the UR
and its pronunciations (as discussed above). An original single
evaluation criterion--'simplicity', as manifested by the number of
feature specifications used, has not proved completely satisfactory
[12] . Probably the most commonly used criterion aside from simplicity
is 'naturalness', 'Naturalness' is primarily a function of cross-
linguistic commonness, which is most often related to phonetic con-
siderations. This is not always the case.

To demonstrate the possibility of doing phonological analysis by
computer the author designed a program called PHONY. In order to dis-
cuss possible extensions to PHONY, as well as the limitations of the
approach it embodies, its structure will be considered in some detail.

The structure of the bare machine of PHONY reflects the process
of inductive inference and scientific hypothesis formation in general.
First, hypotheses or generating principles, the "rules", are proposed
as the basis of the data. Second, the rules are generalized with
testing to eliminate those which are invalid. Third, the remaining
rules are evaluated. As the figure below indicates, in PHONY these
three parts are called ALTFINDER, RULERED, RULEEVZL.
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URS o e e ALTFINDER

(WITH CERTAIN FEATURES UNSPECIFIED) J{

N LARGE SET OF VERY SPECIFIC RULES

J

RULERED

v

ADJUST URs SMALLER SET OF MORE GENERAL RULES

J
RULEEVAL'\\\EA

FINAL RULES

ALTFINDER generates the rules. For every feature of a segment of
a morpheme that alternates, ALTFINDER produces two lists - one with
the strings where a positive value for that feature occurred and the
other where a negative value occurred.

It should be noted that the elements of these lists, i.e.
strings, together with the feature alternating, its value, and an
indication of which segment in the string contains the feature, are
all potentially rules. They bear the same information as standard
phonological rules., Compare the representations below.
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to the rules t -=->d /¢ a_+a#d->t/ % a_ #, i.e. respec-
tively, one can't pronounce t in the environment # a _ + a # but
rather must pronounce d, and one can't pronounce d in the environment
# a _ # but rather must pronounce t. The latter rule and the second
representation are juxtaposed below.

1000000000000000 1010110110000 1000011000000 1000000000000000

D-->T/ & a #

It is often the case that one or both of these potential 'rules'
will be valid, i.e. would be generalizations that would hold over the
pronunciations represented in the input. However, these 'rules' would
be much less general than those which are found in phonological ana-
lyses. It is assumed that speaker/hearer/language learners can and do
generalize from these specific cases to form more general rules, If
this were not the case how could speakers correctly pronounce mor-
phemes in new environments? Within the theory the criterion of sim-
plicity is sensitive to these generalizations in that such generaliza-
tions reduce the number of feature specifications. Within PHONY the
preference for more general rules is manifested repeatedly in RULERED
by trying to generate and test more general rules resulting from the
coalescing or combining of two or more specific rules.
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Recall that the representation of the segments involved a feature
matrix with positive or negative specifications for each feature. In
order to generate more general rules this representation is modified
to two matrices for each segment - one representing those features
which must be positive in the environment and the other for those
features which must be negative. (Other features can assume either
value.)

ALTFINDER also sets up URs with an indication of which feature
specifications are alternating and need to be decided. ALTFINDER
proceeds by comparing in turn each instance of a given morpheme with
the current hypothesized UR for that morpheme. The identification and
isolation of alternations is complicated by the common processes of
epenthesis (insertion of a segment) and elision (deletion of a seg-
ment), and occasionally by the much more rarely occurring methathesis
(interchange in the positions of two segments). These procedures are
illustrated below.

Given UR / t a r i s k /, [tarisak] would involve Epenthesis 0
—=> a [trisk] would involve Elision a --> 0 [tariks] would involve
Methathesis sk --> ks

Therefore in cases where the segments being compared are not
identical it is necessary to ascertain whether they are variants of a
single underlying segment of one of these processes has applied. The
possibilities are illustrated below.

