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‘Chapter T

. Introduction

I.1 General Introduétion

This paper.deséribgé a project cpncerned with the unﬂerstanding
of natural language ﬁy computers. The preject invﬁlves thé dévelopment
of bptﬁ a thepreticalrméaél of natural language processing by computer
apd_ an aétﬁal_  }mpiementation of  the theory.' Thé sﬁeciéic
;mplementation tﬁg% %g-havé. chgseﬁ is a queéfibn;énsweriﬁg:.éysféﬁ.fbf
g}ementary_mathematie;»Whéch psés_anestxicéea naﬁﬁral language iﬁpuél
.A compietg exp;ication of the:theoreticéliissues céﬁ be founﬁ

in [22}_ and addi;iopal informafion on “tﬁé projectl is élso given in
[17]. This paper ié priﬁafilylconcerﬁed.ﬁith deécribing lthérquestiog-
gnswe:ing syétem and. then discussing..its 5asic  feétﬁfés iq ‘éﬁ;
.P¢r3pectivg of the theoreﬁical modeln | | | )
In this chapter, I wiil give'_a general. deséfiptiﬁﬁ 'of';ﬁé
6peration of- the question-answerer and then discués our reasbns for
choosing this particular implementation of ocur theory° Chapter II
includes a discussion of the theory, a comparison.&ith other systems,
and ‘a section on transformations. Chapter IILI gives a more detailed

discussion of the components of the system and the final chapter

contains a listing of " all the syntactic rules with their associated




semantic functions and a few brief comments on each group of rules.
- The APPENDIX contains examples of questions currently answered by the

question-answering system.

I.2 Basic Compoments of the System

There are five basic components of the system. 1) CONSTRUCT is
a.SAIL érogfam which provides the interface betwéen the components and
'haﬁdlés the actual parsing. 2) The Scanner ‘which is a part of
CONSTRUCT preprocesses' the input using both.ia.dicfionarz of 1e£ical
éategofies aﬁd a file, called the TRANSL fiié;-bf étrings of words that
fequire .special. prépfﬁceésingu 3} The Erammaf is a_contextQEréé

grammar (cfg) read into the program at runtime, 4) Each rule of the

grammar has an associated semantic function whose explicit arguments
are the meanings of the elements on the rightvhénd-side of the rule.
The function when evaluated returns the meaning of the left-hand-side.

5) The result of the semantic parse' which is called the semantic

construction is passed to the Evaluator which is programmed in LISP,

It evaluates the semantic construction and returns the answer.

1.3 Choice of Subject Matter

Our decision to implement the ideas we had about natural
language processing. in a question-answering system had several

motivations. - First, the question-answering format provides .a thorough




work-out for-gll: the components of the system and also produces hard
résults_ byTwhich.'thé cﬁrfectnesé of the various -Qamﬁonents can be
'j;_udgedo In afdern éo aﬁswef a qﬁestion cbrrectl&Ieacﬁ:.part' of the-
system mﬁst-éerforﬁ its jobuwéllo. First the énalysis byi fhe.syntactic
- and semantic:coﬁpgﬁents.must corréctly determiﬁe the meaning structure
of the quesfion;.éndi then the evaluafioﬁ routineé'ﬁogéther with the
‘data- base must preduce the answer based on the meaning structure
provided by the natural language processing components. If a system
does not implement question-answering, its -analjses of individual
sentences may appear to be intuitively plausible and the data . base to
be well-integrated, while in fact, the analyses may not be detecting
‘all the subtleties of meaning aﬁd the data base may not includeiall.the
proper inter-relationships. For example, systems which on - the surfacel
appear to be giving correct analyses of input sentences may not be able
to supportgadequatély=such constructions as quantification, inference,
‘or. belief structures. Of course, a close theoretical study of a given
system will reveal its capacities and limitations regarding these sorts
of constructions and systems should be so scrutinized, but,implementing:
question—answgring provides an,ad&itionai .objective practical way of
gauging.a s&éﬁeﬁ‘s.ﬁowérn o |

A motivation very 'similar to ours is given by Woods for his
airline schedule questioﬁ~answeferxin f27]: | |

The objective of the reéeafch 'déscribed here
. hds been to develop a uniform  framework £for

performing the semantic interpretation of English
sentences. It was motivated by the fact that,




"-although there exists a variety of formal parsing
algorithms for computing the syntactic structure of
sentences, the problem of using this information to:
compute their semantic. content remains obscure. A
question-answering system provides an excellent
vehicle for such a study, because it forces
consideration of semantics from the point of view
of setting up correspondence between the structures
of a sentence and objects in some model of the
world (i.e., the contents of the data base).

"Another obvious motivation for choosing a question-answering
system lies in the ultimate practicality of a working question—answerer
especially in our chosen.subject area of elementary mathematiecs, And a
third crucial motivation is the desire to extend our efforts from the
‘analysis of mnatural language to the generation of natural language.
This has not yet been implemented, but the gystem that we have
developed thus far provides a good basis for the task of generating
natural language answers to questions.

Our ' next necessary choice was the subject matter for the
question-answerer. Various subjects were considered and five main

aspects of each were evaluated:

1) The subject matter itself and how it could be
represented and dealt with as a data base;

2) The fragment of natural language commonly used
to pose questions and state facts about the. subject;

3) The type of questions most.commonly asked and
their amenability to computer-answering;

4) The ease of extendability of the finished system
to other subject matters;

5) And finally, the potential use that -might be
made of a question-answerer in the area. . -




- Elementary mathematics Is  a good choice in each ~of these
respects. ‘The subject matter is well-defined and easily representgdras
a -data . base,  A. wide range of guestions can be answered without
requiring. a large  number of facts in the data base. The need for
massive factual data was our basic reason for rejecting such topics as
geography which are suitable - in other respects. Minsky .discusses the
reason why mathematics is sc often chosen as subject matter in [10].

If is got théﬁ games and matheﬁati&al probiems
are chesen because they are. clear and simple;
rather it is that they give us, for .the smallest
initial structures, the greatest complexity, so
that ome. can - engage " some  really. formidable
situations after a relatively minimal diversion
‘inte programming.

Eiemeﬁt&ry ﬁaﬁhématical aata Wiﬁh the excépﬁion of sone faBulaf
iﬁfofﬁation used fﬁr uﬁit conversioﬁs, etc. is largely proceduralai'Wé
use two basic data types, setz and functions. This division cuts
ééross.the=5oﬁnda¥iés bf traditiunéi'parté 6f Speéch027Verbs like ‘'add’'
éna 'mgltiply;,:édje@tives such &s the comparative Iadjectiveé; and
nouné'likg‘ffactqrf and.'éraa' are all répresenféd as'fﬁnctionso Othér
adjeéﬁiveé. éﬁcﬁ as "ev’elx:l.i and }ﬁrime' én& nouns -iike .'number“ and
'fraction' are'#eait with asz construciive sets Whiéh'are'feprésenﬁéd By
éﬁaraéterﬁsaic funeticnso This ﬁeans that every mathematically
éubséaﬁtiﬁetword'iﬁ,ﬁﬁe vocébular§ {with Ehe eﬁcepfibn of those féiated
ﬁé Lfabﬁlar infofmatiﬁn), Wﬁli 59 répresenﬁéd in fhé déta base as a

function, either a ?rimitive mathematical function which can be applied




to ”its'argument(s)' or the characteristic function of a set. (See
Chapter II for a discussion of other data types which can be used if
the subjéct matter requires them.) To handle mathematically (although
not necessarily grammatically) simple queétions; it is not necessary to
store any -information about the inter-relaticnships  among thesé
functions or any composite functions, The semantic component handles
the various combinations. For example, it is not necessary to have an
EVENFACTOR function. Consider the follewing two gquestions:

1) Is 2 an even factor of 67
2) Does 6 have any even factors?

In-the'first case, the FACTOR functilon is applied to 6 and the
result is the set {1,2,3,6} which is intersected with the éet of even
numbers by-.the semantic function for intersection vyielding the set
{2,6}; then the semantic.function for subset checks if {2} is a subset
pf‘{2,6},

.‘To angwer the second question a transformational semanfic
function is used., The argument to the TFACTOR function, 6, is not
contained in the noun phrase and is inaccessible to it at the NP—levéi.
So a transformational semantic function creates an EVENFACTOR function

for use at the higher 1ével. (For details of this type of semantic
_function see. Section II.3). _Note that the EVENFACTOR .functioﬁ does
_ﬁpt need to be pe;manently stored in the data base rather it is creéted
at runtime. In order to handle more mathematically complex qﬁestions,
some heuristic information about the intersectiong of various sets will
be needed. For example, the system is now programmed to.know that the

intersection of 'even' and 'prime' is the singleton set {2}.




" Another desirable feature of elementary mathematics is that the
subjéct héttér.is ‘self-contained. Previous 'impleméntations» of this
éfproacﬁ.tﬁ'ééﬁantiCé [21] involved the anal?éis'of'COrPOra={of'chiId
ut£éraﬁcéso'.lt was discovered that doing -any real work with the
séﬁéﬁﬁics. would ~have necessitated ' the building of a model of the
child's interactions with her enviropment. The decision was made that
ﬁoré.inténse'sfudy of the natural language itself should be the thrust
6f.the invéétigéﬁioﬁ at this stage. So we have chosen a project that
does not involve modeling of an individual's interactions with the
wofld;';ﬁoﬁe#er:the ciosely related problem of dealing with the context
of tﬁé:complete‘dia15§ue with the coimputer cannot be avoided by choice
of subjeﬁfzméﬁter; ‘There is .always'the possibilicy in - a question-
answerer that one question will be related ‘to a previous question or
answer by an anaphoric reféQenCéu Again,.whilé recognizing this as an
exffemélyliﬁpbrfaﬁt prbBléﬁ, we have decided that it is not a suitable
up‘r.'oblem. far our f:i'rst 4s'ta.gé of development. A survey of <questions in
elementary textbooks proved that im fact we could compile a large
sample set of mathematical questions which were independent of their
conteégt° Note that this does not imply ‘that our semantic functioms
will have more than the usual difficulties with these constructions
which are a broBlém for amy system. Preliminary work has shown ‘that we
will be able to write the apprepriate semantic functions for context-
3éheckingu Tt is simply a matter of choosing a manageable set of

problems for the initial development of the systenm.



The fragment of natural language used to_talk about.elementary
mathematics does contain all the traditional parts of speech and all
the varied sentence formats., Also, the vocabulary is limited enougﬁ to
be manageable but sufficiently rich to cover many 1ingui$tiqally
interesting constructions. We found very few grammatical constructions
that were peculiar to this subject matter. This means that to change
or extend the scope of the question-answerer will require extensiop
rather than replacement of the current graumar. For examplg, a large
part of our efforts have been devoted to prepositions and sentences
using the verb 'to have'.. Both of these are surely problems common to
all substantial fragments of natural language. Thejfact_that not all
senses of the verb 'to have' and only fourteen of the prepositions were
found to oceur in an elementary text on mathematics [23] gives us a
workable starting point for these constructions.

It is desirable to have objective sources of sample questions
.80 that a wide range of sentence formats will be included. There are
two readily :availablé sources of elementary mathematics questions,
During  the developmental stages, a good source of questions .is
.elementary taxtbooksn However, now that.we have 'a Working model, we
plan to develop a CAI program using thg question-answerer 80 that we
.can gather sample questions from elementary students.r We expect_the
new questions to be less standardized than those from the textbooks
with respect to vocabulary, grammar,.and subject matter. This will

provide raw data for the second stage of the project in which we will




be concentrating on such major problems as anaphoric reference,
habitability, learning and ambiguity.

Also, we expect that testing the system with elementary
students will confirm ocur hypothesis that elementary mathematics is a
suitable subject for a practical question-answerer. We condﬁcted an
experiment with elementary students in which we simulated a question-
answerer for Black History and the results were discouraging, The
questions asked, in general, called for value judgments and causal
explanations that were well beyond the range of current work in

artificial intelligence.







Chapter II

The Theoretical Model

II.1 Comparison with Other Systems

Early programs for natural language processing were concerned
primarily with syntax. The ‘current trend dis to place the primary
emphasis on. semanticé. Our major 1interest is in c¢larifying the
relationship between syntax aﬁd éemanticse' This.iésue is - discussed by

Katz in [8].

..+the semantic competence of 3 speaker
~‘enables him to obtain the meaning of new sentences, .
and other new compound syntactic constituents, as a
“ compogitional function of the meanings of their
parts and grammatical relations. Since infinitely
‘many possible sentences are novel arrangements of
familiar Jlexical items, this. assumes that the.
" speaker's semantic competence provides him with
meanings for each of the finitely many lexical
-items of ‘his language and a - set. of zrules for
combining the meanings of linguistic constructicns
to compositicnally  form the meaning o0f each
sentence of his language and each compound
constituent of each sentence.

Winograd [26]} comments cthat "Oftean the most important clues
about what is being said are the syntactic clues." These '"clues" form
‘the basis of our semantic functions. Each syntactic construction which

is represented by a rule in the grammar has its own semantic function

that shows how to obtain the meaning of the construction from the

10




meanings of its parts. It is necessary to make a distinction not made.
by Katz in the above passage between lexical items which have their own
"meaning'" and lexical items such as determiners, auxiliaries, relative
pronouns, etc., which function like the syntactic structure as a whole
to give guidance as to how the meaningful elements are to be combined.
For example consider the féllbﬁing.qﬁéstidn and tﬂgirﬁle which parses
R

EXT: How many factors of 12. are even numbers?
RULE1: Q <- /HOWMANY/ NP LINK NP (CARDINALITY (I ; 2 3431

[Note: ARDINALITY and I (intersectiou) are primitite
semantic functions.] . :

The numbers enclosed in semi-—colons in the semantic functions:
refer to the position of the elements on. the right~hand-side of the
rule. The two NP's will be parsed at aiiower level and the semantic
functions for them inserted in the proﬁer position_befére the complete
semantic éﬁnétruction for the.question ig passed to the evaluator. The
important point Ito note - is that each question which hés this basic.
syntactic form can be answered by intersecting the twd seté and finding
the cardinality of the intersection. |

The terminclogy here'is.perhapé-misleading. The name 'semantic
function' can refer to one of three things depending on. the context.

.We often refer to the primitive semantic functions such as CARDINALITY
 and I as 31mply semantic functions. We also speak of each grammatlcal
rule as having an assoc1ated semantlc function such as (CARDiNALITY.(I

325 343)) whlch was glven.above, And flnally, ‘each sentence parsed

11




will have its own final semantic function usually called the semantic

construction which is passed to the evaluator. For example, in this

cdse the semantic comstruction will be:

'“'(QUS:(CARDINALITY (I (APP @FACTOR (LST 12)) (I @EVEN @NUMBER)))).

[Note: ~ QUS is the semantic function used to indicate
that the input was a question. APP is the semantic
function  1used for applying functions to their
arguments, in this case, the FACTQR fungtion to 12.]

This semantic construction shows us héw. the four meaningfui wofdé in

;he original_sentence can be combined to find the meaning of the eﬁtire

sentence, -

There are two basic tyﬁes of primitive semantic fﬁnctioné.‘ The

rfirst type are the substéntive seméntic functions. .Many of these are.

standard_ get-theorétigal_ functions liké cardinality, .iqterseﬁtion,

union,_set. diffe;eﬁce, and set cgmﬁlemenﬁ. There are élso functions

for dealing with comparatives and ordinals.:.The funcﬁion. APflapplies

111.'51.1:1'1<_atn_atic:atl‘i._= funcﬁiqné like FACTOR that are.found .in ﬁhe original

sentence to their designated arguments. A functiop called EXIST ﬁhecks

whether or not a set is empty. The function ENMF .checks the

cardinality of a set against a. given number. and .is used - for

constructions 1ike 'the 6 factors of 12'.._ There are also semantic

functions which are designed épecificaliy for this subject mafﬁer,

These includejfunctions for each of the basic arithmetic cperations and

special,functioﬁs for-&ealing with mixed numbe;s, percenté, expressioﬁs,

.of'units of measurement, eto;° Many .more of these various sortg'of

substantive semantic functions will be discussed in the examples in the

following chapters.,

i2




The other type of primitive semantic functions .are used .to
establish a control structure for the evaluation phase.  We generally
refer to these functions as transformational semantic functions because
they, in our system, deal with the constructions which are often viewed
as more. complicated transformations of simple--constructions. The
transformed coﬁstructiﬁn differs rfrom the "kernel" by  having its
elements out ofwtﬁe standard order and/or having sdmelof its elements
supﬁressedg' Thefe'ére.ﬁf course other possible related features of thé
tranéformed construction such as =z change of voice .from actiﬁe'tb
passive or a change of verb from 'is' to ‘have'. T will. discuss the
detailé 6f our ﬁaﬁdiing of the vériéus kinds of traﬁsformétions in
éection 1.2, .The basic probiem .with handling non-standéfd ﬁofd
6rders is thét ﬁﬁe.évéluator.which is ﬁritten in LISP .uéés recursiﬁe
inéide-out evaluation; Therefore withouf'the:transfofﬁatibnal'semantic
fﬁnctioné to provide a control structure the evaluations ﬁould be méde
iﬁ.the wrong ofaer. This is particularly oBvious in'qﬁestibné iike

| Does 6 héﬁe‘é'factor of 27
which ié a "trénsfofmation" of the question
| | Is 2 a factor.of 6?
Sfecial semantic functions are used for noun.phrasés appearihg with the
verb.'to have'. Part of their job is to ensure that the evéluaﬁor will
ﬁét attempt. to ap?iy the function,.which in this case is the FACTOR

function, at the innermost level because its argument is in fact

somewhere else in the sentence. Through the use of these functions.

13




transformations can be handled ~without sacrificing the recursive
inside-cut character of the evaluator.

T will first discuss the advantages of our approcach to - some of
the common problems of ' natural language processing; and then I will
discuss speéificncfiticisms that have been levelled against the wuse of
context-free grammars for hatural'1angﬁage'pfoceésing and show  how the
addition of semantic functions enables us toc overcome the customary
probléms with ecfg.

This method of approach to the  construction of -a natural
language'understanding' and generation system has advantages in three
main areas: clarity, flexibility, and extendability. As mentioned
above, aur maj0r intérest is in clarifying the relationship between
syntax and semantics. This dees mot mean that we believe there are twe
sharply defined, distinct, and independent elements of 1language which
have traditionally been called "syntax" and "semantics", It is clear
that the'two"work toggther. Some systems such as those of.Winograd and
Woods, as a result of recognizing this interaction, have.eliminated
distinct phases of analysis corvesponding t¢ syntax and semantics,
Instead syn?agtic and semantic woutines can call .each other and the
results determine how the analysis will proceed. The disadvantage of
this total interaction is a loss in clarity. The actual mechaﬁisms.of
interaction may be buried deep in the prﬁgrémc Thg basic .éfrﬁcture of
ouy systemﬂcah' be understood Wifhout exaﬁining .any of the specific
programs. The interaction between the syntactic and semantic features

of the language is captured in several ways.

14




. Pirst, rather than writing an,adgquate grammay for the langugge
we are dealing with and then imposing a semantics on the grammar, we
have instead developed a fairly nonstandard grammar which is completely
responsive to the semantic needs of the analysis. FEach rule has begn
written with a clear idea of which semantic function will be wused ang
consequently which elements of the input sentence need to be parsed_a;
that level for use as arguments to the semantic function. For example,
noun phrases containing the preposition 'of' 1like 'factors of 6' and
'denominator of 1/2' should not be parsed as a noun followed by a
prepositicnal . phrase. The important semantic 1insight about these
phrases is that they contain the name of a function which is stored in
fhe data base and the argument to the function both of which are_needgd
as arguments to the APP (aﬁply) semantic function. Therefore we might
have the rule:

: kULE1: ‘NP <- FCN /OF/ NP (APP 313 3;3:) .

[Notel: The actual rule is more complicated to account
for modifiers and 1ists of function mnames or

arguments, |

[Note2: JOF/ -is the lexical category for the
preposition 'of'. ]

However, certain other prepositions in this position can be .parsed by
the ruie:
 RULE2: NP <- N PREPHRASE @315 523)
[Nofe: ”The.category FCN 1is used for -nouns which name

functions and the category N for nouns which name
sets. ] '

15




Exaﬁples of this type of preposition are 'between' (ex. '4 is
between 3 and 5'), 'in' (ex. '8 is in the set {7,8}}, and ‘'before' and
'after' (ex. '6 comes before 7'). These prepositional phrases can
occur in several grammatical positions in the sentence, but in each
case the meaning of the prepcsitional phrase itself can be determined
regardless .of the context. The result of evaluating each of these
prebositional phrases will be & set. Thus to handle the noun phrase,
"the prime between 6 and 10', we can use RULE2 which will intersect the
set of primes with the set of numbers between 6 and 10. Tt is not
necessary to spell out at the level of RULE2Z which particular
pfeposition.in this‘categcry will be used. The = intersection function
will have the sets it needs passed up ts it from a lower - level. In
RULEi1, the APP function does explicitly need to see that the
'preposition‘is"of‘. and it needs both the noun phrase before and the
noun phrase after the preposition tc use as arguments.

This recdgnition that all the relevant arguments to a function

Tnee& to be parséd'at the same level has lead to a grammar with much
flatter trees than are usually ‘associated with context-free grammars
‘used for natural language processing. For exawmple, this grammar does
not contain the standard rule:

S <~ NP VP.

It would be'éxtremely difficult to write a good semantic functiom for
'this rule. It 1is nécéésary.ta know more about the verb in order to
determine which semantic function is needed, and moreover, if there is

a noun phrase in the VP, the verb will be determining the relationship
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between the two NP's so they will both be needed as arguments to the
semantic function established by the verb and will both need to be
parsed explicitly at the same level.

A second way in which our system 1is able to have separate
syntactic and semantic components which act in parallel rather than
interactively at runtime is by not holding the traditional conceptions
of syntax and semantics sacred when making the decision as to which
component will handle any given aspect cof the language. For example,
we have not as yet needed to implement routines for checking agreement,
but they will be implemented as semantic functions rather than as part
of the grammar since a cfg cannot deal with agreement satisfactqrily.
.The semantic functions also handle transformatipns which is a
traditional syntactic function. The primary way in which the grammar
incorporates traditionally semantic features is through the wuse of
"semantic categories" rather than the standard lexical categories.

There have been several types of semantic categories used in
‘recent years. Katz [8] has proposed that the dictionary entries for
words. should contain "lexical readings" which include the various
"senges'" of the word, for example, a given noun might be a physical
object, dIinanimate, etc, This dnformation can then be used for
disambiguation. A combination of 'selection restrictions” and
"projection rules" eliminates those interpretations of sentences which
are based on inconsistent “senses". For example, Katz gives the
following reason for the rejection of the incorrect interpretation of

_the sentence:




(1) The man hit the colorful ball. -

.« » o (1} has no meaningful Interpretation on
" which 'ball' " has the sense of a -social activity,
~even though it has this as one of its senses in the
dictionary, because of the conceptual incongruity: -
of relating a social activity to a physical action
such as hitting by making it the cobject on which -
the action is performed.
'There have been warious objections to this' approach. Palme
[12] objects on’ two grounds.  First ' he points cut that it cannot
handle disambigﬁation of sentences like "He went to the park with the
girl," which require contextual information for disambiguation. Katz,
in fact, states that this aspect of his system 'is not intended to
handle this type of ambiguity. " Palme's second chjection may be more
serious, He believes that the very large complex dictionary needed for
this sort of system will duplicate information which needs to be in the
data base. . This objection can only be evaluated on - the basis of a
particular implementation alithough it does seem, as Palme claims, to be
more natural to have all the information unified in a single data base.
Minsky [10] alsc believes that these semantic categories, which Katsz
calls "lexical readings", are not truly "grammatical” categories and
that the information - which they convey should instead be included in
the form of a world model in thé data base. Minsky's argument is that
while rélations taken one at & time could be handled these multiple

categories lead to interacting relations which require a wvery powerful

logie.
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Katz' approach is the most common way of introducing semantic
information at the level of the dictionary, but it is not the approach
that we have taken. Qur épproach is rather a combination of two other
methods which have_been'_used in récent sysﬁems, Oné method is for
functional wordsf_and'fhe other for the substantive ﬁéfds, As noted
above, the grammar has been written to Ifaéilitate the'ﬁriting of the
appropriate semantic functioms. In line with this objective, each
functional word has its own lexical category assigned to it in the
dictionary. Thus, at the point that the word is parsed, the semantic
procedure associated with the functional word can either be applied
immediately as is.ﬁhe-case in DEACON [24] [5], which also gives each
functional word its. own lexical category, or encoded in the semantic
construction for the sentence as is done in our system. An  example is
the preposition 'of'. The semantic function in our system for 'of' is
APP, The rule is:

NP <- FCN /OF/ NP (APP ;15 ;33) .

So the semantic construction for 'factors of 6' will be

(APP @FACTOR (LST 6)).

The data in the DEACON system are stored in ring structures.
fhe semantic procedure applied when 'of' is parsed is to substitute for
the whole phrase the third member of the ring containing both the noun
preceding and the noun following the 'of' in the input.. For example,
if the input is 'commander of the 638th battalion", procedures will
first be wused to eliminate the determiner and also to eliminate the

word 'battalion' as being redundant, thus leaving "commander of 638th".
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In the data base, there will be a ring connecting 'commander', '638th’',
and 'Jonathan M. Parker‘,“ Thé'rule for 'of' Willznéubstitute 'Jonathan
M. Parker' for 'commander of 638th'. -

"Our handling of the classification of substantive words is

based on insights very similar to those of Sager [18].

The discourse in a science subfield has a more
restricted grammar and -far less ambiguity than has:
the language as a whole. We have found that the
research papers in a given science subfield display
such regularities of occurrence over and above
those of the language as a whole that it is
possible to write a grammar of the language used in
the subfield, and that this specialized grammar
closely reflects the informational structure of
discourse in the subfield. We use the term
sublanguage for that part of the wheole language
which can be described by such a. specialized
grammar .

The sublanguage grammar provides a method for
developing the particular word classes {the
special-word sets) and the relations among these
classes which are of special significance in a
given science  subfield, 4i.e., which ave the
linguistic carriers of the specific knowledge in
the subfield. Yet these categories and relations
~ are not determined a priori for the subfield.
Rather, they are the interpretation of the formal
grammatical = categories and - relations of the
sublanguage grammar. Thus, in the pharmacslogical
sublanguage which was iavestigated, the two noun
subclasses I (containing, e.g. ien, Kt} and G
" (containing, -e.g., drug, digitalis, glycosides),
which in the subfield have the significance "ions"
and 'pharmacclogical agents," respectively, and
play crucially different roles in the physiolegical
“mechanisms being described, = are obtained as
separate classes because they occcur with different
* classes of ‘verbs: e.g., I as the object of such
verbs as transport, G as the subject of such verbs
as inhibit, It then turns out that the sublanguage
word classes, which are established on the grounds
of what other grammatical classes they occur with
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- (as subject, -object, . etc.}, are the linguistic

counterparts of the real-world objects, events, and

relations which are studied - and described. in the

given subfield.

