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ABSTRACT

This paper presents a very general type of semantic network
within which one can represent the semantic structures of a wide
range of natural language constructions in a purely diagrammatic way,
and to a degree of articulation sufficient also to support the
simultaneous diagrammatic representation of the intuitive entail-
ment relations that hold among sentences incorporating them., In
particular, entailment relations turning on the semantic struc-
ture of the following constructions can be adequately represented
within the proposed type of semantic network: cases, determiners
of arbitrary sorts (hence including the ordinary quantifiers),
sentential connectives, phrasal connectives, the copula, modal
and temporal operators, branching quantifiers, pronominal and
proverbal referential constructions within and across sentence
boundaries, modifier constructions of arbitrary sorts (phrasal
and clausal, adjectival and adverbial, and extensional and inten-
sional). The account given herein of the proposed type of seman-
tic network is mainly restricted to a description of its general
diagrammatic character and an attempt to justify the claim that
it supports a purely diagrammatic representation of entailment,
Selected examples involving various of the above sorts of con-
structions are used for illustration and include cases, a variety
of determiners, sentential connectives, phrasal connectives, and
the copula,

Given a natural language sentence, relative to any given one

of its possible readings and relative to fixed but arbitrary
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cardinality assumptions regarding the cardinality of denotations,
we associate with that sentence a semantic network configuration

called an event diagram, which can reasonably be regarded as

representing the semantic structure of that sentence (relative to
that reading and relative to those cardinality assumptions). A
of the proposed type
semantic network jis defined as a "linked" array of event dia-
grams, where "links" are dotted lines joining components of dif-
ferent -event diagrams. Given, then, a set of natural language
sentences, each understood relative to a given reading and taken
relative to given cardinality assumptions on denotations, the
entailment relationships holding among those sentences are repre—
sented within a semantic network as a graphic pattern among their
respective event diagrams.
Semantic network configurations such as event diagrams can
be regarded either as "abstract"™ in the sense that geometric
figures are abstract, or as "concrete" in the sense

_ or other Physical em bodiments
that particular draw1ngsAof those figures are concrete aggrega-

S8y,
tions of,pink or graphite particles on a surface, comprising what

are sometimes called "tokens" of their associated abstract “types”.

Semantic networks as defined herein are built up out of
three Kinds of basic diagrammatic components: (1) points,

(2) braced sequences of arrows called arrow traces, and

(3)_dotted lines. These have the following graphic character and

interpretation:

(1) points (e) represent elements of an underlying (arbitrary)

universe of discourse.
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(2} arrow traces are "braced® sequences of arrows (I Fo b !

53— , Lo5y@==y , ...) and represent relations among elements

of the universe of discourse. A bar placed onto the "brace” of

an arrow trace (33 C3r——7) represents the complement of the

relation represented by the arrow trace without the bar. Arrow

traces are combined with points to form diagrams called arrow

paths (I——% Sy S S Sl b ;:t:;::;g r =s+s)y each of which

represents that the elements represented by its constituent

points, when taken in the order indicated by the orientation of
the arrows in its constituent arrow trace, stand in the relation
represented by that arrow trace.

(3) dotted lines ( -wwwww-.) represent the identity relation, and

join points to points and arrow traces to arrow traces: a dotted
line joining two points represents that those poeints represent
the same element of the underlying universe of discourse; a
dotted line joining two arrow traces represents that those arrow
traces represent the same relation on elements of the universe of
discourse. Dotted lines form linkages within and among event
diagrams, forming thereby patterns of interconnections which
determine the entailment relations that hold among the sentences
represented by those event diagrams.

The event diagrams proposed here are designed to graphically
reflect, wholly in terms of the above three types of basic com-
ponents, a notion of semantic structure developed in an unpub-

lished paper by the author entitled A Thegry of Readings (ATR),

The ATR notion of semantic structure provides an alternative to

predicate logic~based notions of semantic structure, which is
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very amenable to graphic representation within a network para-
digm,

In order to render the graphic structure of our examples
fairly transparent and their theoretical description simple, we
have employed a uniform diagrammatic paradigm for all event dia-
grams that is often highly redundant., Such redundancies would
ordinarily be eliminated in implementations where processing

efficiency was important.
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READING-BASED SEMANTIC NETWORKS FOR NATURAL LANGUAGE

0. INTRODUCTORY REMARKS

This paper presents a very general type of semantic network

within which one can represent the semantic structures of a wide
range of natural language sentences to a degree of articulation
sufficient also to support the simultaneous network representa-

tion of entailment relations among them.2s3

Note 1 .By a "semantic network" I mean a diagrammatic figure
conceived either as an abstract "type" or as a concrete graphic
"token" representing that type that depicts the semantic struc-
ture of individual natural language sentences as well as the
logical relationships among those structures. A semantic network
in this sense is intended as a model of such semantic structures
and of their interrelationships that can serve as a conceptual
base for possible machine implementations.

Note 2. By "entailment" I mean that relation holding between a
set K of sentences on the one hand and a single sentence k on the
other, whereby any circumstance under which all the sentences of
K are true must alsoc be a circumstance under which k is true as
well. Entailment in this sense is a semantic notion, to be dis-
tinguished from proof-theoretic not ons embodied in one or
another set of inference rules the soundness of which is uiti-
mately established by appeal to an underlying semantic notion of
entailment, such as the one proposed here.

Note 3. By the network representation of entailment among
natural language sentences I mean a certain diagrammatic
relationship (to be described) that holds among the
diagrammatic figures repre- senting the semantic structures of
those sentences under given readings of those sentences if
and only if certain intuitive entailment relationships hold
among those sentences under those readings. A1l such
representations are intended to be purely diagrammatic in the
sense of containing no labels or other auxiliary linguistic
components or descriptions, representing thereby the semantic
structure of sentences and of the entailment relations among
them purely in terms of network "geometry. e also hope to make
the case that these diagrammatic representations afford a
compact and economical means of characterizing the complex
semantic interconnections among natural language expressions
that underlie not only the intuitive entailment relationships

into which those expressions enter but other semantic relations
as well.



The proposed type of semantic network represents entailment
relations in a fully general way, subject only to given cardinal-
ity assumptions about the domain of application, but independent
of any special lexical assumptions regarding that domain, All
meanings of network components are "abstract", by which I mean
that networks are built up solely from three basic graphic com-

ponents each of which designates or, as we shall say, represents,

either an element of an underlying (abstract) universe of dis-
course, a relation among such elements, or the identity relation
amo_ng such network components signifying that they designate the
same element or relation. The semantic structures of natural
language sentences and, derivatively, of the entailment relations
that hold among them, are thus represented wholly as graphic
configurations, that is, diagrams, composed solely of these three
basic network components.

Semantic networks of the proposed type are called Reading-

Based Semantic Networks (RBSNs). The specific version of RBSNs

described herein is based on a particular formal notion of a

reading of a natural language word-string that is extremely amen-

Note 3. The semantic structures described herein are also suffi-
cient to support the network representation of various weaker
(and more general) forms of entailment which we might refer to as
probabilistic entailment, by which I mean any relation holding
between a set K of sentences on the one hand and a single
sentence k on the other, whereby the probability is p, where
0 £ p < 1,that any circumstance under which all the sentences of
K are true is also a circumstance under which k 1is true as
well. The special case of ordinary or "absolute" entailment is
obtained then as that case where p = 1. To keep the present
paper to a reasonable length we do not discuss this notion in
this paper beyond the present remark and that of footnote 32 on
page 73.




able to representation as a network. That notion is described in

detail in an unpublished paper by the author entitled A Theory of

Readings (ATR), and serves as a mediating construct between a
natural language word-string and its network representation in
the sense that that reading provides a set-theoretic description
of its semantic structure that is to be diagrammatically
represented within an RBSN. By virtue of this connection with
readings, all network components of an RBSN are set-theoretically
interpretable. In more detail:% a reading of a natural language
word-string consists of (1) a syntactic5 representation of that
word-string, together with (2) a semantic theory that interprets
that syntactic representation in the following sense: it - (the
semantic theory) specifies the set-theoretic structure of all
possible denotations of the syntactic representation, the set of

which structures can properly be regarded as the semantic

structure of that syntactic representation and, derivatively, as

the semantic structure of the word-string itself which that

syntactic representation represents. The proposed semantic
structures of word-strings are those which appear most adeguate

to account for intuitively perceived entail-

Note 4. See the Appendix for a summary account of the relation-
ship among natural language word-strings, their readings, and
their network representation.

Note 5. A given reading of a given natural language word-string
directly involves only such syntactic and semantic factors, and
does not directly involve pragmatic factors that condition the
choice of appropriate (e.g., dominant) readings of given word-
strings relative to given contexts-of-utterance. ATR treats the
role of pragmatic factors that condition the choice of readings,
including a proposal for assimilating pragmatics within
semantics.



ment relationships among a wide and diverse range of natural
language word-strings, and the proposed syntactic representations
are, in turn, designed to support the simplest possible recursive
specifications of those semantic structures.

