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Introduction

In the history of computational linguistics, the first significant question asked was how to .
analyze syntax. Programs that were developed. using only syntactic analysis were unsuccessful at
actually understanding natural language and consequently the emphasis shifted to semantics.
Subsequent programs using prin»rily semantic methods met with a beginning level of success.
Since Winograd [22), in an effort to further refine this success, the basic question guiding artificial
intelligence work has been sharpened to the question of how to .best represent semantic information
(thiS has been called "the representation problem"). (I) In its extreme form, the current emphasis
on semantics excludes any consideration of syntax. A typical view is that of Schank (17], who
claims about his system that "syntax has been denigrated to the status of something to use when all
else fails".
Most of the. recent discussion CO!lcentrates on the hohsticnature of language and, rather than
denying syntax a role, stresses the interaction of syntactic and semantic features of language and
cautions against the possibility of making hard and fast divisions into "syntactic" and "semantic"
problems. In actual programs, this view is implemented by the elimination of distinct phases of
analysis corresponding to syntax and semantics. Instead both syntactic and. semantic procedures are
available which can call each other, and the results of each call determine how the analysis will
proceed. Thus the result of both the extreme and the more common view of the relation between
these two components of language is the exclusion of any serious discussion of the general
systematic role that syntax plays in language understanding; An even more disturbing trend that
has appeared in recent discussions is the assumption that no logically coherent theory of meaning
for natural language is even possible. ( 2 ) ·
.
.
Certainly. the early failures in mechanical translation and other types of purely syntactic
analySiS have shown that the traditional conception of syntax is weak; and efforts to use such
logical techniques as resolution theorem proving have shown them to be inadequate for solVing the
problems of natural language inference. These failures are far enough behind us that we can
perhaps restore some balance into the discussion.
We make two claims:

. (I) Syntax is important to the understanding of natural language.

(I) The "semantic information" question is currently being phrased as a debate between

procedural and declarative semantics.
(2) See for example Colby and Enea [2), Wilks [20).

(2) A logically coherent theory of meaning is not only possible, but ne~essary If.
comput.atlonal linguistics Is to proceed.
.

We shall, In the body of the paper, elaborate these claims, present a computer system
(CONSTRUCT) that was design~d to support these claims, and then suggest what kind of
mathematical analysIs Is necessary to make progress In the area.
.

1.1

The Role of Syntax

.
The "denigration of syntax" seems to be associated with the belief that ordinary language is
sufficiently less orderly and "rule.like" (3) than is required for formal analysis. On the other hand,
Richard Montague [9J has suggested that there is no Important theoretic.al difference between
formal and natural languages. Despite the popularity of the informal approach, we think that
Montague's position will be vindicated.
What is needed is a richer view of syntax that accounts for the appearance of disorder. We
suggest that the correct analysis of the syntax of a language prOVides a method of discovering the
computational control structure of the sentences in the language '-.to use computer metaphors, the
"program" that must be "executed" in order to answer a question, execute a command, or evaluate
the truth value of a declarative. In order to answer the natural language questions asked of it, the'
computer must execute a program to compute the answer. Thus, the "semantics" of.a sentence is a
program generated by the "syntax".
The execution of s.uch a "program" will in general involve steps that modify the program
itself. These steps correspond to places where the syntax fails to be as orderly as first-order logic.
We describe these situations as sema1ltic transformations.

1.2

Towards a Theory of Meaning

The claim that English is best thought of asa "formal language" is motivated by the success
in model theory, a part of formal logic. Alfred Tarski [l9J characterized truth for the formal
languages by saying that "a true sentence is one Which says that the state of affairs is so and so,
and the state of affairs indeed is so and so". (PI" 153-155 of [19]) The programme of carrying
this characterization of meaning through to natural languages involves giving a model structure
that represents the world under discourse, and shOWing how to map from sentences (or sequences of .
sentences) to conditions of this model structure.
(3) See Wilks [20J for a discussion of this view.
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2. The CONSTRUCT System
Before we discuss the above' theories in greater detail, let us describe the CONSTRUCT
system. CONSTRUCT is a flexible modular system for natural language ptoceSsing. The
CONSTRUCT program itself which is written in SAIL serves as the executive component of the
system. It contains a bUilt.in scanner and parser as well as all the routines for interfacing and
coordinating the other modules of the system and also provides extensive facilities for on-lJne
monitoring of the system, Depending on the actual modules used the CONSTRUCT system can
serve many purposes and handle many diverse fragments of natural language. The
implementation discussed in this paper is a question.answering system for elementary rr1atherryatics.
(For more details on this system see N, Smith [I8l.)
In addition to the bUilt·in scanner and parser, the current system is composed of l) a
dictionary of the words in the vocabulary and their lexical categories, ~) a special dictionary called
the TRANSL dictionary..of strings, of words designated for special preproc.essing, 3) a context free
grammar which has i) a semantic function associated with each rule of the. grammar and 5) an
evaluation program written in LISP.