While the phenomenon she describes is certainly more pronounced
in subfields, we have found that it does occur in natural language as a
whole. Sager has performed several analyses which ﬁe have not that
have very ianteresting résultsu“ She. claiﬁs'ﬁhat as a_fesult of either
string decomposition, transformatioﬁal_ decbﬁpoéiﬁioﬁ, or a
transformational lattice,fthe three kinds of vocabulary appear in three
distinguishable portiaﬁs -éf the deéomposition. The bottom nodes
contain the specific vocaﬁﬁlary of the subfield, fhe.intétmediate nodes
the general scientific: vacabulary and the top nodes the vocabulary
expressing "the scientist's conclusions, doubts, sﬁeculations, ete,”
She obtains.anothéf interesting result by coﬁparing  investigations of
current articles in.thé same scientific field_ﬁerformed_.at different
times. Thé discovefy ﬁas ‘that @ertaiﬁ .Words_which were new to the
vocabulary at the.fime of the initial study functioned as operators on
elementary-seﬁtences at that time but later were found.‘iﬁcfeasingly as
subjects of new elementary sentence fypesw Thus.the.evolution of the
grammar parallels the advance of the science; or as Sager puts it, is a
"representation” of_the-advénceu |
Our primary goal is to find how the grammar is related to the

meaning. Both our system and Sager's use fhe-idea that categories can

be formed which contain words that are both naturally related to each
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other ’With regard to the subject matter and naturally related with
regard to their grammatical role. This differs from Katz' approach
which is primarily concerned only with semantics, His semantic
categories are not the grammatical categories but rather are included
in the dictionafy in addition to the grammatical categories. Because
the words in his dictionary have multiple semantic categories it would
be very difficult to dincorporate them into the actual grammar. Also,
while certain of his "senses" such ag the distinction between mass and
count nouns have a grammatical counterpart, in general unless all the
pategprigs are built into an extxemely sensitivelgrammgr,r there will
_be_no grammatical difference between two semantig iﬁterpretations of a
given sgntencen For example, there wiil ﬁe.aﬁlﬁ one parse of

The man hit the colorful ball. |

The disambiguation of this sentence is ﬁroperly part of the
semantic component im his system and in ours it Wiil be part of the
evaluation. There is no obvious way to ex9ect.help from.the grammar in
disambiguating the sentence. We are, however, concerﬁe& ﬁith finding
those areas where the grammar and semantics can help each other. Ouf
purpose for using nonstandard lexical categoriés is not ﬁo -aid in
disambigqation but rather to aid in developing a grammar which will
produce the wmost correct parses with respéct to .the meaning‘ of ﬁhe
sentence. Of course, as & natural by—product, this carefully worked
out grammarr will eliminate a large amount of uﬁnecéssary grammatical

ambiguity. For example, our system divides nouns into two basic
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categories N (nouns that name sets) and FCN {(nouns that name
functions). Given a list of noun phrases some of which may themselves
be composed of lists and at least one of which contains the preposition
'of', without the distinction between N's and FCN's there will be
ambiguous parsings. The presence of 'of' indicates that there 1is a
function name or list of names and the argument(s) to the function(s).
Without the category FCN to pinpoint the function name(s) in the list
of noun phrases, the rules would be

NP <- LISTO¥NP
NP <~ NP /OF/ NP

tﬁus allﬁwing the grammar to parse véry strange lists of noun phrases
by choosing incorrect suﬁlists to fill the two slots of function name
and argument., This shows how the grammar and semantics can help each
other, The two types of nouns must be  evaluated differently.
identifying the type at the syntactic level thus provides véry useful
information to the evaluator through  the semantic function.
Historically in our system the distinction was discovered while writing
Ithe evaluation routines. However, the distinction is also a very
important one in the grammar. The two types of nouns in isolation
never have the same grammatical role although a noun phrase which
contains an FCN and its argument like 'factors of 6' will evaluate to a
éet and therefore can be used in the same position as an N except that
it will never function as an appositive noun. Thus the distinction is

necessary in the grammar to prevent senseless ambiguities.
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Woods in [27] points out the same distinction when he discusses
functional and mnon~functional noun phrases. However, his airline
schedule program does not utilize the grammatical features of these
phrases to determine the semantics. He lists seven of the N-rules for
functional - noun phrases and one sample noun phrase for each. For
example,

N6 1-(G8: (1) = (departure time) and

2-{G10: (1) = of and FLIGHT ((2))) and
3~-(G10:(1) = from and PLACE {(2)))
=> DTIME (2-2,3-2):

e.g., "the departure time of AA-57 from Boston".
The entire seven sample sentences for the rules are:

N6 The departure time of AA-57 from Boston

N7  The arrival time of AA-37 in Chicago

N8 The operator of AA-57

N9 - The time zone of Boston o o

N10 The number of stops of AA-57 between Boston and Chicago

"N11 - The type of plane of AA-57 , ,

N12 One-way first-class fare from Boston to Chicago.

This indicates that each such noun-phrase has its own N-rule in
his system. In N10, Woods treats 'aumber of stops" as a single
function. Considering that both "number of" and "stops of" can be used
independently of each other, I believe that these examples contain
eight rather than seven function names. The examples do bring up a
problem that we have not had with our subject matter, At least some of
the function nouns in these .examples can be used in other contexts as
set nouns. For example, time zone can be a function taking the name of
a place as argument and returning the time zone of the place, but time

zone can also be viewed as a set containing the names of all the time

zones as in 'List all the time zones!' To include these nouns in our
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system would necessitate giving them the multiple lexical - category of
N&FCN, but would probably mnot lead to grammatical problems or te
problems in the evaluator if both representations, as a function and as
a set,'were. stored and the correct one selected on the basis of the
parse, However, a more serious problem would arise with questions like
'"What are the time zones in the United States?' This clearly is a
function and yet our current grammaf would parse it only incorrectly as
a set mnoun. The semantics of fhe sentence 1Is clear which indicates
that our grammar does unot yet include all the :grammatical formats
associated with function nouns. All of the nouns ﬁhich can only be
function nouns are found only with the. preposition 'of; or in.ldne of
several formats used when the -main _verb is ‘havef (séé Section
I1.3). However preliminary Work in the area of tiﬁe. and.calendar-
type problems éhows that there'is an area of elementary mathematics
which does use nouns that_have both fepresentations and there are more

grammatical options associated with them. TFor example,

a) Which month comes after March? -- get
b} What is the number of months in a year? —— function

¢} What are the months of the year? -- function

A preliminary guess would be that these mnoung when uséd as
function names can use either the preposition "in' or 'of'. It is
interesting, _although not surprising since there 1is also. a .set
representation, to note that these functions seem to all .be
implementable as table..lookup procedures, This indicates.another
correspondence betwgen the_ grammatical structures and the sﬁbject

matter.
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By writing a separate rule for each functional noun phrase
found in his subject matter, as it appears he has done, Woods fails to
utilize the common grammatical features of these nouns phrases which
indicate the similarity of semantical treatment. Not only is this
inefficient but it also necessitates the writing of new rules as the
subject matter is extended. In our system, new function nouns need
only to be added to the data base and the dictionary. Four of the
eight examples that Woods gives could be handled by our current rule:

NP. <~ FCN /OF/.NP (APP 313 33;)

These are: operator, time zone, number, and type of plane. The other
four examples contain an additional = prepositional phrase which gives
the PLACE(s). A grammatical slot would need. to be.added‘to.our rule to
account for this and probably some other modification made. to prevent
ambiguous parsing of the prepositional phrase. .

-The use of the two categories N and FCN is extremely useful
both to the precision and clarity of the grammar and to  the correct
writing of the semantic functions. The sgemantic categories used by
Katz - focus on the individual words in the vocabulary. Our system
instead focuses on each of the categories like noun, verb, adjective,
etc., and tries to discover general patterns within the use of that
category which form - the basis for interesting grammatical and
correlative semantic distinctions. Since Katz' semantic catregories
operate on individual words and the words in a group like the noun

group may have overlapping categories, his system has little utility as
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a grammatical device; it is intended to serve in the semantic - phase of
analysis. There are undoubtedly large numbers of sentences like "The
man hit the colorful ball." - which must - be disambiggated - in the
evaluation phase on the grounds that one of the interpretations makes
no - sense.  (See  Section .III°4 for a further :discussion :of
ambiguity) . However before a given possible . interpretation can be
ruled'és either meaningless or meaningful but not as appropriate in the
context as ' another possibility, the set of possibilities must be
generated. One useful way of looking at the difference - in emphasis
between our system and other systems is to say that many recent systems
have concentrated their -efforts on the analysis . .of -the possible
interpretations while our primary emphasis is.on their generation.
Winograd ~{26] discusses three - models of  semantics:
categorization model, association - model, and procedural meodel. Our
system like 'his falls wunder the 'procedural"eategory. Both the
Categorizétion‘ and association models mazke vrelatively iittle use of
syntax. The categorization model is based on the  semantic categories
‘0f Katz and. Fodor and is used in systems like Schank's conceptual
ﬁarser -[20]. = Schank has extended the semantic category system to
include for each sense of a word how that word relates to other words,
for example, whether or not it takes an object and if so what category
‘the object must be. The association model which is used by Quillian
[14] [15] stores the content words in the vocabulary in a network with

links between the words to represent their associations in. the subject
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matter. The meanings of phrases are found by finding the links between
the content words of the phrase. A third method not mentioned by
Winograd is .the pattern recognition metheod. This was used ip”the ELIZA
program [25] and more recently by Colby et al. [4]. Here the dinput is
scanned for certain key phrases. The assumption bging that a large
part of naturél language is merely fillers and unimportant idiomatic
phrases. Each of these three methods concentrates primarily on the
semantics, The semantic routines simply pick out anything they might
need from a rough parse; there is nc deep :systgmatic_grammatiqal
analysis done. Winograd characterizes this attitude_by saying:
There is .also a comﬁle#ity of syntactic
. parsing. The semantic connecticns might give clues
to the underlying structure which would change the
parsing task into simply checking the plausibility
of the relations, and cleaning up the details.
This 1s the approach taken by both S¢hank aqd_
Quillian,
We view the role of syntax as much more important than this.
FEach grammatical structure indicates the semantic procedure necessary
to evaluate its meaning. Based on the grammatical parse of.a sentence,
a semantic construction is assigned to it. The purpose of the semantic
construction is to give = the evaluator the necessary functions and the
control structure for applying them.. It dis at the level of the
evaluator, which has access to the data base including the meanings of
words and the context of the conversation, that sgmantic_disambiguation

can be done if necessary.
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It ig becauéé of this close relationship between the grammar
and the semantics that the lexical catégories must be carefully chosen
50 aé to maximize the information that can be obtained from ‘the parse.
The basic-categofies for nouns are N, FCN, and 2FCN. The category 2FCN
is for fumetion mouns 1like 'intersection' and ';um' which always take
more than one argument. In addition there are noun categories which
are analogous to FLIGHT and PLACE which were used in the example from
Woods' system. These are categories which add both clarity and
precision to the grammar. Examples in our system are: GEOFIGURE for
the names of geometric figures, i.e., 'rectangle'; UNITS for units of
méasurement like 'ounce‘,: "foot',; 'tablespoon', etc.; NUNITS for
'ones', 'fiﬁés', aﬁa "tens', etc. which aﬁelévaiuéted  different1y than
regular units; and [3D/ for nouns like 'length', Theightf, aﬁd 'wideh',
These catégories'ére prcbably not necessary to prevent grammatical
ambiguity but for developmental purposes they make the grammar much
ﬁore readable and Hspecific semantic functions can be assigned to the
rules before the more general procedures are discovered.

'The adjective categories are: ADJ for regular adjectives like

'even', 'finite', and ‘prime'; fOPER/ for 'square', ‘'eubic', etc..;

'ORDADJ for ordinal adjectives like = "first' and 'second'; COMPADJ for
‘the comparative adjectives like 'lomger' and 'largest'; and MEASWORD
ffor dimension adjectives like 'wide' and 'high'. There should also be
'a category for adjectives taking two or more arguments like 'disjoint'

and 'equal', Each of these has its own semantic - function associating
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it with the noun it modifies. The ADJ's are sets which are intersected
with the sets represented by the nouns. The function for ORDADJ
chooses the appropriate element from a set based on its ordering. The
function for . COMPADJ chooses the largest or smallest. from a set qf
alternatives, There is -another function for the . combination of an
ORDADJ and a éOMPADJ as for exaﬁple "the second largest factér of 127,
One important category of adjectives has not occurred in our subject
matter, These adjectives express relative judgments about the noun
that they modify. Two examples given by Sandewall [19] are:

"the little elephant™ (it is little for anm elephant, but
it may be big for an animal)

"the bad teacher” (hé is bad as a teacher, but he may
‘be good as a father).
A discussion of a formal theory for these'adjectives.can be found in
Montague [11].

The categorization of verbs i1s crucial - in conversational
speech, but has not been carefully worked on in our system due to the
lack of variety of verbs in the present vocabulary.

One other important category In our system is ARITHREL for the
arithmetic relations. These include ‘'less than', 'less than or equal

', 'equivalent to', and

to' (and similarly for 'greater'), 'equal to
'divisible by'. The variations like 'smaller than' and 'littlex than'
and the various abbreviations are handled by the TRANSL file. The
prepositions are also eliminated by the TRANSL, The ARITHRELs are

treated as functions, Thus 'less than 6' will be parsed by the rule

ARITHRELS <- ARITHREL NP (APP $15 525) .
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‘The result of applying the LESSTHAN function to 6 is the set of all
real numbers less than 6 (represented of course by a characteristic
“function since it is an infinite set). These phrases can appear in
‘several positions, Examples are:-

EX1: Which factors of 12 are less than 67

EX2: List all the factors of 12 that are less than 67

EX3: Is 2 <67 ' - S -
The primary semantic function for EX1 and EX2 will be intersection and
for EX3 will be subset. Basfcally these phrases which evaluate to sets
can be used in the same ways as NP's which are sets, ADJ's which are
sets, and the prepositional phrases 1like those with ‘'between' and
'before' which evaluate to sets. This greatly simplifies the grammar.
All of these various phrases which evaluate to sets are included in the
grammatical category SUBST:

SUBST <- NP

SUBST. <- ADJ

SUBST <- ARITHRELS

SUBST <~ PREFP .
‘Thus the threé general rules used in - the derivations of | the examples
given above

@ <- INTER NP LINK SUBST

RELPRONS <- RELPRCN LINK SUBST"

Q <~ LINK NP SUBST
will parse a large variety of sentences. It is also possible by using
‘rules for lists of SUBSI's to parse lists containing elements from the
different types of phrases, for example:

Which factor of 12 is LEQ 6, divisible by 3, and even?

In addition this structure provides a convenient -way -to handle

negation. The rule for 'not' is

31




SUBST __/NOT/ SUBST (C ;23) .
C is the semantic function for set complement. Examples of this are:

Give all the factors of 12 which are not divisible by 3!
Which prime number is not odd?

Careful attention to the semantics of a given grammatical
construction leads to clarity in the grammar, The grammatical clarity
is aided by ‘both the lexical categories 1ike N, FCN, ARITHREL, etc.,
and the grammatical categories like SUBST which will be discussed in
detail in later sections. 1In both cases the motivation for creating
the'cétegories is semantical as well as grammatical due to the close
relatioﬁship of the syntax and the semantics,

© Our goal has been clarity not only within the components of the
system but for the system as & whole. The clear separation between the
compbnents of the system has not only added to its clarity but also
furthered our other major goals of flexibility and extendability.

Flexibility is desirable in a system not only during the
'developmental stages but also as a property of the 'finished' product
because of course a gystem ds never really finished; one of any
system's most dimportant features i1s its extendability. The wmore
flexible a system is the more easily it can be extended.

' There sre two basic types of additions that might be made to
our question-answerer. The first are additions tec the vocsbulary and
subject matter ranging from the simple addition of synonyms which can
be handled entirely at the level of the TRANSL through the addition of

new function words which need to be put in ‘the dictionary and the
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function stored in the data base to the addition of compietely new
_types.of éubject matter which would require mew vocabulary, grammatical
rules, semantic functions, ‘and evaluation procedures. These sorts of
additions should present no difficulties. The second basic type of
gxtension would include substantive changes in the power of the system
itself. These changes might be in areas like habitability, learning,
modeling of the world and/or context of the conversatipn, and anapho:ic
references.

In discussing the question of clarity, examples were used from
the system as a whole and from the syntactic and semanﬁic components
but not from the evaluation component. The evaluator is written in
LISP, and as might be suspected, clarity is not its strong point.
However this 1s the only area of cur program which might in any sense
be thought of as a 'black box' and it is certainly no less clear than
the comparable components of other systems. In fact the semantic
construction for a sentence is available as a sort cf summary or
outline of what the evaluator will do; so in that sense our program
does provide a clear concise way to understand the general workings of
the evaluator. However, the strong points of the evaluator arve its
flexibility and its independence from the natural language processing
components.

One advantage of the independence of the compenents  1s that
they can be programmed in different languages according_ to the

appropriateness of the programming language to the task. _?he
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interfaces, .the scanner and the parser are written in SATL, which is
fast, efficient and less space consuming. The evaluator which deals
with recursive functions many of which are created at runtime is
written in LISP. The system is tun on the PDPI0 with TENEX and the
fork structure of TENEX facilitates the running of separate components
possibly in different languages. The problem of needing different
programming languages for different tasks in the system is discussed by
Bobrow in [2],

There are other advantages to the independence of the
evaluation component from the mnatural language processing component,
One area in which interesting work is being done is the area of
representation of knowledge. As breakthroughs are made in this area,
it will be possible for question-answerers to deal with much broader
subject areas and in a much more efficient way. However, if the method
used in the language processing component is based on the properties of
the data base, then in order to take advantage of new ways of
representing knowledge, the whole system must be rewritten., Woods
discusses the importance of the independence of these components in
[27].

It seems that for efficient processing,
different sorts of data require different sorts of
data structures. A promising method for achieving
reasonable efficiency in large less restricted
universes of discourse 1is to provide the system
with a wvariety of different types of data
structures and special purpose deduction routines
for different  subdomaing of the universe of

discourse. Integrating a variety of special
purpose routines dInto a single system however,
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requires a uniform  syatactic zand  semantic
framework. In general it is only after parsing and
semantic interpretation have been carried out that
such & eystem would be able to ©ell whether a
sentence pertained to a given subdomain or not.
Therefore, if the syntactic and semantic analyses
were different for each subdomain, then the system
would have to parse and iInterpret each sentence
several times by different procedures In order to
determine the apprepriate subdomain. Moreover,
there can be sentences that simultaneously desl
with two or more subdomains, requiring a semantic
framework in which phrases dealing with different
subdomains can be combined.

Another important point raised here is that "different sorts of
data require different sorts of data structures". This has not been
implemented in most systems. For example, Quillian in  discussing his

‘Teachable Lénguage Comprehender (TLC) says in [15]:

TiC's second important assumption is that all
a comprehender's knowledge of the world is stored
in the ssme kind of memory, that is, that all the
various pieces of information in this memory are
genceded dim 2 homogeneous, well-defined format,
TLC's memory notation and organization constitute
~an  abtempt. to devalop such a format, which is
uniform enough to be managsable by definable
procedures, yet rich enough to allow representation
of anything that can be stated in natural langusge.
o« o - It amounts essemtially to a highly
interconnected network of nodes and relations
between nodes.

Historically, systems dealing with quite vestricted subject
matters apnd using evaluation techniques peculiar to the sublect matter
have been reasonably successful while systems attempting to cover

diverse subjects @sing_ a_generalized technigue which will encompass
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different types of knowledge have been 1ess successful. Woods'
suggestion 1is that a general system instead of trying to find one
method which will work for everything should recognizel the‘differenges
in types of data and incorporate a number of different evaluation
procedures in one program.

Our evaluator has the facility to do this. The data in our
system can be stored in many different ways.. Most of the data
currently used are elementary math functions and therefore are weli-
suited to being stored as LISP functions which can be called when
needed. Data can also be stored in tables and procedures involving
‘table lookup implemented for determining measurement equivalences, etc.
As the subject matter expands a variety of other data structures are
possible. .For example, Lindsay's SAD SAM program [9] was very
successful at dealing with family relationships stored in a tree
structure. Therefore, if we added family relationships to our program
we might store the data on families in trees_and program_functions like
'father of' as tree search procedures. Another common way of storing
data is on property lists; +this could also be implemented. It is
however interesting to note that portiomns of the use of property lists
in early systems are now cbsclete due to the newer technique of storing
data as functions or procedures. For example, Raphael [16] gives as an
~example for SIR the description list for the number t3t,

. 8uccessor 4

cdd ves
. shape curvy
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It is a waste of space to store the successor and the presence or
absence of the property odd for every number. It is only necessary to
store the successor function and the odd Ffunction and call them when
needed. In fact it will probably someday be feasible to call a pattera
recognition routine to determine the shape of a written number - if that
is desired.

One method often used by generai systems is a thecrem prover.
Black (1] points out that theorem provers are designed . for proving
‘theorems not answering questions. He and others have developed
deductive systems which are more compatible with the goal of answering
questions. However, it is still true that most simple questions can
easily be answered without any of the power of a theorem prover. In
fact, the powerful machinery may cften get in the way. On the other
hénd, certain questions are very well suited to handling by a theorem
ﬁroverc For this reason, we plan te add a theorem prover tc our system
‘which can be calied by the evaluator only when it is needed.

In the learning of elementary mathematics the student needs to
acquire a large amount of methodclogical knowledge therefore it is
feasonable to eXpect that a large portion of his or her questions would
‘be of a methodblogical nature, for example, 'How do vyou find the
factors of a number?' We have attempted in writing the evaluation
procedures for functions to program them the way a student would do
them rather than according to standard computer algorithms. We believe

that the evaluator can therefore be made to  answer methodological
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questions by analyzing its own functions, This 1is similar to
Winograd's proposal [26] that his blocks program, iﬁ answer to a
question about how it does something, be able to look at 1its own
programs and convert them to an English description like "First I find

a space, then . . . ."

EL.2 Transformations

In the previous section, I discussed a variety of éapabilifies
that our system has and some of the extensions that might be made. In
this section, I will discuss the transformational abilities of our
system. It is generally believed that a system based on an unaugmgntgﬁ
context-free grammar cannot handle  transformations. First I will.
explain why we do have the ability to deal with transformational
construcfions and thén i will show howleach of the constructions which
cfg without semantic functions cannot handle are deélt with din our
system.,

It is of course true that z context-~free grammar does not have
the power of a transformational grammar, but the addition of the
semantic functions allows one to 'recognize' semantically a non-context
free set. Thus we have "augmented" our grammar by the addition of the
semantic functions rather than. by the addition of further grammatical
apparatus. An example will make this point clearer. Consider the
grammar G whose productions are as follows, wherg‘s, A, AND B are

nonterminal. symbols: .
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S <- AB

B <-z

B <~ BB =z

A<-xy

A<-x Ay
nnim

where L(G)= {x vy z | myn > 0} .

This is a context-free language. However by adding semantics to
the grammar it is possible to tell for ‘ every string s, which is a
@ember of L(G), whether or not s is in the set

_ nonn
i{x y 2 ‘| n > 0}

which is a context-sensitive set. Thus the combination of the
grammatical rules with the semantic functions will recognize this

context sensitive set., The semantic functions are as follows:

S <~ AB T if v(A) = v(B), NIL otherwise

B <2 ' 1

B<- Bz 1 4+ v(B)
A<-xy¥y 1 '
A<-x Ay 1 + v(A)

hence, for s in L(G),

nnn
v(s) = T iff s is in {x vy z n > 0}

This example deals with context sensitive sets but the addition of
semantic functions also can give transformational ‘abilities. Specific
examples will be given later in this section.

There are several advantages to using a- context-free grammar,
First, the format of the grammar is clear, easy to read, and

universally recognized. Second, extremely efficient‘parsing'algorithms
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exist for cfg. And finally, transformational grammars traditionally
define a level of analysis called the syntactic deep structure which is
described as follows by Fillmore [6]:
It is an artificial intermediate level between .
the empirically discoverable ‘'semantic deep
structure' . and the observationally accessible
surface structure, a level the properties of which
have more to do with the methodological commitments
of grammarians than with the nature of human

- .languages. -

Our system goes directly from the syntactic to the semantic
representation, thereby elimiﬁating the 1level of syntactic deep
structure.

However, there are transformations which need to be made in the
process. Woods [28] sums wup the types of transfofmafions"'neédéd as
"reordering, restructuring, and copying of coﬁstituents".
Regtructuring will be discussed in detail in the next section with the
examples being drawn from noun phrases with the verb 'have'. A simple
example of reordering is the foilowing:

C <~ /DIVIDE/ NP /BY/ NP {DIV :2: 343
C <- /DIVIDE/ NP /INTO/ NP (DIV ;435 323)

Thus * 'Divide 6 by 3!' and 'Divide 3 dinto 6!' will both. have the
semantic construction (PIV (LST 6) (LST 3)}) reflecting the fact that
they ‘have the same meaning.

Copying can also be done quite simply, although it is not often
used in our system because of semantic functions like CHL which will be

-explained shortly. An example of: copying 1s the following rule:
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- RULE1: NP <~ DET ADP /OR/ DET ADP NP
(CHL (T 32; 363) (I 355 ;63))

Ex. Is 2 an even or an odd number?

The first occurrence of the word 'number' has been dropped By ﬁhe
questioner but must be put back before it can be evaluated. The word
'number' which is the éixth element in the NP theréf;re appears twice
in the semantic function in the ﬁroper positioﬁé° o |

CHL (choicelist) dis used fof maﬁy of the 'or; construetions
(see Chapter IV for a discussion of lists with 'and' and 'or'.) When
tpe argument to one of the semantic functioﬁs beging with CHL, the
function ié performed on each of the arguments in the list :and an
answer returned for each. In thg above example the lsémaﬁtic
cons;¥uc£ioﬁ‘will be. “ | |

(QUSs (S (LST 2) {CHL (I @EVEN @NUMBER) (I @0DD @NUMBER)))S;

tNote. s 1s the subset function.] o | |

‘{2} will be checked to see if it is a subset of the set of even.nﬁmbefé
and then to see if it 1is a subset of the set of odd gumbers; and the
answer will be | o

(CHL (TV T) (TV NIL)).
The CHL is pushed outward as the evaluation proceeds. The reason-for
this will be clear in the next example.

As I mentioned above, our system does not often use copving
because CHL can be used instead. The phrase 'an even or an odd number'

could be given the semantic function (I (CHL ;23 :5;) 363). The result

of evaluating this portion, since the CHL . is moved outward after the
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two intersections are performed, will be the same as the result after
evaluating the two intersections in the . gsemantic function for RULET
above.,

The CHL function cculd probably be viewed as either copying or
restructuring. Before I discuss more examples of restructuring in the
next section, I should mention briefly several other common criticisms
of cfg.

Woods [ 28] points out that

The wunaided context-free grammar model is

~unable to show the systematic relationship that

exists between a declarative and its corresponding

question form, between . an active sentence and its

passive, etc. Chomsky's theory of transformational

grammar, with its distinction between the surface .

structure of a sentence and 1its deep.structure,

answers these objections but falls wvietim to.

inadequacies of its own . . . .
It should be clear from the examples used throughout this paper that
the semantic constructions for related inputs will show the deep
structure relationship.

Work has been done by Postal [13] and others to isclate
constructions found in natural languages which can be proven to be
beyond the capacity of cfg. Postal has done this for comstructions
which have what he calls the property [xx]. His work was done'ﬁith'the,
Mohawk language but he also cites as an example in English the
construction with 'respectively'. This construction is also mentioned
by Winograd [26] as one that is impossible for a cfg. His example is

John, Sidney, and Chan ordered an eggrbll, a ham sandwich,

and a bagel respectively.
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We have not included this construction in cur grammar but ‘it could be
handled by a semantic function which counted ‘the elements on both lists
to check that the input was correct and then formed the proper ordered
pairs with one’ element from each- list. -
Another serious objection to cfg is stated by Chomsky [31:
Immediate  constituent  analysis .ﬁas been
sharply and, I think, correctly criticized as, in
general, imposing too much structure onﬁsentencesj'
The most frequently cgtedi examplgs as evidence for__this claim are
constructions with an *unbéﬁndeﬁ nuﬁber of.immediate-_constituents.' It
is impossiblg_fqr:a cfg:to han&le:these chStrthian'cérfeétly without
an infinite number of rules bf:the form: | | |
Tc-A |
X<~ A A
X<-AAA |
‘In order to handle these constructions in a finite grammar, ‘rules are
written of the form:

X <- A
X <- A X

which put the elements of the input at differeﬁt levels qf the parse
‘tree rather.than all on the same ievel, thereby imposing a st;qgture
_Which:WaS not in the original input. _The common example of.”;his‘ﬁor
ﬁatural languages is a étring of adjectives, Here, again, thé ptpblgm
is solyed by the semantic functions. This scrt of string df adjeéfi?es
Will_be_ a string of adjectives répresenting sets and they should be

intersected, for example, 'the even prime numbers'. The intersection
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function will appear only once with the arguments passed up to it as

they are parsed.

CADP <~ ADJ o _ HH

ADP <— STRINGADJI ADJ (IER 3;1; :2:2)
STRINGADJ <- ADJ 313

STRINGADJ <~ STRINGADJ ADJ 313 323

[Note: IER is a special intersection _function which
uses heuristics to perform the intersections.)

IT.3 Restructuring

The most complex semantic functions are those associated with
restructuring. Woods [28] describes the contrast between. the ordinary

control structure associated with cig and the structure in his system.

In ordinary context-free - recognition, the
~structural descriptions. are more or less direct
representations of the flow of contrcl of the parse
ras 1t analyzes the sentence. = The structural
descriptions assigned by the structure building
rules .of an augmented transition network . . . are
comparatively independent of the flow of control of
the algorithm, This is not . to say that they are
‘not determined by the flow of control of the parse,
for this they surely are; rather we mean to point
out that they are not isomorphic to the flow of
.control as in - the usual context-free. recognition
algorithms,

- Our approach differs. from Woods' but the purpose is the same.
The order of the content words will be roughly the same in the semantic
function as in . the original input reflecting the order in which they

were parsed, but for those sentences requiring  .restructuring the

primitive semantic functions used will provide the evaluator with a
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control structure - for dealing with the arguments which reflects the
deep structure semantics rather than the surface parse. The need for
this sort of semantic function was first discovgred When--dealing with
the following examples: | T

EX1:  Which is a factor of 4: 2 or 87 answer: 2
' EX2: Which has a factor of 4: 2 or 8? - answer: 8

The words are identical except fér the vefb yet the evaluation
procedures are quite different. In EXT FACTOR is applied to 4 while in
EX2 it should be applied instead to both 2 aﬁ& Su The problem is to
block the application of FACTOR to 4 in EX2. Our initial idea was to
add a semantiec function when the verb was parsed which would .alert the
evaluator to change the order 'of the arguments for the remaining part
of the semagtic function. Therg are at least three major drawbacks to
this approaché First it has 'no:flexibility.aﬁd'would require a large
amount of ¢oding for all the possible nﬁun phféées énd hence semantic
functions that-might-fili the reﬁaining slots inithé sentencéo Second,
it would 'destroy_ the straightf@rward  charactef cof . the semantic
construction since portions of the construction Wouid not EE' what they
appeared to be. Third and most important it WOuld: destroy the
recursive inside-cut nature of the evaluator. The alternative thatrwe
have chosen is to use &separate noun phrase  rules and hence separate
semantic functions to parse the ncun phrase 'factor of 4' in the two
examples., This adds to the size of the grammar but does reflect the
difference in meaning of the  noun phrase in the two examples. We
therefore have two sorts of NP riules in our grammar: the - regular NP's

and .a type that we call HNP's. We expect that the use of the HNP's
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will be wider than merely  in comnection with the verb ‘have' (for
example with relative possessive pronouns). The rule that parses EX2
is

'Q <— INTER /HAVE/ HAVENP PUNCHOICE CHOICELIST .