A reading of a natural language word-string is intended to
afford a complete formal specification of a particular way of
understanding that word-string.s'l Since there are typically
multiple possible ways of understanding a given word-string, the
choice among which depends on the particular context-of-utterance
in which (a token of) that word-string is produced, there are
typically multiple possible readings of any given word-string.
For simplicity of exposition, we restrict our illustrations of
network representations of readings to those readings of word-
strings that are "dominant"® readings of their respective word-
strings in the sense that they formalize the most usual ways of
understanding those word-strings across typical contexts—of—
utterance.

The RBSNs presented here afford a simplest possible graphic
means of mapreseniing the semantic structures of arbitrary
meaningful natural language word—-strings under any of their

various possible readings. a$ well as the conditions governing the

Note 5.1. The precise sense of the phrase "a complete , . .
word-string” is elaborated in ATR.

Note 6. While, the intuitive meaning of the notion of "dominant"
readings is quite clear and will suffice for the general coher-
ence of our presentation, there are important pragmatic issues
concerning the proper characterization of this notion, which will
not be dealt with here., Some of these issues are addressed in
ATR.



entailment relationships that hold among them under those
readings.ﬁ'l

The body of this paper is presented in two sections: In
Section 1, we present the basic ideas underlying our approach in
terms of an extended discussion of a simple special case. 1In
Section 2, we broaden our discussion to apply to more general
cases. An Appendix is also included, in which I attempt to sum-

marize those aspects of the ATR notion of reading that motivate

the structure of RBSNs as described in Sections 1 and 2.

Note 6.1. The semantic structures of RBSNs have some parallels
with certain aspects of relational databases, but are much more
general and flexible than relational databases as presently con-
ceived, particularly in their capacity to represent the semantics
of a wide range of diverse natural language constructions, and
their consequent capacity to represent natural language entail-
ment among sentences incorporating those constructions.

-5 —



1. BASIC IDEAS

A universe of discourse is taken as a set of objects, called

elements, that one wishes to treat, The underlying logical para-
digm7 adopted in this paper is that all information pertaining to
the elements of a universe of discourse can be depicted in terms
of whether or not those elements stand in certain relations rela-
tive to each other, and that the content of assertions regarding
that information can be depicted purely as configurations of diag-
rammatic representations of elements and relations. The intended
sense of what it means for the content of assertions to be so
depicted will become clearer in our subsequent examples and
discussions.

Elements of the universe of discourse are represented as
points (e), and relations among those elements are represented as

L;Lh_d detbed tives (.<4,)
sequences7'l of arrows (—— )M~ Single arrows are used to

7.1

represent one- and two-place relations; sequences of such

arrows are used to represent relations of higher place number.
Thus, for example, if a and b are elements of the universe of

discourse which are represented8 respectively by the points:

Note 7. The various assumptions underlying the reasonableness of
this paradigm are explored in ATR.

Note 7.1 More exactly, relations among elements are represented
as "braced" sequences of arrows, as will be described in Sec-
tion 2. 1In the present section we restrict ourselves to simple
special cases not requiring braces.

Note 8. The labels "a", "b", "R", and so on that occur in these
representations are included for expository purposes only, and do
not appear in actual RBSNs.



and if R is a two-place relation on elements of the universe of
discourse which is represented by the single arrow:

R
—_

then, if the elements a and b, taken in that order, (that is, the
order where a is taken first and b is taken second), stand in the

relation R, we represent this state of affairs by the diagram:

(1) L —-

and, if the elements a and b, taken in that order, fail to stand
in the relation R, we represent this state of affairs by the

diagram:

(2) & } 7

We also use a single arrow to represent a one-place relation on
the elements of the universe of discourse, that is, a "property"

of elements of the universe of discourse., Thus if the element a



stands in the one-place relation S, that is, has the property s,

we represent this state of affairs by the diagram:

and, if the element a fails to have the property R, we represent

this state of affairs by the diagram:

s s
(4) 0—{—% or I >0
a a
Diagrams of the forms (1) - (4), which are built up out of arrows

and points in the manner shown, are called arrow paths. Whether

a given single arrow represents a two-place or one-place relation
is determined by whether exactly two points or exactly one point
occurs with the arrow; thus the arrow in the arrow path (1)
represents a two-place relation since exactly two points occur
with the arrow, while the arrow in the arrow path (3) represents
a one-place relation since exactly one point occurs with the
arrow.8-1

In the immediately following subsection we describe how a
Note 8.1 This sort of ambiguity is resolved by attaching
"braces" to arrows and arrow sequences, in a manner to be

described in Section 2. We use unbraced arrows here in Section 1
and, occasionally, elsewhere, for visual perspicuity.



particular simple sentence whose main verb is represented as a
two-place relation is to be represented within an RBSN. This
special case exhibits many of the features of our general

approach, discussed in Section 2.

1.1 Event Particular Diagrams By combining simple

diagrams of the forms:

(1) °—

¥

and

(2} &0
we can simultaneously represent, for each pair of a multiplicity
of given elements and for a given two-place relation R, that the
elements of that pair, taken in a given order, stand in or fail
to stand in the relation R. For example, 1if we have £four
elements a, b, ¢, d of the universe of discourse and a two~place
relation R, which is such that (i) the elements a, c, taken in
that order, stand in the relation R, (ii) the elements a, d,
taken in that order, stand in the relation R, (iii) the elements
b, ¢, taken in that order, also stand in the relation R, and (iv)
the elements b, d, taken in that order, fail to stand in the

relation R9, we refer to the "circumstance" described by (i)-(iv)

Cgiven on next page)

Note 9. We can thus regard diagram (A)Aas simultaneously
representing, in part, that the set of ordered pairs {(a,c),
(a,d), (b,c)f is included in the relation R, hence that the set
a,b; is a subset of the first domain of R, and that the set
c,d} is a subset of the second domain of R. Thisg situation is
generalizable in the obvious sense to relations of more than two
places,



as an event particular, and represent it by the following

diagram, called an event particular diagram (EPD):

(A)

We refer to the vertical "columns" of points

and

as point banks of (A) and, reflecting their relative (left-to-

right) order in (A), we refer to the point bank

b e

as "the first point bank" of (A), and we refer to the point bank

o d

as "the second point bank" of (A&).
The case for three-and-higher place relations is wholly

analogous. Event particular diagrams, especially when

....10_



representing relations of more than two places, can become
graphically complicated. Thus, generally, in order to simplify
event particular diagrams we will often employ the convention of
omitting barred arrows (——4—>)from diagrams with the
understanding that, when points belonging to successive point
banks of a diagram are not joined by any arrow, the elements
respectively represented by those points are to be regarded as
failing to stand in the relation R. For example, if we apply
this convention to the diagram (A) above, (A) can be equivalently

represented by the diagram (A'):

(A")

wherein the barred arrow in (A) joining the points representing
the elements b,d, in that order, has been omitted.

1.2 Event Diagrams Let us consider an arrayg'l of event

£
I ST P
TR Y PR Y *

Note 9.1. I use the word "array" in the sense of a graphic con-
figuration of given constituents. There are as many arrays of
given constituents as there are ways to arrange them relative to
each other. 1In general, any rearrangement of constituents yields
another array though they will be, in an intuitive sense, "equiv-
alent"; for definiteness, we will later distinguish certain
arrays as "standard". 1In this regard, we treat the notion of
"array" as more general than that of "diagram" in the sense that
diagrams are special sorts of arrays, and regard both diagrams
and arrays as linguistic entities akin ontologically to words or
sentences. Strictly speaking, one should distinguish between a
diagram or array as type and as token. The classical difference
between types and tokens is that types are abstract entities of
some sort and tokens are concrete, for example, graphic
"instances" or "occurrences" of types. It is common practice in
talking about words, sentences, and the like to refer, say, to
the word "book" ambiguously as to type or token. We follow this

-11-



particular diagrams (EPDs) (each representing a possible event
particular) constructible on a given pair A,B of point banks, and

having A as 1lst point bank and B as 2nd point bank:

A B
ale 2 bl
aze ° by

with the understanding that the arrows joining them represent a
given relation R, and that ay, a5, by, by are elements of D
represented here by the respective points indicated. We call

such an array an event diagram (ED) having those event particular

diagrams (EPDs) as constituents. The event diagram represents an

event, which is a set of event particulars, that is, a set of
possible circumstances in which aj,a; can be related to by,b,
with respect to R. PFor definiteness, let us assume that the
universe of discourse D consists of all human beings, and that
the elements a),ay are all the men in D, and that the elements

blrbz are all the women in D. Let us assume further that the

benign practice in referring to diagrams and arrays. With regard
to this practice, we note that, while an array-as-token is prop-
erly a configuration of diagrams-as-tokens in the sense that
those diagrams-as—-tokens occur as physical parts of that array,
in which case we refer to those diagrams-—-as-tokens as constitu-
ents of that array-as-token and we can, in a derivative (and
somewhat inaccurate sense) also refer to diagrams—as-types as
"constituents of" arrays-as-types. Generally, we will speak of
relations such as "is a gub-array of", "is a sub-diagram of",
"is an instance of", "is an occurrence of", "is a constituent
of", "is identical to", "is similar to", "is an ordering among",
"ig linked by a dotted line to", and so on, which can ambiguously
be understood to relate two tokens, to relate two types, or to
relate a type to one of its tokens, without making the precise
intended sense explicit.