2.1

Preprocessing

The operation of the system can be viewed as a four·stage process. The first stage is
preprocessing which is conducted under the direction of the Scanner. CONSTltUCT's scanner is
similar to scanners found in compilers, It uses a table of break characters to separate the input into
words. Next certain strings of words are eliminated or replaced. The TRANSL file contains a
complete liSt of the strings to be substituted for and the substitution string·s. Currently foUr types
of substitutions are made: I) abbreViations are TRANSL'd to the full word form, 2) syrionyms are
TRANSL'd to the most commonly used one of the group, 3) common phraSes whi~hhave a
meanihgnot strictly determined by the combination of the individUal words. are TRAN5L'd to a
single word representation, and 1) noise words are eliminated.
One important function. of the TRANSL component is to prOVide pattern.recognitlon
capabilities. Colby and Enea [2] use question.introducers as an example to explain .their pattern
recognition technique. Certain polite. phrases that cannot be analyzed literally are used to introduce
questions. Essentially the pr.oblem is to fill a syntactic slot With an unanalyZed phrase. Their rules
for this are:

'RULES OF SENTENCE =
<QUESTION-INTRODUCER>: Q <NOUN-pHRASE>:N
~ IIS':N '*'?'* );
RULES OF QUESTION-INTRODUCER =
COULO,VOU TELL ME ~,
WOULD VOU TELL ME ~,
PLEASE TELL ME ~,
Our system handles question-introducers by Including each such phrase in the
processing the questions with the gi'ammatical rules:

T~ANSL

and

RULE1: Q 4 QUESTION-INTRODUCER NP
EX1: Do you kno~ the sum of 2 and 4?
RULE2: Q 4 QUESTION-INTRODUCER INTERROGATIVE NP LINKVERB,
EX2i , Do you kno« ",hat the factors of 12 are?
It is Interesting to note that their system whiCh is designed with pattern, recognition as the
paramount concern requires as many rules to deal with the question.introducer as ours does. We
need one line In the TRANSL for each of the phrases as they need one rUle for each, and we also
need one grammatical rule for each sufficiently different construction of the question folloWing the
phrase. Our RULE I is analogous to their rule and they would need to add RULE2 before they
could handle EX2.
Use of a separate component for pattern recognition has four definite advantages. The first
advantage is the speed and efficiency gained by an initial preprocessing phase which makes
possible a shorter grammar. A second advantage to a separate module containing all the strings is
the ease with whichchang'es can be made to the string's and to the g'rammar itself. The third
advantage Is in the flexibility of the system. To change subject areas we can use the same basic
, grammar with'a different TRANSL file while their grammar contains many rUles dependent on
the particular vocabulary of the subject area involved. Finally, the preproceSSing approach has the
advantage of clarity. The output of the scanner shows precisely which substitutions were made and
hOw the input was standardized, In a typical pattern.recognltion grammar, this information Is
burled, In the parse tree.
After all of these substitutions have been made, the scanner uses the dictionary to forin a
new representation of the input by replaCing each word by its lexical cate~oty. It Is this
representation Which is passed to th e parser.

2.2

Syntactic and Semantic Analysis

The second and third stages of processing proceed in parallel. The second stage is the
syntactic parse of the input.. The third stage Is the creation of what we call a 'semantic
construction' for the input. It has the form of a LISP S-expression which Is ready for evaluation.
Each rule of the grammar has an associated semantic function whose explicit arguments are the
meanings of the elements on. the right-hand-side of the rule. The evaluation of this function yields
the meaning of the element on the left-hand-side of the rule. As the syntactic parse proceeds the
"semantic parse" builds up the final semantic construction for the input from the semantic functions
associated with each rule used in the syntactic parse.
.
Thus there is no interaction between "syntactic" and "semantic" routines at runtime. Many
systems use an interactive process in which parsing begins but semantic routines can be called in to
disambiguate certain phrases and the semantic roUtines in turn can call for further parsing of a
piece of the input, etc. Instead of all Interactive process of this type. our grammar is designed to .
obta.in the semantic Information from the syntactic parse. This is based on the assumption that a
sentence contains two types of information. The first type of information is carried by the
substantive or content words in the sentence. These words indicate whichltems i.n the data base or
world model used by the evaluatloil program are to b.e dealt with In evaluating this particUlar
sentence. The second type of information which can be obtained from the sentence is carried by
both the functional words used in the sentence and the organization Or grammatical sttucture of
the sentence. This information tells us which of the evaluation procedures available ate to be
applied to the relevant items in the data base and also gives us the control structute to use in
applying these functions or procedures.
Our grammar has been written to maximize the amount of this type of semantic information
that can be obtained from the syntactic parse. The grammar is quite different from the usual
grammars used for natural language procesMng which traditionally start with the rule
$ .. NP VP