Given two pronunciations of the same morpheme [A B C . . . ] where A
is associated with D [DE F . . . ] where B is not identical to E.
there are four possible relationships:

A |B 5 zlx g B €

]ID E F cs e D \E\F cee

A B C A B L
|

1'3 ﬂ'/E/F D E><F

The criteria used to decide between these relationships are (a)
degree of similarity in each of the conceivable associations, and (b)
a measure of the similarity of the rest of the strings for each of the
conceivable associations.

RULERED attempts to generalize the rules. 1Its structure is
represented below.
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RULERED

All rules in one direction with a given feature ((many specific
rules))

GCD Combine & Test

Combine & Test

Minimal set of rules that hold with all feature specifications forms
undergoing the rule have in common

l

LCD Elimfeats - Throw out feature of a

Elimsegs - Throw out segment & Test

segment & Test

|

!

Minimal set of rules with as few feature specifications as possible

|

Combine based |

on
abbreviatory

conventions

((few for more general rules))
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The first process in RULERED involves going through all the rules
involving a certain feature and generating the minimal number of
equivalence classes of "rules" and combined (GCDed) "rules" which are
valid. The GCD (greatest common denominator) operation is essentially
an intersection of matrices made up of linear order of vectors
(feature matrices) of the segments of two rules, lined up on the basis
of the segment with the alternation.

+ = + = + = + - + -
o 0 o0 0 0 0 o 0 0 0
0 0 0 0 0 0 0 0 0 0
SYLL 1 0 0 1 1 0 0 1 1 0
VOICE 1 0 1 0 1 0 0 ] 1 0
HIGH 0 1 1 0 1 0 1 0 1 0
0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0
\\N j GCD 95//
SYLL +SYLL
VOICE [-SYLL] --> [+HIGH]/ +VOICE
HIGH +HIGH

e o ¢« COCOMHOOOOe o =
e 8 ¢« OO0OOCOKHOOe: o =
e 2 s OOHMFHFHOOe ¢ »
e s 0 ODOODODOCOOe o o

The GCD operation has generated a more general rule. If the ori-
ginal two rules are a manifestation of a more general rule, the gen-
eralized rule must not involve or make reference to the initial seg-
ment of the former rule. Notice also that in the GCD the VOICE feature
does not have to be positive or negative; if the two original rules

]
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are a manifestation of a single rule the specification of the VOICE
feature in the alternating segment must not be relevant.

The rules resulting from the first process in RULERED have the
largest matrices, i.e. the largest set of feature specifications which
all the forms undergoing these rules have in common. (These are simi-
lar to Vere's "maximal common generalizations" [19].) However, the
elimination of some of these feature specifications might still result
in valid rules. The so-called consistent with the input corpus [13,
P. 336]. Rules with minimal matrices, i.e. minimal number of feature
specifications are produced by LCD (lowest common denominator)
attempting in turn to eliminate each segment in GCDed rule; the new
rule is generated and tested, and if valid the segment is out, other-
wise it remains. Then an attempt is made to eliminate in turn each
feature specification in the remaining segments, again generate and
test.

The output of LCD is the minimal set of rules with as few specif-
ications as possible with the rules still holding over the input
corpus. The third part of RULERED involves combining the remaining
rules, where possible on the basis of the abbreviatory conventions of
Generative Phonology. This is done on the basis of the formal proper-
ties of the rules. For example, if two generated rules are identical
except that one has an additional segment not present in the other,
these can be into a single rule; parentheses allow the inclusion of
optional segments in the environment of a rule. For example, [-son]-
->[-voice]/__# and [-son]-->[-voice]/__[+cons]# could be combined as
[-son]-=>[-voice]/__ ([+cons])#. In addition, all the rules generated
above involve a change of only a single feature specification. If
there are several rules which are identical except that a different
feature specification is changed, i.e. the two changes occur in the
same environment, they can be combined into a single rule; in this
particular environment both specifications change.