_.12....



relationt? R we are concerned to represent 1s that of loving as
it pertains to men loving women.tl Then A is the point bank
representing all men, and B is the point bank representing all
women. Accordingly, the set,of all possible EPDs on the point

banks A, B, taken in that order, is the following:l2

Note 10. We understand "relation" throughout this paper in an
extensional sense, whereby the number of such possible relations
is wholly determined by the number of point banks, the number of
points in each point bank, and the order in which the point banks
are to be considered in defining the relation.

Note 11. That is, restricted to the Cartesian Product {al,az} X
{blrbz} = {(alrbl)r (alrb2)r (azrbl)t (azrbz)}o

Note 12 We note that there are 16 EPDs in (1 . Generally,
given the m point banks Aj,...,Ap consisting respectively of
Nj,e..,n elements, there are 2M¥...X Np pos5ible EPDs with
point banks BireeerBy, taken in that order. 1In the case of the
set Ol, since there were m = 2 sets A and B with 2 elements in
each, the total number ofzgassibie EPDs with point banks A, B,
taken in that order, is 2 = 2% = 16,

-12.1~



The set (R;of all possible Event Particular Diagrams

constructible on the pair of point banks A, B.

A B A B
(1) Z (2) Z
(3) :ji;%g%;i:: {11} i ;E
(5) ;E (13) %%%
(6) ;%ig {14) %%5
(7) % (15) \g
(8) (16) ;% %;

-13-~



Under the given meanings of the point banks A, B, and of the
arrows joining these points whereby they represent, respectively,
the set of men, the set of women, and the (extensional) relation
of loving restricted to these two sets as (supersets of) its
first and second domains respectively, each of the EPDs of Ch

represents a specific circumstance pertaining to them. (For

example, EPD(l) represents the circumstance that all men love all
women.) An event diagram (ED)13 is an array of event particular
diagrams. The constitu_ents of a given ED are the elements of
some one of the 216-1 non-empty subsets of {(l)-(l6)}. In this
sense an ED represents the set of circumstances represented by
its constituent EPDs. (The precise number of men and women in
the domain of discourse is unimportant; it is only important that
there is a definite number of each.)

1.3 Representing English Sentences as Event Diagrams. We

will next indicate how, under these various above assumptions
regarding the meanings of the sets A, B, and of the relation
between their elements, each of certain English sentences
describing men, women, and the relation of loving can be repre-
sented by a particular one of the EDs whose constituents are
elements of Ci in the sense that the ED representing such a
sentence contains as constituents all and only those EPDs of Ch
that represent @ circumstance under which that sentence would
be true. For example, the English sentence "all men love all

women" is represented by the ED whose sole constituent is the

Note 13. We will shortly distinguish EDs that are arrays of EPDs
as "simple" to distinguish them from the more general case of an
event diagram which is an array of arrays of EPDs. This more
general case is introduced on page 99.

....Iﬂ!..



sole element in the singleton subset { (1)} € QL. 1In particular,
we will identify those EDs the set of whose constituents is among
the subsets of (1 which represent given English sentences and,
for each ED that represents an English sentence, we will identify
a specific English sentence which is represented by it.

More exactly, we construct a certain set S5 of English
sentences and a certain set ([ * of subsets of (r such that
there is a 1l-1 correspondence & between Sa and (p* such that,
for all ec¢ %i r oX(e) consists precisely of those elements
of (ﬁ that represent a circumstance under which e would be
true. The set SgG is obtained by (i) filling in each of the
blanks of the schema:

(C) ____men love __ women

by any ordinary English determiner phrase (e.g., "some", "all",
"no", "at least one", "at most one", etc.) to yield what we will
call an atomic sentence and (ii) forming successive sentential
compounds out of atomic sentences, using the English sentential

connectives "and", "“or", and "not". Each sentence e of the thus

constructed set S5 corresponds to some non-empty subset o (e)

of Cﬁ in the sense that d{e) consists of all and only those EPDs
of (1 which represent a possible circumstance which can hold if
the sentence e is true. There are 21® - 1 = 65535 such possible

subsets 14 of Cﬁ, only some of which correspond to actual

Note 14. In order to verify these claimed correspondences the
reader, for the present, will have to rely on an "intuitive read-
ing" of these sentences as well as on an intuitive appraisal of
what the EPDs (1)-(1l6) represent. The formal basis for these
correspondences derives jointly from the formalization of the
notion of reading, as carried out in ATR and described, at least
in part, in the present paper, and on the way that this formal-
ized notion is to be represented within RBSNs, as outlined in the
Appendix.

-15-



English sentences in this sense, We will identify those subsets
that do so correspond to English sentences after we consider some
concrete examples involving, first, atomic sentences obtained
from schema (C), and second, sentential combinations of such
sentences.

Finally, we regard a sentence as correspondng to an ED if

that sentence corresponds to the set of constituents of that

ED. The ED represents the semantic structure of the sentence to
which it corresponds, though occasionally, for grammatical
flexibility, we will speak of the ED as "representing the
sentence" to mean that thé ED represents the semantic structure

of that sentence.

The atomic sentence:
(1) All men love some woman

corresponds to an ED whose constituents are the elements of the

set {(1),(2),(3),(4),(5),(7),(8),(9),(10)}

-1 6=



The atomic sentence

(ii) Some men love some women

corresponds to the ED whose constituents are the elements of the
set {(1),(2),(3),(4),(5),(6),(7),(8),(9),(10),(11),(12),(13),
{14),(15)}.

The atomic sentence

(iii) No men love some women

corresponds to an ED whose single constituent is an element of
the set {(16)}.

The atomic sentence

(iv) At least one man loves at least two women

corresponds to an ED whose constituents are the elements of the

set {(1),(2),(3),(4),(5),(6),(11)}.

~16.1-



The atomic sentence
(v) At least two men love some woman

corresponds to an ED whose constituents are the elements of the

set {(1),(2),(3),(4),(5),(7),(8),(9),(10)}.15

The atomic sentence
{vi) At least one man loves no woman

corresponds to an ED whose constituents are the elements of the

set {(6),(11),(12),(13),(14),(15),(16)}.

The atomic sentence
(vii) Exactly one man loves at least one woman
corresponds to an ED whose constituents are the elements of the

set {(6),(11),(12),(13),(14),(15)}.

The atomic sentence
(viii) Exactly one man loves exactly one woman
corresponds to an ED whose constituents are the elements of the

set {(12),(13),(14),(15)}.

Note 15. Because of the specific limitation imposed on the sizes
of the sets used in this example, namely 2 men and 2 women, this
sentence corresponds to the same ED as does the sentence (i) .

_17....



The atomic sentence

{ix)

At most one man loves at most one woman

corresponds to an ED whose constituents are the elements of the

set {(6),(11),(12),(13),(14),(15),(16)].

We next consider examples involving sentential combinations

of atomic sentences. We first make a useful general observa-

tion:

sentences obtained as sentential combinations of atomic

sentences using natural language conjunction, disjunction, and

negation, correspond to EDs built up out of the EDs to which

their

component sentences correspond by the respective set-

theoretic operations of intersection, union, and complementation

the set of congtituents of

(with respectto C&). That is to say, designatingjthe ED corres-

ponding to the sentence s by [s], we have:

[Sl and Sz] = [Sl] M [82]
[sq1 or s,1 = [s7] U [sj]
[it is false that s] = Ch— [s]16

For example:

The sentence obtained as the conjunction of sentences (iv) and

(vi), namely (x) below:

Note

case
they
more
this
more

16. These relationships apply only to the special present
where the EPDs operated upon are "similar" in the sense that
have the same point banks and the same relation. For the
general case where the EPDs operated upon are not similar in
sense, these relationships need to be formulated in terms of the
general concepts.of Section 2.
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{x) At least one man loves at least two women and at least
one man loves no woman

corresponds to an ED whose constituents are elements of the set

[ivl n [vi] =

{-, N {6, an-ae)} = {6, @an},

The sentence obtained as the disjunction of sentences (iv) and

{vi)s

(xi) At least one man loves at least two women or at least
one man loves no woman

corresponds to an ED whose constituents are elements of.the set

livlu [vi] =

{w=-), 1n}tu {6, 1n-ae} = {(1)-(6),(11)-(16)},

The sentence obtained as the negation of sentence (iv):

(xil) It is false that at least one man loves at least two
women (i.e., no man loves at least two women)

corresponds to an ED whose constituents are elements of the set

Gi=liv] =Gi-tw=-), ant = {(m-w1o, 12)-(6)},
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on(L

The sets [s] formed in this way comprise an algebra junder
the operations of intersection, union, and complementation.
It is of interest to note that we can characterize the

elements of this algebra on Cﬁ independently of any reference to

the sentences to which they correspond, namely as the set of non-
empty subsets of (i whose elements (i.e., EPDs) have a certain
simple structural relationship to each'other.17 We can describe
the requisite structural relationship in a completely general way
as follows: Let By,...,By be m point banks, and let J% be the
set of all relations holding on the points of Byre.. By, taken in
that order, Let EPDs e},ep [ 0@), and let o be a one-to-one
function on the point banks Bis...,Bp of J% such that: (1) for

the
each 1€i<m, X maps the points of Bj ontojpoints of Bj, and (2)

unbarred (barred)
for all points blOEBl,...,bmcﬁ Bgs byse..,by are joined byjparrows
unbarred (barred)
in ey if and only if K (by)ressy A ({bp) are joined byjarrows in