It would be virtually impossible to construct a semantic function to attach to thiS rule. Not 0111y is
this rule too general but it has already begun an incorrect breakdown of the sentence fat semantic
purposes. From this point on in the parse, the main noun phrase Is separated from both the verb
which wlll indicate what action to take with the noun phrase and from any dause in the VP
folloWing the verb. Another example of a series of traditional rules which lead to aptrse which
would have to be jUdged a poor parse on semantic grounds is:
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NP ~ DETERMINER N
NP ~ NP PREPH~ASE
NP ~ N
PREPHRASE ~ PREP NP
DETERMINER ~ ARTICLE
Consider the phrase "the factors ,of 4", which would be parsed by these rules as shown in Figure L

~

NP

~T/

ARTtLE

"""

--------

NP

\

,factors'

PREPHRASE

1 ""'Ir,
/P

of

the,

4
Figure L Tree for the factors of 4.

The information as to which type of determiner is used .is not discovered until the loWest
level in the parse and even then both the definIte and indefinite article are lumped into one lexical
category. This has no correspondence to the actual scope of the determiner and allows no point in
the parse for assigning the particular function associated with each quantifier and article. In OUr
system, each semantic function (except for the explicitly transformational ones, see Sectloo·.4,pelo.w)
is asSigned at a level where all the arguments to the function are available.
'
These rules create a similar problem with the preposition~ Traditionally all prepositions
have been grouped into one. lexical category and parsed by the same grammatical rules. The
semantic insight about "of" which is used by our system is that this prepOSition is used to deSignate
a function, e.g., the FACTOR function and Its argument(s), e.g., 4. Other examples are: the
denominator of 1/2. the sum of 2 and 4, and the intersection of {a,b} and {a,c}. We use the
semantic function APP for applying functions in the data base to their specified arguments. The
traditional rules split the function from its argumentiil the parse tree and proVide no rule with

which the APP functio.n can be associated. We have assigned "of" its own lexical category and also
created lexical category FCN for nouns which are names of functions. Thus the rule is

a

NP

~

FeN \OF\ NP

(APP ;1; ;3;)

[Note: The form ;n; in the specification of the arguments to a semantic
function refers to the nth element on 'the right"hand-side of the rule.
These slots will be filled in by the semantic functions for those elements as
the parse proceeds,)
As can be seen in this example, our grammar differs from traditional grammars in two basic
ways·- first by assigning words "lexical" categories on the basis of their semantic role and second
by making sure that each rule in the grammar has semantic relevance. This has the affect of
considerably flattening the parse trees so that more of the context is considered at each level.
However it should be made clear that we are not in the position of needing Virtually a separate
rule for each sentence. We do not create categories, either leXical or grammatical, on the basis of a
priOri syntactic considerations but we have found it possible to create many broad categories on
semantic grounds. Consider the sentence types: '
1)
2)
J)

H ow many x are y~
Which x are y~

4)

Give the x that is y/

Isxy~

We have created the grammatical category SUBST to cover all the grammatical constructions
which can Withe y slot The SUBST·rules are:
Example

RUle

SUBST
SUBST
SUBST
SUBST

~
~
~
~

NP
AOJ
ARITHRELS
PREPP

Is 2 a factor of 4?
How many factors of 12 are even?
Which factor of 12 Is greater than S?
Give the factors of 12 that are between 1 and 8!

This group contains a surprisingly diverse range of traditional syntactic categories. However
viewed on semantic grounds their function in the example sentences is identical. Each of the types
of SUBST's is semantically represented by a constructive set. Thus we have the set of factors of 4,
the set of even numbers, the set ofhumbers greater than B, and the set of numbers between I and
B. Some of these sets SUch as the set of even numbers are infinite sets. In constructive set theory
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infinite ~ets are represented by a characteristic function rather than by a list of members, as we
shall describe in Section 3 below.
Considering that the x in the sentence types will also be a set, it is easy to see what the rUles
and their associated semantic functions should be for the four sentence types given: C stands for
the cardinality of a Set, I for the intersection of two sets, and S for the subset relation on two sets.