[Note: PUNCHOICE allows a varizty of punctuation
marks. }

There are several types of HNP's, one of which is HAVENP. The
semantic functions for some of them create sets and for others
functions, 1In this case a set will be creatéd which contains all the
numbers that have & as a factor, then the singleton sets cohtéining 2
.and 8 respectively can be checked to see if they are subéeté of fhis
set.

This approach appears to be compatible with a comment made
about 'have' by Winograd [26]:

The interesting thing about "have" is that it
is not used to indicate a few different
‘relationships, but is a.place-marker used to create
relationships dependent on the semantic types of
the objects involved. :

The simplest kind of HNP is called FCNHNP:

(44,5) Q1 <~ INTER FCNHNP AUXIL NP /HAVE/
(APP ;2; 343)

EX3: What factors does 12 have?
EX4: Which even factors that are less than 6 does . 12 have?

‘The -rules that parse FCNHNP's are:

(123,1) FCNHNP <- FCN 313

: :
(123,2) FCNHNP <- ADP FCN (FCNMK ;23 313)
(123,3) FCNHNP <- FCN RESTRICT (FCNMK ;13 323)
(123,4) FCNHNP <- ADP FCN RESTRICT (FCNMK 3;2; (I ;1; 333))
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Tn the simplest case - like EX3 where there is only the name of a
function, nothing unusual needs to be done. Rule {44,5)  applies the
FACTOR function to its argument which is 12, EX4 is more complicated.
Through the semantic function FCNMK, a new function is created at
runtime which - can be applied to 12 by Rule (44,5). FCNMK takes two
_arguments, First the name of the function, i.e., FACTOR.éﬁd then a set
¥epresenting the various restrictions giveﬁ by tﬁe adjééfiﬁé ﬁodifiers
aﬁd the o;hér restrictive clauses (RESTRICT) ﬁhich .één. Be relaﬁive
clauses, prepositional phrases or arithmétic“..'v:elation.sc Each :6f these
‘restrictions is a set  so they can all be intersected into one ééf to
fill the second afgumént éloﬁ for FCNMK. To standardizé Ehe nofafion
‘in.this and the following examples, I will give the format for FCNMK.és
S o £ o _
meaning it has two arguments the first f a functioﬁ aﬁd the seéond g a
set. From these two arguments it creates a new function., In the case
of EX4 it will creafe tﬁe fuﬁction which when applied:to a number
returns all its factors that are bﬁth évén.and less t-hanlﬁn

There are four types of HAVENP's which create sets. The first
type contains an | exiétential__quantifier .eitﬁer.. implicitly or
explicitiy. Examples ares .

EX5: Does 6 have any odd factors that are not divisible by 37
EX6: Does 5 have an even factor? : :

The examples studied indiecate that -the indefinite - article 1in these
contexts should be treated as an. existential gquantifier. The semantic
function with its arguments is-

(EXTHNP f s5) .
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The first argument is a  function which will be parsed by
FCNHNP, discussed above, and therefore is either a function in the data
base or a. new function to be created at runtimé by..FCNMK which
incorpbrates the reétricﬁions on'theﬂfunctibn, for ekamp1e, in EX6 the.
.fuﬁction will bé the EVENFACTOR fumction, The seéond argument is a set
and in this particular case it will always be by default the universal
set. The-néw seﬁ.ﬁréated by‘EXTHNP is

{x | £(x) INTERSECTION s is nonempty}
Which is logically equiﬁaient to
| {x | (BXISTS y in £(x)) (y in &)} ..
Note tﬁét intersecting a given set ‘with Ithe_univeréal set has no
effect. The second argument to EXTHNP is used in cases where there is
an exception given, for example

EX7: Does 12 have any:odd'factors other thén 37
Here the first argument to EXTHNP is- again thé function, perhaps one,
created by FCNMK, and the second afgument is a éet which is the
complément' of the set given in the exceﬁtion clause. We do not
consider 1 to be a factor of any number since factor was the first
function we programmed and there are not as many interesting questiomns
that can be asked if 1 is considered a factor of every number.
Therefore in EX7, f is the ODDFACTOR function and thus f(12)={3] which
intersected with the complement of {3} equals the empty set. Therefore.

12 ‘does. not belong to the set. created by EXTHNP, .
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The universal quantifiers used are 'all' and 'only', as in

EX8: Does 9 have all odd factors?
EX9: Does 12 have only even factors: except for 3?

The function. UNVHNP is  more compllcated than- EXTHNP because FCNMK
cannot be ;used,_ FCNMK makee - new _functions by 1ncorporat1ng the
adjective and other restrlctlons.lnto ehe functiono With the universal
quantifier this cannot be done. For example, in EXS we do not want to
know if 9 has any. odd factors. Instead we want to. first find the
factors of 9 and then make sure that all ef them are odd This adds to
the grammar because all of the rules given for FCNHNP above Whlch parse
Fhe various kinds of modifiers must be dupllcateq_here. Ihe fo:mat for
(UNVHNP f St)
where f is a function in the data base _and Sf is the eet of
restrictions. UNVHNP e:eafes the set o H
{x | £(x) is a subset of Sr} .
A separate semantic. function is ueed.for upiversel quantifiers where en
~exception set is given as in EX9.. | | o

(UNVHNPXCT £ St 5x) .

It has 3 arguments, a function in the data  base, the set of
‘vestrictions; and the exception set. It creates: -

{x | (f(x) - 5x) 15 a subset of Sr}
In EX9, £(12)={2,3,4,6,12} and the set difference of this with {3} is

{2,4,6,12}, which is a.subset of the set of even numbers.
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The third type of HAVENP's use a numerical determiner. TFor
example

EX10: Does 12 have 2 odd factors?
uses the semantic function

(EXPHNP <number> f)
which creates the. set

{x | CARDINALITY(f(x)) = <number> }

Here f may again be a function created by FCNMK.

The final type of HAVENP are called ANSHNP because the desired
result of the application of the function is included in the HNP, for
example

EXi1: Does a 2 inch square have an area of 4 square inches?

EX12: Does 4 have 2 as a factor?

EX13: Does 1/2 have the denominator 27
EXTHNP which was discussed above 1in the section on existential
quantifiers is used alsc for the ANSHNP. The function f is handled by
FCNHNP using FCNMK and the set s is the desired result given. The set
created is again

{x | £(x) INTERSECTION s is not empty)

In EX12, £(4)={2} and {2] INTERSECTION {2} 4is not empty, so the answer

to the question is TRUE.
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Chapter IIL

CONSTRUCT and the Grammar

III.1 CONSTRUCT

CONSTRUCT - is the master program  for the question-answering
system., It is written in B5SAIL and provides the interface between the
natural language processing component and the evaluator, It also
contains the SCANNER and handles the actual parsing. The grammar is
read in-as a file and compiled before it is run for greater efficiency.
When the. parse is finished, the semantic construction is in abbreviated
notation., It is then prepared for the evaluator by a macro expander.

In addition to its function of running the question-answerer,
CONSTRUCT also provides interaction with the user at runtime. The user
has an optioﬁ of several modes of operation, The basic choice is
between file or teletype input and output. It is also possible to run
without either the TRANSL, the dictionary or the evaluator. This might
be wuseful for testing whether a list of lexical forms will parse,
however, basically it is designed for the work that CONSTRUCT does with
other forms of grammatical analysis rather tham for the question-
answerer, CONSTRUCT is a versatile program which is part of a paqkage
of programs. for natural language. processing, written by R. Smith, that

have served a number of .users foxr a variety of purposes.
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Another useful option'is the output of a cleaned-up version of
the grammar file. With several pecple working on the project, the
gramnar file often becomes overloaded with comments and notes and the
rules out of any intelligible order as additions and deletions are
made. CONSTRUCT will print out the grammayx Wi#hnut comments and with
the rules grouped according to the left-han&—si&e symbol. It also
automatically provides a numbered label for each rule.

While the program is running, CONSTRUCT provides for editing of
‘the typed imput in case of typographical erforsu The experienced user:
can also go into DDT and change storage and cother parameters and. then
return. The”TRANSL file can be replaced with a different version. . A
wordICan be added to or deleted from the dictionary or given a new
category; and if the change is to be permanent; the program . can be
':equested to write the new version of the dictionary on the file
storage device so. that it will not be lost when the program is exited
from.

Other features of the program are designed to aid in debugging
the'éramméro The. start symbol can be changed sc that various phrases
can be tested. A pfintout of a group of rules can be requested. The
_printout of a particular. derivation can be aborted and .the next
 derivation begun or . control can be returned immediately to the user;
‘The previcus input sentence can be redone by a single character command
rather than retyping the sentence, This 1is wuseful on a display

terminal where there is no paper printout te refer back to.

52




Often while running the question-answerer, interesting features
are discovered about the way the system handles certain guestions, If
a pafticular derivation is noteworthy for some reason, CONSTRUCT can be
requested to send the question to a f1le of the user's choice, In this
way, separate files can be maintained for questidns which éré good
examples of the question-answering system at worlk, questioms which
parse correctly but are evaluated incorrectly, and questions which fafl .
to even parse. The latter files can be used for diagnostic purposes

and the former to demonstrate the system to visitors.

111.2 The Scanner and the Dictionary

The'scanner used by CONSTRUCT is similar to the scanners found
in compilers. Yt preprocesses the input befbre passing d{t to the
.parser in the form of a string of lexiéal categories. The punctuation
and arithmetic signs in the input are passed on untouched. A table of
break characters is used to identify the word boundaries.  Numbers are
assigned their lexical category, either ¥NTEGER or REAL, directly by
.the scanner. The lexical categories for other words are looked wup im
the dictionary, If a wowrd has mui&iple categories in the dictionary,
all.ﬁhe alternatives are entered in the lexical represéntation. for the
-stringe For example
| 2 is a prime.
will be reﬁresented as

INTEGER LINK /A/&VAR ADJSN .
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[Note: VAR is the category for variables and /A/ for
the indefinite article.]

There ave currently over 300 words in the dictionary aﬁd only
30 have multiple categories. of these, 11 have been satisfactorily
_Worked out in_thg grammar and cause no real problems. Théy include:
i) 5 ADJ&N like 'real' and 'prime'; | “

2) 3 variables:

a) a ——— TAR and indefinite
article;
b} X ——- VAR and fBY/ as in "2x4

inch rectangle';

c) n -— VAR and notation for
cardinality as in 'n {a,b,c}=3";

3) 'Which' as both an interrogative and a relative
pPronoun; Co : o

4) ‘Square’ as GEOFIGURE as in 'a 2 inch square’
and as /OPER/ as in '2 square feet';

5) "May' as either the name of the month or a

modal verb (note: some terminals cannot distinguish

between upper and lower case) .

The other 19 are in areas of the grammar that are unfinished.
8ix of the words with multipie categories are verbs. Our %ocabulary
included too few wverbs to do_extensive_categorization on the basis of
 th¢ underiying semantics. These categories are therefore somewhat
makeshift, but cause no problems. Two of the words are 'intersection'
and "union' which have separate categories for the two posgibilities:
1) the function name with a 1list of arguments as in "the union of

{a} and {b}' or 2) the function name in infix notation as in "{a} UNION

| {p}'. Three of the words (and there are probably many more) are 'day’,
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'week', and 'month'. These examples were discussed in Section II.T.
They can apparently be either N's or FCN‘S, but more work may show ihat
creating a new single category would be a better approach. No rules
have been developed in the grammar yet for them. The remaining eight
multiple category words are a2ll some variation of writien out numbers,
:We have chosen eight of the more common ones Lo put iﬁ the dictionary
for the purpose of testing the grammar. Algoricthms eﬁist for easy
céﬁversion of written numbers and this conversion should properly be
performed as part of the scanner. The difficulty lies im the ambiguity
1

of certain forms. TFor example, 'one' can be used in two ways:

EX1: There is only one even prime numbet.
EX2: 231 = 2 hundreds 3 tems and 7 ome,

Similarly 'fourth' has two uses:

EX3: The fourth iargest factor of 12 is 3.
EX4: 1 fourth = 2 eighths.

It is interesting tc note that din both EX2 and EX4 the problem 6nly
arises in the singular and for the ORDADI's it only avises beginning
with the third, ige;, first, second, third vs. ..., half, third.
Informal éuestioning of foreign speakers indicates that this is not a.
.problem in every langudge.

The vast majority of wowrds in the dictionary, however, have
.only arsingle lexical category. The multiple categories caused a large
amount of graﬁmatical ambiguity with early versions of the grammar, As

the precision of the grammar has increased these have Virtﬁally
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disappeared. The only remaining ambiguity is for the wmultiple category
ADJ&EN, for example,

EX5: Is 2 prime?

EX6: Is 2 a prime?

EX7: Are 2 and 3 prime?

EX8: Are 2 and 3 primes?
‘EXG with the determiner will have only a single parse, but the other
;hree examples will parse 'prime' as both a noun and an adjective.
There is no ambiguity fﬁr the native speaker because of the vérb tense
~and the determiner used with the singular to make it agree with the
verb and the 's' ending used with the plﬁral for agreement. Our system
‘uses only the singular form of nouns and verbs {(the standardization is
done by the TRANSL) and hence has no.facility for checking agreement.
The mathematical subject matter has no semantic need for tenses. The
grammar would be more precise if they were included, but the processing
_;ime would be Increased out of proportion to the advantages gained.
:Hote that the semantic construction will be the same for both parses.in
gach of the above examples, therefore, the ambiguity is mno problem,
The use of tenses and agreement in a grammar supplies it Witﬁ the power
to convey certain features of meaning. These features of meaning are

not. present in elementary mathematics which might be called

‘tenseless’. The features remain in the grammar but their potential

. power is not actualized for the semantics, therefore, we have chosen to

ignore them thereby losing some of the ability‘to discriminate between
grammatical forms that have the same meaning. Note that this alse

means that the input grammar canmnot distinguish between correct syntax
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and certain . forms of incorrect syntax., For this reason, tenses and
agreement will need to be included in the output grammar so that it

will produce only grammatically correct sentences.

ITI.3 The TRANSL File

The scanner checks to see if any word or group of words in the
.input is in the TRANSL file before it loocks up the lexical cétegories
of the words in the dictionary. The TRANSL contains strings which are
to be substituted for and the substitution which may be the empty
string, There are five basic uses of the TRANSL in the current version
‘of the system. 1) All plural forms are TRANSL'd to the singular. 2)
-All abbreviations are TRANSL'd tq the full word singular form. 3)
Synonyms are TRANSL'd to the most commonly used one of the group. &)
Two or more words which always occur together, one or more of which may
have no meaning alone in the particular subject matter, are TRANSL'd to
a single word representation, for example, 'wholenumber'. And 5) noise
words are eliminated. Some of the noise words are in the nature of
interjections which have little meaning in any subject matter. Others
are words 1like 'also' and 'both' which in ordinary conversation add
precigion and shades of. meaning but are unneeded in mathematics which
already uses a precise rigid approach to the determination of meaning.
It is for this reason that so few adverbs are used at all in

mathematical language.
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EX1: TFind the even number which is a factor of 4 and 6.
EX2: Find the even number which is a factor of both 4 and 6.
"EX3: Find the even number which is a factor of 4 and also
a factor of 6,
The use of 'both' and 'alsco' in these examples adds nothing to the
meaning so they are eliminated at the level of the TRANSL.

Some analogies can be made between the function of our TRANSL
 file and certain features of other natural language processing systems,
in particular, pattern recognition systems, Bobrow [2] distinguishes
between " 'structural' transformations and 'definitional’
transfbrmations; He gives as. examples of definitional transformatioms,
the substitution of 'twice' for '2 times' and 'one half of' for '.5
times'. In our ‘system, the TRANSL handles these sorts of 'definitional’
" transformations. The TRANSL also performs another function in the same
'way as a system based on the pattern recognition technique. Colby and
"Enea [4] give the example:

Could you tell me your name?

‘The Iditeral analysis is obviously Imcorrect. Rather, din polite
.conversation, certain standard phrases which add no meaning are used to
 introduceé questions. Colby and Enea use the following rules to deal
with these phrases:
' RULES OF SENTENCE =
<QUESTION-INTRODUCER»>: ) <NOUN~PHRASE>:N
' ~ (IS N "®'?'% );
RULES OF QUESTION-INTRODUCER =
COULD YOU TELL ME «,
WOULD YOU TELL ME -,
PLEASE TELL ME «,

Our TRANSL includes the two strings 'do you know' and "can you' which

are very similar to these examples. It is dInteresting to note that
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their system which is designed for the pattern recognition technique
requires as many rules to deal with the question-incroducer as ours
does. We need one line in the TRANSL for each ¢f 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., We have the two rules:

RULET Q « /DOYOUKNOW/ NP _
EX1: Do you know the sum of 2 and 47

RULEZ Q « /DOYOUKNOW/ INTER NP LINK
EX2: Do you know what the factors of 12 are?

RULE? is analogous to their rule and they would need to add RULE2

before they could handle EX2,

ITI.4  The Grammar

The grammar is a context-free grammar. Winograd [26] in
discussing augmented transition networks says
The advantages lie in the ways in which these
augmented networks are cloge to the actual
cperations of language, and give a mnatural and
understandable representation for grammars.

This is also the goal of our grammar and assoclated semantic functions.

By writing the rules sc that appropriate semantic functions can be

-assigned to them, the rules themselves are more npatural and closer to

the "actual operations of language.’ The trees are considerably flatter

than the trees for parses by more conventional context-free grammars
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used for natural language processing. The start symbol S 'parseé an
‘input sentence according to its type: Q for gquestions, D for
declaratives, C for commands, and ¥ for arithmetic formilas. At the
top level for each of these categories, the sentence will be parsed by
a rule that shows its basic structure in considerably more detail than
the usual S «~ NP VP. Because the grammar needs to 1) determine the
correct semantic function and 2) locate all its arguments, there will
be no categories in the grammar like VP Which are complete 'black
boxes'.
Montague [11] argues against the approach of attacking syntax
first and then considering semantics.
Such a program has almost no prospect of
success., There will often be many ways of
syntactically generating a given set of sentences,
“but only a few of them will Thave semantic
relevance; and these will sometimesz be less simple,
and Thence less superficilaily  appealing, than
caertain of the zemaatically uninteresting modes of
generation. Thus the construction of syntax and
semantics must proceed hand 3In hand.
A word of cgution is alsc needed for those who would attack
semantics first, The guidelines for semantic interpretation are
 established by the svntax. If an attempt is made to analyze meaning in
isolation from the syntax, there is alsoc almost no prospect for
success., It is possible to write & Jjuwbled program that will handle
bits and pieces of the imput that it picks cutc, and even do fairly well

on the 1limited set of sentence types for which it was designed, but no
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crganized, flexible, gemeral semantic approach can be constructed which
is not clesely guided b§ the syﬁtax, L | | :

Montague says that the rules with semantic relevance may be
"less superficially appealing*. | Our experience.has shown that the
afpeal of semantically poor'rules is véry sﬁperficial indeed., uFor
lsmall.partions of the grémmar, more effiéient and appealiné. rules.can
ﬁertainly be written, however, fhe. only way to keep the varioﬁs areas
of the grammar from causing grammaﬁical. ambiguities And other
difficulties whén they work together is by considering the semantics.at
éverf gstep., This ié.fhe structufe that graﬁmar has. If an attemﬁt is
made to parse natural language W£th é grammar that is appeaiing on séme
other ground, it simply cannoct be made to fit the . language.-

Therefore, our primary consideration in Writing.the rules of
the grammar is to facilitate the writing of semantic functions for the
rules. The next céﬁsideration is to write rules which minimize
graﬁmatical amﬁigﬁity. Given that these two conditioné afé satisfied,
ofher factors .such as the number .of rules vrequired to ﬁarée a
particular construction can be considered. “

At this point, an illusfrative example of this grammar writing
procedure will be helpful. Consider the following questions:

Ac Is 2 odd? o
Is 2 an even number?
Is 2 greater than 17
Is 2 between 1 and 127

B1: Which factors of 12 are odd?

Which factors of 12 are even numhers?

Which factors of 12 are greater than 17
Which factors of 12 are between. 1 and 127
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B2: Which factors of 12 are not odd?
Which factors of 12 are not even numbers?
Which factors of 12 are not between 1 and 127
Which factors of 12 are not between 1 and 127
First we can notice that the adjective 'odd', the mnoun phrase
'an even number', the arithmetic relation ‘greater than 1', and the
prepositional phrase 'between 1 and 12' each have the same semantic
role in the A-group questions and also have the same role as each other
in the B-groups. The primary semantic function for the A-group is
subset and the primary semantic function for the Bi-group is
intersection. So we can write the following rules for use in these two
contexts as well as many other contexts:
SUBST <- NP
SUBST <~ ADJ
SUBST <- ARITHRELS
SUBST <- PREPHRASE

[Note: Only a few of the prepositions fall under this
particular category of prepositional phrases.]

Next, we can consider how to handle the occurrence of T'not' in
the B2-group. There are four plausible ways of writing these rules if
only the syntax is considered.

(1 Q <- INTER NP LINK SUBST
- Q <- INTER NP LINK /NOT/ SUBST

2) Q <- INTER NP LINKNOT SUBST
LINKNOT <~ LINK
LINKNOT <- LINK /NOT/

(3) Q <- INTER NP LINK SUBST
ADP <- /NOT/ ADP
NP <- /NOT/ NP
ARITHRELS <~ /NOT/ ARITHRELS
PREPHRASE <~ /NOT/ PREPHRASE

(4) - Q <~ INTER NP LINK SUBST
SUBST <- fNOT/ SUBST
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The last proposed set of rules is the one we have chosen. The
second would be the worst choice because no semantics could be written
for the rules. Failure to support a semantic analysis is the worst
problem that a grammatical rule can have. The. 'not' in the second
alternative is simply buried too deeply in the grammar. It cannot be
. semantically attached to the SUBST or to the relationship between the
NP agd the SUBST.

.~ The first_ set of rules coqld form the ©basis for a Workgble
 semantics  for "not' although the grammar would need to be _1onger
~-since each. rule containing a SUBST would need to be duplécated with
. /NOT/ inserted before. SUBST and a new semantic function Wri;ten. For
-example here the semantics for the positive case would be intersection
and the semantics £for the negative ;aselcould.be_ eitﬁer intersgction
-with the complement or set difference. Also a complete set. oﬁflis;ing
rules like

Q %e INTER NP LINK /NOT/ SUBST /AND/ /NOT/ SUBST
. would be needed at each. top-level position. Using theu_ﬁourth'
-alternative the listing (and choice) rules need to be given only once
.ét‘the SUBST-level.

The third alternative has the-same_end_result as the preﬁgrred
_fourth alternative, but . it can be rejected on the grounds that ”it_is
longer. Also it would lead to syntactic ambiguity in the _case of
BUBST's which are noun phrases containing an adjective. _Fgr:exapPle

'not even numbers' could be parsed as elther:
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SUBST SUBST

- -

NP . NP

!\ N
NOT NP  ADP X
N !\

ADP N NOT  ADP .

All‘of thé groups'of' rulés in the',graﬁﬁér”will'be given and
briefly described in the next chapter. In the remainder of this
‘section, I will discuss the genefél problem of ambiguity. There are a
“variety of types of ambiguity. There are also a variety of approaches
‘éVailable for disambiguation. 'No_siﬁgle approaéh'can.ﬁandlé"all types
”bf_amBigﬁity. Our intention is to disambiguate by combining several
' épproéches in a natural way so that the disambiguation for any given
fSéﬁténée Will"cdrrespond as closely 4as possible to ~ the way a native

speaketr would perforﬁ the disambiguation. Because our grammar cannot
hope - to be as complex or the heuristics in the evaluator as broad in
scope as a person's, certain of the disambiguation techniques which are
‘of minér importance for a person will-carry'a'disproportionate share of
' the workload in our system. Two of these techniques which ‘are probably
not as often used by native speakers may unfortunately play a large
‘role.in our system. The first is the case where a person is so unsure
" of the intended meaning that he or she must ask for clarification. The
second case is where the person ig fairly sure of the intended meaning
but does recognize that there is another possible interpretation which

has some plausgibilty, In this case, the person'may.aSk the ‘speaker if
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the more probable interpretation is din fact the intended meaning or. ,
egspecially in the case of written speech, may adopt the interpretation

with the highest probability subject to revision if further input shows

it to be the wrong assumption.

I will distinguish three ' types of ambiguity and call them

-lexical, : grammatical, and semantic ambiguity. . At the surface level

-before any syntactic or semantic analysis has been done, there may be a

fair amount of lexical ambiguity, i.e2., words with multiple lexijcal
categories, The vast majority of these cases are disambiguated on the
basis that only one will parse. If there is more than one parse,
there will still be no problem, as in the case of ADJ&N, if both parses
yield the same semantic construction. = Even if there is no lexical
ambiguity, an input may have more than one syntactic parse. If the

derivations all produce the same semantic construction, I will c¢all it

- grammatical ambiguity, and if different semantic constructions are

produced, I will call it semantic ambiguity. It is also possible to
have semantic ambiguity even if there is only omne parse as in Katz'
'colorful ball' example. This ambiguity cannoct be detected by the

natural Jlanguage processing component of the system, It will be

- detected and resolved by the evaluator on the hasis of context and

world knowledge. Therefore I will not discuss this form of ambiguity

"in this section. The ambiguity we are concerned with here is
~gmbiguity in which the meanings of words avre not in dispute only the

-way of combining them. As grammatical embiguity is naturally resolved
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by the semantics in the case where only one semantic construction is
“'produced, similarly, semantical ambiguity is naturally resolved by the
evaluator when either the evaluation is the same or only one of the
semantic constructions can be successfully evaluated. These -sorts of
“disambiguation, the grammar settling lexical ambiguities, the semantics
settling grammatical ambiguities, and the evaluator settling gemantic
ambiguities, are a natural ' by-product of the structure of the system.
'The ambiguities which remain require additional measures. Sometimes. a
"gentence will have two or more parses with different.. semantic
constructions and the output from the evaluator is also different. for
each. The addition of context chécking and world knowledge. to the
evaluator will cut’ down the number of these remaining ambiguities. by
'-discarding more possible interpretations as unacceptable at. the level
- of evaluation. Also certain heuristics can be added which are based on
" insights about the sorts of questions that people are likely or not
- likely to ask. Failing any of these measures: 1} the user can be asked
what was meant, 2) the interpretation which has the grammatical
" structure with the highest probability based on a probabilistic £it of
the grammar with a corpus of sample questions can be tentatively
- chosen, or 3) the wuser can be presented with the most probable
interpretation selected in this way and asked if it is correct. Work
- by R, Smith [21] with probabilistic grammsrs shows that in many cases
-‘they can be used very successfully for disambiguation. Through the use

of ‘complicated analysis and statistical programs which  will  not be
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‘discussed here, probabilities can be assigned to each fule on the basis
of its group membership determined by  left-hand-side symbol  (the
‘probabilities of the rules in each group summing to 1) so: that the
probability assigned to  each derivation .when there are multiple
derivations of a- grammatical"construction-will;éccurately ~refleect the
‘percentage of times that it was the. correct derivation on semantical
“‘grounds in a large sample set of sgentences containing .that grammatical
“construction, Thus by analyzing large numbers of sample questions, we.
can‘know for a'given'ambiguous.BEntence type which grammatical parse is
more frequently the correct ' one. The CONSTRUCT program is prepared to
handle the addition of probabilities to the grammar.  The use of
probabilities has an analogue in human processing., A person will first
: undefstand a sentence according  to commonly . used . grammatiecal
constructions and then If there is a problem reevaluate it . with ﬁote
upcommon grammatical rules, I  'will conciude this -section with an
example of the handling of the ambipuity problem fof lists of units.

. The rules for lists of UNIT's need to be written carefully to
avoid unnecessary grammatical ambiguities and detect ' genuine semantic
ambiguities. Consider the followinz lists of units:

EX1: 5 yds 3 £t 2 4n

EX2: 21b 3 02, 4 1b, and 5 0Z

‘EX3: 2'yds and 2 ft

Lists with no commas, such as EX!, are clearly intended to be
cémpound units rather than a list of single units. These are parsed by

a grammatiéal'category called JOINUNITS with the . semantic function
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- UNITJOIN., The e;aluation procedure for UNITJOIN :-adds the units together
and forms a single new unit for the evaluator to work with, EX2 is a
list of three elements (one of which is a compound unit) and no further
joining should be done among the three top-level elements. EX3 can in
. some contexts be genuinely ambiguous.  There is no method in our system
for attaching two possible ' semantic . functions te one rule of the
grammar., It 1is also not either possible or desirable for one semantic
~function to be evaluated in two completely different ways. So the
v.solution ‘chosen here was to write -syntactic rules which would be known
-‘to generate two-way ambiguities 1In certain cases with each of the
" ambiguous derivations assigned a different semantic function. Consider
‘“‘the command
Convert 2 yds and 2 ft to inches.
- ‘The answer could be either
{(CMD (CHL .72 INCHES 24 INCHES))
or
(CMD 96 INCHES) .
" The first answer results from parsing by LISTOFEXP which uses the CHL
“semantic function and thus gives an answer for each of the elements on
the list. The second answer results from parsing by SUMUNITS which
like JOINUNITS uses the UNITJOIN semantic function and thus adds the
units together before it performs the conversion. Sentencésxlike these
will be “derived “in- both ways thus reflecting the genuine ambiguity.
- EX2 will be parsed only by LISTOFEXP because SUMUNITS does not - allow a

“joined unit. as an element since the presence of a compound unit  on a
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list blocks further joining. However, sometimes there are other clues
in the input which allow the native gpeaker to disambiguate it.
Consider the following commands:

EX4: Convert 5 yds, 3 ft, and 2 in to inches!
EX5: Convert 5 yds, 3 ft, and 4 ft to inches!