€5. If there is such a function & relating e) and e,, then e,

is called a rearrangement of ey, ey is called a rearrangement

of e;, and X is called a rearrangement function onCﬁB. A sub-

1
set &5 of 45 is said to be closed under rearrangements if and

only if for all ej,ep E JE) r 1f ey € JB l, and e; 1s a rear-
i
rangement of e;, then e, € JE . We state the following without

proof: Let JB be the set of all EPD;s on point banks
By,...,By, let D be 3 schema analogous to schewa C but con-

taining m common-noun phrases mmstead of two (e.g., men and
wowen) and an m-plice relation instead of & two-place vel-
ation (c.q., Leve), and let Ogp be the set of all sentences ob-
tained from Schema D by the same proceduve (See bage 15)
3S the Set 5&_ 1s obtained from schema C. Then, for every

Note 17. This structural relationship, as it pertains to the set
CL of EPDs (1) - (16), intuitively reflects the fact tha@ those
EPDs cannot be distinguished by English sentences involving only
reference to men, women, and loving (as it pertains to men loving
women), restricted to the means prescribed here.
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non-empty subset L of D,

there is an English sentence corresponding to J%’ if and only is
5&5 is closed under rearrangements. For the case where &%
is (}, as described earlier, this claim specializes as follows:
for every non—-empty subset Chf of Ci ; there is an English
sentence corresponding to Chf if and only if Ci’ is closed under
rearrangements; moreover, the set of such English sentences is
the set of all sentential combinations of sentences (C')
obtainable from (C) by filling in the blanks of (C) by determiner
phrases,

We note that the relation "being a rearrangement of" is an

equivalence relation on &% (i.e., it is a reflexive, symmetric,

transitive relation on J% ), hence induces a partition of 45

into a set of disjoint cells J$* ::-[J%l,...,Jgk} such that,
for each 1 i € kg, J;i consists of all and only EPDs b €oP

that are rearxaé%ments of each other. 1In the case of the set C&,
there are 7 cells in (1 *, namely: {(1)}, {2y, 3),4),(5)},
tey.ant, {m,anl, {6, o}, {12,013,149,a5}, and
{(16)}; consequently, there are 27-1 = 127 subsets of Cﬁ that are
closed under rearrandements. This means that (only) 127 of the
possible 2161 - 65,535 non-empty subsets of Ci have English
sentences that correspond to them (or sentences of any natural
language, for that matter). This claim is based on the following
observation: There are exactly 127 non-empty subsets of Ci that
can be obtained as iterated unions of the above 7 cells, each
such iterated union corresponding to that non-empty subset of Cﬁ*
consisting of all the cells that enter into that union, and there

18
are exactly 127 non-empty subsets of o*. Samfﬂe sentences -

Note 18: These sentences are obviously not unique.
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corresponding to the above 7 cells (EDs) are respectively as

follows:

the sentence
{xii) All men love all women

corresponds to an ED whose constituents are elements of the set

{1y}

the sentence
(xiii) Some man loves all women and some man loves exactly one
woman

corresponds to an ED whose constituents are elements of the set

{(2),(3),(4),(5)};

the sentence
{xiv) Exactly one man loves all women

corresponds to an ED whose constituents are elements of the set

{(6),(11)};

the sentence
(xtv) No man loves all women

corresponds to an ED whose constituents are elements of the set

{7y, o) };

the sentence

(xvi) All men love exactly one woman

corresponds to an ED whose constituents are elements of the set

{(8),(9)};
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the earlier sentence
(viii) Exactly one man loves exactly one woman
corresponds to an ED whose constituents are elements of the set

{(12),(13),(14),(15) };

the earlier sentence
(iii) No men love some woman

corresponds to an ED whose constituents are elements of the set

{(16)}

Thus every sSentence constructed as a recursive sentential
combination of sentences of the form (C) is, under the cardinality
assumption that there are exactly two men and two women, equiva-
lent to some disjunction of sentences (iii), (viii), (xii),
(xiii), (xiv), (xv), and (xvi). We note that this holds also for

of sentences

further sortsAsuch as the following, which involve  restric-

tive relative clauses:
All men who love any women love every woman

which corresponds to an ED whose constituents are elements of the
set {(l),(6),(ll),(16)} and which is equivalent to the sentence:
All men who fail to love any woman fail to love every woman
hence which also corresponds to an ED whose constituents are
elements of the set {(1),(6),(11),(16)}.
disjunction
Each of these latter two sentences is eqguivalent to the A of

the three following "basic" sentences:
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(a) All men love all women
which corresponds to an ED whose constituents are elements of the
set {(1)},
(b) Exactly one man loves all women
which corresponds to an ED whose constituents are elements of the
set {(6), (1)},
and
{c) No man loves any woman
which corresponds to an ED whose constituents are elements of the
set {(16)}. These three sentences can be combined by the senten-
tial connective "or" to form the sentence
All men love all women or exactly one man loves all women or
no man loves any woman
which corresponds to an ED whose constituents are elements of the
set {(1),(6),(11),(16)}.%°

1.4 Representing Entailment Relationships Among English

Sentences In the above examples, all EPDs were of a

restricted kind, namely (i) they all had the same point banks,

Note 19. The claimed reasonableness of the correspondences men-
tioned above between English sentences and subsets of (@ is
intuitively verifiable by "reading" the English sentence in gques-
tion and "applying” that reading to each EPD of (@ to determine
whether that EPD actually "depicts a circumstance" under which
that sentence would be regarded as true. The subset of (& which
corresponds to that sentence would then consist of all and only
those EPDs of (i which so depict a circumstance under which the
sentence in question would be regarded as true.

This intuitive basis for identifying the appropriate corres-
pondences between natural language sentences and EPDs can be
supplanted by a mechanical procedure, described in ATR, which
associates the requisite EPDs of any given natural language
sentence with that sentence which has been assigned a reading.
The related task of developing mechanical procedures for
obtaining suitable readings of natural language sentences (i.e.,
the "parsing" task) has only been preliminarily addressed.
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(ii) their constituent arrows were all "pointed” in the same
direction, namely from points of the point bank representing men
to points of the point bank representing women, and (iii) their
constituent arrows represented the same relation, namely that of
loving as it pertains to men loving women. We shall refer to
EPDs that are related in this way as similar?0 to each other.
With reference to the above set of examples involving simi-
lar EPDs, we note that one sentence s entails another sentence t

just in case the set [s] corresponding to s is set-theoretically

included in the set [t] corresponding to t. Under the cardinal-
ity assumptions express_ed by the diagrams of Ch , namely that
there are exactly two men and exactly two women, we conclude (by
virtue of this set-~theoretic inclusion criterion for entailment)
that, for example, the following hold: (i) entails (ii) and (v),
(1) and (v) inter-entail each other, and (vii) entails (vi) and
(ix); also (vi) entails (ix), (viii) entails (ix), (iv) entails
(xi), and (x) entails both (iv) and (xi). We further note that
any two sentences from among the above are contradictories of
each other Jjust in case their corresponding sets are set-
theoretic complements of each other with respect to C} ; accord-
ingly , (ii) and (iii) are contradictories, as are (iv) and
(xii). Thus entailment, for the present special case, where the
EPDs considered are all similarzl, can be represented within
RBSNs in terms of simple set-theoretic inclusion., The diagram-
matic representation of general cases of entailment encompassing

entailment relations among non-similar EPDs as well requires a

Note 20. This notion is defined more precisely later. See
pages 61-63,
Note 21. See pages 73, and. 74,
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more general characterization of entailment among sets than set-
theoretic inclusion. Such a more general characterigation will
be given at the end of Section 2 in terms of the existence of
certain pathways that link the constituent points and arrows of
the entailing and entailed EDs. In order to accommodate the
intended generalization as well as to extend its application to
relations of an arbitrary finite number m of places with arbi-
trary m-tuples of domains, we will need’to extend various of the
preceding notions; this will be done in Section 2 below.

We note that in the above examples, the entailment relation-
ships did not depend in any way on the particular meanings of the
points or arrows in the event particular diagrams of Q (as men,
women, and loving) that we have assigned to them in those
diagrams, but depended only on the structural relationships among
those diagrams. This derives from the fact that the structure of
the ED corresponding to any given sentence depends only on the

meanings of the logical words, such as all, some, and, not, etc.,

occurring in that sentence, and on the cardinality assumptions
that there are exactly two men and two women, and not on the

meaning of the lexical words, namely men, women, and love,

occurring in it, so that the structural relationships among EDs
depend only on the meanings of the logical words in their
corresponding sentences. (The cardinality assumptions limit only
the range of possible EpPDs in (i , but not the structural
relationships among EDs of Q ).

In this sense, entailment relationships among sentences
imposed by the structural relationships among their corresponding

EDs are completely general, except to the extent that the cardi-

nality assumptions may force two intuitively inequivalent sen-
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tences?? whose logical content is directly impinged upon by those
cardinality assuﬁptions to have the same corresponding EDs.