1) a ~ \HOWMANY\ NP LiNK.SUBST
2) a ~ INTERROGATiVE NP LINK SUBST
3) a ~ LINK NP GUBST
4) C ~\GIVE\ NP
NP ~ NP RELPRONS
RELPRONS ~ RELPRON LINK GUBST

(C II :2: ;411)
II ;2; ;4;1 .
,(.5 ;'2;,;3;)
(;2; )

(1 ;1; ;2;1

(; 3; )

The use 'of a greater variety of leXical categories does have the affect of lengthening the
grammar .but it also has advantages. Like the DEACON system [3], we Use a separate leXical
category for each function word. The reasons lor this are obviousln a system which aims' at
extracting all the semantic Inform"Uon possible during the parse. However it is not only the
functional words which have been carefully categorized but also the substantive words. For
example, nouns are currently divided into the two categories N and FCN. The ,FCN's are nQuns
which name functions, e.g., factor, sum, and Intersection. The N's are nouns . which name sets
(constructive sets) e.g., fraction, number, and prime.
Our handling of the classification of substantive words, Which is very similar to. that of
Sager [16],. is based on the premise .that categories can beformed which contain words that are
both naturally related to each other with regard to the subject matter and naturally related with
regard to their grammatical role. In the case of our nouns, thiS is obvious. The division Into FeN
and N clearly has semantic relevance. It also clearly has grammatical relevance be<:au~e l'CN.~s a.s
fUl1ctiqnnames will always be accompanied by thelf argument and this argumei1t 'slot must "be
taken account of in the grammar. Thus the division into categories adds syntactic precision to the
grammar as well as increasing its power as a tool for extracting semantic information.
When the parse is complete, the semantic construction which represents the semantic surface
structure. Is passed to the evaluation program. Belore discussing the evaluator, a comment should
be made on the ambigUity problem. One motivation for performing syntactic and semantic
analysis Irtteractlvi!ly Is so that the semantic routines can be used to resolve syntaCtiC ambiguities as
theyarlse.Our system however also provides a natural means of disambiguation. Most of the
.Iexical ambiguity which arises from words haVing 'mUltiple leXical categories is resolved by the
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grammar since generally only one of the forms will parse. Grammatical ambigl.liiy which may arise
from unresolved lexical ambigUity or from ambiguous parsings of a single lexical form is often
resolved by default in those cases where all the grammatical parses result in the same semantic
construction. S,emantic ambiguity which arises' from ambiguous grammatical parses with different
semantic constructions is resolved by the evaluation phase if only one of the semantic constructions
can be successfully 'evaluated. Thus the natural progreSSion of the system eliminates spuriOUS
ambigUities. The remaining amhig'uities are those which result when more than one alternative
semantic construction can be successfully evaluated or when the evaluation of a ,single semantlc
construction reveals an ambigUity because of mUltiple senses of an item in the data base., These
ambigUities will have to be resolved by the evaluator. The evaluator is the natural place for this
disambigllatlon to be performed since it has access to the da,ta base or world model including
information about the' context of the conversation and it can be prOVided With, a Wide range of
heuristic disambiguation procedures.

2.3

Evaluation

The evaluator is a LISP program which evaluates the semantic constructions using a
recursive inside-out technique. The evaluation is essentially independent of the natural language
processing components. This has several advantages. First it can be programmed in,a different
language. Second the fact that the natural language processing routines are not dependent on.the
form of the data base means that a) the entire system does not need to be reprogrammed in order
to take advantage of new ways of representing knowledge in the data base (which is a rapidly
advancing field), and b) different types of knOWledge can be stored in different types of data
structures. Also the various semantic functions can be programmed USing different data base
manipulation techniques and the code for these functions can easily be changed or extended.

3

Constructive Semantics

By saying that CONSTRUCT eJ!lbodies a theory Of meaning. we mean that there is a settheoretical characterization of the "world" that the CONSTRUCT fragment is referring to, and
that there is a map between the sentences of the fragment and objects in this set-theoretical World.
For example, conSider the sentence:

HOIV many factors of 4 are there that are also multiples Of 2?
The sentence iS,a question, and the correct answer is the cardinality of a set, i.e.,
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I {xix isa factor of 4J n {xix is

a multiple

of 2J

I

The set-theoretical structure that would be required to deal with this sentence would have to have
a FACTOR and MULTIPLE function over the domain of natural numbers, as well as the logical
and set manipulation functions.
This kind of semantics was developed to deal with the formal languages of mathematical
logic. Tarskl In [19J showed how to give composition rules for thesyntaK of first.order logic and
how to characterize the meaning for the formulae built up from those composition rules.
The power and importance of the method soon became obvious to logicians. In eKamining
the models that a particular formal language had, it became clear what the eKpresslve power of
that language was. The metaphors of intended interpretation were stripped away, leaving for each
theory an eKact appraisal of what the theory really was. Thus, conflicting accounts of such
historically difficult problems as entailment, tense, and modality becameanalyzable in a systematic
way.