These commands are easily understood by the native speaker.

The derivation using SUMUNITS is the correct omne for EX#I and the
.derivation ugsing LISTOFEXP is correct for EX5. In this case,
heuristics should be added so that the evaluator will reject the
incorrect derivations and eliminate them at the evaluation level rather
than trying to eliminate them at the syntactic level. For example, it
would be an error when the evaluator was asked to convert 2 inches to
inches in EX4, and an error when asked to join 3 feet and 4 feet into a

compound unit in EX5,
There is one other possible source of unacceptable ambiguity.
Consider:

EX6: A line 2 wds, 1 ft, and 10 in long
EX7: A triangle with sides 2 yds, 1 ft, and 10 in

The units in ¥X6 should be joined and those in EX7 should not. The
evaluator will reject the Incorrect parses on the basis of the number
of arguments that it expects for working with lines and triangles. Tt
might be possible to put these argument slots 1into the grammar

explicitly, but it would lengthen the grammar too much to be practical.
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-Chapter IV

.The Rules of the Grammar and their Semantic Functions

Iv.1 Introductioﬁ i

The grammar contains 642 rules. As. I discuss the rules, T will

- note areas where additions are planned. Some groups of rules are known

to be incorrect and I will point these out and indicate what remedies

. are needed. - Other parts of the grammar deo mnot yet have associated
.-semantic functions so their correctness cannot be tested. A rule of the
. grammar can be incorrect in either of two ways. First it can £fail to

-parse the constructions it was intended to parse or second it can parse

in an unnatural way so. that no semantic function can be written for the

-rule, It has generally been true that writing the semantics brings to

light problems with the grammar -- some of them trivial problems but
others have been major, unexpected, and in general very revealing about
the nature of the language'that we are dealing witha-.One striking case
where this happened involved sentences containiﬁg_the verb 'have'. [See
Section I1.3].

In the next sections I will go through the grammar one group of
rules at a time and givé a short description and éxplanation"af the
rules in the group, including examples and any information about their
evolution through the various revisions of the grammar that might be of

interest.
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The rules are labelled by an ordered pair of numbers enclosed
in parentheses. ZEach rule with the same left-hand-side (lhs) has the
same first number in the 1abel and the various rules in the group
receive consecutive second numbers. This structure was created to
handle probabilistic grammars where groups with the same lhs need to be
distinguished. If and when we decide to‘impiement 'probabilities the
CONSTRUCT ‘program is prepared to handle them.

The rules of the grammar are given in standard context-free
~rule format with the lhs and rhs separated by '<-', Each rule:is
“followed by a tab and then its assoclated semantic function. Numbers
“enclosed in semi-colons in the semantic function refer to the position
- of elements in the rhs of the syntactic rule. Numbers' without”semi-
“colons are passed directly to the evaluation program and are usually
" default values for argument slots. Perhaps the best way to. show how
the semantic functions work is by a simple example which uses - only the

following rules:

(1,2) S8 <-F (FML ;13)
. (2,1) F<-F2 173
" (2,2) F <~ LISTOFF ' (ANDER (LST ;1:))
(3,4) LISTOFF <~ LISTOFF , /AND/ ¥2 ;i3 ;4;
(3,2) LISTOFF.<- F2 , F2 313 333
(4,2) F2 <~ EXPP ARITHREL EXPP (8 ;1: (APP (FCN ;23;) ;3;))
(7,1)  EXPP <- EXPi (LST ;13)
- (13,1) EXP1 <- EXPT = s1;
(14,1) EXPT <- EXPF 313
(15,2) EXPF <- TERM : 313
(16,1) TERM <~ INTEGER 2
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To show how the semantic construction which is to be . passed to
the evaluation program is built up, I will go step by step through. the
syntactic parse and show what information is added to the semantic
construction at each step. I will use two examples:

EX1: 2<3° _ .
EX2: 2<3, 3<4, and 4<5 .

For this purpose I will abandon strict left to right. pfdceééing and
instead process the dintegers simultaneouély by ﬁultiple use of the
rules where possible. When an argument in the semantic construction is
not yet specified I will .répresent it by [ ]. And when a terminal
symbol in the grammar is reached and there 1is a corresponding [ ] im
the semantic;coﬁstruction, I will put the symbol in the Bracketé, for
example, [integer]. Before this is passed to the evaluation program,
the.actual integer in the Iinput sentence will be substituted into the
formula by a macro expander. Terminal syntactic categories like /AND/
which serve to give structure to the input sentence do not explieitly
appear in the semantic representation. Instead the appropriate basic
semantic function, in this case ANDER, is added to the semantic
construction.
EXi:  2<3 result of scanner processing:

INTEGER ARTTHREL INTEGER
STEPi: (1,2) 8 <~ F
STEP2: (2,1) <- F2 :
STEP3: (4,2) <- EXPP ARITHREL EXPP
STEP4: (7;1) <- EXP1 ARITHREL EXPT
STEP5: (13,1) <~ EXPT ARITHREL EXPT
- BTEP6: (14;1) <~ EXPF ARITHREL EXPF

STEP7: (15,2) <—- TERM ARITHREL TERM
STEP8: (16,1) <- INTEGER ARITHREL INTEGER
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STEP1 tells wus that ‘we have an- arithmetic formula (FML) and
“need to compute its truth value. The semantic construction_at'.the end
of STEP1 is:

(FLl D,

STEP2 is the didentity functiom,. The semantic construction
remains unchanged. | _

STEP3 is really the heart of the parse both syntactically and
semantically. For each construction parsed there will‘ be a stép.of
this sort where each meaningful component will appear in as.fully
specified a form as necessary so tha; the corréct semantic function can
be assigned. Here it is the subset relation (8) which is important.
{?}.is a subset of the set of numbers that.areiless.fhan 3.: It woﬁld
”;ﬁéf actually be necessary -at this level to know what the argument to
the arithmgtic relation is. That is, we could have written tﬁe rules:

F2 <— EXP ARITHRELS (8 :1; :23)
ARITHRELS <- ARITHREL EXP (APP (FCN ;13) :23)

rather than
~F2 <- EXP ARITHREL EXP {8 31: (APP (FCN ;23;) :3:)).
[Note: FCN specifies that the argument given 1is a
function name. For function names which are nouns, the
FCN will be added to the semantic construction at the
NP-level.]
The important point is that SUBSET is the basic semantic function for
the construction and at this level it needs to locate both its
arguments. It is wunimportant how fully specified the arguments

themselves are at this level; that decision can be made in terms of

convenience. The semantic construction is now:

73




(P (S[ ] (APP (FCN [ARTTHRELD)[ 1))).

[Note: As explained above, the. actual Arithmetic.
function which in this case 1s the LESSTHAN function
will be inserted by the macro-expander. ]

SiEPé adds LST to the integer arguments. Like FCN, the LST
function is used. to give the evaluator dinformation about the type of
the argumeﬁt. The semantic construction is ﬁow:

| (Fmi (S (LST[ ]) (APP (FCN [ARITHREL]) (LST[ 1))))-

78TEPS$-7 are identities. The large number of uses of the

identity functioﬁ in this parse reflects the simplicity of the input.

For example; in order to parse '2+3 < 3+3', the rule

)

e

| (13,2) EXP1 < EXP1 + EXPT  (ADDER ;1; ;3
woﬁld Be used inétead of | o
(13,1) EXP1 <- EXPT s 13
| The use of the identity function allows us to drop down through levels
of rules which are not needed for a given input. |
STEPE  completes the syﬁtactic parse and the seméntic
éonstruction by specifying the two integers. The Semantié construction
. . .
(FML (S (LST [INTEéER}) (APP {(FCN [ARITHREL]) (LST [INTEGER])))).
[Note: this step by step analysis is not meant to be;
an accurate representation of any actual program
implementation  but rather a  conceptual aid in
understanding how the semantic functions work.]
EX2: 2<3, 3<4, and 4<5
result of scénner processing:

INTEGER ARITHREL INTEGER , INTEGER ARITHREL INTEGER ,
AND INTEGER ARITHREL INTEGER
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The only difference beiween the parse of this example and EXT
is the use of the llstlng feature. Instead of |
STEP2: (2,1) <- F2 ‘ 3?;
?for this example we have; R | |
STEP2: (2,2) <- LISTOFF | (FML (ANDER (LSTf ] j

)
- STEP2A: (3,4)  <- LISTOFF , /AND/ F2 . (FML (ANDER (LST[ ][ 1D))
STEP2B: (3,2) <- F2 , F2 , /AND/ F2  (FML (ANDER (LST[ It ] ]

”

These rules provide an example of the use of semantic functionS'
to handle correctly constructions involving unbounded branching of
.immediate constituents. fhe basic semantic function ANDER is inserted
at STEP2 and then STE?ZA and STEP2B simply pass tﬁe arguments up to it
as they are. parsed; thus.preserving in thé‘semantic consfrﬁcfion fhe
structure of the original. input.rathér than adopting thé artificial
structure of the context-free parse. - | “

One other feature of the semantic functions needs to be
discussed here. If we have not yet written ﬁhe gsemantic function lfor a
_ pa:ticular rule, it will be marked UNDEFINED. However, some éfﬁtactic
rules deliberately do not have semantic functiOHS Which is represented
by fhe slot for the semantic function being blank. Blank semantics on
a rule indigates one of two things.  The word oy phrase in gquestion may
be.noisen Many noise wordé are eliminated in the scanner phase but
there.are words -that have meaning in. some contéxts 5ut are noise in
others. For example, 'of the' in questions 1like 'Whicﬁ-of- the factors
of 12 are odd?' is a noise phrase. So we might write the rules:

1) Q <~ INTER1 NP LINK SUBST (i sZ3 14:)

2) INTER1 <- INTER
3)  INTER1 <- INTER /OF/ /THE/
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The semantic slot for rules 2 and 3 is blank. The INTER @ ('which' or
'what') has been taken into account  at the level of rule 1, and - if the
phrase 'of the' ocecurs, it is noise.

However, blank semantics does not always indicate the presence
of noise words. Tor example, consider the following questions:

How many tens does 50 equal?

How many tens does 50 name?

Does 50 name 5 tens?

Does 50 equal 5 tens?
In these contexts 'equal' and 'name' have the same meaning so we might
write the rules:

1) Q <- /HOWMANY/ EXP AUX EXP VEQUAL

2) Q <- AUX EXP VEQUAL EXP

3) VEQUAL <~ =

4) VEQUAL <- /NAME/
Any other verbs which have the same meaning in these contexts caﬁ be
added to the category VEQUAL., 'Equal' and "name' do not have the same
meaning din every_ context, so we cannot - -associate them by means of
either the TRANSL or the dictionary. However, the semantics of the
construction is clear at the level of the Q-rules independent of which

of the two verbs is used therefore the semantics for the VEQUAL-rules

can be blank.

(1,1) s <~ F, (FML ;13)
(1,2) 8 <-F (FML ;13)
(1,3) 8 <-Q7? : -(Qus 313)
(1,4) S <-¢C ! (CMD ;13)
(1,5) 8§ <-D . (DCL :13)
(1,6) S <~D (dOCL ;13)
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These are the highest level rules. Their purpose  is- to
‘determine what sort of sentence the input is: an arithmetic formula, a
question, a command or a declarative. The period is optional for
. formulas and declaratives, Quesiions use a question mark and commands
an exclamation point. I believe that the grammar can parse correctly
without final punctuwation if necessary for speech recognition. The

semantic functions encode the type of the input sentence.

Iv.3 F-Rules

(2,1) F <~ F2 113
{2,2) F <- LISTOFF . (ANDER .(LST ;13))

(3,1) LISTOFF <~ F2 /AND/ F2 si: 13
(3,2) LISTOFF <~ F2 , ¥2 s13 33s
(3,3) LISTOFF <- LISTOFF , F2 $1: 333
(3,44) LISTOFF <- LISTOFF , /AND/ F2  ;i; 343
(3,5) LISTOFF <~ LISTOFF /AND/ F2 ;15 33:
(4,1) F2 <- EXPP ARITHREL EXPP {ANDER (LST
o : - ARITHREL EXPP {8 ;1; APP (FCN :23) 3:3:))
(8 333 (APP (FCN ;43) ;533)))
{4,2) F2 <~ EXPP ARITHREL EXPP . (S ;1; (APP (FCN ;2;) 333))

The F-rules parse arithmetic formulas like:

2424

24+2=3+1wb

2<3<4

fa,b} uwNION {b,c} = {a,b,c}
1 3ib. = 16 oz,

2 tens = 20 ones = 20
The rules also parse lists of these formulas. The evaluation program
returns the truth-value. The semantic functions for the F-rules were

discussed in Section IV.1.
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IV.4 Top-Level EXP-Rules

(6,1) = EXP <- EXPCHOICE - : (CHL ;1;)
(6,2) EXP <-— LISTOFEXP (CHL ;13)
(6,3) EXP <- EXPP . _ 313
(40,1) EXPCHOICE <- EXPP , EXPP 313 333
(40,2) EXPCHOICE <- EXPP /OR/ EXPP 31 333
-(40,3) EXPCHOICE <- EXPCHOICE , EXPP _ 313 333
(40,4) EXPCHOICE <- EXPCHOICE , /OR/ EXPP 313 143
(40,5) EXPCHOICE <- EXPCHOICE /OR/ EXPP 313 333
(12,1) LISTOFEXP <- EXPP /AND/ EXPP s13 33;
{(12,2) LISTOFEXP <- EXPP , EXPP s1: 133
©(12,3) LISTOFEXP <- LISTOFEXP , EXPP _ s13 33;
(12,4) LISTOFEXP <- LISTOFEXP , /AND/ EXPP 313 34
.(12,5) - LISTOFEXP <- LISTOFEXP /AND/ EXPP 313 333

LISTs have beén a major problem. TInitially, Qe believed that
'and' and 'or' éhoﬁld be :éivén the same tréétmént as.in formal logic.
Thus a chbicelist (disjunction) ﬁould havé the value TRUE if the value
. for at least one member of the disjunction were TRUE and an ordinary.
1ist (conjunction) would be TRUE only if the values for all its members
were TRUE. It immediately became obvious that this was not workable.
Consider the following questions:

EXT: 1Is 2 or 3 even?
EX2: Are 2 and 3 even?

Using the standard logical interpretation; the aﬁsﬁer.tb EX1 is TRUE
and the answer to EX2 iz FALSE. This is clearly unacceptable. Instead
Hwe.haVe created:thé sémanﬁic fuﬁction CHi'(choicelist) which rétutné a
éeparate answer for éach member of the iist, Given fhis' outﬁﬁt from
“the évaluator, it -is a further questidn to. decide exécﬁly what

information should be included in the final answer. Since CHL is
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assigned at the top -level in Rules (6,1) and (6,2), there is noc need
in this case to have Rules (4#0,1)-(40,5) as an exact duplication of
(12, 1)-(12,5). Instead they could be combined in a new category
EXPLIST/CHOICE using the grammatical category AND/OR."
However the use of 'and' ddes not in ”evéry‘contekt cail_for
this type of treatment. The following question: | ‘
EX3: 1Is {a} the intersection of {a b} and {a c}? =
cannot use the CHL semantic functionr. The list in-EX3 is a 1ist,of
arguments to the INTERSECTION funétion which always requires more thén
~ One argument. The 1exigal category for these functions is 2FCN. The
éemantic function used for the list of arguments fo é ZFCﬁ ié LST.

(87,9) NP4 <- 2FCN /OF/ LST/EXP (APP :1:
© " (88,2) LST/EXP <- LISTOFEXP - -~ (LST 313)

333)
“ S8ince the arguments to a 2FCN are never listed using ‘'or', the
LISTOFEXP-rules could not be combined with the EXPCHOICE-rules. for :this

~case.

The rule for ordinary FCN's is

(87,6) NP4 <- FCN /OF/ NP o (APP ;1; ;33)
_If_the argument is a list as in

EX4: What are the factors of 2, 3, and 47
Rule (6,2} with the CHL sémantic function will be used to further pérse
' tﬁe NP, For EXS, LST will be assigned by rule (88,2). Thus LSf or CﬁL
~is assigned at a higher level aqd then EX3 and EX4 .will both use
| (12,1)j(12,5)'to ﬁerform the parse of the actual list. Lists using the

I and U semantic functions will be discussed in Section IV.14.
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These recursive rules for lists need to be carefully written to
prevent ambiguities. TFor example, the following rules

1} A <~ LISTOFA

2) LISTOFA <- LISTOFA /AND/ A

3) LISTOFA <- A /AND/ A '
“are unacceptable Because by performiﬁg "the recursion on A itself,
‘elements of the 1list can jump back to the top level: therebyrcreating
sublists. Thus

A and A and A

can be parsed in ‘the three following ways: -

A A A
| | I |
‘LISTOFA 1,ISTOFA LISTOFA
/1N / 1\ /1N
' LISTOFA AND A : ' ? AND A - - A AND ?
VAR _
" A AND A : - - LISTOFA" © .+~ LISTOFA
/AR AN /AN
AAND A - . - A AND ‘A

For this reason, in the LISTOFEXP and EXPCHOICE rules, the recursion is

on EXPP rather than EXP.

IV.5 Types of EXP's

(7,1) EXPP <- EXP1 (L8T ;13)
(7,2) EXPP <- SETEXP 313
(7,3) EXPP <- DATEXP 113
(7,4) EXPP <- NTUPLE 113
(7,5) EXPP <- TIMEXP 11
(7,6) EXPP <~ ARITHEXP {LST ;1;)

We have divided noun phrases into two categories. The NP1

category parses the more flexible natural language noun phrases and the

- 80




EXP-rules parse - the phrases which have a predefined . format in
mathematical language. Thus all the rules for parsing constructions
peculiar to this subject matter are segregated . in one portion of the
grammar which makes the grammar more reédable. EX?lis the category
~which could .be eliminated if the subject matter were changed and
. arithmetic was not needed. It is also the category which will need the
most work as new topics in elementary mathematics are added .to the
scope of the program.

The different types of EXP's will be discussed in the next
gections. Only six categories of EXP's are given in the EXPP rules
listed at the beginning of this section. There are in fact othex
equally distinguishable categories which appear in the TERM rules below
rather than here with the EXPP's. One example of such a. category is
UNITS (expressions of units of measureﬁent). These categotries need to
be TERM's because they can function as terms in arithmetic expressions

like

2 feet + 4 feet = 2 yards.

Iv.6 EXP1-Rules
(13,1) EXP1 <- EXPT 13
(13,2) EXP1 <- EXP1 + EXPT (ADDER 3;1; 3:33)
(13,3) EXP1 <- EXP1 - EXPT (SUBBER 313 139
(14,1) EXPT <- EXPF _ 13 e
(14,2) EXPT <- EXPT * EXPF (MULTER ;1; :33)
(14,3) EXPT <- EXPT / EXPF (DIV ;1: :33)

we -

(15,1) EXPF <- ( EXP1 )
. (15,2). EXPF <- TERM .

Y

we ise

(16,1) TERM <- INTEGER

e
—
we
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'(16,2) TERM <- REAL | o 1
.(16,3) TERM <- RNUMERAL $13

B B H

(16,4) TERM <- INTEGER INTEGER / INTEGER - (MAKEMIXED ;1; ;23 :43)
(16,5) TERM <~ VAR _ 313

(16,6) TERM <- CARDOF SETEXP 7 (CARDINALITY :2:)

(16,7) TERM <- NUNITS L 313
(16,8) TERM <- UNITS ' S 31 -
(16,9) TERM <- /NUMBER/ /PERCENT/ L (PERCENT ;1;)

' (16,10) TERM <- /NUMBER/ /PERCENT/ /OF/ EXP '  '(PERCENTAGE ;1; 3i43)
(16,12) TERM <- INTEGER /OF/ INTEGER /PART/  (DIV ;1; ;3;)
(16,13) TERM <- INTEGER /OUTOF/ INTEGER -+ - (DIV ;13 -:39)

(17,1) /NUMBER/ <- INTEGER o S iy
(17,2) /NUMBER/ <- REAL 313
(17,3} [RUMBER/ <~ INTEGER / INTEGER T (DEV 313 333

(17,4) /NUMBER/ <~ INTEGER INTEGER / INTEGER  (MAKEMIXED ;1; ;2; ;43)

‘These rules are standard —rulés for - parsing arithmetic
‘expressions. The substance of the rules was taken from [7]. The rules
" are designed to reflect the drdiﬂarj precedence rules for arithmetic
operators. The category /NUMBER/ 1is  ‘defined for use “in rules such as
- (16,9) and (16,10) where only single numbers (integers, decimals, mixed
numbers, and fractions) can appear rather than arithmetic expressions
‘1ike 2+4,

The scanner recognizes integers and reals but the current
'éémaﬁtic” functions ignofe: this information since no evaluation
: procedures have yet been written that' are speéifically designed for
reals. The evaluation program uses predefined LISP functions whenever
possible., The standard LISP functions for arithmetic work well for
cperations on integers, but ‘the evaluator should not ‘use them for
operations on reals. LISP uses;fidéting_;pdint'fof reals thus causing

the answer 3.999... to be given to fHELQUestion_‘What is the sum of 1

82




and 3.0?'. This is one of the areas where thg_ evaluation program
~simply haé not yet been completed. A.prpqedﬁréfiﬁéedé_t§  Be WFitfén
which does decimal.arithmetic in the same way as an'.eleﬁentéfy st#dent
rather than the samé'way as a computer. Note that‘ﬁﬁénr_thé.évaigafion
program is rgédﬁfto‘deal with. the inféimaﬁion.ﬁhgtgg.humbét'is .é_feél,
it will bgigiﬁén.fﬁhis infofﬁAtion'tﬁrough::tﬁefsémantic“fpﬁctibns on
rules (16,1), (16,2), (17,1), and (17,2).

Rule (16,4)  parses mixed nymbers?_‘ ﬁixéd: ﬁupbers #ap' be
identified..by”.fﬁe:.grammar,  butl uhfortunétéiy no wajf.'has “been
_implemented to. distinguish fractions from ordinary division. This
. problem is created by the limited character set of the teletype, We
. have chosen to use '[! for both division and‘f;ag;ions rather than to
. designate an arbitrary .qharacte;lfor one _of,ﬂthese purposes. The
. .representation of fractions as a division operation . requipgs special
. techniques for their handling in the evaluatioQ Program, Rule:(16,6)
derives the expression for cardinality of sets, for example, n [a b c]
..=.3., BRules (16,7) and (16,8) parse expressions involying percents and.
..(16,12) parses expressions like '36 of 100 parts'. Of course, EXP1
. will derive each of these types ofrTERM's:singlylas_well as combingd by

- .the arithmetic operators. .

Iv.7 - Set-Expressins and Ntuples
(21,1) SETEXP <- SETEXP /UNION/ SETEXP .. (U 31; ;33)
- (21,2) SETEXP <~ SETEXP /INTER/ SETEXP (T 313 333)
(21,3) SETEXP <- SETEXP - SETEXP _ (SD ;13 333)
(21,4) SETEXP <- { } ' ~ NIL '
(21,5) SETEXP <- { ELELIST } (LST 323)
(21,6) SETEXP <- { ELELISTT } (LST ;23)
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(21,7) SETEXP <- { VAR : F } : - (ABSTRACT 32; (343))
(21,8) SETEXP <~ { VARA : F } (ABSTRACT ;2; (343))
(22,1) ELELIST <~ ELEMENT , ELEMENT P PR T

(22,2) ELELIST <- FLELIST , FLEMENT 313333

(23,1) ELELIST1 <- ELEMENT _ $1;

(23,2) ELELIST1 <- ELELIST1 ELEMENT - 31y 2

(24,1) ELEMENT <- PN 13

(24,2) ELEMENT <- EXP1 s 1;

(24,3) ELEMENT <~ SETEXP = ' R T
" (11,1)  NTUPLE <~ < ELELIST > - : (NTUPLE 323)

_?he.evalugtion‘p;ocedqres for NTUPLEs and SETEXPS héve not;been
wo:ked on extensively vyet. The _ruleé and semantic. fuﬁctionsrwhich
_appear herenneed some revision; For example, p:ecadenge_rulgs will”be
needed like those for arithmetic operators. | |

The elements of a éet are farsed by ELELIST if théy are
éeparated by commas anq_ELELIST1 if they are not. To avoid ambiguify,
the singleton set is parsed only by ELELISTT, .We have not vet decided
what sorts of objects should be allowed as elements of sets. Clearly
SETEXP's, /NUMBER/'s, and VAR's should béﬁal;owed buﬁrthe category EXP1
is probably not too_broada Proper pames“(Pﬁ) would be -desiraﬁle since
they are often ‘used in examples 'in.éléﬁéntary textbooks, but .they
present a problem with the dictionéry. Common nouns thét are
' fréquehtly.used in sets, for ' example, {2 apples, 3 banannas, 5 pears}
are also not ‘in the dictionary and would be hard to distinguish from

‘nouns which are mnot likely to be so used.
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IV.8 - . DATEXP and TIMEXP-Rules

(10,1) TIMEXP <- INTEGER : INTEGER APM (TIMER

213 333 34

(10,2) TIMEXP <- INTEGER APM (TIMER ;1; 0 ;2;)

(10,3) TIMEXP <- INTEGER /O'CLOCK/ APM (TIMER ;1; 0 33;)

(10,4) TIMEXP <- TNTEGER /O'CLOCK/ (TIMER 31; O @AM)
(38,1) DATEXP <- MONTH INTEGER .- - (DATE (UNT ;15 323))
(38,2) DATEXP <- 3325 343))

MONTH INTEGER , INTEGER  (DATE (UNT ;1

Again, no -work has been done on .thé;:evaluééibn' of tﬁese
expressions, but these are the rules which will parse dates. and times.
Depending on the method both syntactlc and semantic that is adopted for
" dealing w1th calendar-type questions the DATEXP rules may need to be
jrmoved to another. portlon of 'the grammar. Métﬁéﬁatic&l queétions
::ﬁéaliﬁgl with timé 'aﬁﬁearntﬁ be eifher ‘réqﬁéstshfor' conversion (for
example, from 24 to 12-hour Eime).br Cﬁmﬁérisdhs (for .examﬁié,.'Which
:fls earlier7') These‘fﬁnction 1ike other units of ~measurement except

Ehat'they cannot be TERM's in arithmetic expressioms.

IV.9  ARITHEXP-Rules

(9,1) ARITHEXP <- NP /DIVIDEDBY/ NP 1V 13

;3;)”
(9,2) ARITHEXP <- NP /ADDEDTO/ NP .. (ADDER 313 ;33)
(9,3) ARITHEXP <- NP /SUBTRACTED¥ROM/ NP (SUBBER ;3: ;1;)
-~ .(9,4) . ARITHEXP <~ NP /MULTIPLIEDBY/ NP (MULTER ;1; ;33)
313)

(9,5} ARITHEXP <- WP /DIVIDEDINTO/ NP (DIV ;3;

The ARITHEXP rules parse arithmetic expressions in which the
~operator is written out as a verb. with a preposition. = The TRANSL
portion of the scanner is used to convert 'plus’, 'minus', and "times'

to '™+', '-', and '#'., 'Divided by', 'multiplied by', and 'added to'
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‘could also be handled by the TRANSL, but 'subtracted from' and 'divided
into' canmot since they need their arguments reversed in order to use.
the reguldr subtraction and division semantic functions. The scanner
could be made to perform the conversion including the reversal of the
'afgﬁment55 but this does not seem to be a natural function to expect
the scanner to perform. All five ARITHEXP's have been included in the

grémmaf to maintain uniformity of treatment.