The relationship between the present paper and ATR is that
ATR provides ways of constructing readings for a very wide range
of natural language sentences and, given a natural language sen-
tence with an associated reading of the type proposed in ATR, one
can construct an ED corresponding to that sentence whose struc-
ture is determined by that reading. 1In the present paper we do
not discuss this relationship in a general way nor do we exhibit
actual readings of given natural language word strings. We
instead discuss only those aspects of this relationship which
directly affect network representations of entailment relation-
ships among the English sentences we use here for illustration,
and allow that the intended readings of these sentences are intu-
itively ascertainable without recourse to their explicit presen-
tation. In this section we have presented some of the basic
ideas underlying network representation of the semantic structure
of natural language sentences in terms of a simple special
case. In Section 2 below we will extend this discussion to cover

more general cases.

Note 22. For examples of this, see page 17 and Note 15
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2. EXTENSION OF THE BASIC IDEAS

In this section we extend our considerations of the
preceding section in order to accommodate the network
representation of the semantic structure ' of much more general
types of natural language sentences and of entailment relations
among them. In order to accomplish this we need to extend our
notion of "arrow path" and of "event particular diagram", and to
formulate entailment conditions on event diagrams representing
sentences so that they apply also to these extended notions.

2.2 Arrows and Braces. Our concern in this subsection is to

informally describe and illustrate the use of arrow paths that
contain an arbitrary finite23 number of arrows. In the following
Section 2.2, we will describe the notions more precisely and
assign suitable set-theoretic interpretations to them. Our
interest is to provide diagrammatic representations of
sentences?? 1like the following under any of their possible
readings which are sufficiently articulated to support the
specification of suitable set theoretic interpretations for these
diagrammatic representations to yield all the intuitively
reasonable entailments that hold among them under those given

readings.

Note 23. The imposition of finiteness is clearly unnecessary for
the general theory, for all our descriptions could be generalized
to accommodate infinite-place relations and/or infinite domains,
but finiteness is necessary for our intended physical interpreta-
tions

Note 24 upile these sentences illustrate some of the required
generalizations of the arrow path structures we are discussing,
they have specially simple quantificational structures, wherein
each noun phrase designates a single element. More general
quantificational structures will be illustrated later.
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1)
2)
3)

4)

John gave the book to Mary.
John did not give the book to Mary.
John gave the book.

The book was given to Mary.
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5) John did not give the book.

6) The book was not given to Mary.

7) John gave the book and the book was given to Mary.

8) John did not give the book and the book was not given
Mary.

9} John gave the book and the book was not given to Mary.
10) John did not give the book and the book was given to Mary.
11) It is false that John gave the book and the book was given

Mary.

12) John gave to Mary.
13) John did not give to Mary.

14) It is false that John gave the book and the book was given

Mary

to

to

to

15) It is false that John did not give the book and the book was

given to Mary.

16) It is false that John did not give the book and the book was

not given to Mary.
17) John did not give the book but gave to Mary.
18) John gave the book but not to Mary.

19) It is false that John gave the book but not to Mary.

20) It is false that John gave to Mary but the book was not given

to Mary.

21) John gave the book but the book was not given to Mary.

22) It is false that John did not give the book but gave to Mary.

23) John gave
24) John did not give

25} The book was given

—-20~



26) The book was not given

27) Mary was given to

28) Mary was not given to

29} John gave and Mary was given to

30) John did not give and Mary was given to
31) John gave and Mary was not given to

32) John did not give and Mary was not given to

informally
We will firstAexamine some of the issues involved in the
diagrammatic
proper A Fepresentation of the above sentences and intro-

duce suitable extensions of our earlier notions required to

handle them. Later, in the following Section 2.2, we will formu-
_ notions

late general definitions of these extended hrequired for the

treatment of the general case.
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The binary relations ave and was given to can be

represented by single arrows, in the manner already discussed in
Section 1. Accordingly, (3) and (4) can be represented

respectively by the arrow paths25 (3") and (4"):

the
John book
(3") o >0
gave
the
book Mary
(4') ————0
was
given
to

and (7), which is a "combination" of sorts of (3) and (4), can be
represented by (7') whose diagrammatic25 construction out of (3')

and (4') parallels, in the obvious sense, the syntactic

construction of (7) out of (3} and (4):

the
John book Mary
(7') © S8 >
gave to

Since (1) differs from (7) we require a representation (1')
of (1) that is graphically different from the representation
{(7')y of (7). Moreover, the representations (1') and (7') must
differ graphically in ways that are set—-theoretically
interpretable in a coherent way. The key intuitive difference

23 We label the points and arrows for convenience in refer-

ence. Such labels, of course, do not officially occur in arrow
paths. The identity of corresponding points and arrows is dia-

grammatically expressed by dotted lines, as described in Section
2.2 below.
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between (7) and (1), of course, is that, in (7), the act of John
giving the book may not have included Mary as the entity to whonm
that book was given , whereas in (1), the act of John
giving the book indeed does include Mary as the entity to whom
the book was given. In order to represent that this latter is
indeed the case, i.e., to represent (1'), we impose a brace onto

the arrow path (7') to diagrammatically represent (1) as (1'):

the
John book Mary
(1% ¢ * —3
gave to

We call the brace:

occurring in (1) a strong brace, and distinguish it from a weak

brace:

which can also be applied to (7') to yield:

(L'")
John the Mary '
book
oo g e — -
hd Cal
gave to

and whose set-theoretic interpretation is the same as that of
(7').25o1

-3]1-



We introduce some simplifying conventions: By virtue of the
set-theoretic interpretationszs'l of strong and weak braces, the

arrow paths containing 3 single arrow :

39
and
e
are interpreted similarly. Because of this, we will often

abbreviate both the above arrow paths alike by the simpler:

— %

Similarly

] Ny
58

- [}

is to be regarded as a diagrammatic abbreviation for

.
W

as well as for

C-_t___—‘:;

For simplicity of graphic representation we will also, in general,
an arrow path containing
interpretAa sequence of n arrows without a brace

\/3 }a-..:, 5

Note 25,1, For these interpretations, see Section 2.2 below,
especilally page 47, and Note 27.1.

_32....



' o 2.1
as if it occurred with a weak brace

S e SRR L

dbove
We note that diagram (1') Ais composed of two types of

components, namely three points and the graphic figure

(L.1') [

N
h =

which is composed, in turn, of a strong brace and a seguence of
dbove
two arrows. 1In a wholly analogous way, diagram (L'')Als composed

of three points imposed onto the graphic figure

(L.1'") I""""'—"——\;J' ””””” 5

which latter is composed, in turn, of a weak brace and a seguence
of two arrows. Figures of the forms (1.1') and (l.1'") are

called arrow traces; more finely, (l.1'), since it contains a

strong brace, is called a strong arrow trace, and (1.1''), since

it contains a weak brace, is called a weak arrow trace.

The utilization of strong and weak braces enables us, not
only to graphically express the above noted differences in the
meanings of sentences (1) and (7), but is also essential for

representing complements of representable relations. We earlier

noted that we represent the complement of the relation

represented by the diagram:

Note 26:1.., While weak braces are not essential in the immedistel
preceding eximples, they are essential inour geveral treatment, prov~
ing 3 richer means of di agrammatic expression and a gredter coherence
in our 3ccovnt of the structure of diaarams than covld be attained
withovt them, Some evidence of their vtility 15 given below in this
section , and 1ater in Section 2 .7, .
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{a) 7

by placing a bar "I" across the arrow shaft of (a), to yield the

following diagrams:

(a') —
In a wholly analogous way we represent the complements of the

relations represented by the diagrams:

(b) = Y 5
and

(c) e 3

by placing a bar across the braces of (b) and (¢} to form the
diagrams:

(b ——— )

and

(c) s

respectively.

Note that the use of braces (or a similar graphic device) is
essential for this purpose insofar as the placing of a bar across
an arrow, as in

(d) '

~
v

or

(e) > - >

would not represent the complement of the relation represented by

the entire unbarred arrow sequence

> 7
but would rather represent two different relations: the relation
47
represented by (d} would be compounded (see page,for the general

definitioqbf the intended compound relation) out of the
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complement of the relation represented by the unbarred version of
the left arrow of (d) and the relation represented by the right
arrow of (d); the relation represented by (e) would be compounded
out of the relation represented by the unbarred version of the
left arrow of (e) and the complement of the relation represented

by the unbarred version of the right arrow of (e).