3.1

Objections to Model·theoretical Semantics

There have been seriolls doubts raised about the relevance of logic in general to
computational Iiliguistics. Mo,t of the substantive objections are only about the technique of
representing information using predicate. calculus and then using resolution theorem proving to
provide the Inference machinery. Minsky [8] .raises a somewhat more general objection that
stresses the holistic character of "common sense" reasoning: he argues that one cannot "confront. ..
[a logicallsystem wifh a realistically large set of propositions." (4) Nevertheless, Minsky stl1l
considers. only the proof-theoretic aspects of mathematical logic, and does not really deal with the
semantic aspects that we are suggesting are relevant to computational linguistics.
Objections specifically about model-theoretic semantics include the following:
I} "While formally adequate, set-theoretical semantics is not the way to
look at natural language for computers." We have ho ready answer to this
objection eKcept to note that it applies equally well to all other theories.
2} "Set·theoretical semantics commits Ohe to a referential view of language
-- that words refer to things." Butthe "objects" in the set structure could be any
theoretical or abstract constructioh, just as the "atoms" in a LISP program need

(4) P. 73 of [8].
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not be material objects. Set-theoretical semantics
metaphysical and epistemological commitments.

is

independent

of

3) "The notion of 'defining· the meaning' in set-theoretical semantics
presupposes our ability to perform impossible computations." This belief is
based on a confusion about what it means t.o "define" or "evaluate" the meaning
of a sentence. The sense of "evaluation" used by logicians means to give a.
characterization of the truth conditions ofa sentence. The "evaluation"notion
current in computer science is that of carrying out a computation that leads to
an answer. Knuth [6] has called these two notions existence and constructton.
It is important to note that we can know the truth conditions (i.e., the
"meaning") without being able to carry out the computations those conditions
imply. Patrick Suppes' example is the question:

Are there natu.ral numbers x:y,z bigger than 0, n bigger than
xn + yn = zn?

2; such that

It is perfectly reasonable to say that we know what this question "means" -- it is
a statement of Fermat's last theorem -- but that we cannot answer it yet.

3.2

Computer Implementation

This last objection is quite serious in that any computer implementation of a set-theoretical
semantics must contend with infinite set structures in a computationally graceful way. Forexample
the question

How many even numbers are prime?
involves three infinite set in its meaning conditions:

I {xix

is even) n {xix is a number) n {xix is prime)

I

The theoretical SOlution is to base the semantics on constructtve set theory, in which potentially
infinite (or very large) sets are t'epresented by characteristic functions. These functions are then
available to be called directly, combined with other functions, or examined for information
extraction. The computational problems are then no different than in any similar system, except
that one has an exact characterization of the conditions of success. (5)

(5)- See Rawson t15J for a description of the feature extraction and heuristic techniques that
were used in the evaluator to compute the answers to questions like the above.
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A Semantic Theol'Y

for Computational Linguistics.

We prop~se constructive smwntics as the basis for computational linguistics. Of course this
semantics is particularly suited to the fragment that we chose (elementary mathematics). But the
importance of constructive semantics extends to other systems with a less exact subject matter, and
there are benefits to be obtained from the application. For example. we are rather impressed with
the notions of. inference of Roger Schank and his associates (17). We think that their ideas would
improve by having their conceptual dependency system formalized with a modal logic semantics.

4

Semantic Transformations

A common theme in compl.lt<ltion,,1 linguistics is to show how a given system obtains
"transformational" powers. Woods in [23) showed how his augmented state transition networks
extend beyond the power of context-free grammars to cover syntactic transformations. Winograd
[22] argued that his procedures obtain similar capabilities by simply being programmed to do so.
Petrick [13] used an explicitly transformational system.
.
Beginning with Chomsky [I) generative grammarians postulated a syntactic deep structure
with transformations mapping to the surface structure. One· motivation for the appeal to the
transformation was that the unaided context-free grammar was clearly insufficientto account for all
the syntactic features observed in natural language.
This point was made quite forcefully by Postal in [14]. Using the embedding properties of
context-free languages, Postal demonstrated that certain constructions in Mohawk could. not be
recognized using any context-free grammar. The importance of his argument rests on the
unquestioned assumption that the grammar should "ccount for all "syntactiC" .features (such as
inflection) and prOVide a "structural description" that accounts for "all the grammatical information
about a sentence which is In principle available to the native speaker". (6)
There is no reason why the role given to a phrase-structure grammar should be the role that
Po.stal assumes. Moreover, the notion of "syntax" that Postal is looking for may be incoherent.
One of the major theoretical insights of Winograd [2Z] is that the division into "syntax",
"semantics", and "pragmatics" may not represent the way that our knowledge is used in

(6) [14],

p. 1$7.
12

understanding natural language. (7) One can give plausible interpretations to such Chomskian UJ
non-sense'sentencesandnon-sentences as "Colorless green ideas sleep furiously." and "Furiously
sleep ideas green colorless." (8)

4.1

Control·Structnre and Semantic Transformations

The CONSTRUCT system uses a context-free grammar to layout the surface. control
structure of the semantic functions. Some of these functions (such as PLUS). perform a simple
computation. Other functions, however, cause an interrupt that changes the control structure.
These semantic functions are transformational in that their combined effect is to set up an alternate
control structure that calls only functions that compute values in the straightforward way.
Consider the question:
(I)

'ls 2 or J odd?