RULEEVAL takes as its input (1) the maximally combined and
reduced rules with an indication of the alternations for which each
could account and (2) the URs involved in alternations, i.e. those for
which feature specifications must be decided. For each alternation of
a feature of morpheme, the total of all the feature specifications in
all the rules in one direction which could account for that alterna-
tion is compared to the total for the rules in the other direction.
The set of rules with the smaller total are established and the UR is
adjusted, i.e. the feature specification involved in the alternation
can be filled in. Rules can also be established in connection with
members of "minimal pairs:, i.e. where two morphemes which can occur
in the same environment differ by a single alternation, or when one of
the other rules in set of these to account for an alternation in one
direction has already been established.

Above the structure of PHONY's bare machine was discussed. The
purpose of PHONY was to demonstrate the possibility of doing phonolog-
ical analyses by computer. 1Its basic approach is similar to that of
the phonologist, except that the bare machine is almost exclusively
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data-driven. A phonologist is guided in his analysis by his knowledge
about what types of rules are common cross-linguistically. This pro-
perty has been referred to as "naturalness". "Natural" processes are
generally assumed to be phonetically motivated, although there are
cases where the phonetic explanation is not known. When a phonologist
encounters an alternation which could be the result of a natural rule,
he examines the entire input corpus to see if the rule holds. Thus
naturalness is a heuristic reducing the search.

Naturalness considerations could be easily incorporated into
PHONY's bare machine by including a catalogue of natural processes.,
It would then be possible to match the rules as soon as they were gen-
erated in ALTFINDER against this catalogue, and if a match occurred,
the whole input corpus could be checked to determine if the rules were
valid. Alternatively, one could initially check the input corpus
against the catalogue of natural processes to see if any of these were
valid. This is a common approach in model-driven inference programs
(c£.[15]). In either case, this incorporation would both serve as a
heuristic to shortcut the search and also to reflect the theory's
preferences for certain solutions which are not strictly simplest in
terms of feature specifications. Another reflection of the theory
would be in the order in which attempts are made to eliminate
features. 1In addition, other evaluation criteria could be incor-
porated, for example, a facility for pattern congruity (cf.l2, pp.
93-7).

The bottleneck in terms of run time for PHONY is in the LCD
stage. It uses a very crude and uninformed technique for eliminating
unnecessary feature specifications. The time involved in this stage
could be reduced if many of the alternations were resolved as a result
of matching against a catalogue of natural processes. Depending on
the success rate of matching and testing and on the size of the
catalogue, this could result in an overall savings in time. It would
also help if heuristics guided the attempt to eliminate segments and
features en masse. The elimination could be model-driven by expecta-
tions of the theory. Alternatively, PHONY could be incorporated as
the performance element in a learning system which could optimize
elimination of segments and features en masse (cf. [4]). The critic
of such a system could be sensitive to the number of tests of the
input corpus required with different orders and combinations of
attempted feature eliminations.

A fundamentally different approach to the problem of the
bottleneck would be to employ a bidirectional search. It would be
data-driven in one direction, as PHONY's bare machine, from specific
to more general processes, and model-driven in the other direction
from the general natural processes to more specific rules. This would
be similar to Mitchell's 'version space' approach [15].

None of the extensions could overcome the most significant limi-
tation of PHONY - size of input corpus. 1In order to isolate the pho-
nological rules of a language a certain number of utterances are
required. The minimal number would be enough to exhibit the



Phonological Analysis by Computer Page -13-

alternations which result from application of the rules as well as
examples sufficient to show the limits of applicability of the rules,
i.e. how specific the rules must be. In certain cases the set of
forms necessary may not be large, but somehow this data must be
selected from a larger corpus. In this respect PHONY was essentially
a 'toy' program, it worked upon data found in phonological problems
found in textbooks. The forms given in these problems were carefully
chosen to be sufficient from which to isolate the rules.

PROPOSED APPROACH AND ITS JUSTIFICATION

PHONY with extensions for heuristics would essentially be an
expert system, reflecting how a linguist might do phonological
analysis. (This reflection would be more exact if PHONY were also
extended to give it a capacity for "instance selection" (cf. [4]).) In
the following discussion the methodological approach taken by
linguists will be called into question.