Iv.10 UNIT and NUNIT-Rules

(25,1) NUNITS <- JOINNUNITS S (NUNITJOIN (NUNT ;13))
(25,2) NUNITS <- SUMNUNITS (NUNITJOIN (NUNT ;1;))
(26,1) UNITS <~ JOINUNITS _ (UNITJOIN (UNT ;1:))
(26,2) UNITS <- SUMUNITS “(UNITJOIN (UNT ;1;3))
(27,1) JOINUNITS <- UNITT | R PR
(27,2) JOINUNITS <~ JOINUNITS UNIT1 315 325
(28,1) JOINNUNITS <- NUNIT1 31
1 (28,2) JOINNUNITS <~ JOINNUNITS NUNITI s1; 325
(29,1) SUMNUNITS <- NUNIT1 /AND/ NUNIT1 s1: 333
(29,2) SUMNUNITS <- SUMNUNITS , NUNITT :1; 33;
(29,3) SUMNUNITS <- NUNIT1 , NUNTT1 ;13 333
{29,4) SUMNUNITS <~ SUMNUNITS , /AND/ NUNIT1 ;13 ;4;
(29,5) SUMNUNITS <- SUMNUNITS /AND/ NUNITT 113 33:
(30,1) 'SUMUNITS <- UNIT1 /AND/ UNIT1 313 333
(30,2) SUMUNITS <- SUMUNITS , UNITI 1 13
(30,3) SUMUNITS <- UNIT{ , UNIT1 113 333
(30,4) SUMUNITS <~ SUMUNITS , /AND/ UNIT1 s1: 143
(30,5) SUMUNITS <~ SUMUNITS /AND/ UNIT1 s13 333
(31,1) UWITi <- /NUMBER/ /OPER/ UNIT - (13 (325 :33))
(31,2) UNIT1 <~ fA/ /OPER/ UNIT {(MAKEUNIT (1 (32; :3;)))
(31,3) UNITT <- /NUMBER/ UNIT ' Gy G23))y ©
(31,4) UNIT1 <- /a/ UNIT _ (1 (250
(32,1) NUNIT1 <~ INTEGER NUNIT G1; G23»
(32,2) NUNIT1 <~ DET NUNIT (1 G230
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Again the evaluation procedures for these have not. yet been
_written so the rules have not been extensively tested. I have created
‘tﬁe:category WINITS for ones, tens, hundreds, etc. Their evaluation is

sufficiently different from other UNITs (like inches, teaspoons, etc.),
that this distinction which can easily be made by the grammar provides
. ugeful information to the evaluation program.

These rules were discussed in Section III.4 as an example of
the handiing of the ambipguity problem. The rules as they appear here
will produce all of the derivations discussed In Section ITI.4 but,
unfortunately, they will also produce a few unacceptable gmbiguities,
Thefexpréséi;n |

5 y&éﬂ, 2 fﬁo; and 3 in, and 4 yds., 2 ft;)”and 5 in,
iz a two-element list that needs to be parsed by LISTOFEXF with the two
elements on the list each parsed by SUMUNITS which forﬁs'lists of uﬁita
into Ia single c@mpbund unit. = However, aliowing _Bﬁbliéts hfttﬁe
LISTCFEXP expression to be parsed by SUMUNITS has catastrophic results,
The way the rules now stand SUMUNITS can'pick off almost'ény sublist.in
addition to the ones that it is Swpposéd to. handlen_ As the 1ists
become longer the ambiguities multiply rapidlyu These rulgs need very
careful rewriting before they will work propefiyo

Single units will be paréed by JOINUNITS. A 'singlefunit,
either alone oF aé an element of a list, must always coasist Kof at
least two parts %w éﬁ@.type of the unit.and the number, fbf example, '3

feet'. Unit names alone are not parsed by these rules. The determiner
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/A/ in, for example, 'a foot equals 12 inches' means one so the '1'. has

been inserted in the semantic function. The category /OPER/ contains

.the words 'square', 'cubic', etc., This method was chosen in preference

to our original method of using the TRANSL to join 'square' and 'cubice'

to the unit name. Due to abbreviations of the &wo words with and

without periods, 'square feet' alone took twelve entries in the TRANSL.
The current method also reflects  the more proper approach to the

evaluation of the construction.

UNDEFINED.

Iv.11 Geometric Measurements
(33,1)  UNITLIST3 <- UNITS MEASWORD
(33,2) UNITLIST3 <- UNITLIST3 , UNITS MEASWORD
- (33,3) OUNITLIST3 <- UNITLIST3 /AND/ UNITS MEASWORD
(33,4) UNITLIST3 <- UNITLIST3 , /AND/ UNITS MEASWORD
(34,1) UNITLIST4 <- UNITS /BY/ UNITS
(34,2) UNITLIST4 <- UNITLIST4 /BY/ UNITS
(34,3) UNITLIST4 <~ UNITS MEASWORD
(34,4) UNITLIST4 <- UNITLIST4 /BY/ UNITS MEASWORD
(35,1) UNITLIST5 <- UNITS
(35,2) UNITLIST5 <- /NUMBER/ /BY/ /NUMBER/ UNIT
(35,3} UNITLIST5 <~ /NUMBER/ /BY/ /NUMBER/ /BY/ /NUMBER/ UNIT
(36,1) UNITLIST6 <- /3D/ UNITS
(36,2) UNITLISTé <~ /3D/ UNITS /AND/ /3D/ UNITS :
(36,3) UNITLIST6 <- /3D/ UNITS , /3D/ UNITS , /AND/ /3D/ UNITS
{(36,4) UNITLISTé <- /3D/ UNITS , 73D/ UNITS /AND/ /3D/ UNITS
(37,1) UNITLISTS <- UNITLIST3
(37,2) UNITLISTS <- UNITLIST4
(37,3) UNITLISTS <- UNITLIST5
(37,4) UNITLISTS <- UNITLISTé
The semantic funetions for all of these rules are currently
The UNITLIST rules parse the measurements of geometric
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- figures. These measurements can be given a) in an adjectival form (‘'a
"2 X3 -iﬁchirectangle“), b) in a relative clause ('a rectangle whose
“dimensions are length 3 inches and widch 2° dnches"), or ¢) . in an
 appositive position ('a rectangle, 2 inches wide and 3 inches long').
“The noun phrase rules for these three cases are:

a) NP6 <- UNITLISTS GEOFIGURE

_b) NP6 <- GEOFIGURE RELPOSPRONS

c) NP6 <~ GEOFIGURE , UNITLISTS ,
GEOFIGURE is the lexical category for nouns 1ike 'square' and
'rectangle'. The purpose of the semantic functions for the UNITLIST
rules will be to put the measurements and their assoclated dimensions
into a standardized format regardless of the format of the input. fThe
measurements will then be attached to the name of the ‘geqmefric figgre

at the NP6 level.

Iv.12 Relative Clauses

(52,1) RELPOSPRONS <- RELPRON RLPR 123

(52,2) RELPOSPRONS <~ RELPOS RLPS : Coa2 :
(52,3} RELFOSPRONS <- RELFRON RLFR /AND/ RELPRON RLPR (I ;2; :5;) -
(52,8) RELPOSPRONS <- RELPRON RLPR /AND/ RLPR (I :2: :43)
(54,1) RLPR <- LINK SUBST/EXPE ' 323

(54,2) RLPR <- LINK UNITLISTS S 12

{54,3) RLPR <~ [HAVE/ /DIMENSIONS/ PUNCHOICE UNITLISTS UNDEFINED
(54,4) RLPR <- = WP 123

(54,5) RLPR <- /HAVE/ UNITLIST6 UNDEFINED
(54,6) RLPR <- /HAVE/ /DIMEMSLONS/ PTNCHGICE LISTOFEXP UNDEFINED
(54,7) RLPR <- /[HAVE/ HAVENP ' 323

(54,8) RLPR <-— HNPAS : 31

{54,9) RLPR <- /HAVE/ COMPTHNP UNDEFINED

The relative proncuns (RELPRON} are ‘that’ and 'which' and the

relative possessive (RELPOS) is ‘whose'. The relative clauses using a
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relative pronoun have been fully implemented (except for those
involving wunits), but the relative possessives which are much more.
complicated semantically have not yet. been implemented and may be
disregarded here. Their treatﬁent Will_be éimilar.to that for HAVENP's
which they strongly resemble, The éemantic function for noun phrases
containing a relative clause is .intersectioﬁ. For example, 'the
factors of 12 that are prime numbers' are fsund ﬁj.intersecting the set
of fagtors of 12 with the set of prime numbers. | |
I will give an exémple for each of the RELPOSPRONS-fules that-
use relative pronouns: | | | |
(52,1) that are less than 5
{52,2) that are less than 5 and that are greater than 2
(52,8) that are less than 5 and are greater than 2.
[Note: 'that are less than 5 and greater than 2' will
be parsed by (52,1) in combination with (54,1) because
'less than 5 and greater than 2' is parsed by SUBST.J
These rules only allow two elements in a list, If this is.found tb be
inadequafe, recursive listing rules can éasily*be written. Phrases of
the form RELPRON RLPR RELPRON RLPR ('ah-evén number that is less tﬁén 5
that is greater'than 2') 'will be parsed by éuccessive applications of
RELPOSPRONS in the NP rules.
Rules (54,2), (54,3), (54,5) and (54,6) are used for relative
clauses which give geometric measurements (see Section 1IV.171 above).

" Rule (54,1) is the most common form of relative clause. = The SUBST/EXP

may be any one of the following:
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A1
- {(2)
(3)
(4)
(5)
- (6)

Examples of

I studied the use of prepositions in the entire corpus of [23],

both in the

of prepositions

uge in the

use of each

Rules (54,4)

a-noun phrase:

'that is a prime number'
an adjective:

"that is even'
a prep051tiona1 phrase:

"that is between 5 and 10'
a unit-conversion phrase:

'that is in lowest terms’
an arithmetic relation: '

"that is less than 5'
an EXP: .
that is 2% of 20"

and (54,7)—(54,9) are:

(54,4) an improper fraction that equals the whole number 2!
(54,7} a fraction that has 2 as denominator :
(54,8) the odd number that 12 has as a factor
(54,9) numbers that have more than 2 factors
Iv.13 Prepositions
(55,1). PREPHRASE1 <- /BETWEEN/ NP /AND/ NP (BETWEEN ;2; :43)
(55,2) . PREPHRASE1 <~ /BEFORE/ NP (BREFORE ;2:)
(55,3) PREPHRASE!1 <- /AFTER/ NP (AFTER ;23;)
(55,4) PREPHRASE1 <- /IN/ EXP UNDEFINED
. (55,5) . PREPHRASE1 <- /IN/ DET APPOSN EXP UNDEFINED
{(56,1) ‘PREPHRASE <- PREPHRASE1 /OR/ PREPHRASE1 (CHL 31 533)
(56,2) PREPHRASE <- PREPHRASE1 /AND/ PREPHRASE1 (I ;7; ;33)
{56,3) PREPHRASE <- PREPHRASE1 31
(56,4) PREPHRASE <- /NOT/ PREPHRASEI1 (€ :2)
- (56,5) PREPHRASE <- /NEITHER/ PREPHRASE1 /NOR/ PREPHRASE1
(NOR ;23 :43)
(56,6) PREPHRASE <- /EITHER/ PREPHRASE1 /OR/ PREPHRASE?
(U 3235 343)

questions and in the exposition.
in the exposition was significantly broader
questions.

is sufficiently small in questions to be manageable
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first stage of our program.  Certain preposition uses like the ' use of
"By' and '"to' in 'Count by'fives'ﬁo 1001" are integrally related to the
‘verb. I will discuss these in Section IV.22. Another common use of
.prepositions in elementary mathematics is 'to indicate ordering, for
example, 'in order from largest to smallest', The ORDERING rules will
be discussed in Section 1IV.21. And the use of prepositions in the
expression of arithmetic operations like 'édded to' and 'divided by’
was discussed in Section IV.9.

I found fourteeén prepositions used in the complete corpus of
[23]. Of these the four least frequently used prepositions (about, on,
~ over, anﬁ withqut)_have not been_included. in 6ur grammar. _A}so,
certain.infrequent uses of another sixKPreposifioné_(by, for;rfrém;.in,
intq ’ and to) have mnot been included,_bﬁt‘gﬁe majority of .uses of
these six have‘bgen included..An§ the remainiﬁg four ﬁrépositions (?S’
between, of and with) have been éompletely implemented. T will diécﬁss
each one of the fourteen prepositions and indicate ﬁhich uses of it we
have implemented. | |

1) About has not been implemented., It was found only ~ in the
contexts 'talking about' and 'asked about'.

2) As is used in conversions, for example, 'Express .04 as a
‘ ‘percent!' and will be discussed in Section IV.18.

3) Between was found to have only the mathematical meaning of
a nuwber being between two other numbers.

'4) By is wused in ‘the context of -arithmetic operations
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. ('multiplied by'), with other verbs ('count by'), and in giving
~geometric measurements ('2.by 4 in.'). Also certain instances of 'by'
~are handled by the TRANSL.file, !Divisible by' is TRANSL'd. to DIVBY
- .which is an arithmetic relation. fD;visible by 5' creates a set in the
‘same way that 'greater than.5' does. I have also TRANSL'd 'can be
. divided by' to 'is DIVBY'. . 'By size' is TRANSL'd to 'in order'. There
-.were other uses of 'by' like the following:
a) Check by using the inverse operation
b) We can check subtraction by addition
c) Find an equal fraction by multiplying the numerator
and denominator... '
d) Solve each equation by rewriting it as an equation
using division.
ziThere seems to be ‘a common pattern in. these examples, but we have not-
' yet implemented this use of 'by .
“ 5) For is belng treated as equivalent tne'of"exeept' in the
"phrase except for ‘which is TRANSL'd. Some exampies'of3this:use are:
1) Write the simplest name for 300+4O+6i -
2) Find the answer set for {3,4,5} - {4,5}!
3) What is the least common denominator for 1/4 and 5/6?
4) Find a solution for the equation 54X = 10!
The.semantic function for 'of'. is (APP ;1; -333)+ . For example, 'the
factors of 12' are found by applying the FACTOR function to 12. Thus,
'the solution for the equation 5+x=10' will be found by applying the
procedure for solving equations to the given equation.: Another use of’
':'ﬁorf in mathematical contexts which will have to be considered is the
use of 'for' in phrases like 'for any number N'. We might also write a

-rule for the following format which is used frequently in [23]:

We write: din. for inch or inches,




‘Other uses of 'for' were found in [23]. Some of the phrases were:

1) A reason for ' o ' :

2) Distributive law for multiplication over addltlon ;
3) Standard unit of measure for area

4) TFor many purposes

5) Symbol for zero

6) From is used in ORDERINGs. It is also used with the verb
'convert' as in 'Convert 3/5 from a fra;tion to a degimal!f. The only
other use found in [23] was with the verb 'obtain' and.fhis has not
been implemented.

7) In is a very common preposition. The following are the

uses which have been implemented:

a) The rule NP1 <- /THE/ EXP1 /IN/ EXP1 has been
written for expressions 1like f'the 9 din 891'. This
expression evaluates to 9 tens which seems to be the
intended meaning in the text where questlons like 'What
is the 9 in 8917' are asked. : '

b) 'In' is used in requests for ' conversion, for
example 'Write 42 in Roman numerals!' and 'express the
answer in cubic inches!' IR

‘¢) The two expressions 'in lowest terms’ and 'in
expanded form' appear so frequently that we have
TRANSL'd them to single words and made them terminal
categories in the grammar.

a) '"In' is often used to mean membership. Two
examples are 'Is 8 in {6,7,8}?' and 'Rename a fraction
in the pair...'.

e) 'In order' as in 'list in ovder' is TRANSL'd to
a single word and used in ORDERINGs. :

£) Expressions 1ike ‘earlier in the day' are
TRANSL'd to 'earlier' since 'in the day' provides no
needed information to the evaluator.

g) 'In' is used to state or request measurements,

for example, 'How many days are there in September?’
and 'There are 12 inches in a foot.' : . o
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There are other uses of fin'. We would like .to find a common
method of dealing with at least some of the seven uses above, as well
as many which have not yet_bééﬁ dealt with at all.

8) Into is used with the verb -fdivide'. .Exémfleg- like the
--following were found in [23]:

~a). . If we divide a Set_of things into two sets
having the same number of things, each of the small

.sets is one half of the whole set.

b) When we divide something into three parts the . .
gsame size, each part is one third of the whole thing.

¢) If we divide a set of..things into thirds, we
make three small sets.

This use of 'divide into' - has not been . implemented, but we have
includéd‘£u1es Whicﬂ_handle.'divide"iﬁﬁé',Wheﬁ:it is:uséd_;féf ordinary
division, for le:-,xamb]...e‘,:l 'Divide 7 into 561'.

9) 0f is the most commonly used preposition in the context of
elementary maﬁhématicé; It isnﬁééd“for.specifying fﬁnctibns_ and their
arguments, for example, 'factors of 12", 'union of {a} and ({b}', 'sum
of 2 .and 3', 'subset of '{a_;b}f,_fsét of. numbefs"lgés than 37,
"numerator of 2/3', ‘'area of a 2 inch square’, ‘'number of days in
September', and 'member of {. b}'.r

10) On has not been implemented in this grammar. Tt was found
in phrases sucﬂ as: 'Show 42 on a .number_line';f;perform_ the union
operation on...', 'the operations on sets', 'on each side', and 'on a
thermometer'... |

11) Over was found only in specifications of the distributive

laws, for example, ‘multiplication crv_er.'vdivision'e
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12) To appears with the wverbs: count, equal, round,. change,
and convert, It 1is also wused in ordering éxpressi&ﬁs; .8, ffrom
largest to smallest'. There were two othér phrases that we héﬁe'not
dealt With,”'coﬁmdn to' and 'to the right of',

- 13) With is TRANSL'd to 'that has', Some examples are{:

a) The set with no things in it... |

b) The volume of a box with length 7 1nches...

¢} Fractions with the same denominator...

d) A number with exactly two factors...
When other uses of 'with' (note that no others were found in [ZBj)Jare
implemented it will no longer be practical to use the TRANSL in this
way. Hopefully, there will be a clear-cut grammatical way  to
discriminate between the uses.

14} Without was found in the sentence, 'We:can multiply the
dividend and divisor by the same number without changiﬁg the wvalue of
the expression.’

The prepositions 'before' and 'after' did not appear in {23]
but we have Implemented them with the meanings successor and

predecessor, for example, '2 comes before 3.

Of all these prepositions, only 'between', 'before', 'after’,

L) 1

and 'in (in the sense of membership) are included in the category
PREPHRASE given at the beginning of this section. Sets can be
constructed by the evaluator from these prepositional phrases, for
example, the set of numbers between.five and #en. PREPHRASE's are one

of the types of SUBST's.
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IV.14  SUBST-Rules

(58,1) = SUBST <- SUBSTI ' . R

(58,2) SUBST <- SUBST1 /AND/ SUBST1 (T :1; 333)°

. (58,3) SUBST <- SUBST1 /OR/ SUBSTI (CHL :;1; ;33)
(58,4) SUBST <- SUBST1 , SUBST1 , /AND/ SUBST1 (IER :1; :3; ;63)
(58,5) SUBST <- SUBST1 , SUBST1 /AND/ SUBST1  (IER ;1; 333 353) ..
(58,6) SUBST <~ SUBST1 , SUBSTT , /OR/ SUBST1 (CHL ;1; ;3; ;63)
(58,7) SUBST .<- SUBST! , SUBST1 /OR/ SUBST? .. .(CHL ;13 ;3; ;53)
(58,8) SUBST <- /NEITHER/ SUBST1 /NOR/ SUBST1 (NOR ;23 343;)

343)

(58,9) SUBST <- /EITHER/ SUBST1 /OR/ SUBST1 (U 32;

(59,1) SUBST1 <- NPT

(59,2) SUBST1 <~ NP3

(59,3) SUBST1 <- ADj

- .(59,4)  SUBST1 <- PREPHRASET
(59,5) SUBST1 <~ ARITHREL NPVARA
(59,6) SUBST1 <- SPECPREPI
(59,7) SUBST1 <- V SPECPREP
(59,8) SUBST1.<- /NOTI/ SUBST1

P (FCN 313) 323)

e

e e e we we e
QN = e s
i we we we we

e
N

we

Ry

I will give an example of each of the typés of SUBST's given in

“rules (59,1)-(59,8).

o (59,1) Is 5 an odd number?

(59,2) Are 5 and 7 odd numbers?
[Note: The need for two rules here in

- order to parse all the SUBST's which

are mnoun phrases is caused by the
failure to distinguish singular from
plural, ]

(59,3) 1Is 5 odd?

(59,4) 1Is 5 between.1 and 10?

(59,5) Is 5 less than 107

(59,6) Ié'2/5 in lowest terms?.

(59,7) Is 1/2 eXpressed.as a fraéfion,: a decimal,
Or a percent?

(59,8) 1Is 5 even or not even?
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The category used in (59,4) is PREPHRASE1 rather than PREPHRASE. In
this as well as the other SUBST-rules, the substantive element is taken
at a level which does not allow 1listing of the elements ox the.
complement of -the element,- Thus the list and complemeht'.cbntained in
the question 'Is 5 odd and not between 1 and 57' will both be handled
by the top-level SUBST rules. This is necessary when the elementé of
the Ilist of SUBST's are not from the dame grammatical category. If
.PREPHRASE rathe; than_PREPHRASE1 were used; the list in 'Is 8 between 5
_ and 10 and. after T?f could be parsed by either the_PREPHRASE or the
SUBST rules and thus would be ambiguous( | _ R _

Rules (58,1)-(58,9) parse lists of SUBST's. In Section IV.4
above I diséussed the use of CHL .and LST asrseman;ic functions for
lists. CHL can be used for Ilists and choicests éf  SUBSI's, For.
example, if ‘CHL is used, the answer to | B

EX1: Is 2 a factor of 2 and'also a-multiple of 27
. will be .

(QUs (CHL (TV T) (IV T))).

There dis, however, another approéch. which can be taken for
lists. In this approach I (intersection) is usedlfor_ lists and U
(union) for choicelists., Thus EX1 would be interpreted as meaning

Is 2 in {x | x is a factor of 2} INTERSECTION
{z! x is a multiple of 2} .

This use of the set-theoretical functions I and U is similar to the
logical approach suggested in Section IV.4 and has the disadvantage

discussed in that section of mnot providing a complete enough
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specification of the answer for yes/no questions like EX1. However,
. there are constructions involving lists which do require - the I or U
functions.

EX2: Give .a number that is less than 6 and greater than 2!
EX3: 1Is any number divisible by 6 and not divisible by 3!

' The rule we have been using forIQuestions liké EX1 and:EXSIis'.

RULET: 'Q _ LINK NP SUBST s 313 333

JThis.fule is tbd' génefél.: The .specific detéfminéf'.ﬁééd for’ tﬁé'NP
sh&uld' detefminéﬁfhe séﬁaﬁtic function 'tosﬁé ﬁéed'at  the.:1eﬁéi of
CRULE1.  The existential quantifier, as in EX3, will require the T
function rather than the 8§ (subset) function. Since EX2 ¢6ntaiﬁs the
'llst in a relatlve clause which also uses the T functlon, we mlght form
"the hypothesis that constructions using the 1 function should use I or
ﬁ.for :aﬁleists:confained iﬁ”the coﬁstrﬁction. and similééiy, :if the
semantic function is S, lists contained in fhe dbhsffucéibﬁ should use
CHL. In order to impléﬁenﬁ this.hypdthésié;:ﬁe couid create the two
categories CHLSUBST and I/USUBST which would be used at the level of
RULE!1 instead of the current category SUBST. Thié cﬁange‘has not yet
:been'made for.two'reasons;‘ First'the:determiners‘ which give us the
iﬁformétion about which semaﬁtic funcﬁion should be used for rules like
RULE1 have not yet been worked out. And'second, a more serious problem
is that this apﬁfoach fealiy does not work.satisfactorily.

.EX4: Is 2 a factor of 2 or 37

EX5: Is any number that is a factor of 2 or 3 also
.-a factor of any other prime number?
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In these examples, the list '2 or 3' is buried several levels
down in the grammar. In EX4 the levels are SUBST and FCN. In EX5,
they are SUBST, RELPRONS, and FCN. To implemeni the.,suggestgd
approach, a pair of grammatical categories Wbuld be needéd. at each
level in order to carry down the information as to whether CHL or /0
were needed, - This would result in an unnecessarily complicated
grammar. Problems of this sort are much msre.effiﬁiently handled Ey
the semantic functions which are more flexible and more powérful than
the grammar. The evaluator works inside-out. A semantic function
needs to be created which will.postpone .evaluation of the 1list umtil
the appropriate time when the information is known as to which funection
to use. Until this can be implemented, we have aésigned a semantic
function to each of the SUBST-rules and other lisfing rules which

reflects the most common case for the particular rule.

Iv.15 Arithmetic Relations

(74,1) ARITHRELS <- NOT/ARITH 213 .
(74,2) ARITHRELS <- ARITHRELS , NOT/ARITH (T 31 333
(74,3) ARITHRELS <~ ARITHRELS , /AND/ NOT/ARITH (I ;1; 343)
(74,4) ARITHRELS <- ARITHRELS , /OR/ NOT/ARITH _ (CHL ;1: 343)
(74,5) ARITHRELS <~ NOT/ARITH /fOR/ NOT/ARITH . (CHL ;1; 333)
(74,6) ARITHRELS <- /EITHER/ NOT/ARITH /OR/ NOT/ARITH (CHL 323 343)
(74,7) ARITHRELS <- /NEITHER/ NOT/ARITH /NOR/ NOT/ARITH (NOR 32; ;34;)
(76,1) NOT/ARITH <- ARITHREL NPVARA (APP (FCN :13) ;23)
(76,2) NOT/ARITH <- /NOT/ ARITHREL NPVARA. (C (APP (FCN ;2;) :33)

[Note: For a discussion of the arithmetic relations
see page 30.]
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(80,1)
(80,2)
(80,3)
(80,4)
(80,5)
(80,6)

(81,1)
(81,3)

(82, 1)
(82,2)

(67,1)
(67,2)
(67,3)
(67,4)
(67,5)
(67,6)
(67,7)
(67,8)

(68,1)

(68,2)

(104,1)
(104,2)
(104,3)
(104,4)

(105, 1)
(105,2)
(105,3)

(105,4)

CIV.16

'CONVUNITS

‘Adjectivé Rules

/NEITHER/ ADP /NOR/ ADP
ADP <~ fEITHER/ ADP /OR/ ADP
<— ADP2

<- /NOT/ ADP2

ADJANDOR

ADJANDOR ADP2

ADP <

ADP
ADP <-
ADP <

ADP2 <— ADJ

ADP2 <— ADPZ ADJ

ADP2 <~ ADP2 , ADJ
ADJANDOR <~ ADJ -/OR/ ADJ
ADJANDOR <- ADJ /AND/ ADJ

[Note:

CONVUNITS Rules

V.17

CONVUNITS <-
<
CONVUNITS <
CONVUNITS <
CONVUNITS <
CONVUNITS <
CONVUNITS <
CONVUNITS <-

LISTNAMESU
LISTNAMESNU
LISTOFCONVUNITS
CONVUNITSCHOICE
CONVUNITS1

DET CONVUNITS1

CONVUNITS1 <- N
CONVUNITS1 <- N RELPOSPRONS

LISTNAMESU <- UNITT
LISTNAMESU <- LISTNAMESU /AND/ UNITT
LISTNAMESU <- LISTNAMESU , UNITT
LISTNAMESU <- LISTNAMESU , UNITT

LISTNAMESNU <- NUNIT .

LISTNAMESNU <-
LISTNAMESNU <~
LISTNAMESNU <-

LISTNAMESNU /AND/ NUNIT

(NOR
{CHL
31

325 343)
323 343)

{C :23)

(CHL

(CHL

(STS 31
(1
(1 ;

(8T5 ;
(STS ;

313)
i1

513
1; (8TS :23))
H (STS 323 ))

;2;)

1 ) (STS HEH )
$13) (STS 333)

For a discussion of adjectives see page 29].

/NEITHER/ CONVUNITS /NOR/ CONVUNITS
JEITHER/ CONVUNITS /fOR/ CONVUNITS -

, /AND/ UNITT

LISTNAMESNU ,

LISTNAMESNU ,
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Many  questions  and especially = commands in elementary
mathematics call for conversion of an  expression from ome. form to
another, for example,

EX1: Give 1/4 as a decimal and as a percent!

The rules in this section déal with the forms-being_convefted to, which
in EX1 are 'decimal' and. 'percent'. The semantic fﬁndﬁions_for all_pf
these rules aré currently TUNDEFINED, The CONVUNiTS rules parse lists
.and choicelists of form names and also rule (67,8) allows an onioﬁal‘
determiner before the form name. There are several lexical categories
of mnouns. The relevant noun‘categories. for these rules are UNIT,
.NUNIT, and N. UNITS and NUNiTs were discussed in Section IV.10,. N's
are nouns which néme sets represented by.a .characteristié function.
Examples are number, fraction, decimal,' Roman lnuméral, 'and'ﬁho1e
number. Sometimes.the N will be modified by a relative ciéuse (rule

(68,2)) as in "Give .10 as a fraction whose denominator is 1001’

IV.18  CONVPREP-Rules

(66,1) CONVPREP <- [AS/ UNDEFINED
(66,2) CONVPREP <- /TG/ UNDEFINED

(66,3) CONVPREP <- /IN/ UNDEFINED

These are the prepositions wused in the phrases giving the
CONVUNIT. Certain prepositions are commonly used with certain verbs,
for example, 'express as', 'chénge to', aﬁd_'wfite in', but théy éan be
treated as equivalent here because. the verbs are all changed - to 'give'
either by the TRANSL if that is thelr only use of_the dictionary if

there are other uses of the verb.
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Iv.19 SPECPREPHRASE-Rules

(61,1) SPECPREPHRASE <
(61,2) SPECPREPHRASE <
(61,3) SPECPREPHRASE
(61,4) SPECPREPHRASE <
(61,5) SPECPREPHRASE <
(61,6) SPECPREPHRASE
(61,7) SPECPREPHRASE <
(61,8) SPECPREPHRASE <
(61,9) SPECPREPHRASE
(61,10) SPECPREPHRASE <

SPECPREPHRASE /OR/° SPECPREPHRASE
SPECPREPHRASE /AND/ SPECPREPHRASE

'V SPECPREP1 o
/NOT/ -V SPECPREP1

/JELTHER/ V SPECPREP1 fOR/.V SPECPREP1
/NEITHER/ V SPECPREP1 /NOR/ v SPECPREPT
" SPECPREP1

/NOT/ SPECPREP1

/NEITHER/ SPECPREP1 /NOR/ SPECPREP1
/EITHER/ SPECPREP1 /OR/ SPECPREP1

A A A
I‘l[.IIIII-l

(62,1) V<-=
(62,2) V <~ /EXPRESSED/

These rules_ parse lists of the special prePoéitional phrases
wh;ch are_used to give CONVUNITS, and they also parse the complemepts
of the phrases. i Note thét here as in.several otﬁer places iﬁ.the
:grammar_the syntax for 'not' when it appears in variousrpositioﬁs Vin a
list has not been carefully workéd out, There is # problem.in deciding
ﬁhen an initial 'not} should be forced to éxtend to all members .of‘thé
list and when it should not. The category .V iﬁcludes the verbs
'expressed' and ‘'equal', These verbs may .oP;ionally precede the
SPECPREP1. Examples are 'expressed as a fragtion; and 'equal as a

fraction'.