TheCoNSTRtJCT grammar parses (l) with a tree structurally similar to the one in Figure 2:

s

~I-------IN~

V

Is

ADJ

NP

I

or

2

NP.

I3

odd

Figure 2. Surface Syntax Structure of Is 2 or J odd?

(7) An example that will illustrate this point Is "The City councilmen denied the women the'
permit because they were revolutionaries", where determination of the antecedent of they depends
on knowledge about the political character of city councils.
. '
(8) See for example Minsky's frames paper [8l, pp. 25-26.
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Note that the noun phrase "2 or 3" is parsed at a low level in the grammar, while the semantic
effect of the word "or" has its impact at a higher level where the phrase "odd" is available, Thus,
the semantic function associated with the node (,:,) causes the alternative control structure shown in
Figure 3 to be set up,

5

5

/I~
or
5

71'''''

'

/1\

V NP ADJ

V NP ADJ

Figure 3. Semantic Deep Structure of Is 2 or 3 odd?
The structure in Figure 3 is the soniintic deep structure for (I). The function' associated with (,:,)
causes a semantic transformation.
Winograd's solution is to interrupt the parsing process itself with "demons" to handle special
words such as "or", The major disadvantage of Winograd's method is that the description of the
flow of control becomes very difficult, and the tendency develops to rely on the code itself as the
best (if not the only) description of what is happening. (9)
Another example of a semantic transformation is sentence (2).

(2)

Does 12 have 12 as a factor and as a multiple?

Figure i gives the surface structure, and Figure 5 gives the semantic deep structure obtained after a
transformational semantic function alters the control structure.

(9) This reliance on the code can of course be, carried to the extreme of suggesting that the
program itself is a theory of meaning.

Ii

~)---NP
V
HNP

AUX

I

I

Does

I / "NP- -. -HNPADP

12

have

I
12

/1"and
'"

/

.

~

/

as a factor

as a multiple

Figure 4. Surface Syntax Structure of Does 12 have 12 as a factor and as a multiple?

----f-~--

~r"",
V NP NP

I

Is

1

12

\

and

/1___

V
I

\

Is

\

a·factor of 12

NP
I

12

NP
\

\

\

a multiple of 12

Figure 5. Semantic Deep Structure of Does 12 have /2 as a factor and as a multiple?

Semantic transformations are similarly useful in handling quantifiers. In a sentence such as

(4)

Does 12 have any factors that are evm?

there is a reasonable case to be made that the "syntactic scope" of the quantifier any extends only to
the noun phrase In which it occurs. The natural "logical scope" of any would however contain
more of the sentence, extending over the predicate phrase. In the CONSTR VCT system, the parse
provided by the context·free grammar associates the quantifier with the noun phrase; then, the
evaluation of the semantic functions associated with these rules sets up the control-structure where
the scope of the quantifier corresponds to its logical scope.
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4.~

Context·free Grammars Revisited

As we suggested previously. a good deal of effort has gone into exposing the limitations of
context"free grammars. It is our view that syntax analysis should only be expected to lay ollt the
control-structure of the semantic functions, where some of the functions may be transformational
(when they correspond to "natural" transformations). This necessitates' a rethinking of the'
limitations of any syntax.analysis method.
For example, one limitation of a context·free grammar is that there cannot be arbitrarily
many constituents at a given level. This typically happens for adjective phrases, as shown in
Figure 7. The best that a context-free grammar can do is to use some ·recursion generating a tree
as in Figure 8, where the constituents become embedded.
.
.

.

ADJP

~\------AOJ2 ADJ3 •... ADJn

ADJI

Figure 6. Immediate Constituents.

AOJP

----- -----/~

ADJI

AOJP

ADJ2

AOJP

"-

"-

"-ADJn

Figure 7. Context·free "approximation" of Immediate Constituents.

'the real difficulty with Figure 7 is that it makes the semantic analysis unWieldy. In the
examples in the CONSTRUCT fragment, the typical situation is that each AOJ i is a set structllre,
and it Is necessary to have all the. sets available .at the
. same level of the semantic analysis In order
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to evalua.te them correctly. In CONSTRUCT, a tranformational semantic function provides Figure
6 as the semantic deep structure.
F.y similar means it Is possible to show that none of the limitations ascribed to context-free
grammars apply when one has semantic functions associated with the rules.
'

5

Alternate Approaches to Semantic Transformations

,
Several approaches that are quite close in spirit to the semantic transformations of the
CONSTRUCT system deserve to be mentioned. Two such approachs are the interrupts in the
parsing process of Winograd's blocks ~world [22), and the augmented transition networks of WOllds'
system [23l. Two other approaches that are closer to the semantic transformation notion of
CONSTRUCT are those of Montague and Knuth.