Recall that PHONY processed its entire input corpus, generating
specific rules, before it attempted to combine and reduce the rules
and evaluate them. This method differs from that of most data-driven
learning systems, which produce a current best hypothesis after each
new training instance (cf.[15]). This process might continue until
the set of training instances were exhausted or until the pattern,
concept, or grammar has been learned in some sense (e.g. learnability
of formal grammars was initiated by Gold [9]. Phonological analysis,
i.e. the acquisition of the phonological rules and the URs (which can
also be thought of as rewrite rules), would constitute a form of gram-
matical inference (cf. [2], [8]).

Recall that Chomsky regarded the development of an evaluation
procedure to be a worthwhile subgoal for linguistic theory. The pur-
pose of the evaluation procedure or metric was to choose between mul-
tiple grammars within the class of possible grammars which were compa-
tible with the primary linquistic data. For phonology, the original
proposed evaluation metric was the total number of feature specifica-
tions in the proposed set of rules. this did not prove adequate, and
in The Sound Pattern of English (1968) Chomsky and Halle proposed the
"linking conventions" as an extension to this metric which essentially
allowed certain specifications or rules to be disregarded in the
totaling of the feature specifications. This approach did not prove
fruitful or popular and since that time there have been no proposals
for evaluation procedures or metrics. It can be suggested that the
difficulty in finding an evaluation metric may be a reflection of the
fact that such an evaluation metric plays no role in language learning
by the child. In this connection it should be pointed out that such
an evaluation procedure comparing two or more prospective hypothesized
grammars generally plays no role in AI learning systems or in formal
procedures for grammatical inference.

Since no evaluation procedure was available to linguistic theory,
all effort to resolve the problem of which of the multiple possible
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grammars consistent with the primary linguistic data should be chosen
has involved attempting to restrict the class of possible grammars.
Unless it is possible to limit the class of possible grammars con-
sistent with the primary linguistic data of a language to only one
grammar, some learning strategy will still be required to allow the
choice of just one grammar. It should be borne in mind that a learn-
ing procedure may yield a unique grammar even in conjunction with a
much larger class of grammars. In fact, there may be no way to
characterize a class of grammars other than being discoverable by a
certain effective learning procedure. This realization has very sig-
nificant methodological implications for linguistic theory. Since it
may not be possible to limit the class of possible grammars beyond a
certain point, searching for a discovery procedure may in fact be
necessary, and some effort in this direction would certainly seem to
be justified.

Little work was done in th search for a formal set of procedures
to discover or induce grammars for natural languages from the start of
the Chomskyan revolution until the mid-seventies. Since then the work
has centered on the learning of syntactic and semantic aspects of
natural languages (cf. [17] for a review of the literature). Some of
the most significant work has been done by Wexler and his co-workers
on the learning of transformation grammars ([10], [20], [21]). This
work involved the formal definition of the class of possible grammars,
of the input available to the learner, of the language learning pro-
cedure, and of the criterion of success.

A particularly interesting aspect of this work was the proposal
of "learnability constraints®”., These are constraints on the class of
formal grammars which allow the proof of success of the learning pro-
cess; it is assumed that the function of these constraints is to allow
learnability ([20]). Some of these constraints make empirical claims
and predictions as to the nature of lingquistic data, and some of these
constraints have been proposed independently by linguists concerned
with descriptive adequacy ([21]).

The proposed approach is to first concentrate on defining a
learning procedure and proving learnability, with the class of gram-
mars as defined by the representation (discussed above) and with input
similar to that of PHONY, i.e. with division into morphemes and asso-
ciation of different instances of the same morpheme. In order to
prove learnability, it may be necessary to establish learnability con-
straints, as in Wexler's work discussed above. These would be com-
pared with (and possibly would have derived their impetus from) the
various constraints proposed by phonologists. The learning procedure
would then be incorporated into a program to do phonological analysis.
Subsequently, an effort would be made to improve the performance of
the program by proposing (additional) learnability constraints, again
comparing how these limits on the class of possible grammars compare
to the constraints proposed by phonologists.
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