TV.20  SPECPREP{-Rules

(63,1) SPECPREP1 <~ /INLOWESTTERMS/
(63,2) SPECPREP1 <- /INEXPANDEDFORM/ -
“(63,3) SPECPREP! <- CONVERSIONS

(64,1) CONVERSIONS <- CONVPREP CONVUNITS /OR/ CONVPREP CONVUNITS .
{64,2) CONVERSIONS <- CONVPREP CONVUNITS

(64,3) CONVERSTONS -<— CONVPREP CONVUNITS CC1

(64,4) CONVERSIONS <- CONVPREP CONVUNITS , CC1

(64,5) CONVERSIONS <- CONVPREP CONVUNITS CC1 CC1
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(64,6) CONVERSIONS <~ CONVPREP CONVUNITS , CCT , CCT
(64,7) CONVERSIONS <— CONVPREP CONVUNITS , CC? CCi
(64,8) CONVERSIONS <~ CONVPREP CONVUNITS CC1 , CC1

(65,1) CC1 <- CONVPREP CONVUNITS

(65,2) C€C1 <- /THEN/ CONVPREP CONVUNITS
(65,3) CC1 <— /AND/ CONVPREP CONVUNITS

(65,4) CC1 <~ /AND/ /THEN/ CONVPREP -CONVUNITS

'In lowest terms' and 'in expanded form' are very common
phrases that T have TRANSL'd, but . often thé‘word.'fbrm' appears with
other CONVUNITs, for example, 'Is 2 in decimal form?' 'Another. rule is

needed°

I will not discuss the details of Rules (64,1)-(64,8) and
(65,1)-(65,4). A wide variety'of syntactic forméts.is ugsed 1in these
expressions and I have tried to write rules that will parse all the
different.formatSa The foiléwing arelexamples_of.commaﬁds_uwhich will
use these rules in.their syntactic derivation:

a) Express 2 3/& as a fraction!

b) . Express 19 Z as a fraction aﬁd. then as a
decimall .

¢) Write 92 of 100 parts as a fraection, as a
decimal, and as a percent!

d) Write 478 of 1000 parts as a fraction whose
denominator is 100, 1000, or 10000, then as a decimal
and a percent!

e) Convert 3.1 m. to decimeters, centimeters, and
- millimeters!

f) Find the sum of 1/5 and  3/5 and express the-

answer as a mixed number or a whole number, if
possible!
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Iv,21 ORDERING~Rules

(69,1) ORDERING <-'/INORDER/ o
(69,2) ORDERING <- /INORDER/ ORDERINGI
(69,3) ORDERING <- ORDERINGI

/STARTINGWITH/ EXP

/STARTINGWITH/ DET COMPADJ
/STARTINGWITH/ DET COMPADJ L/CNP3
/FROM/ COMPADJ /TO/ COMPADJ

(70,1) ORDERING1 <
(70,2) ORDERING1 <
(70,3) ORDERINGT <
(70,4) ORDERING1 <

{

Certain phrases used to request an ordering.of fhe .énswer have -
_been TRANSL'd to 'inorder'. This phrase is essentially meaningless
since the evaluator always orders the answer. The important element
-when present . is the actual specification for the ordering. Rulés
ﬁ(70,1)_ to (70,4) will parse several ways of giving these
_spgc%fications.. Examples are:

a) List the factors of 12 in order starting with
‘the least factor! SRR v : )

b) List the factors of 12 'in order from greatest’
to least!

c) Arrange 1Tm., 1 cm., and 7 km. by size from
~smallest to largest.

Iv.22 Commands Using Special Verbs

(60,1) C <~ /COUNT/ /TO/ EXP /BY/ LISTNAMESNU
(60,2) C <- /COUNT/ /TO/ EXP /BY/ LISTNAMESNU /AND/ /TO/ EXP /BY/
LISTNAMESNU

(60,3) C <- /COUNT/ /BY/ LISTNAMESNU /TC/ EXP

{(60,4) C <- /COUNT/’ /BY/ LISTNAMESNU /TO/ EXP /AND/ /BY/ LISTNAMESNU
: /TO/ EXP

(60,5) C <- /REGROUP/ NUNITS /AS/ NUNITS

(60,6) C <~ /REGROUP/ NUNITS /AS/ NUNITS /AND/ /AS/ NUNITS

(60,7) C <~ /REGROUP/ NUNITS /AS/ NUNITS /AND/ NUNITS /AS/ NUNITS

(60,8) C <~ /SOLVE/ /THE/ [EQUATION/ ¥

(60,9) C <~ /SOLVE/ F

(60,10) C <- /ROUND/ EXP /TO/ UNIIS

(60,11) C <- /ROUND/ EXP /TO/ UNITS /AND/ EXP /TO/ UNITS

(60,12) C <- /ROUND/ EXP /TO/ UNITS /AND/ /TO/ UNITS
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Certain verbs used in  commands need to be. dealt with
individualiy. I have included rules for 'count', 'regroup', 'solve',
and 'round'. The semanﬁic_functions are currently UNDEFINED. Examples
of these rules are:

1) Count to 100 by fives!

2) Count to 10 by ones and to 20 by twos!

‘3) Count by fives to 100!

4) Count by fives and tens to 100-and by hundreds to 1000!
5) Regroup 1 ten as 10 ones!

6) Regroup 1 hundred as: 10 tens and 1 ten-as 10  ones!
7) ‘Regroup. 1 hundred as 10 tens and 1 ten as 10 ones‘i
8) Solve the equations b+c=6 and b-ec=2!

9) . Solve at+5=121

10) Round .6854 to tenths!

11) Round .853 to tenths and .9637 to hundredths!

12) Round .7596 to hundredths and to tenths!

The rules need to be consolidated so ‘that separate rules are

not needed for multiple specifications of arguments in the commands.

iv.23 Arithmetic Commands

(60,22) <— [ADD/ NP /[TO/ WP (ADDER :2; 4

c 3)
(60,23) C <~ /SUBTRACT/ NP /FROM/ NP  (SUBBER :4; ;23)
(60,24) ¢ <- /MULTIPLY/ NP /BY/ NP (MULTER 323 :43)
(60,25) € <- /DIVIDE/ NP /BY/ NP (DIVVER ;23 343)
(60,26) C <- /DIVIDE/ NP /INTO/ NP (DIVVER 343 32:)

Often these expressions are found not as commands but embedded
in other sentences. Examples are:

a) Find a fraction equal to 1/2 by multiplying the
numerator and denominator by the same number!

b} To find an equal fraction, we can divide both
the numerator and denominator by the same number.

These complex sentences have not been considered. at thig stage.
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CIV.24

Basic Command Rule

(60,21) C <~ GV NP
GV <- /GIVE/
GV <~ /GIVE/ PERSP

(71,1)

This is the most common form of

HVH

command

Many verbs are

included in the category /GIVE/. Rule (71, 2) allowé'commands to be

prefaced by 'give me'.

a)
b) -

c)
d)
e)
£)
g)
h)

i) -

Some illustrative examples are:

Give 2 pairs of even numbers whose sum is 121

Find the set of whole numbers N such that N < 7.!

Find the members of the set {n :

Write the sum of 84,

57, and 76!

Name the numerator of 3/5!
Give 4 fractions equal to 1/4!

Give the set of the first ten multiples.of 1!

List all the factors

of 111

n < 5}t

-Give the prime numbers between 65 and 80!

The. evaluator simply outputs the result of evaluating. the NP.

(60,13)
(60,14)
(60,15)
(60, 16)
(60,17)

Iv.

[+ EeEeR> NS

25 Special Convers

ion Commands

<- GV CONVERSIONS NP
<- GV, CONVERSIONS ,

<- GV NP ORDERING

NP

‘<- GV CONVERSIONS. , NP

<- [CONVERT/ NP /FROM/ CONVUNITS /TO/ CONVUNITS

Most of the commands

parsed by the basic command rule

(60,21) C <- .GV NP
in combination with the following NP-rule:

(84,3)

Some examples are:

a)
b)
c)

involving requests

NP1 <- NP SPECPREPHRASE .

Express 4/16 in lowest terms!
Write 2 3/4 as a fraction!
Convert 3' centigrade to Fahrenheit!
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The semantics for rule (84,3) will be to convert the NP to the
form named in. the SPECPREPHRASE. So  here again the evaluation is
complete at the NP level. .

However, - in :certain -commands the order of the arguments is
reversed so Irules (60;13j~(60,15) have been written which allow
”éptional,uée:of commas. An exémple is: N

d) Write in Roman numerals the numbér of m6nthé'in é yeaf!

Rule (60,17 parses.conversion commandé.which include the type
cf the-origiﬁai exﬁressibn.as:ﬁell és the tyﬁe to be coﬁvertéd ﬁo; ‘For
éxample: . o | .

| e) Conveft j/SIErém a fraction to a decimalf -
The semantic function will need to check tha£,3/5 is in&eed: é fractién
before it.converts to decimal.

Rule (60,16) parses commands whiCB: contain a reque;t for the

ordering of the answer.  For. examples see Section IV.21.

IV.26 Combinations of Commands

-(60,18). C <- C /AND/ /EXPRESSANSWER/.SPECPREP1.
(60,19) € <~ C /AND/ /STATEIFEACH/ LINK SUBST
(60,20) C <- C /ANB/ C .
Many commands. include subcommands which are dependent  .on the.
main :command, for example,:
Write 3.7 + 2.1 in column form and find -the sum!

We have not:dealt with problems of reference either within & sentence

-or between gentences .in thig :stage of  the project and  thus cannot
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handle most of these complex subcommands. . However, rules (60,18) and
(60,19) do handle two forms of subcommands.. The first -allows the
questioner to state the desired form of the answer, for example, ..

- Find the sum of 2/5 and 3/5 and express the answer
as a whole number!

rThe second allews a further questién fo Bé asked about thé ansﬁer.to
the main command, for example, -. | B
| Find ali Fhe factors of 15 and state Wﬁethér éach is prime!
| Various phrases are TRANSL'd to /EXPRE§SANSWER/ and /STATEIFEACH/.
Rule (60,20) will handle compound commands which are,complefeA
in themselves, for example 'Give all the even factors of 12 aﬁd giﬁe

all the prime factors of 15!'

Iv.27 Declaratives

I will 'net list any of the rules for declaratives. We have.
concentrated our efforts at this stage on gquestions and commands.
There are two primary reasons for working with questions before
declaratives. First, a study of [23] shows that there is less variety
of syntax and vocabulary in questions than declaratives. Déclarativés
contain more 1) idiomatic  expressions, 2) distinet uses of
prepositions, 3) verbs, 4) phrases with no mathematical representation,,
5) pronouns, and 6) references to other sentences in the text. Second,
declaratives require a more sophigticated data base .which can be' added

“te or revised on the basis of the input and which can provide temporary
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storage

questions

for information. Temporary storage 1is required

also (namely,

have also been excluded in the first stage.

(83,1
(83,2)
(83,3)
(83,4)

(107,13
(107,2)
(107,3)

(102,1)

(102,2)

(102,3)
(102,4)
(102,5)

(39,1
(39,2)
(39,3)
(39,4)
(39,5)

IV.28 NP-Rules

NP <
NP <- EXP

f

L/CNP1

NP <- /EITHER/ NP /OR/ NP

NP <

L/CNP1 <-
L/CNPT <-
L/CNP1 <-

LISTOFNP1
‘LISTOFNP1
LISTOFNP1
LISTOFNP1
LISTOFNP1

NP1CHOICE
NP1CHOICE
NP1CHOICE .

NP1CHOICE

NPiCHOICE

NP is the highest level category for

/NEITHER/ NP /NOR/ NP

NP 1CHOICE
LISTOFNP1
NP1

<= NP1 /AND/ NP1
<- LISTOFNP1 , NP
<- NP1 , NP1

<- LISTOFNP1 , /AND/ NP1
<- LISTOFNP1 /AND/ NP1

A
1

NP1 , NP1
NP1 /OR/ NP1
NP1CHOICE , NP1

A A A A
i 4+ 11

NP1CHOICE /OR/ NP1

NP1CHOICE , /OR/ NP1 .

those with embedded declaratives),

W We e e
+ us wa we @
L
-

e w0 we we Y

noun .phrases.

by . some

but they

The two

basic types of noun phrases which can be derived from NP are EXP and

NP1, The EXP's are standard arithmetic expressions and the NP1's are

more flexible natural language noun phrases. At this time, EXP's and

NP1's canmnot bé mixed in lists or choicelists., This needs to be

changed since every EXP can in fact be written as an equivalent NP1,

For example the EXP '1+2' evaluates to the same number as 'the sum of 1

and 2', 'the largest odd factor of 12‘,.'the.positive square root of
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9', etec. However, to allow mixed lists is also to allow ambiguities:

Consider:

EX1: Give the factors of 2, the factors of 3, and
the factors of 4!

There will be two syntactiec parses of EX1 if EXP's.and_NP1's can be
mixed on lists., These parses reflect the following_tﬁo interpretations
of the sentence. | |
| EXla: Give (1) the factors of 2, (2) ‘the factors
of the factors of 3, and (3) the factors of the factors

of 4!

EX1b: Give (1) the factors of 2, (2) .the factors
of 3 and (3) the factors of 4!

Clearly EX1b is the more plausible interpretation, but the ambiguity is
- genuine. Consider another example:

EX2: Are the factors of 12, the largest factor of
12, and the smallest multiple of 12 equal?

EX2a: Are the factors of 12 equal to the factors
of the largest factor of 12 and also equal. to the
factors of the smallest multiple of 127

-EX2b: Are the factors of 12 equal to the largest

factor of 12 and also equal to the smallest multiple of
127

.Admittedly, this question is very unlikeiy to occur, but I cﬁose it as
.an example because of its close paralliel to EX1, It would be very
&ifficult to distinguish 'tﬁe factors of 2, the factore of 3, and the
factors Af 4'-from 'the factors of 12, the.latgest‘factor of 12, and
the smalleet. multible of 12' grammatically, but EX1b is the.mest'
plausibie interpretation. of EXI whiler EX2a 41is the most ﬁiausible

interpretation of EX2, The problem is not solved by prohibiting mixed
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lists because they are needed in many contexts and iIn this case if
‘mixed lists were not allowed FX2 would be parsed only in the incorrect
way. There does not appear to be any feasible way to _rewrite Fhe
grammar to avoid the ambiguity. If two syntactic parses have the same
semantic construction, there is no problem, but that is not the case
here. Also, if only one semantic construction cén be evaluated there
is no problem, bHut both interpretations of EX?! as well as both

interpretations of EX2 can be evaluated.

IV.29 NP1i1-Rules

(84,1) NP1 <- L/CNP2 /EXCEPT/ NP (SD 313 ;33)
(84,2) NP1 <- L/CNP2 RELPOSPRONS _ AT 313 323
(84,3) NP1 <- NP SPECPREPHRASE ' UNDEFINED
(84,4) NP1 <~ /THE/ EXP1 /[IN/ EXP1 UNDEFINED
(84,5) NP1 <- DET N VAR /SUCHTHAT/ VAR ARITHRELS UNDEFINED
(84,6) NP1 <~ DET N VAR /SUCHTHAT/ VAR ARITHRELS /AND/ VAR ARITHRELS
UNDEFINED
(84,7) NP1 <~ DET N VAR /SUCHTHAT/ VAR ARITHRELS /OR/ VAR ARITHRELS
. UNDEFINED
(84,8) NP1 <~ DET N VAR /SUCHTHAT/ EXP2 ARITHREL VAR ARITHREL EXP2
UNDEFINED
{(84,9) NP1 <- /THE/ COMPADJ /OF/ NP (MAXF (FCN ;2;) 343)
(84,10} NP1 <- NP2 o ;1
(108,1) L/CNP2 <- NP2CHOICE ' . (CHL 313)
(108,2) L/CNP2 <- LISTO¥NP2 (CHL :13)

Rules (84,1) and (84,2) parsé expressions of ekception and
relative clauses which appear at the end of a list and are applied to
~each member of the list, for example

EX1: Give the factors of 12 and the factors of 15
that are prime!l .

Every time these rules are used in a derivation, there will be another
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“derivation of the NP in which the modifier is attached only to the last
Lelement of the list. These rules should actually be more sophisticated
‘because the presence of a similar modifier ‘on another element of the
1ist rules out the interpretation in which the scope of the final.
modifier is extended. For example,

" EX2: the factors of 4 that are even and the factors of 5
that are_odd°

should not be parsed by Rule (84,2). The semantic function for rule
(84,1) which parses explicit exceptions is 8D (set difference). An
example is:

EX3: All the factors of 12 except 3 are even.

The rest of the NP1 rules are for noun ‘phrases which have a
fairly rigid format and cannot be used in the formation of more complex
noun phrases other than lists. They cannot for instance be modified by
relative clauses. T will give one example of each.

- (84,3) 5/10 in lowest terms
" (84,4) the 9 in 893

"(84,5) a number N such that N < 5

(84,6) a nuwber N such that N < 5 and N > 3

(84,7) the numbers N such that N < 5 or N.> 10

{84,8) a number N such that 2 < N < 4

(84,9) the largest of 2 cm., 3 m., and 5 mm.

Rule (84,10) allows derivation of the more common noun phrases
by the NP2-rules. The recursive rules for lists of the various levels

of NP's have not been included here since they are the same as the LIST

rules given in many of the preceding sections.
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Iv.30 NP2-Rules

(85,1) NP2 <~ fA/ L/CNP3 T

(85,2) NP2 <~ /THE/ L/CNP3 . : 123

(85,3) NP2 <- /THE/ /NUMBER/ L/CNPB (ENMF 323 33;)
(85,4) NP2 <- /ALL/ QU/I/HMNP 32 _

(85,5) NP2 <~ /ALL/ /NUMBER/ QU/I/HMNP (ENMF ;2; ;33)
(85,6) NP2 <- /ALL/ /THE/ L/CNP3 333

(85,7) NP2 <- [ANY/ QU/I/HMNP 323

(85,8) NP2 <- /ANY/ /NUMBER/ QU/I/HMNP  (NUMF ;2; ;3:)
(85,9) NP2 <~ /SOME/ QU/I/HMNP 123

(85,10) NP2 <- /THE/ COMPADJ L/CNP3 .- (MAXF (FCN ;2;) 333)

(85,11) NP2 <~ /A/ COMPADJ L/CNP3 /THAN/ NP
: (I (APP (PCN 3;23) :53) :33)
(85,12) NP2 <~ [A/ COMPADJ L/CNP3 /THAN/ NP RELPOSPRONS
(I (APP (FCN ;2;) ;53)
~ - . (I-;3;-;6;))
(85,13) NP2 <- /THE/ ORDADJ L/CNP3 (ORDFCN- 1 3;2; 3;33)
(85,14) NP2 <- /THE/ ORDADJ /NUMBER/ L/CNP3 (ORDFCN ;3; :2; :4;)
(85,15) NP2 <- /THE/ ORDADJ COMPADJ L/CNP3 (ORDF¥CN 1 ;2:
(APP (FCN ;33) 343))
(85,16) NP2 <~ /THE/ /NUMBER/ COMPADJ L/CNP3 _
' (ENMF ;2; (APP (FCN ;3;) ;4;))

(109,1) L/CNP3 <- LISTOFNP3 . (CHL 313)
(109,2) L/CNP3 <- NP3CHOICE (CHL ;1)

(109,3) L/CNP3 <- NP3 - -

The determiners have been worked out for the HAVENP's but not
for the regular NP's 20 I  will not discuss.fhem _hefen Beééuse of the.
difficulties involvéd, if is reasonable to not tackle tEé problem of
determiners at the start of the project but to wait until.éther aspects
of the noun phrases are ﬁorked out and. some experience has been gained.

Rules (85,10)~(85,16) deal with two of the special categories
of adjectives, ORDADJ - and. COMPADJ, which are the ordinals and the
comparatives. Note that.ﬁ/CNP3'will derive a.iist, a choicelist, or a
single NP3..

(85,10) the largest factor of 5

(85,11) a larger number than 2
(85,12) a larger factor of 4 than 2 that is even
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(85,13) the first multiple of 10

(85,14) the first 2 multiples of 10
(85,15} the second largest factor of 12
{85,16) the 2 largest factors of 12

The category QU/I/HMNP is'_used-_with quantifiers and in

interrogative and ‘'how many' questions. I will .give each of the

QU/I/HMNP rules followed by examples.
" (48,1) QU/I/HMNP <~ L/CNP3 313

Which factors of 12 are even?
Are any factors of 30 even? -

(48,2)  QU/I/HMNP <- /OF/ /THE/ L/CNP3 ;3;

Which of the factors of -12 are even?
Are all of the factors of 12 even?

[Note 'of the' adds no meaning.]

(48 3) QU/I/HMNP <~ fOF/ fTHE/ L/CNP3 EXP
(T 333 343) C

Which of the fractions 1/2, 3/12, and 2/9 are in
lowest terms?

[Note: This rule allows an explicit list to be given.
In fact the rule  is probably unneeded since it is
ambiguous with the rule for appositive nouns, NP6 <-

© APPOSN EXP. 'Most N's also have the .lexical category
APPOSN. ]

(48,4) QU/I/HMNP <- /OF/ /THE/ /NUMBER/ L/CNP3
- (ENMF ;3; :43)

Are any of the 3 factors of 6 odd?

[Note: The semantic function ENMF checks to be sure -
that the NP3 does in fact have the cardinality given by

- /NUMBER/, 1In this case, it must match exactly or there
is an error, for example '"the 5 factors of 6' and 'the
2 factors of &' both contain an error.]

(48,5) QU/I/HMNP <- /OF/ [THE/ EXP1 L/CNP3 EXP
 (ENMF 35 (T 345 353)) -
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- Are any of the 3 fractioms 1/2; 3/12, and
2/9 in lowest terms?

[Note: Again, this rule is unneeded because the case
is already adequately handled by the appositive noun
rule. Intersection is .probably not the best semantic.
function for appositive nouns. Any elements on the
list which were not fractions would  simply - be
eliminated when in fact an error should be noted. The
ENMF checks that the correct cardinality was given for
the list.]

(48, 6) QU/I/HMNP <- IOF/ /THE/ L/CNP3 /AND/ /THE/ /LCNP3
(CHL 333 363)

Whlch of the factors of 2 and the factors of
6 are prime?

Are all of the .factors of 9 and the factors of
10 odd?

(48,7)  QU/I/HMNP <- /OF/ /THE/ L/CNP3 /OR/ /THE L/CNPB
: (CHL ;3; 3;63)

-Are any of the factors of 9 or the
factors of 3 even?

(48,8) QU/I/HMNP <~ QU/I/HMNP /EXCEPT/ NP.
. : (sD ;13 ;33)

Are all the factors of 12 except 1 and 3
even? .

IV.31 = XNP3-Rules
(86,1) NP3 <~ NP4 ;13
(86,2) NP3 <~ L/CNP3 RELPOSPRONS (I ;1; 3;23)

The adjectives and felative-clauses both.have the i semantic
function éo thé-order of derivation ié .unimportant, However,. if the
rules for bofh adjective and reiative clause modifiers Weré at fhe same .

level of the grammar there would be ambiguous derivations since either
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could be parsed first. Therefore they -‘are derived at different levels
to avoid unnecessary ambiguiﬁy, Tﬁe ﬁPB—level derives the relative
clausgs{ _Notg.;hat-rule'(86;2) wh§n app1iedfrecursively;parses strings
of relafivgiciaUses, for exampié,**}ﬁumg;rsfthaﬁ-afeliéés than 10 that

are greater than 5'. ~ -

Iv.32 NP4-Rules for Set Nouns

(87,1 NP4 <- ADP L/CNP5 . Lo (T ;1; :23)
(87,2) NP4 <~ NP5 313

(101,1) NP5 <- N~ = .~ . SR -(STS 313)

(101,2) NP5 <~ N ARITHRELS o AT (8T8 ;13) ;323)
(101,3) - NP5 <- N PREPHRASE oo s T (8TS 313) 323)
(101,4) NP5 <- NP6 a 3715

(106,1) NP6 <- PN~ -~ . oo ‘ (STS 313)
(106,2) NP6 <~ /[DAY/ S Tt (8STS 313)

(106,3) NP6 <- /WEEK/ (STS 313)

(106,4) NP6 <- /DIMENSION/ L. s (STS 313)

(106,5) NP6 <- /3D/ : ' (STS :13)

(106,6) NP6 <~ MONTH (STS :13)

(106,7) NP6 <- GEQFIGURE . " (8Ts ;i3)
(106,8) NP6 <~ UNITLISTS GEOFIGURE - (T 313 329
(106,9) NP6 <~ APPOSN EXP3 (T (STS 313} :23)
(106,10) NP6 <- APPOSN , EXP3 , _ (T (STS 3;13) 333)
(106,11) NP6 <~ GEOFIGURE UNITLISTS (T :1: 323)
(106,12) NP6 <~ GEOFIGURE , UNITLISTS , (I ;13 333)
(106,13) NP6 <- GEQFIGURE RELPOSPRONS (r ;1; :23)
(106,14) NP6 <- [EQUATION/ F 123

(106,15) NP6 <- /EQUATION/ , F , B H

At the NPA-level.therrules dealing with noun phréseschntaining.
_FCN's_ can be separated from the rules dealing with noun phrases
.ﬁbntaining N's. T will discﬁss the rules for noﬁns.:¥epfeéenting sets
(N's) in fhis section an& .the rules for function ﬁouns (FCN's) in the

next section.
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As the relative clauses have a separate level (NP3), there is a
separate level here for adjectives (NP4). The NfS level will derive
either an N alone .or Wlth an arithmetic relation or. a PREPHRASE
('between', 'Before s .after ,. 'in'}). Usually an arlthmetlc rel&tlon as
a modifier is contalned in a- relatlve clause but not always. |

EXT: The set of natural numbers less than 3 is {0,1,2} .