5.1

Montague and English As A Formal Language

Richard Montague [9),[lOJ, (and philosophers such as Moravcsik and Gabbay [IlJ who have
proceeded from where Montague left off) are motivated primarily by the analogy that English Is a
formal language, I.e., similar to the langu'ages of first-order logic. Montague and his co-workers
also noted the above problem of the scope of quantifiers. Their solution has been to pOStulate
large set structures to serve as denotations for quantified phrases such as every man and some
woman. Then, the meaning of a sentence stich as "every man loves some woman" can be defined In
a way that appears to aVOid, any transformational mechanism. The Montague approach is quite
elegant logically. It fails to satisfy lingUists in that their need is for something like the insight into
psychological reality and structure of the brain that they believe tranformatlons prOVide: {I0}For
computational linguistics, the Montague method is computationally awkward since It escalates the
complexity of the type structure beyond what can be reasonably represented in a machihe.One
way to characterize this escalation of type structure is to say that information Is being encoded at a
loW level (in the denotation of the noun phrase), and then being decoded at a higher level (In the
whole sentence). We feel that the theoretical approach of the CONSTRUCT system Is more
computationallY feaSible. In addition It fits into the linguistic tradition of transformational
grammar. and points the way to eliminating the notion of syntactic deep structure. Fillmore H) has
presaged the elimination of syntactic deep structure, ,calling it "a level the properties of which have

(IQ) See Partee [l2l, p. ,243 for a discussion of the relation between Montague grammar and
traditional transformational grammar. '
.
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more to do with the methodological commitments of grammarians than with the nature of human
languages".

5.2

Knuth and the Semantics of Context·free Languages·

Donald Knuth [6) suggested a system of attributes for the nodes ofa context.free parse tree.
The calculation of the values for these attributes proceeds in such a way that information is passed
both up and down the parse tree. The effects that one obtains are formally equivalent to our
semantic transformations and to the Montague set structure 'encodings of information. The
approach is particularly applicable to the implementation-independent definition of programl"(ling
languages, called "declarative" by Knuth and his students.
Wilner [21) uses a multi-processing environment to .calculate the values for the Knuth
'attributes of aparse tree for a compiler called SIMULA 67. He shows that one can use the order
in which these values are calculated to determine an augmented derivation tree. (II) The augmented
derivation tree is quite similar to the semantic. deep structures that the CONSTRUCT system
obtains. One difference is that the augmellted derivation tree structure arises implicitly from the
order in which the Knuth atlrihllte"s are aSSigned values; thus the augmented derivation structures
are somewhat arbitrarily deternlined hy the attributes selected. In the CONSTRUCT system, the
explicit notion is that we are computing an alternative control structUre that arises from the Initial
syntax analysis.

6

Schematology and Transformatjonal Semantics

Although we have described the theory of language that is embodied in CONSTRUCT in
terms of model theory and form,1 semantics, the program itself is procedural in nature. 'For
example, the evaluation componellt of the system performs dynamic manipulation of functions at
runtime by creating and destroying specialized functions as it evaluates the semantic parses passed
to it. Moreover, the semamic transformations are. functions mapping semantic parses to semantic
parses, and as such, can be described only in procedural terms. At present, most representations of
procedural knowledge are in tenm of programs, and therefore are not very accessible to the kind of
modettheoretic analysis presented in the preceding sections. A method of analysis of procedural
knowledge called schematology has been developed that has promise of giVing a mathematical .

(I I) Pp.172-184 of [21J.
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account of the notion of semantic transformation. (12)
6.1

The Motivation for and the Development of Schematology

Schematology is designed to extract from a program the control structure of that program. It
isolates those parts of the program such as conditionals, branches, returns, and subroutine calls that
affect the sequence of machine instructions executed. This is done by replacing the actual logical
conditions and arithmetic and logical functions of a program, such as an ALGOL program, by
predicate and function symbols. This is strictly analogous to the replacement of the actual words of
a sentence when representing' the logical structure of the s,entence using first-order logic. By
studying such abstractions one is able to analyze many programs at once in much the same way
that first order logic analyzes m:H1y sentences at once,
Much of the work on schematology has a motivation which is surprisingly similar to a
problem that has plaguedling'uists ever since Chomsky introduced the notion of a transformation
in the 1950's--that of finding "natural" constraints on transformations. Although it is Intuitively
obvious that programniing languat~es vary greatly in their expressive power, it is possible in most
languages to write for any given rectirsive function a program that will compute that function; and
according to Church's thesis it is impossible to do any better than that. Hence, most programming
languages are universal in the sense that one can write a program for an ar·bitrary recursive
function in them. For example, both ALGOL and machine language are universal in this sense
despite the fact that ALGOL is clearly a more powerful and more expressive language than
machine code.
Giveh this universality, it is impossible to compare programming languages on the basis of
which functions they can be used to compute. However, Hewitt [5) has been able to compare
classes of schemata, and to show, for example, that in ·some well.defined senses, schemata that
permit recursive function calls are more powerfUl than ones which forbid them; It is this type of
comparative study that should be useful for computational linguistics.
,
The problem of finding natural constraints for transformations faces the same difficulties as
attempts to compare directly the power of programming languages. Instead of a direct analysiS, we
'considered classes of schemata for transformations, and tried to characterize what classes are
reqUired to give the computational power needed to analyze natural languag'e by computer. It is
important to have a clear idea of the computational power needed to analyze natural language.