. regarding
Accordingly, we express complementation by A the bar
applyin
representing complementation as A to the entire arrow trace
that is, we adopt the
convention that a bar crossing any part of the base
entire
of a given brace is regarded as governing the.A brace. For
example
" 3, Lot o

1 _....-—4_.._--—-:
-.;I 5 r__......_______l_

’ 7 g
respectively, and represent the complements of the relations

represented by

| = S "
respectively.
In this regard, we note that we can apply our convention

to interpret the arrow path

e o 7Y
rad

as a graphic abbreviation for the arrow path

& oy
-

to also interpret the arrow path

P v 'Y
& 7 7

as a graphic abbreviation for the arrow path
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— N

Ly Fad

where we draw the braces at different levels to

graphically distinguish this case from that of the arrow path

Ao
.
4

5,
g

which is interpreted differently. Analogously, we interpret th
e

arrow paths

- } 5o » 7 o - { >
as graphic abbreviations for the arrow paths
e — ] , ¢ E
5 - 5 N  ese——
[l e 7 @ raia ,\A

which, by virtue of the immediately preceding discussion, are each

interpreted differently from

I 1
't % —

which represents the complement of the relation represented by

5 W ~3
~
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Thus, we would express the negation of (7), namely (1l1l) by

(11%)
John the Mary
book
———d e e — 2 o
— - >
gave to
and the negation of (1) namely (2) by
the
John book Mary
(2%) L { 3 3
gave to

We recall that the precise location of a bar "I1" occurring
on the

brace of an arrow trace t 1is unimportant, so

that we could as well have placed the bar in (11') and (2') over

the second arrow to yield the equivalent arrow paths:

(11"
John the Mary
book
S S S
gave to
the
John book Mary
(2") & >1“ ] .
gave to



Braces also enable us to interpret

non—-contiguocus

subsequences of given arrow paths: thus, for example, a non-

. q
contiguous subseguence of the arrow path;

the
John book Mary
(1) 5 55 52

gave - to

would be:

John Mary

>

gave to

which we could indicate by superposition onto (1') as in:

k2
1
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More generally, we can distinguish among the various arrow
traces definable on a given sequence s of arrows by drawing each

such arrow trace at a different height off the sequence s. For

example, we draw the possible arrow traces definable on the

seguence
s > '>
of arrows as:
——— 12
ti:
ar”“*‘"-‘j22“““—"*~ah
to [
ot ] : ta
T
t4
ts ““““““““
________ +t
ta1 2
st : >
' t’ — i -
Ty
L t3 - — ——
te E_;_tti__._.
+5 —_—
| tB
V __-——/
tg
~;:i::::::;;:;:::;:7
. t10
tu
!
tiz

The wultimate utility of graphically distinct diagrams, of
course, resides in their intended set-theoretic interpretations,

which will be shortly described in Section 2.2 below.
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With the aid of the preceding informal remarks on the
intended interpretations of arrow paths, we list below the arrow
paths (1')-(28') that represent, respectively, the semantic

structures of the sentences (1) - (28) given earlier.
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the

(1%) John book Mary
s gave > o > (John gave the book to Mary)

(2') — = N 59 (John did not give the book to
Mary)

(3") —— (John gave the book)

(4') —— (The book was given to Mary)

(5") o——F—0 John did not give the book)

(6") —f—» The book was not given to Mary)

(7') ~— —Se- > (John gave the book and the
book was - given to Mary)

(8") —— o | — (John did not give the book
and the book was not given to
Mary)

(9'") . e } Se (John gave the book and the
book was not given to Mary)

(10") . | So o (John did not give the book and
the book was given to Mary)

(11') -] - = _ — = (It is false that John gave the

— o » book and the book was given to

Mary)

(12'") b > 5% (John gave to Mary)

(13') g > 2 (John did not give to Mary)
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(15')

(16')

(17%)

(18')

(197%)

(20")

(21")

(22')

el o~ ——
Sl e S >
—f e e
e
—t— 3
—— 5
- > A
-k
il el ol Sy
i ot J
| en—— S
oot

(It is false that John gave
the book and the book was
given to Mary)

(It is false that John did not
give the book and the book was
given to Mary)

(It is false that John did not
give the book and the book was
not given to Mary)

(John did not give the book but
gave to Mary)

(John gave the book but not to
Mary)

(It is false that John gave the
book but not to Mary)

(It is false that John gave to
Mary« but the book was not given
to Mary)

(John gave the book but the
book was not given to Mary)

(It is false that John did
not give the book but gave

to Mary)
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(23%) 4 (John gave)

(24") [:::t::::9 (John did not give)

(25") S— (The book was given)

(26%) ey {The book was not given)

(27") E—— {(Mary was given to)

(28°%) _L:T+“""tg (Mary was not given to)26-2,26.3

(29") I — ’f? (John gave and Mary was given to)
(30) i } > ? {(John did not give and Mary was

given to)

wore.

(31) - 3 ﬁ John gave and Mary was not
' : given to)
(Bf) g ) ““?“””% (John d4id not give and Mary was

not given to)

26.4

Note 26.2 We will shortly introduce dotted lines to join points
intended to represent the identical element of the universe of
discourse and to join arrow traces intended to represent identi~
cal relations on that universe of discourse., Since dotted lines
have not yet been officially introduced for this purpose, (see
Sections 2.4, 2.5, below), we employ the temporary expository
device of vertically aligning those points and arrow traces that
are intended to be similarly interpreted.

Note 26.3 We note that there is no natural English phrasing to
express that property possessed by those objects that are given
to something (though one could possibly force a phrasing such as
"heing given from"™). Thus wa do not include the "missing” arrow
paths that would have the same graphic relationship to (27') and
(28') respectively that (23") and (24F) have to (25") and (26°")
respectively.

]



Note 244 . There are also further kinds of constructions related
to the above that we do not attempt to diagrammatically represent
in the present paper since their proper representation would
involve also an account of the representation of referential
links and of clauses, which we do not discuss here. These con-
structions would include cases where the base relations repre-
sented by successive arrows were different, as would be required
to diagram the following syntactic representation which has two
different base relations:

GAVE A D and READ D A
e g

Al . g1

L

R2 R2

{1) John gave -the book to be read by Mary.

GAVE A D THE BOOK TO

(1') JOHN

The means for diagrammatically representing (1') would be, very
roughly, to employ weakly braced arrow paths whose first arrow
represented GAVE A D and

whose second arrow represented

READ D A
R
%1
52
as in:
. - w , —}, Ez---g———g
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2.2 Arrow Paths and Their Set-Theoretic Interpretation.

Braces, as 1llustrated in the previous subsection, are
defined, generally, as follows:

An m-pronged unbarred strong (weak) brace b is a graphic

figure composed of a solid (dashed) line, which may be straight
or curved, called the base line of b, and m shorter mutually non-
intersecting straight lines issuing from the base 1line, and
called the prongs of b. In the special case that m = 1, b
consists simply of a single prong without a base line.

The following are examples of unbarred braces:

= == =y — l-pronged (weak and strong) unbarred
braces

2-pronged strong unbarred brace

r——— - -7 2-pronged weak unbarred brace

3~-pronged strong unbarred brace

—r——— — - - = -q 3-pronged weak unbarred brace

An m-pronged barred (weak) strong brace b® is an m~-pronged
unbarred (weak) strong brace b together with a bar (|) which is a
short straight line crossing the base line of b perpendicularly
at some point,

The following are examples of barred braces:

) l-pronged weak and strong barred

Fo—t
bracesg
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i 2-pronged strong barred brace

2-pronged weak barred brace

L 3-pronged strong barred brace

r_“_*___“j_ﬂ_*_“adml 3~pronged weak barred brace

An m-place arrow path p is then defined as a sequence of

alternating points and arrows together with an m-place unbarred
or barred, strong or weak brace all of whose prongs terminate at
points of p in such a way that distinct prongs terminate at
distinct points of p. p is said to be strong or weak according
as its brace is strong or weak, and unbarred or barred according
as its brace is unbarred or barred.

The point trace of p is the m-tuple of points of p at which

the prongs of the brace of p terminate.

The arrow trace of p is the braced sequence of arrows

underlying p.

The following are examples of 3-place strong arrow paths:

I 3 !
@ il 78

! 14
® e n T
& o > ¥e
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and the following are examples of 3-place weak arrow paths:

S
S S — e
Foooogo--—y s

Interpretations of Arrow Paths, The arrow trace of an arrow path

p of length m represents an m-place relation on the universe of
discourse. The arrow path p itself represents that the elements
represented by the successive points of its point trace stand in
the relation represented by its arrow trace.

The order in which given elements of the universe of
discourse are to be considered with respect to a given relation
R, say, 1s represented by the order in which the arrows
representing R join the points representing those elements. Thus

for example, the diagram

—d -



represents that the elements a,b, taken in that order, "stand in"

the two-place relation R, while the diagram

L
#

joi]
o e

represents that the elements b,a, taken in that order, "stand in

the two-place relation R, Similarly, the diagrams

0 o4

[P | e LY i
% 2, : B >

represent that the elements a,b,c, taken in that order, "stand

in" the three-place relation R, while

o &

R
1
b

) e
¥

represent that the elements c¢,b,a, taken in that order, "stand

in" the three-place relation R, and the diagram27
R e B
éttt?:::::;iziiiiééaz a '~ b ::::/,’/c

Note 27. The brace here is "twisted" to the exhibited form to
accommodate the orientation of the arrows it braces together,
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represents that the elements a, ¢, b, taken in that order, "stand

in" the three-place relation R, and so on.