The NP6—rules' are for.‘the less common lexical - categories .of
nouns. There are currently nine such categories.,.  These categorieés

need reworking and will not be discussed here,

Iv.33 NP4—Ru1es for Tunction Nouns

(87,3) NP4 <~ ADJ/FCNL/C /OF/ NP (APP ;1;
(87,4) . NP4 <- FCNL/C /OF/ WP (APP ;1;
(87,5) NP4 <- ADP AND/OR DET ADP FCN/REL /OF/ NP
: S -~ (CHL (I ;t; (APP ;5; 373))
(I 4, (APP ;53 373)))

(87,6) NP4 <~ ADP FCNL/C./OF/ NP (T 313 (APP 323 :43))
(96,1) FCNL/C <- FCNLIST | 15
(96,2) FCNL/C <- FCNCHOICE 313
(96,3) - FCNL/C <- FCN/REL 113
(100,1) FCN/REL <- FCN . (FCN ;13)
(100,2) FCN/REL <- FCN RELPOSPRONS (FCNMK (FCN ;13) 323)
(97,1) FCNLIST <~ FCN/REL /AND/ FCN1 (CHL ;13 333)
. (97,2) FCNLIST <- FCN/REL , FCN1 , /AND/ FCN1 (CHL 313 335 3;63)
(97,3) FCNLIST <- FCN/REL , FCN1 /AND/ FCN1 (CHL ;13 333 :5:)
(98,1) FCNCHOICE <- FCN/REL /OR/ FCN1 (CHL ;1; ;3;)
-(98,2) TFCNCHOICE <- FCN/REL , FCN1 , /OR/ FCN1 (CHL 313 333 363)
(98,3) FCNCHOICE <= FCN/REL ., FCN1 /OR/ FCN1 (CHL ;13 33; :5;3)
(99,1) FCN1 <- FCN/REL HIH
-(99,2) FCN1 <- DET FCN/REL - . 3123
(118,1) DET <~ /[A/" \ - 3713
(118,2) DET <~ /THE/ U
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(95,1) ADJI/FCNL/C <- ADJ/FCNLIST . 113
(95,2) ADJ/FCNL/C <= ADJ/FCNCHOICE ;1;

(92,1 ADJ/FCNCHOICE <- ADP FCN/REL /OR/ ADIFCNT
. (CHL. (FCNMK 323 :313) 343)
(92,2) ADJ/FCNCHOICE <- ADP FCN/REL , ADJFCN1 ’ /OR/ ADJFCN1
SR ot . . (CHL (¥CNMK 323 -313) 343 373)
(92,3) ADJ/FCNCHOICE <- ADP FCN/REL , ADJFCN1 /OR/ ADJFCN1
BT ' . (CHL (FCNMK 323 313) 3435 363)
(93,1) ADJ/FCNLIST <~ ADP FCN/REL /AND/ ADJFCNT . - : T
| (CHL (FCNMK 32; ;13) 343)
(93,2)  ADJ/FCNLIST <- ADP.FCN/REL , ADJFCNT , -/AND/ ADJFCN1
(CHL (FCNMK ;2; ;13) 345 373)
(93,3) ADJ/FCNLIST <- ADP FCN/REL , ADJFCN1 /AND/ ADJFCN1 . ,
| - (CHL (FCNMK ;23 ;135) 343 373)
(94,1) ADJIFCN1 <~ ADP FCN/REL (FCNMR 323 ;1 |
(94,2) ADJFCN1! <- DET ADP FCN/REL (FCNMK 33; :2:
There is a problem with determining the scope of determiners
and modifiers in noun phrases. Until this problem has been solved I
have assumed 1nr the above rules that 1ists of function names will
either have a single‘ adjective at the head of the 1list. which is
intended to cover each element of the list or an adjective attached to
each function name on the 1list (or, of course, no adjectlves at all)
Rule (87,4) is for the case with no adjectives, -Rule (87,6) for a
single adjectlve w1th a single function name or a list of function
names, and Rule (87,3) for lists or choices (not singleton lists) whero
each element has an adjective. Another problem is that llsta will st
this level already have had the 1n1t1a1 determlner (1f any) parsed by
an NP2 rule. There may or may not be determiners attached to the othor
elements of the list. HNote that it is “very. unlikely that. these

determiners will differ from the initial determiner so they can be

ignored.
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- EX1: : the sum and the product of 3 -and 4 .
EX2: the even factors and prlme factors of 12

Lista.wheserelements have different determlners will usually‘.harereach
element fully spe01f1ed for example |
| EXB:. all the factors of 2 and 3 factors of 12
‘and‘are therefore parsed as LISTOFNPT s rather than by these rulesr
The  category FCN1 has been added to parse the ohtioﬁal.eeterminer
precedlng elements other than the flrst of the llst of functlons.f |
Rule (87 5) parses noun phrases like | |
EX4: the even or the odd factors of 12 .
The semantic function needs to make two cails en the FACTOﬁ funection
With one of the adjectives aaeociated'with;each call.ahd to_deaignate
1é-aa_the argument to each call on the FACTOR function.
The categery FdN/REL allows for an.optionall relatire clause
following the function'naﬁe, for example, o N |
EX5: ‘the factors that are even of 12 .
The semantic .function FCNMK ‘has been used in .rule .(iOO,Z). 'This
semantic functien was .discussed in Section 1II.3 en the- HAVENP's. it
creates new functions, In the above example, it wili create an
EVENFACTOR function, In order to use the intersection function for
this example, the function, the relative clause, and the argument to
the function would all need to be parsed at the same.level.. If this
were done the ' semantics could apply the function to the argument and
then intersect the result with the relative clause. In .fact, the

function and the argument are parsed by rule (87,4) where the semantic
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function is APP (apply). However, to also parse the relatlve clause at
this level would.uean that reeur51ve rules for l1sts could mnot be
used. Each case would need a.separate rule at the NP4 level _

Rules (87, 3) and rules (95 1) (95 2), (92 1) (92 3), (ééﬁi3~
(93 3, and (94 T) (94, 2) are used for lists of funct1ons each of which
has an essoc1ated adjective. Here again FCNMK is used because the
edjective? fuuction name, and argument cannot all be-parsed at the NP4—

level unless the use of recursive rules for lists is sacrificed.

Iv.34 2FCN-Rules

(87,7) NP4 <- ADP 2FCNL/C /OF/ LSTNP/EXP (L ;13 (APP ;23 343))
(87,8) NP4 <- ADP AND/OR DET ADP :2FCN /OF/ LSTNP/EXP. . -
(CBL (I ;1; (APP ;55 ;7;3))
AT ;45 -(APP 3335 373)))

(87,9) NP4 <- 2FCNL/C /OF/ LSTNP /EXP (APP 3;1; :3:)

(88,1) LSTNP/EXP <~ LISTOFNP1 (LST 313)

(88,2) LSTINP/EXP <- LISTOFEXP : L CLST 313)

(89,1) 2FCNL/C <- 2FCN AND/OR 2FCN1 o (CHL (FCN ;13) ;:3:)
(89,2) 2FCNL/C <~ 2FCN , 2FCN1 , AND/OR 2FCN1 (CHL (FCN ;1;) ;3; 3;63)
(89,3) 2FCNL/C <- 2FCN. , 2FCNT AND/OR 2FCNT (CHL: (FCN 313) 335 3;53)
(89,4) 2FCNL/C <- 2FCN (FCN -1-)

(90,1) 2FCN1 <- 2FCN (FCN ;13)

'(90,2) © 2FCN1 <~ DET 2FCN. 0 (FCN ;23)

(91,1) AND/OR <- fAND/
(91,2) AND/OR <- /OR/

The category 2FCN is for function nouns which always * have two
‘or mere arguments, for example, Intersection, sum, .and common factors,
‘The . category LSTNP/EXP is used for the argument to the . 2FCN. The

semantic function for these -argument lists in Rules (88,1) ..and (88,2)

121




is LST. Currently, the rules for parsing . 1lists and choicelists of
2FCN's (Rules (89,1)-(89,4)) have been combined using the category
AND/OR. No examples of relative clauses embedded‘in 2FCN  noun ﬁﬂrases
have been found s0 thel FCN/REL option has not been included for.them.
Because adjectives are so.infrequently used in this context I have in
these rules allowed only a single adjective preceding a list of 2FCN's.
" A . better . approach might be to divide the category 2FCN into two
separate categories for the 2FCN's like 'intersection' which never have
.adjective modifiers and the 2FCN's like 'common factor' which can be

modified by adjectives.

IVv.35 Existence Questions
(43,1) Q <- LINK ./THERE/ L/CNPT . (EXIST ;3;)
(43,2) Q-<- LINK /THERE/ L/CNP3 (EXIST ;33)

Rules- (43,1) and . (43,2) are for questions of the form 'Are
there ,..?7' - The need for two rules is again caused by the incompletion
of . the. rules for determiners. ‘The semantic function EXIST checks

whether or not the set is empty.

V.36 If Questions
(43,13) Q<- /IF/ D, Q _(IFTHEN (LST';Z;-;4
(43,14) Q <- /IF/ F, Q - (IFTHEN.(LST ;2; ;4
There has not yet been any implementation of the evaluation of
'if-then' questions. The 'if' part may be either a declarative or an.

arithmetic formula.
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IV.37 Tdiomatic Question Formats

(43,28) -Q <- /DOYOURNOW/ NP TR 3
(43,29) Q <— /DOYOUKNOW/ INTER NP LINK 133
(43,31) Q <- /DOYOUKNOW/ INTER EXP1 HAVENP. NP /HAVE/ ‘
(NMF ;3; (APP ;4; 353))

(43,32) Q <— /CANYOU/ C B P AT 3% SR C

These tules show omne way +that idiomatic expressions .can be
‘handled. In this ‘approach, the  common expressions need . to : be
‘identified and either TRANSL'd to an already existing expression which
‘plays the same role din the . grammar or, if the grammatical role. of the
‘new expression is unique, new rules written. Thus "are you familiar
with' could be TRANSL'd to 'do you know' and many expressions could be
TRANSL'D to 'give' as it is used in commands. There are already many
synonyms for 'give' in the TRANSL and many more possibilities. It is a
serlous question as to whether this is the right approach. We need to
know first how many such expressions there will be in actual use and
‘algo how many common grammatical constructions there are that are not
‘covered by the present grammar. Unless these numbers prove to be very
small which is unlikely, the . method of manual addition to the TRANSL
and the grammar dis not feasible. Instead some other apzroach to the
habitability problem will be needed. Examples of the above rules are:

(43,28) Do you know the largest common factor of 6 and 15?

(43,29) Do you know what the sum of 5 and 12 is?

(43,30) Do . you know what even factors 12 has?

(43,31)  .Do you know which 6 factors 12 has?
(43,32) Can you give the factors of 127

©IV,.38 - Questions With Introductory Clauses .

(43,36) Q <- /EXCEPT/ NP , Q (SD ;43 ;23)
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There are undoubtedly many other introductory clauses which can
precede questions, but we have at this stage included only the rule for
a clause stating an exception, for example,

EX1: Except for the number 2, are there any even prime numbers?
Prepositional phrases using 'in' are common introductory " phrases, for.
example,

EX2: In the fraction 2/3, which number is the denominator?

Most’ of - these other introductory clauses require dintra-sentence
referencihg' and motre - sophisticated wuse of the ' data base than-is

currently implemented.

"IV.39  Questions Beginning with a Linking Verb

(43,10) 'Q <~ LINK NP SUBST/EXP - (8 :2; :33)
(43,11) Q <~ LINK /NUMBER/ L/CNP3 SUBST/EXP
' (S (LST (CARDINALITY (I ;3; ;43)))
(APP (FCN @EQL) (LST 2 )))
(43,12) Q <~ LINK CHOICELIST COMPADJ (MAXF (FCN 133) 323)
(41,1) CHOICELIST <- EXPCHOICE (CHL ;13)
(41,2) CHOICELIST <~ NP1CHOICE (CHL ;1;)

Questions parsed by rule (43,10) were the most commonly found
questions in [23]. Examples are:
- Is 2‘evén?
'Is 10 a multiple of 57
" Is 4 < 57
Is 6 between 1 and 10?
Is 5 a multiple of 10 or a factor of 10?
Is 2 or 3 odd? :
The éemantib function for this rule is subset. More rules are needed

for this question form which are sensitive to the determiner used. For

example,
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EX1: - Are any factors of 9 even?

which has an ‘existential quantifier should use intersection rather than
subset. An example of rule (43,71) is:

EX2: Are 2 factors of 12 odd?
I have not included ‘the rule

RULE1: NP2 <- /NUMBER/ NP3
in the NP rules, but have instead included rules such as this one at
the top level. In line with the objective of shifting a large - part of
_ the workload from the grammar to the semantic functions, RULE! should
be implemented with a suitable semantic functiom. The rule

RULE2: NP2 <- /THE/ /NUMBER/ NP3 (ENMF :2; ;33)
is currently included in the NP-rules. ihe semantic . function ENMF
checks that the cardinality of NP3 matches the /NUMBER/ exactly..

EX3: Are the 3 factors of 9 odd?. o | |
An example of rulé (&3,12)'13

EX4: Is 2 or 4 larger?

The only type of NP used with a COMPADJ is & CHOICELIST.

IV.40 Questions Beginning with gg_Auxiliaxy Verb

(43,4) Q <- AUXIL NP /COME/ /BEFORE/ NP {3. ;2; (BEFORE ;53))
-(43,5) Q <- AUXIL NP /COME/ [AFTER/ NP (8 :2; (AFTER ;5;:))
(43,9) Q <- AUX NP ARITHCHOICE NP ({PYCKFCN (CHL ;3;) (LST ;2; ;4;))
(43,3) Q <- AUXIL1 NP VEQUAL NP (S ;2; {(APP (FCN EQL) 343))
(43,33) Q <- MOD NP /BE/ SUBST/EXP (8 ;2; :4:)

Q <- MOD /NUMBER/ L/CNP3 /BE/ SUBST/EXP

(43,34)
L : (S (LST (CARDINALITY (I ;3; 35;3)))
(APP (FCN @EQL) (LST ;2;: )))

(43,35) Q <- MOD /NUMBER/ /BE/ ARTITHCHOICE EXPT .

_ (PICKFCN (CHL ;4; ) (LST 325 353))
(51,1)  AUXIL <- AUX

(51,2) AUXIL <- MOD
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(42,1)  AUXIL1 <- /DOES/
(42,2)  AUXIL1 <- MOD

(79,1)  VEQUAL <- =
(79,2) VEQUAL <- /NAME/

(117,1) ARITHCHOICE <~ ARITHREL /OR/ ARITHREL (FCN ;1;) (FCN ;33)
(117,2) ARITHCHOICE <- ARITHCHOICE /OR/ ARITHREL 313 (FCN ;3;)
(117,3) ARITHCHOICE <~ ARITHREL , ARITHREL ' (FCN ;1;) (FCN ;:33)

(117,4) ARITHCHOICE <- ARITHCHOICE , /OR/ ARITHREL ;1; (FCN 34;) -

Examples of rﬁles (43,4) and (43,5} are:

Does 6 come_beforé 77 o

Will the product of 2 and 4 come before the sum of 2 and 4?7
AUXIL can be either an aﬁxiliary or a modal verb. 'ARITHCHOICE is a
choicelist of arithmetic relations. Questions patsed by rule (43,9)
are COMMONn in.eleﬁentary textbooks. Exémples afe:' N o

Does 2 = or not = 4/27 -
Is .6 =, <, or > 6027

Questions like 'Is 2 equal to.4/2?' are parsed as LINK NP
ARITHREL NP becéusé 'equal ﬁo' is TRANSL'd to '=', Rule (43,3) will
parse 'Does 2 equal 4/2?7' To avoid ambiguity, this rule uses the
category AUXIL1 which includes 'does' and the modél vérbs= 1ike"éan7
and 'will' but excludes the verb 'to be' which is a linking as well as
an auxiliary verb. The category VEQUAL in this rule includes the verbs
'equal' and 'name' and may easily be extended if any other verbs are.
found to have the semantics of equal in this context. As-ﬁe extend the
vocabulary, rules will be needed to parse verbs with different meanings
.in-this position, for example, 'Does 7 factor'14?'

Rules (43,335, (43,34) and (43,35) use modal verbs Witﬁ the

verb "to be'. One example of each follows:
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(43,33) Will the sum of 2 and 3 be odd or even? .

(43,34) Will 3 common multiples of 2 and. 3 be less than 207

(43,35) Will the product of 2 and 5 be <, >, or = to the
sum of 2 and 57 A

CIV.41 CHOICELIST Questlons RN

(43,15) Q <— INTER2 LINK ADJ PUNCHOICE CHOICELIST .
(8 355 (8TS 333))
(43,16) Q <- INTER2 ILINK COMPADJ PUNCHOICE CHOICELIST
(PICK (FCN 3;33) 35:) . .
(43,17} Q <~ INTER2 LINK /THE/ COMPADJ PUNCHOICE CHOICELIST
(PICK (FCN :;4;) :63) i
{43,18) "Q <~ INTER2 LINK /THE/ ORDADJ COMPADJ PUNCHOICE CHOICELIST
(ORDFCN 343 1 (APP (FCN ;5;) ;73)

(43,19) Q <- INTER2 LINK DET COMPADJ N PUNCHOICE CHOICELIST
= S : (PICK (FCN 343) (I (8TS8-353) 373))
(43,20) Q <-— INTER2 LINK DET COMPADJ ADP N PUNCHOICE CHOICELIST
" AT (PICK (FCN :4:) (I 3:5: (I (STS 363) 383)))
(43,21) Q <- INTERZ MOD /BE/ SUBST/EXP PUNCHOICE CHOICELIST
' (1 14y 363)
(43,25) Q <~ INTERZ LINK ARITHRELS PUNCHOICE CHOICELIST

(PICK ;33 3:53)
(43,26) Q <~ INTERZ LINK PREPHRASE PUNCHOICE CHOICELIST
o ' : (PICK 333 353)
(43,27) Q <- INTER2 LINK SPECPREPHRASE PUNCHOICE CHOICELIST
o i o (P_ICK 333 35’) S )

(47,1) INTER2 <~ INTER

(47,2) INTER2 <- INTER /OF/ /THESE/

'(47,3) INTER2 <- INTER /OF/ /THESE/ L/CNP3
(49,1) PUNCHOICE <- ,

(49,2) PUNCHOICE <- :

(49,3) PUNCHOICE <- ;

(49,4) PUNCHOICE <~ DASHES

(50,1) DASHES <- ~

(50,2) ' DASHES ‘<~ DASHES -

Many questions iIin elementary textbooks use a multiple choice

format. In this section I will discuss the questions which contain the
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answer choicelist as an integral part of the question. The category
INTER2 can have threée forms as shown in the following examples:
" (47,1) Whieh is less than 5 — 4 or 67
(47,2) Which of these is even: 2,3, or 42
(47,3) Whic¢h of these numbers is even; 2,3, or 4?
I am treating all these forms as semantically equivalent. In order to
typecheck the NP in the third form with each of the answers, twice as
many rules would be needed in this portion of the grammar. Since an
error here seems to be uniikely, I have written the rules so that the
NP when present is simply ignored. The category PUNCHOICE allows for
a variety of punctuation.
(43,15) Which of these is even -- 2, 3, or 47
(43,16) Which is larger, 2 or 5/2?
(43,17) Which is the largest: 5/2, 5/3, or 5/47
(43,18) Which is the second largest: '5/2, 5/3, or 5/4%
(43,19) Which is the largest number: 2, 5, or 77
- (43,20) Which is the largest even number: 2, 5, or 77
(43,21} Which of these will be even: the sum of 5 and 2,
. the difference of 5 and 2, or the product of 5 and 2?
(43,25) Which of these is divisible by 3: 2, 4, 6, or 87
{43,26) Which of these numbers is between 5/2 and 5 -~
2, 4, or 67 ' R :
(43,27) Which of these is in lowest terms: 10/17, 10/15,
or 10/12% ' :
The chﬁicelists in the Q-rules at the beginning of this section are an
integral part of the question; without the choicelist, the question
makes no sense. For example, one would not ask 'Which is even?'’
without giving a choice of possible answers. Similarly, 'Which is the
largest number?’ and "Which is the larcest even number?' do not make

sense without a choicelist of answers. WNote that these rules use the

category N. An FCN would never be used in this position (unless an
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argument to the function were added to the rule). For example, 'Which
is the largest factor, 2 or 8%' and 'Whichﬁis thersmallest depgmiqatop,
1/2 or 2/37" are not legitimate gquestions, (The same questions with
"have' instead of  '"to be' 'ére 1egitimate and wi}l  be; discussed in
Section II.3.) Questigns parsed - by the Qi-rules rather than the Q-
rules can bé asked alone or followed by a choicelistn; When thg;e ig‘a
choicelist, the question is evaluated indepandently of the choicelist
and then the answer is compared with the choices. An example parsed by

a Ql-rule is 'wa_many even numbers are prime —— 1, 2, or 37'

V.42 Qi~Rules _
(43,37) Q<-Q1 s S
(43,38) - Q <-. Q1 PUNCHOICE CHOICELIST ' ”H(PICK ;1;3;3;)¢

These .rulés . allow the optional éhpicelisf pf .apswers for
Eértéin“,questions; I .have nop. inciuded rules: for ;he _ordinary
multiple-choice - qﬁestion format where the answers are enumerated on
separate lines following the question'using a letter or number to
identify each choice, but the same. semantic functions can handle the

ordinary multiple-choice format.

Iv.43 HOWMANY Questions Involving UNITs and NUNITs

(44,26) Q1 <- /HOWMANY/ LISTNAMESU AUXIL UNITS ALLVi
' (CONVERT (UNT :23) 343)
(44,27) Q1 <- /THERE/ LINK /HOWMANY/ LISTNAMESU /IN/ UNITS
(CONVERT (UNT :4:3 :63)
(44,28) Q1 <- /HOWMANY/ LISTNAMESU INSIDE UNITS
(CONVERT (UNT :23) :43)
/THERE/ LINK /HOWMANY/ LISTNAMESNU /IN/ EXP2
(CONVERTNUM (UNT 343;) ;63)

(44,29) Qf <
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(44,30)

(44,31)

(45,1)
(45,2)
(45,3)
(45,4)
(45,5)
(45,6)
(45,7)

(77,1)
(77,2)
(77,3)
(77,4)

(78, 1)
(78,2)
(78,3)

Q1 <~ JHOWMANY/ LISTNAMESNU INSIDE EXP2
(CONVERTNUM {UNT ;23) 343)

01 <— /HOWMANY/ LISTNAMESNU AUXIL EXP2 ALLV1 B
(CONVERINUM (UNT ;2:) 34:)

INSIDE <- LINK /THERE/ /IN/
INSIDE <- /[IN/

INSIDE <~ LINK /IN/

INSIDE <~ LINK

INSIDE <- AUX =

INSIDE <~ =

INSIDE <- /SHOWNBY/

ALLV <o =

ALLV <-~ /NAME/:
ALLV <- /SHOW/

ALLV <- /BE/

ALLVT <— ALLV

ALLV1 <- /HAVE/
ALLV1 <~ /GIVE/

LISTNAMESU and LISTNAMESNU - are lists (including the singleton

list) of the names of UNIT's and'NUNIT's. For example,

several

used.

several .

There are how many yards, feet and inches in-125 inches?-
There are how many ones, tens, and hundreds in 5947

The category ALLV1 used. in rules (44,26) and (44,31) includes

verbs, but the quéstion has the same meaning whichever verb-is

How many feet does 24 inches have (equal)?
How many tens does 236 have (show, give, name)?

The category INSIDE in rules (44,28) and (44,30) also parses
constructions which have the same meaning in these contexts.

How many tens are there in 877

How many inches in a foot?

How many tens are in 1007

How many feet is 36 inches?

How many pounds are equal to 2 tons?.
How many teaspoons equal 1 tablespoon?
How many . tens are shown by 8507
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The semantic functions"CONVERTNUM and CONVERT used. for this.

type of HOWMANY questlon convert the UNIT or NUNIT to:the form or forms

specified by the LISTNAMESU or LISTNAMESNU.

(44,32)
(44,33)
(44,34)
(44,35)
(44,36)
(44,37)

(44,38)

-(44,39)

(44 ,44)

(44,45)

semantic funection for

IV.44
Q1 <-
Q1 <-
Q1 <-

Q1 <

A
I

Q1
Qt <

Qt <
Qt <

A
1

Q1
Q1 <-

Other HOWMANY Questions

/THERE/ LINK /HOWMANY/ L/CNP3

(LST (CARDINALITY :4; ))

/HOWMANY/ L/CNP3 LINK /THERE/

(LST (CARDINALITY ;2;})

/HOWMANY/ QU/I/HMNP LINK /THERE/ RELPOSPRONS

(LST (CARDINALITY (I ;2; ,5 M)

/HOWMANY/ L/CNP3 LINK /THERE/ /OF/ NP

(LST (CARDINALITY (I 3;2; :;63)))

/HOWMANY/ QU/I/HMNP LINK /THERE/ PREPHRASE

(LST (CARDINALITY (I ;2; :53)))

/HOWMANY/ QU/I/HMNP LINK /THERE/ SPECPREPHRASE

UNDEFINED

JHOWMANY/ L/CNP3 (LST (CARDINALITY ;23))
/HOWMANY/ QU/I/HMNP AUXIL NP =

UNDEFINED

/HOWMANY/ QU/I/HMNP =. NP o
(LST (CARDINALITY (I ;2; (APP (FCN EQL) 3:43))))
JHOWMANY/ QU/I/HMNP LINK SUBST/EXP

(LST (CARDINALITY (T ;2; ,4 )B))

The category QU/I/HMNP was discussed in Section 1IV.30. The

foliowing are exampies:

(44,32)
(44,33)
(44, 34)

(44,35)

- (44,36)

(44, 37)

(44,38)
(44,39)

(b4, 44)
(44, 45)

these HOWMANY questions. is CARDINALITY. The

There are how many even factors of 127

How
How

How
How
How

How
How

How
How

many
many

many
many
many

many
many

many
many

even primes are.there?

-factors of 12 are there that are:

divigible by 37
factors are there of 37

-prime numbers are there between 10 and 207

members of the set {1/2, 2/4, 3/8, 4/8}
are there in lowest terms?
factors of 127 '
members of the set {2/4, 3/6, 5/8}
does 1/2 equal?

members of the set {2/4, 3/6, 5/8} equal 1/27

numbers between 5 and 10 are prime?
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IV

45 Interrogative Questions

The following interrogative questions as well as all the

HOWMANY questions in. the preceding sections usze Ql-rules and therefore

can be followed by a ch01cel1st of answers using ‘rule (43,38).

I will ldist and give an example - of .each of ‘the interrogative

question rules.

(44, 1)
(44,2)
(44,3)
(44 ,4)
(44,8)
(44,10)

(44,11)

(44,12)

(44,13)

(44,14)

(44,18)

(44,21}

Q1

Q1

Qt

01

Q1

Q1

Q1

Qi

Qi

Q1

Q1

Q1

<- INTER2 AUXIL NP ALLV I RS ¥
What does 3+5 equal?

<- INTER QU/I/HMNP AUXIL NP ALLV (T 323 343)
Which whole number does 9/3 equal? : 2

<- INTER2 AUXIL1 NP SPECPREPHRASE (T 335 343)
What does 60% equal as a fraction?

<- INTER QU/I/HMNP AUXIL?1 NP SPECPREPHRASE UNDEFINED .
What time does 1300 egual in 12-hour time? b R

<- INTER2 LINK NP HEH
What is the sum of S_and 8?

<~ INTER QU/L{/HMNP MOD /BE/ SUBST/EXP (I ;2; ;5;)

Which factors of 12 will be prime?

<- INTER QU/I/fMNP LINK SUBST/EXP (I 323 343)

Which of the fractioms 1/2, 5/4, -and 6/8 are proper
fractions?

<- INTER QU/I/HMNP LINK /THE/ COMPADJ - (MAXF (FCN ;53) 323)

Which member of the set {2/3, 5/6, 7710} is the largest?

<- INTER QU/I/HMNP LINK /THE/ ORDADS COMPADJ UNDEFINED
Which member of the set {2/3, 5/6, 7/10}
is the second largest?

<- INTER QU/I/HMNP LINK COMPADJ (MAXF (FCN 343) 323)
Which prime number iz smallest?

<= INTER EXP1 QU/I/HMNP AUXIL NP ALLV _UNDEFINED :
Which 2 members of the set {2/4 3/5 4/8 5/9}
does 1/2 equal?

<~ INTER EXP1 QU/I/HMNP = NP .. UNDEFINED
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Which 2 members of the set {2/4, 3/5, 4/8, 5/9)}
equal 1/27? -

(44,22) Q1 <- INTER EXP1 QU/I/HMNP MOD /BE/ SUBST/EXP
(NMF 325 (I ;35 363))
Which 2 factors of 12 will be prime?

(44,23) Q1 <- INTER EXP1 QU/I/HMNP LINK SUBST/EXP

(NWMF 325 (I 3335 35;))
.. Which 4 numbers between 10 and 20 are prime?

IV.46 FCNHNP-Rules

(44,5) Q1 <~ INTER FCNENP AUXIL NP /HAVE/
. (APP ;25 343)

(44,6) Q1 <~ INTER EXP1 FCNHNP AUXIL NP /HAVE/

(NMF 523 (APP 3;3; 3;53))
(44,41) Q1 <~ /[HOWMANY/ FCNHNP AUXIL NP /HAVE/

- (LST (CARDINALITY (APP ;2; ;43)))

(123,1) FCNENP <- FCN (FCN ;13)
(123,2) . FCNHNP <- ADP FCN (FCNMK (FCN ;2;) 3;1;)
(123,3) FCNHNP <~ FCN RESTRICT (FCNMK (FCN ;1;) :23)
(123,4) FCNHNP <- ADP ¥CN RESTRICT

(FCNMK  (FCN 323) (I ;1; 333))

(119,1) RESTRICT <- RESTRICT RESTRICT1 (T 313 323)
(119,2) RESTRICT <- RESTRICT1 o 13
(120,1) RESTRICT? <- PREPHRASE s13
(120,2) RESTRICT1 <— RELPOSPRONS 1
(120,3) RESTRICT1 <- ARITHRELS :13

The noun phrase  categories created for use with the verb "to
have' were discussed in detail in Section IX.3. This section and the
following sections give the rules for the wvarious HNF categories and

the Q-rules which use the categories.