(12) See [7) and [5).
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6.2

The Analysis of Semantic Functions in Terms' of Sche'nata

As an, example of how semantic transformations can be analyzed in terms of program
schemata, consider again the semantic parse of the question'

Is 2 or } odd?
Figure 2 (in Section 4 above) presents a version of the surface syntax structure for this
sentence, 'and Figure 3 gives the corresponding semantic deep structure,
The schematological representation for the computation needed to evaluate this is as follows.
'Let x I be the list of choices, let x2 be the set of odd numbers, and the interpretations of the
functions be as follows:

Sl checks lor an empty I ist (NULL)
S2 appends two lists together (APPENDl
S3 is the subset lunction which accepts two arguments A and B
and returns A i I A ,i s a subset 01 B and returns NIL otherwi se
S4 selects the lirst element 01 a list (CARl
SS selects the rest 01 a list (CDRI.
The constant NIL is used to represent the empty list. The schema that represents the desired
computation is:

(V xl x2) • (repeat (z c- NIL)
(i I (Sl xl! then (return z))
(z <- (S2 z (S3 (S4 xl! x2»)
(xl <- (S5 xi))),
This means that z is to be initialized to NIL, and the remaining statements are \0 be executed Until
the condition in the first is true, that is, the list x I has become empty, and the (return t) statement
is executed. The left arrow represents assignment. The second statement builds the answer list (z)
while the third reduces the argument list by removing from it the choice just conSidered in the
second statement.
6.3

Classes of Schemata

Following Hewitt [5], it is possible to define a number of different classes of schemata. At

20

present we have investigated only two surh classes -- one that represents the non-transformational
semantic' functions .of the CONSTR UCT system, and one that represents all of the, semantic
functions that are used in the system. Although we shall call the latter class the transformational
schemata, it includes as a subclass the n'on-transformational schemata. Intuitively, a nontransformational schema is merely a sequence of assignment statements while a transformational
schema is a non-recursive progTaIll schema in the sense of Hewitt [5], As should be obvious, there
is a transformational schema that is not eqUivalent under Hewitt's notion of eqUivalence to any
non-transformational schema. The details of thiS are given in Rawson [15],
LingUistically, a non-tra",formational schema represents a program for computing the value
of a semantic parse by simply domg on end-order traversal of the semantic parse tree. That is, one
merely evaluates the nodes in order starting with the innermost expressionsand'working outward.
This is essentially the algorithm used by the top-level of the LISP interpreter to evaluate SexpreSSions. On the other hand, a transformational schema, which permits looping, allows one to
change the order in which the SUb-expressions of a semantic parse are evaluated, and permits the
repeated evaluation of certain portions of the parse. This seems to be the key computational
concept in our notion of semantic transformations.

6.4

The Problem with Schcmatology

The major open problem with our analysis of the computational structures needed to do
semantic analysis is that the class of transformational schemata is too powerful: there are too many
control structures which fall into the class. We must find some class intermediate between the nontransformational and the transformational schemata that represents more accurately the control
structures really needed for natural language understanding. All that we can really claim to have
done is to have reformulated the classical problem of finding natural constraints on
transformations in terms which make it more susceptible to solution.

7

Conclusion

The 700-rule grammar of the CONSTRUCT system recognizes a reasonable fragment of the
sentences one finds in elementary mathematics texts. Our choice of fragment emphasized
compleXity of structure over a large vocabUlary. and hence we obtained a good variety of ways of
asking the same questions. (I 3)
,
(13) A modified version of CONSTRUCT is being used in a system for leaching set theory at '
Stanford beginning this fall.
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The original contribution of CONSTRUCT is not the grammar Usetfor the use of set·
theoretical structures as the semantic world for the meanings of utterances. The importance of the
system is the notion of semantic transformation. The important aspects of this notion are:
I) The analysis of the surface syntax of an .utterance is the control
structure of a program that computes the meaning of the utterance..

2) The execution of this program to compute the meaning of the
utterance may involve functions that change the flow of control. setting up an
alternative control structure, which we call the semantic deep structure.
3) Techniques from the mathematical theory of' computation. :in
particular ,schematology, may be useful in giving a formal characterization of
these semantic transformations in a· way that will both prOVide useful tools to
the computational1inguist aild aid the general lingUist as well.
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