-

In order to describe the relationship between the relations
that strong and weak braced arrow traces represent and the rela-
tions represented by the constituent components of those braced
arrow traces, we introduce the following notions:

(a) Let Ry,...,Rg be relations of Nyseee Ny places on the uni-

verse of discourse D, respectively. Then the overlap product

of Ry,...,Rys inlsymbols, Ry () coe C)IRk, is defined as the

relation:

{(all'...'alnl’ 622,..., aznz, a32,ooo, a3n3,.oo'
ak2'..o' aan) (ail'-oo, ail’li) € Ri, fOI ls is n'

and ajnj = aj,1,1 r for 1€ 3<k }

and the adjacent product of Rjy,...,Ry, in symbols, Ry X...X

R, , is defined as the relation:

,{ (all ,...,alnl ’ azlyuo.'aznz ' a3l,o.o'a3n3 2 I
ayyressrdgn,) (8317--2s33n,) € Ry, for 1<i<n}

(b) Let R be an m-place relation on the universe of discourse

D. Let 1£j3<Jjp<...<jy <m. Then the restriction of R to

the let, jznd,..., jkth domains of R is the relation le"°'dk

= {(aj '.-.'aj ) E Dk there are alloo.'ajl_l 7 ajl +l’ooo,
ajz _l, ajz+l’coo' aj"_l' ajK+l,ooc, am 6 D Such that

(a3s---sap) € R}
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Strong and weak braces can be applied to non-contiguous as

well as contiguous sequences of arrows:

(1) application of strong and weak braces to contiguous

sequences ofarrows, as illustated earlier:

Co——yg—=m o, o 3 3 3
r—-———y———-—3-——=3 , e€te.
7 7 T
(ii) application of strong and weak braces to non-contiguous

sequences of arrows:

— —3 , = R

1 N J —3 .
i S R S S £

Moreover, strong and weak braces can be applied to non-

successive arrow heads and tails:

(iii) application of strong and weak braces to successive arrow

heads and tails:

- \l N
7 7
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(iv) application o?%trong and weak braces to non-successive

arrow heads and taijils:

f > 3 A —— —

S T S <.
C S J -y, et

Finally, strong and weak braces can also be applied to arrows

that are not linearly sequential?7-01

(v) —

Note. 27.01 Strong and weak braces can be applied also to arrows
that do not have a single orientation, as in ‘::::: to form, say,

6§§§§§? * We do not consider these in this paper, since they
go beyond its intended scope. They are useful in providing
alternative graphic structures for representing modifier
constructions which are not discussed in this paper, as well as
providing graphic representations for possible sentences of
languages requiring an extension of the linguistic base obtained
by generalizing relative-place ordering g from a linear ordering
to a partial ordering.
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In order to describe the relationship between the relations

that strong and weak braced arrow traces represent and the rela-

tions represented by the constituent components of those braced

arrow traces, we introduce the following notions:

(a) Let Rys...,R be relations of Dy eeerny places on the uni-

(b)

verse of discourse D, respectively. Then the overlap product

of Rj,...,Ry, in symbols, R; @ ... ® Ry, is defined as the

relation:

{(all,..o'alnlf a22'onu’ aznzr 332;..., a3n3"-"
akz,.an' aan) (ailpoan; aini) € Ri' fOL' lsis n’

and the adjacent product of Rl""'Rk' in symbols, Ry X...X

Ry, is defined as the relation:

-{ (311 'nno'alnl f azl;o\--,aznz [ a31'-09'a3n3 Foweay
aklpo.o;aknx) (ail,...'ami)ERi' fOI l$i$n}

Let R be an m-place relation on the universe of discourse

D. Let léjl<j2<...<jk <m. Then the restriction of R to

: 8t . nd : th : s ;
the j,%%, Jo Treser Ji domains of R is the relation Rji,...,jk
= {(ajl,...,ajk) E Dk there are al’..-fajlqu ajl +l;o-o;
ajz __l' ajz+l"°" ajR-l' ajk+l'o-.' am e D SUCh that

(al"."a'ﬂ'l) € R}
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(c}) Let R be an m-place relation on the universe of discourse

D. The complement of R with respect to D is the relation R P

SUCh that —ﬁ“D = '[(al;a.opam) 6 Dm (alpo--'am) # R.}

We can then describe the relationship as follows:
Let t be a contiguous sequence and lﬂt'to be a not-necessarily-
contiguous sequence of the n arrow traces t1res.,ty, taken in
that order, that represent relations Ry...,R, of Rl,...,Kn places
respectively. Let t' be the result of joining the successive
arrow traces tj;,...,t, of t by an unbarred weak brace, and let
t', be the result of Jjoining the successive arrow traces

tireea,t, of t, by an unbarred weak brace. Let t'' be the result

of joining ty,...,t, by an unbarred strong brace.

Let R be the relation represented by t, let R' be the relation
represented by t', and let R'' be the relation represented by
t'', and let R', be the relation represented by t'y. Let t*€,
t''¢, and tgc be the result of placing a bar on the brace of t',
t'', t'y, to form barred braces thereby, respectively, and let
R'C, R''CS, RIC be the relations represented by t'C, t''C, t1c,

respectively. Then:

n
(i) R, R', and R'' are each relations of = k. — (n-1)
places, and R', is a relation of = kj places. j=1 3
J=1
{(ii) R''s R =Rl®... ®RH=R27.1E (R'O)ll .o lnl’

22;-..;21-12,-.-'[(2'---knk.

Note 27.1. By rendering R = R' we thereby formalize our decision
to interpret unbraced sequences of arrows as weakly braced.
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' n
(iii) For every 1€ i;<...<iy <~2kj-(n-l), if S' (8'') is the
3:

relation represented by the subtrace w of t'(t'') such that, for

1€ j<v, the jth prong of w overlaps or is overlapped by the ijth

f
prong of t' (t"'); and for every 1% 1y<€e..<iy< ;%kj, if §', is

the relation represented by the subtrace w of t'o such that, for

1€j<€v, the jth prong of w overlaps or is overlapped by the ij th
prong t',, then the following hold:
SI ;_J R'ill""ivfz,?.z and §'! 2 R"ilf""ivF SIOQR!Oil'...,ij’

and S''<€g3 .

—D —D —D
(iv) ‘R|C = R and erC = R , and R!C = R'o

We can illustrate some of these relationships as they pertain to

the set-theoretic meaning of the diagram:

= %

R,

where R3 is the relation represented by the strongly braced arrow
trace shown, R, 1is the relation represented by the weakly braced
arrow trace shown, and R1+ Ry, are the relations represented by
the constituent arrows common to both the strongly braced arrow

trace Ry and the weakly braced arrow trace Ry as follows:

....4,8._



(2) (R3)1,7 SRy

(3)
(R3)2,3 & R,

That is,

(4) R3 £ (R3)1,2 @R3)z,3 S Ry @Ry = Ry

We note that (1) cannot be strengthened to read: Ry =
Rl(:)Rz' For example : given a strongly braced n-term
sequence s of arrows (or, equivalently, of two-place strong or
weak arrow traces since they are similarly interpreted), and an
interpretation of s as, say, an n+l-place relation s*, one can
Obtain from that interpretation also an interpretation of each of

the constituent arrows of s, e.g., the ith AYLOW S

; of s, as

*
(s )i,i+1 (that is, the interpretation sf' of s;,as a 2-place
relation,is the 2-place relation (S*)i,i+l)' However, one cannot
obtain an interpretation s* of the strongly braced n-term
sequence s of arrows from the interpretations of its constituent
arrows S1,2¢%0s Sn-1,n ’ namely, the interpretations
* *
(51’2) "'-'(Sn—l,n) ' as the overlap product (51,2)*
*
C)...QD (Sn—l,n) ; rather one can only obtain an inclusion rela-
R . * * '
tionship s < (s1,2)* C)... QD (sn—l,n) . This overlap product
is, rather, the proper interpretation of the corresponding weakly
braced arrow trace.
Note 27.2. We require 2 rather than = to allow thg possibi}ity
that, for example, John could love without his loving anything,
or that John could love Mary without his loving her at any

particular place, at any particular time, for any particular
purpose, and so on.
-49-



2.3. Dotted Lines and Their Interpretation. A dotted line

represents the identity relation, and a barred dotted 1line
(------t-------} represents the difference relation. That is, a dotted
line Jjoining two graphic components represents that those
components represent the same entity, that is, the same element
or relation, and a barred dotted line joining them represents
that those components represent different entities, In
particular, a dotted 1line Jjoining two points represents that
those points represent identical elements of the universe of
discourse D, and a dotted line joining two (strongly or weakly
braced) arrow traces represents that those arrow traces represent
identical relations among elements of D. 1In this subsection we
will introduce several uses of dotted lines with this
interpretation.

Diagrammatic representation of the copula. The copula, in

English, is usually signalled by a form of the verb "to be", as
occurring in either the identity usage (Socrates is the teacher
of Plato), or in the predicative usage (Socrates is a man). In
either usage, the copula is interpreted as the identity relation
on elements of D, hence 1is diagrammatically represented as a
dotted line,

The copula has a special status insofar as it is a logical
rather than a lexical relation. {There are further logical
relations?8 a5 well but they <c¢an be represented without

introducing further special sorts of symbols, being representable

Note 28. For example, comparative relations, expressed in English
by phrases like "is taller than", which signals a logical
relation built onto a lexical base "tall".
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by special configurations of the points, arrows, and dotted lines

already introduced).

Let us briefly illustrate the use of dotted lines to
represent the copula by means of a brief example which follows
the pattern of illustration used in Section 1.

Assume that the universe of discourse D consists of all
living things and that the elements a;, ap comprise all the men
in D, and that the elements bl' b2 comprise all the mortals in
b. Let us assume further that the relation R is the relation of

being identical to. Then A is the point bank representing all

men, and B is the point bank representing all mortals.