IV.47  HNPAS-Rules
(44,7) Qi <- INTER QU/I/HMNP AUXIL HNPAS

(T ;25 343)
(44,20) Q1 <~ INTER EXP1 QU/I/HMNP AUXIL HNPAS
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(44,40)
(128,1)
(128,2)
(128,3)
(130,1)
(130,2)
(131,1)
(131,2)

(131,3)
(131,4)

' ' (NMF 523 (I 3335 3;53))
01 <~ /HOWMANY/ QU/I/HMNP AUXTL TINPAS
(LST (CARDINALITY (I ;2: :4;)))
HNPAS <- NP /HAVE/ /AS/ ANSGVHNP
' - (APP 34: ;13) : :
HNPAS <- NP /HAVE/ /AS/ ANSGVHNP /OR/ fAS/ ANSGVHNP
k (CHL (APP ;43 ;1;) (APP 375 ;13))
HNPAS < W /HAVE/ /AS/ ANSGVHNP /AND/ /AS/ ANSGVHNP
(I °(APP ;45 31;3) (APP 37; 31;5))

ANSGVHNP <— ANSGVIHNP =~ - - 31y

ANSGVHNFP <- DET ANSGV1HNP 23

ANSCV1HNP <- FCNHNP 13
'ANSGVIHNP <- /EITHER/ ANSGVHNP /OR/ ANSGVHNP  (FCNU :2; . 34:)

ANSGV1HNP <- /NEITHER/ ANSGVHNP /NOR/ ANSGVHNP (FCNNOR ;2; ;43)

"ANSGV{HNP <- ANSGVHNP /AND/ ANSGVHNP ©+ (FCNI 313 33:)"

IV.48 = COMPTHNP and COMP2HNP-Rules -

(43,8)

(43,24)
(44,17)
(44,25)

(44,43)

(132,1)
(132,2)
(132,3)

(132,4)
(132,5)

(132,6)
(132,7)
(132,8)
(132,9)
(132,10)

(132,11)

(132,12)
(132,13)
(132,14)

(133,1)
(133,2)
(133,3)

Q <- AUXIL NP /HAVE/ COMP2HN? -
Q <- INTER2 /HAVE/ COMPTHNP PUNCHOICE CHOICELIST
Q1 <~ INTER QU/I/HMNP /HAVE/ COMPIHNP
Q1 <- INTER EXP1 QU/I/HMNP /HAVE/ COMP1HNP
Q1 <~ [HOWMANY/ QU/I/HMNP /HAVE/ COMPTHNP
COMP2HNP <- COMPADJ /OR/ COMPADJ FCNHNP  /THAN/ NP
COMP2HNP <- COMPADJ /OR/ COMPADJ FCNHNP /THAN/ NP /HAVE/
COMP2HNP <- ARITHREL /fOR/ ARITHREI. EXP FCNHNP
COMP2HNP <— COMPADJ FCNHNE /OR/ COMPADJ FCNHNP /THAN/ NP
COMP2HNP <~ COMPADJ FCNENP /OR/ COMPADJ FCNHNP /THAN/ NP
JHAVE/
COMP2HNP <- DET COMPADJ /OR/ COMPADJ FCNHNP /THAN/ NP
COMP2ENP <- DET COMPADJ /OR/ COMPADJ FCNHNP /THAN/ NP /HAVE/
COMP2HNP <~ DET COMPADJ /OR/ DET ‘COMPADJ FCNHNP /THAN/ NP
COMP2HNP <- DET COMPADJ /OR/ DET COMPADJ FCNHNP /THAN/ NP
COMP2HNP <- DET . COMPADJ FCNHNP /OR/ DET -COMPADJ FCNHNP /THAN/
S NP
COMP2HNP <- DET COMPADJ FCNHNP /OR/ DET COMPADJ FCNHNP /THAN/
' NP /HAVE/
COMP2HNP <- DET COMPADJ FCNHNP /OR/ COMPADJ FCNHNP /THAN/ NP
COMPZHNP? <- DET COMPADJ FCNHNF /OR/ COMPADJ FCNHNP /THAN/ NP
COMP2HNP <- COMPIHNP =~ : Dinlo

COMP1HNP <- COMPADJ FCNHNP /THAN/ NP

COMP 1HNP <- COMPADJ FCNHNP /THAN/ NP /HAVE/
COMP1HNP <— ARITHREL EXP FCNHNP
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The semantic functions for these rules are currently UNDEFINED.
The rules have  been written with all the élements fully spe;ified}
When the semantics for them is carefully studied, I am sure ‘that'the
rules can bé cdmpressedn -'Thé: &ifference between COMP1ﬂNPféu and
COMP2HNT 's ié that the former con£ains only oné COMPADJ and éhe.létter
has a choice of two. All the contexts where COMP2HNP appears  can have
a COMPTHNP instead. (This is accomplished by rule (132,14);).U5ing-fhe
question format in rule (43,8), I will give one:eﬁémpié'of eaCh- gf:the
.COMPHNP’S.'.Note #hat in many caées the final /HAVE/ is optioﬁal.

(132,1) & (132,2) Does 6 have more or less factors than
12 (has)?

(132,3) Does 6 have more or less than 3 factors?

(132,4) & (132,5) Does 6 have more factors or less factors
than 12 (has)?

(132,6) & (132,7) Does 1/2 have a larger or smaller
denominator than 1/3 (has)? :

(132,8) & 132,9) Does 1/2 have a larger or a smaller
denominator than 1/3 (has)? .

(132,10) & (132,11) . Does 1/2 ‘have a larger demominator or a
smaller denominater than 1/3 (has)? o :

- (132,12) & (132,13) Does 2/3 have a larger denominator or

larger numerator than 1/4 (has)?

(133,1) & (133,2) Does 6 have more even factors than 12 (has)?

(133,3) .'Does any prime number have more than 2 factors?

IV.49 -  HAVENPF-Rules

(43,7) Q <- AUXIL CHOICELIST /HAVE/ HAVENPF

. (PICK 34; ;23)
(44,15) Q1 <- INTER QU/I/HMNP /HAVE/ HAVENPF

- (APP ;45 323)
(121,1)  HAVENPF <- /THE/ ORDADJ COMPADJ FCNHNP

- : {HORDFCN 3235 3;3: :43)
(121,2) HAVENPF <- /THE/ COMPADJ FCNHNP
' (HORDFCN 1 323 :33)
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(43,6)
(43,23)
(44, 16)
(44,24)
(44,42)

(122,1)
(122,2)

(122,3)

(122,4)
(122,5)
(122,6)
(122,7)
(122,8)

(129,1)
(129,2)

(129,3)

(129, 4)
(129, 5)
(129,6)
(129,7)

(125,1)
(125,2)
(125, 3)
(125, 4)
(124, 1)
(124,2)
(124,3)

(127,1)
(127,2)

(127,3)
(127,4)

(127,5)

IV.50 HAVENP-Rules

Q <- AUXIL NP /HAVE/ HAVENP
(8 325 343)
Q <~ INTER2 /HAVE/ HAVENP PUNCHOICE CHOICELIST -
' (PICK ;33 353)
Q1 <~ INTER QU/I/HMNP /HAVE/ HAVENP
(T 3235 ;43)
Q1 <— INTER EXP1 QU/I/HMNP /HAVE/ HAVENP
(NMF 323 (I 335 353))
Q1 <— /HOWMANY/ QU/I/HMNP /HAVE/ HAVENP
(LST (CARDINALITY (I :2: :4:)))

HAVENP <- EXTHNP =

HAVENP <- UNVHN?P 31s

HAVENP <- EXP1 FCNHNP (EXPHNP ;13 323)
HAVENP <- ANSHNP H

HAVENP <~ HAVENPCHOICE 31y

HAVENP <- LISTOFHAVENP :1:

HAVENP <- /NEITHER/ HAVENP /NOR// HAVENP (NOR 323 :43)
HAVENP <~ /EITHER/ HAVENP /OR/ HAVENP (U 32; :43)
ANSHNP <- NP /AS/ ANSGVHNP (EXTHNP ;3:; ;13)

ANSHNP <- NP /AS/ ANSGVHNP /OR/ /AS/ ANSGVHNP
(CHL (EXTHNP ;3; :;13;) (EXTHNP :63 ;13))
ANSHNP <- NP /AS/ ANSGVHNP /AND/ fAS/ ANSGVHNP

(CHL (EXTHNP :;3; :13) (EXTHNP ;63 ;1))
ANSHNP <- ANSGVHNP EXP (EXTHNP ;13 323)
ANSHNP <- ANSGVHNP /fOF/ EXP (EXTHNP ;i3 :33)
ANSHNP <- /THE/ EXP1 FCNHNP EXP UNDEFINED
ANSHNP <- EXP1 FCNHNP EXP UNDEFINED
EXTHNP <- FCNHNP (EXTHNP ;1; (STS UNIV))
EXTHNP <~ FCNHNP /EXCEPT/ NP (EXTHNP ;1; (C 333))
EXTHNP <- EXTHNPQU FCNHNP (EXTHNP :2; (STS UNIV))

EXTHNP <- EXTHNPQU FCNHNP /EXCEPT/ NP (EXTHNP ;2: (C :4:))

EXTHNPQU <~ /ANY/
EXTHNPQU <- /SOME/
EXTHNPQU <- A/

UNVHNP <- UNVHNPQU FCN (UNVHNF (FCN ;2;) (STS UNIV))
UNVHNP <~ UNVHNPQU FCN RESTRICT

(UNVHNP (FCN ;23;) ;3;)
UNVHNP <- UNVHNPQU ADF FCN

{UNVHENE (FCN ;33) 323
UNVHNP <- UNVHNPQU ADP FCN RESTRICT

 (UNVHNP (FCN ;33;) (T 323 ;43))
UNVHNP <- UNVHNPQU FCN /EXCEPT/ NP

(UNVHNPXCT (FCN ;2:) (STS UNIV) 343)
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(127,6)
(127,7)
(127,8)

(126, 1)
(126,2)

UNVHNP <- UNVHNPQU FCN RESTRICT /EXCEPT/ NP

(UNVHNPXCT (FCN 3:23) 333 :53)

UNVHNP <- UNVHNPQU ADP FCN /EXCEPT/ NP

(UNVHNPXCT (FCN :33) :2; 353)

UNVHENP <- UNVHNPQU ADP FCN RESTRICT /EXCEPT/ NP

UNVHNPQU <- /ALL/
UNVHNPQU <~ /ONLY/

(UNVHNPXCT (FCN ;3;) (I ;2; ;:43) :6;)
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AEEendix'E

Examples'gi Questions and their Answers -

The following are examples of questions accepted by the
CONSTRUCT program. The format includes (a) the priginall_sén;eﬁcg,ifb)
the dictionary classifiﬁation of the séﬁtence,_ {c) tﬁé semantic
construction that, when evaluated, gives the meaning of tﬁe sentence,
and (d) the evaluation of the sentence. "QUS" means that the sentence
was a question, "TV" means "truthuvalue", "NIL" means "false", "T"
means "true", "LST" means an. explicit list of elements in a *set, and
"CHL" means that the question was a compound question With.several

answers.

(la) 1Is 2 a factor of &7 S '

(b) 1link integer /a/ fen [fof/ integer ?

(c) (QUS (5 (ILST 2) (APP (FCN @FACTOR) (LST 4))))
(d) (qQus (TV T))

(2a) Does 4 have a factor of 27

(b) aux integer /have/ /a/ fen /off integer ?

(c) (QUS (8 (LST 4) (EXTHNP (FCN @FACTOR) (LST 2));)
(dy (Qus (Tv 1))

(3a) Are there any common factors of 4 and 12 that are greater than 47
(b} 1link /there/ /any/ 2fcn [fof/ integer /and/
integer relpron link arithrel integer ?
{(c¢) (QUS (EXIST (I (APP (FCHN @COMMONFACTOR)
(LST (LST 4) (LsT 12) )) (APP (FCN @GT) (LST 4)))))
(d) (QUs (Tv NIL))

(4a) Are there any even prime numbers that are greater than 27
(b)Y 1link /there/ /any/ adj adj n relpron link arithrel 1nteger ?
(c¢) (QUS (EXIST (I (I (I (STS @EVEN) (STS @PRIME))

(STS @NUMBER)) (APP (FCN @GT) (LST 2)))))
(d) (QUS (TV NIL))
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(5a) Does the least common multiple of 4 and 5 come before
the least common multiple of 4 and 127

(b) aux /the/ 2fen /of/ integer /and/ integer /come/ .
/before/ /the/ 2fcn /of/ integer fand/ integer ?

(¢) (QUS (S (APP (FCN @QLCM) (LST (LST 4) (LST 3) ))
(BEFORE (APP (FCN @LCM) (LST (LST 4) (LST 12) )))))

(&) (QUS (TV NIL))

{(6a) Does 12 have any factors that are greater than 127 _
(b) aux integer /have/ /any/ fcn relpron link arithrel integer ?
(e) (QUs (S (LST 12) (EXTHNP (FCNMK (FCN @FACTOR) .

(APP (FCN @GT) (LST 12))) (STS UNIV))))
{d)} (QUS (TV NIL))

(7a) Are all the factors of 12 divisible by 27

(b) link /all/ /the/ fecn /of/ integer arithrel integer ?

(¢) (QUS (S (APP (FCN @QFACTOR} (LST 12)) '
;_(APP.(FCN @DIVISIBLE) (LST 2))))

(dy (QUS (TV NIL))

(8a) Is the largest factor of 12 divisible by all
the odd factors of 127 ’

(b) 1link /the/ compadj fen /of/ integer arithrel /all/
[the/ adj fen [of/ integer ?

(e) (QUS (5 (MAXF (FCN @GTT) (APP (FCN @FACTOR) (LST 12)))
{(APP (FCN @DIVISIBLE) (I (STS @ODD)

‘ (APP (FCN @FACTOR) (LST 12))1)))

(d) (Qus (TV T))

(9a) Are 2 factors of 12 prime numbers that are odd?

(b) 1link integer fen /of/ integer adj n relpron link adj ?

(¢) (QUs (S (LST (CARDINALITY (I (APP (FCN @FACTOR) (LST 12))
(I (I (STS @PRIME) (STS @NUMBER)) (STS @ODD)))))

_ - (APP (FCN @EQL) (LST 2))))

(d) (Qus (TV NIL))

[Note: 1 is not the factor of any number according to
the definition that we have implemented.] '

(10a) Except for 4, what are the common factors of 4 and 127
(b) /except/ integer , inter link /the/ 2fen /of/
integer fand/ integer %
(e¢) (QUS (SD (APP (FCN @COMMONFACTOR) -
(LST (LST 4) (LST 12) )) (LST- 4)))
(d) (QUs (LST 2))

139




(11a) Which of the numbers 5 16' 23, and 54 are even and
divisible by 47

(b) inter /of/ /[the/ apposn integer ,. 1nteger . integer . /and/
integer link adj /and/ arithrel integer 17

(¢) (QUS (I (I (STS @NUMBER)
(CHL (LST 5) (LST 16) (LST 23) (LST 54) ))
(I (STS @EVEN) (APP (FCN @DIVISIBLE) (LST 4)))))

(d) (Qus (CHL (LST) (LST 16) (LST) (LST)))

(12a) Which of the factors of 12 have only even: factors that are
greater than 47

(b} inter /of/ /the/ fen /of/ integer /have/ /only/ adj fen relpron
link arithrel integer ? .

(e} (QUs (I (APP. (FCN @FACTOR) :(LST 12))-
(UNVHNP (FCN @FACTOR) (I (STS @EVEN)
(APP (FCN @GT) (LST 4))))))

(d) (Qus (LST))

(132) 1Is 3+2 less than, greater than, or equal to 2437 .
(b) aux integer + integer arithrel , arithrel /or/ arithrel
integer + integer ? =
(e) (QUS (PICKFCN (CHL (FCN @QLT) (FCN @GT) (FCN @EQL))
(LST (ADDER 3 2) (ADDER 2 3))))
(d) (QUS (LST (FCN EQL)))

(14a) Which of these will be even: 2+2, 243, 342, 3+3 or 3+17?
(b)  inter /of/ /these/ mod /be/ adj : integer + integer ,
integer + integer, integer’ + 1nteger for/ 1nteger + 1nteger ?
(e) (QUS (I (STS QEVEN) :
(CHL (LST (ADDER 2 2)) (LST (ADDER 2 3))
(LST (ADDER 3 2)) (LST (ADDER 3 3)) (LST (ADDER 3 1)))))
(d) (QUSs (CHL (LST 4) (LST) (LST) (LST 6) (LST 4))) ‘

(15a) Which even number is a prime number —-- 2 or 47
(b) inter adj n link /af ad} n - - integer /or/ integer-7'
(c) (QUS (PICK (I (I (STS @EVEN) (STS @NUMBER)) -
(I (STS @PRIME) (STS @NUMBER))) (CHL (LST 2) (LST 4))))
(dy (Qus (LST 2))

(16a) What is the least common multiple of the
product of 2 and 5 and the product of 2 and 67
(b) inter link /the/ 2fen fof/ [the/ 2fcn Jof/ integer
' fand/ integer /and/ /the/ 2fcn /of/ integer /and/ integer ?
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(c) (QUS (S (APP (FCN @SUM) (LST (LST-5) (LST 2)))
(I (APP (FCN @LT) (APP (FCN @PRODUCT) (LST (LST 5) -
“(LST 2)))) (APP (FCN @GT) (APP (FCN. @DIFFER)
(LST (LST 5) (LST 2))1)) |

(d) (QUS (LST 60))

{(17a) 1Is the sum of 5 and 2 less than the product of 5 and 2 -
but greater than the difference of 5 and 2?7

(b) 1link /the/ 2fen /of/ integer /and/ integer arithrel
/the/ 2fen [of/ integer [and/ integer [and/ arithrel /the/
2fen [/of/ integer /and/ integer ? . .

(¢) (QUS (S (APP (FCN @SUM) (LST (LST 5) (LST 2y 3y

' (I (APP (FCN @LT) (APP (FCN @PRODUCT)

(LST (LST 5) (LST 2) ))) (APP (FCN.@GT) :
(APP? (FCN @DIFFER) (LST (LST 5) (LST 2) ))))))

(d) (qQus (IV T))

(182) Which of the numbers that are between 37 and 48 and are odd
does 86 have as factors?
(b) dinter /of/ fthe/ n relpron link /between/
integer /and/ integer /and/ link adj
aux integer /have/ [as/ fen ?
- {e) (Qus (I (I (STS @NUMBER) .
(I (BETWEEN (LST 37) (LST 48)) (STS @ODD))) _
(APP (FCN @FACTOR) (LST 86)))) o
(d) (Qus (LST 43))

(19a) Which of the factors of 36 are even and not between 1 and 367
(b) dinter /of/ /the/ fcn /of/ integer link adj /fand/.
/not/ /between/ integer /[and/ integer ?
(c) (Qus (I (APP (FCN @FACTOR) (LST 36)) (I (sTs @EVEN)
(C (BETWEEN (LST 1) (LST 36))))))
(d) {(QUs (LST 36))

(20a) Which even number is a factor of 12 and a multiple of 37
(b) dinter adj n link /a/ fen /of/ integer /and/ fa/ fen fof/ integer ?
(¢) ((QUS (I (I (STS @EVEN) (STS @NUMBER))
(I (APP (FCN @FACTOR) (LST 12))
(APP (FCN @MULTIPLE)} (LST 3)))))
(d) (QUS (LST 12 6))

(21a) How many factors of 4 are there that are also multlples of 49 '
(b) /howmany/ fen fof/ integer link /there/ - - :
~relpron link fen /of/ integer ? - '
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(e) (QUS (LST (CARDINALITY (I (APP (FCN @FACTOR) (LST 4))
(APP_(FON @MLTTFLE) (LST 4)))))
(@) (Qus (LST 1))

(22a) Which number does 4 have both as a factor and as a multiple?
(b) dinter n aux integer /have/ /as/ /a/ fen [and/ /as/ /a/ fcen 7
(c) (QUS (I (STS @NUMBER) (I (APP (FCN @FACTOR) (LST 4))

o (APP (FCN @MULTIPLE) (LST 4)))))
(d} {(QUS (LST 4)) '

(23a) How many even numbers between 3 and 50 have 7 as a factor?
(b) /howmany/ adj n /between/ integer /and/ integer /have/
integer /as/ fa/ fen 7
{c) (QUS (LST {CARDINALITY (I (I (STS @EVEN)
- {I (STS @NUMBER)} (BETWEEN {LST 3} (LST 50))))
{(EXTHNP (FCN @FACTOR) (LST 330N
(d) (QUus (LST 3)}

(24&) What are the even factors of 12 that are multiples of 4%
(b) dinter link /the/ adj fen fof/ integer S
relpron link fen fof/ integer 7
(c) (Qus (I (T (8TS @EVEN) (APP (FCN @FACTOR) (LST 12))) -
(APP (FCN @MULTIPLE) (LST 4))))
(d) (QUS (LST 12 4))

{25a) What is 7 divided into 56?7

(b) dnter link integer /dividedinte/ integer ?
(c) (QUS (LST (DIV 56 7})} ;
(d) (QUS (LST (MXD 8 033)

(26a) What is 56 divided by 7%

(b) inter link integer /dividedby/ integer ?
(e} (QuUs (LST (DIV 56 7)}3})

(dy (QUS (LST (MXD 8 0)}))

(27a) How many even numbers are prime?

(b} /howmany/ adj n Iink adj ?

(¢} (QUS (LST (CARDINALITY (I (I (STS @EVEN) (STS @NUMBER))
(STS @PRIME)))))

(d) (QUS. (LST 1))

[Note: There 1is another semantically equivalent
derivation in which 'prime' is parsed as a noun.]
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(28a) Give the factors of 2, the factors of 3, and the factors of 4!
(b) /give/ /the/ fen [fof/ integer , /the/ fcn /of/ dinteger .,
/and/ /the/ fen /[of/ integer !
(¢) (CMD (CHL (APP (FCN @FACTOR) (LST 2)) (APP (FCN @FACTOR) (LST 3))
(APP (FCN @FACTOR) (LST 4))))
(d)  (cMD (CHL (LST 2) (LST 3) (LST 4 2)))

(29a) Give the numbers that are between 2 and 6 that are less than 4f
(b) /give/ /the/ n relpron link /between/ integer /and/ integer
relpron link arithrel integer I '
() (CMD (T (I (STS @NUMBER) (BETWEEN (LST 2) (LST 6)))
. (APP (FCN @LT) (LST 4)})))
{(d) (CMD (LST 3))

{(30a) Give the factors of 12 and the factors of 15 that are prime

numbers!
(b) /give/ /the/ fecn /of/ integer /and/ /the/ fen /of/ integer relpron
link adj n !

(¢) (CMD (CHL (APP (FCN @FACTOR) (LST 12)) (I (APP (FCN @FACTOR)
(LST 15)) (I (STS @PRIME) (STS @NUMBER)))))
(d) (CcMD (CHL (LST 12 6 4 3 2) (LST 5 3)))

[Note: sentence (30) is genuinely émbiguous...]

(c') (CMD (I (CHL (APP (FCN @FACTOR) (LST 12)) (APP (FCN @FACTOR)
(LST 15))) (I (STS @PRIME) (STS @NUMBER))))
{(d") (CMD (CHL (LST 3-2) (LST 5 3)))

(31a) 1Is the largest factor of 5 even?

(b} 1link /the/ compadj fer /of/ integer adj ?

(e) {(Qus (S (MAXF (FCN @GTT) (APP (FCN @FACTOR) (LST 5)))
(STS @EVEN)))

(d) (Qus (TvV NIL))

(32a) Does 12 have a factor that is both even and prime?

(b) aux integer /have/ fa/ fen relprom link adj /and/ adj ?

(c) (QUS (S (LST 12) (EXTHNP (FCNMK (FCN @FACTOR) (I (STS @EVEN)
(STS @PRIME)))} (STS UNIV))))

(d) (Qus (TV T))

(33a) Is the largest common factor of 20 and 24 odd or even?

(b) 1link /the/ compadj 2fen fof/ integer /and/ integer adj /for/ adj ?

(e) (QUus (S (MAXF (FCN @GTT) (APP (FCN @COMMONFACTOR) (LST (LST 20)
{LST 24) ))) (CHL (STS @ODD) .(STS @EVEN))))

(d) (QUS (CHL.(TV NIL) (TV T)))} :
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(34a)  Will the product of 2 and 4 come before the sum of 2 and 47
(b) mod /the/ 2fcn fof/ integer /fand/ integer /come/ /before/
/the/ 2fcn [of/ integer /and/ integer ?
(e¢) (QuUs (s (APP (FCN @PRODUCT) (LST (LST 2) (LST 4% )3
(BEFORE (APP (FCN @SUM) {L5T (LST 2) (LST 4} YY)
(@ (QUS (TV NIL)) ' '

(35a) Is 4 a common multiple of 2 and 4?

(b) 1link integer /a/ 2fen /of/ integer /and/ integer ?

{c) (QUs (S (LST 4) {(APP (FCN @COMMONMULTIPLE) (LST (LST 2)
(LST 4) ))))

(dy (QUs (TV T);

(36a) Which of these will be even: the sum of 5 and 2,
the difference of 5 and 2 , or the product of 5 and 27

(b} inter fof/ /these/ mod /be/ adj : /the/ 2fcn /of/ integer /[and/
integer , /the/ 2fcn fof/ integer /and/ integer , /or/
/the/ 2fen fof/ integer fand/ integer %

(c) (QUs (I (STS @EVEN) (CHL (APP (¥CN @SUM) (LST (LST 5) (LST 2)))
(APP (FCN -@DIFFER) (LST (LST 5) (LST 2))) (app (FCN @PRODUCT)f
(LST (LST 5 (LS8T 2) )) ) -

(d) (QUS (CHL (LsT) (LST) (LST 103})

(37a) How many prime numbers are there between 10 and 20?

(b) /howmany/ adj n link /there/ /between/ integeér /and/ integer ?

{e) (qQus (LST {CARDINALITY (T (I (8TS @PRIME) (STS @NUMBER)) ‘
' (BETWEEN (LST 10) (LST 20)))})})

(d) (Qus (LST 4))

(38a) How many numbers between 5 and 10 are odd numbers?

(b) /howmany/ n /between/ integer fand/ integer link adj n ?
(c) (QUS (LST (CARDINALITY (I (I (STS @NUMBER) (BETWEEN (LST 5)
' (LST 10))) (I (STS @ODD) (STS GNUMBER)))))) '

{d) (QUS (LST 2))

(39a) What does 3 + 5 equal?

(b) inter aux integer + integer = %
(c) (QUS (LST (ADDER 3 5}))

(d) (QUs (LST 8))

(40a) Which 4 numbers between 10 and 20 are prime numbers?
(b) inter integer n /between/ integer /and/ integer link adj n ?
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(e¢) (QUs (NMF 4 (I (I (STS @NUMBER) (BETWEEN (LST.10) (LST 20)))
(I (STS @PRIME) (STS GNUMBER)))))
(d) (QUS (LST 19 17 13 11))

{41a) How many even factors that are between 10 and 50 does 100 have?

(b} /howmany/ adj fcn relpron link /between/ integer /and/ integer
aux integer /have/ ?

(e) (QUS (LST (CARDINALITY (APP (FCNMK (FCN @FACTOR) (I (STS @EVEN)
(BETWEEN (LST 10) (LST 50)))) (LST 100)))))

{d) (qus (LST 1))

(42a) Does 12 have 6 as a factor or as a multiple?

(b) aux integer /have/ integer /as/ /a/ fecn for/ /fas/ [fa/ fen ?

(e) (Qus (S (LST 12) (CHL (EXTHNP (FCN @FACTOR) (LST 6)) (EXTHNP
(FCN @MULTIPLE) (LST 6))))) '

(d) (Qus (CHL (TV T) (TV NIL}))

(43a) Does 12 have 12 as a factor and also as a multiple?

(b) aux integer /have/ integer fas/ /a/ fen [and/ /as/ /a/ fecn ?

(e} (QUs (s (LST 12) (CHL (EXTHNP (FCN @FACTOR) (LST 12))
{EXTHNP (FCN @MULTIPLE) (LST 12))))

(d) (QUs (CHL (Tv T) (TV T)))

(44a) Does 6 have any factors that are also factors of 37

(b) aux integer /have/ /any/ fen relpron link fcn /of/ integer ?

(e} (Qus (5 (LST 6) (EXTEHNP (FCNMK (FCN @FACTOR) (APP (FCN @FACTOR)
(LST 3))) (8TS UNIV))))

(d) (Qus (TIV T))

(45a2) Which factor of 6 is also a factor of 37

(b) dinter fen fof/ integer link /a/ fen /of/ integer ?

(¢) (QUS (T (APP (¥FCN @FACTOR) (LST 6)) (APP (FCN @FACTOR) (LST 3))))
(d) (Qus (LST 3))

(46a) Does 6 have any factors that are also multiples of 67

(b) aux integer /have/ /any/ fen relpron link fen /of/ integer ?

(c) (QUs (s (LST 6) (EXTHNP (FCNMK (FCN @FACTOR) (APP (FCN GMULTIPLE)
{(LST 6))) (STS UNIV))))

(d) (Qus (TV T))

(47a) Are there any factors of 6 that are also multiples of 67
(b) 1link /there/ /any/ fcn [of/ integer relprom link
fen /of/ integer ?
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(¢) (QUS (EXIST (I (APP (FCN @FACTOR) (LST 6)) (APP (FCN @MULTIPLE)
(LST 6)))))
(d) (Qus (TV T))

(48a) Does 10 have any even factors that are between 2 and 107

(b) aux integer /have/ /any/ adj fen relpron link /between/
integer /and/ integer ?

(¢) (QUs (5 (LST 10) (EXTHNP (FCNMK (FCN @FACTOR) (I (STS @EVEN)
(BETWEEN (LST 2) (LST 10)))3 (STS UNIV))))

(d) (Qus (TV NIL))

(49a) 1Is the factor of 10 that is between 2 and 10 odd or even?
() 1ink /fthe/ feon foff integer relpron link /between/

integer /fand/ integer adj /or/ adj ¢
(c) (QUS (5 (I (APP (FCN @FACTOR) (LST 10))

{BETWEEN (LST 2) (LST 10})) {CHL (STS @0ODD) {STS @EVEN))))
(d) (Qus (CcHL (TV T) (TV NIL)))

(50a) Does 12 have any factors that are greater than 6 that are odd?

(b) aux integer /have/ fany/ fon relpron 1link arithrel integer relprom
link adj ?

(c) (0QUS (S (LST 12) (EXTHNP (FCNMK (FCN @FACTOR) (I (APP (FCN @GT)
(LST 6)) (STS @ODD))) {STS UNIV}}))

(d) (QUS (TV NIL))
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