A B
al ] 'y bl
a2 o -4 b2

Let 45 then be the set of all possible event particular

diagrams constructible on the pair of point banks A, B as

described:
A B A B A
R T et oo
\l~“ .'__ \f\~ "‘ - \A‘ . . -
(L) (4) o=l (7) N
_-\-" “. .\’(" ha _."- .'.‘
PSR el B3v o = mmienceenen i RS LRy
PRt SEPTPPY e~k
"\\\ ",' ~. . -’__'
2 A
(2) ()
E RSN TN P N
ool il Attt
‘ﬁ‘\ r,‘.—’ \%A‘\ ."F'
' s (6) S
(3 T
POSRUE R S



The sentence:
(i)} All men are mortal
corresponds to an ED whose

set {(1),(2)}

The sentence:

(ii) Some men are mortal

corresponds to an ED whose

constituents are the elements of the

constituents are the elements of the

set {(1),(2),(3),(4),(5), @}

The sentence
(iii) No men are mortal
corresponds to an ED whose

set { ()}

The sentence
(iv) Exactly one man is
corresponds to an ED whose

set { (3) ’ (4) r(5>l Cé)}

The sentence
(v) At most one man is
corresponds to an ED whose

set {(3),(4),(5),6).(N)}

As a second sort of

constituents are the elements of the

a mortal

constituents are the elements of the

mortal

constituents are the elements of the

example involving dotted lines, we
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continue to regard the universe of discourse D as consisting of
all living things, and the point bank B as representing the set
of all mortals in D, but we now assume that the point bank A?!
represents the (singleton) set consisting of the single

individual element Socrates, designated here as "a":

Al B
a o o bl
@ b2

Let now ‘jz‘ be the sget of all possible event particular

diagrams constructible on the pair of point banks A', B

Al B
(8) Seme
“%\l
(9) '::j""4"‘"""‘
“e
1o N
M%“.
ey
The sentence
(i) Socrates i1s mortal
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corresponds to an ED whose constituents are the elements of the

set: { (8),(9) }

The sentence
{ii) Socrates is not mortal

corresponds to an ED whose constituents are the elements of the

set: {(10)}

We note here an important distinguishing characteristic of
dotted lines as compared to arrows in the construction of event
particular diagrams: at most one unbarred dotted line can issue
from a given point, and at most one unbarred dotted line can
terminate at a given point. This reflects the intended
interpretation29 of the dotted arrow as representing the

identity relation, which is a one-to-one relation. Thus at most

one unbarred dotted line can join two given points.

In the above use of dotted lines between points, dotted
lines joined points in different point banks of the same EPD, to
represent that those points represented the same element of D.

A second use of dotted 1lines Dbetween points 1is to
diagrammatically represent that two points in dJdifferent EPDs
represent the same element of D, This second use is essential
for the proper representation of entailment, and will be
described later in this section.

A dot path is a dotted line together with the points or
arrow traces it joins.

Note 29. For a general discussion of interpretations of RBSN
components, see Section 2.5.
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2.4 Graphic Relationships Among Arrow Paths and their Set-

Theoretic Interpretation., Just as a dotted line joining

two points signifies that those points represent identical
elements of D, a dotted line joining two arrow traces signifies
that those arrow traces represent the same relation. Since a
barred arrow trace represents the complement of the relation
represented by the unbarred version of that arrow trace, a dotted
line Jjoining two arrow traces, one of which is barred and the
other of which 1is unbarred signifies that those arrow traces

represent complementary relations with respect to the domain of

discourse D, that is, they represent relations that are

complements of each other with respect to D in the following

sense:

For example,

signifies that the upper and lower arrow traces represent the

same two-place relation, wheress

(ii)
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signifies that the wupper and lower arrow traces represent
complementary two-place relations, that is, the upper relation
holds among given elements if and only if the lower relation

fails to hold among them.

. Y N
I C 2 I/ R
(iii) ;
1 5 3 Coo—mo s ooy
signifies that the upper and lower arrow traces represent

the same three-place relation, whereas

Ny o Ny, Y
I L 4| | AT o s |
(iv) E
i '
] H _........}.__.\ .__..-.-...—d
r L] }, }j [_ ;r—- 7
signifies that the upper and lower arrow traces represent

complementary three-place relations.

ﬁ
—~L%

(v) : !

signifies that each pair of upper and lower arrow traces joined

by dotted lines represents the same two-place relation
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(vi) : l ]

signifies that the first (i.e., left) pair of arrow traces joined

by dotted lines represents the same two-place relation, and that
traces

the second (i.e., right) pair of arrow) joined by dotted lines

represents complementary two-place relations.

(vii) —_—

signifies that the first (i.e., left) pair of arrow traces joined
by dotted lines represent the same two-place relation, and that
the upper arrow trace and the lower arrow trace represent the

same three-place relation.

We note that the above diagram (vii) does not signify that the
second, (i.e., right) pair of arrow traces also represent the
same relation, for they may not. Precisely analogous remarks

apply to:
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o

(viii)

Tt

On the other hand,

{(ix)

[rm—

hARE

signifies that each pair of arrow traces joined by dotted lines
represent the same relation so that (ix) carries more meaning

than either (vii) or (viii). We note in passing that

= :

(%) ? i
—t : I
-

and
{ Ed
L "

(x1) b ;

i —

T
f

are impossible, whereas
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—
g
v

| R
. ' !
{xii) ; i
P___4—“”ﬂ' ; !
I N ! 3
I I
and
I 7 2
‘s T [ ]
{x1i1) :
: I ]
[ N 3
Fal rd

are possible.

This means then that if it is the case that

(xiv)

dh # i en]

then it is also the case that

(xv) ! ; . l
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That is to say, if a dotted line joins two strong arrow traces P
and pj, then it is implicit that a dotted line joins each
corresponding pair of sub-arrow traces of py and p,.

2.5 Graphic Structure of EPDs and EDs as Arrays,and Their

Set-Theoretic Interpretation. By an array I mean a graphic

configuration the meaningful parts of which are called the

constituents of the array. An array, as such, 1is to be

distinguished from the set of its constituents. A given array
has a graphic structure in the same sense that a given English
letter, word, or sentence has a graphic structure.??-1 This
structure may or may not be specified. We impose a particular
"standard form" structure on EPDs and EDs for definiteness.

By a linked array .1 mean an array K

with arrow paths, EPDs, or EDs as constituents, and having dotted
lines joining,i.e..,“linking", various points and arrow traces
OCCLU""'ing withirfhim"rhe significance of a linked array is that
points that are explicitly joined by a dotted line are
interpreted as representing identical elements of the underlying
thatavre

domain of discourse D, and arrow traces pexplicitly joined by a
dotted line are interpreted as representing identical relations
among elements of the underlying domain of discourse D.

A brace b' is a sub-brace of a brace b if and only if b and

b' are either both strong or both weak and all prongs of b'

overlap or are overlapped by prongs of b.

Note 29.1 See Note 9.,1.
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For example, b' is a sub-brace of b in

{ 1 |
t' is a sub—trace of t in

t
_ti
p— /’?\\\__
1 | J
7 r'd
and p' is a sub-path of p in
\ r
P 4,/\\\5“__“m
[ 1
& > »
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An arrow trace t' is a sub—arrow trace of an arrow trace t

if and only if the brace of t' is a sub-brace of the brace of t,
and the arrow sequence underlying t' is a subseguence of the
arrow sequence underlying t, and t' is a proper sub-arrow trace
of t if, in addition, t'=% t.

An arrow trace t' 1s analogous to an arrow trace t if and

only if t' is like t except that the brace of t is strong (weak)

and the brace of t' is weak (strong).

An arrow path p' is a sub-arrow path of an arrow path p if

and only if the arrow trace of p' is a sub-arrow trace of the
arrow trace of p and p' is a proper sub-arrow path of p if, in
addition, p'=w p.

A major sub-arrow-path (sub-arrow-trace) p' of an arrow path

(trace) p is a sub-arrow path (trace) p' of p such that there is
ho proper sub-arrow path (trace) p'' of p of which p' is a proper

sub~arrow-path (sub-arrow-trace).

Two arrow paths p; and po are similarity linked if and only

if (i) they have the same length m, and (ii) the arrow trace of
Py is linked by a dotted line to the arrow trace of Poi and are

strictly similarity linked if, in addition, (iii) for each

1€i<m, the ith point of p; is linked by a dotted line to the

ith point of p,, and are exactly similarity linked if, in

addition, (iv) both are barred or both are unbarred (i.e., if

both p; and p, have the same "signing").
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larity linked in each of

1lmi

For example, pj, pp are s

P1
P

P1

P rerranussann
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P1
P2

and are strictly similarity linked in each of
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o oF

N s
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P1
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and are exactly similarity linked in each of

Y <

P —

.,
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e m——

fmrw s et pnaa]
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A

An event particular diagram (EPD), is an array of similarity

linked arrow paths of length m, for some positive integer m, such
that (i) for all m-tuples (a3s...,ap) such that for all 1 $£i<fm,
aj is a point of some arrow path p; of A, there is exactly one
arrow path p of A whose point trace is (a1r+c.rap) - For each 1%

i< m, the ith point bank of A is an array of the ith points of

the point traces of the arrow paths of A,

Two event particular diagrams (EPDS) Ey, E, are similarity

linked if and only if there is a one-one onto correspondence
between the arrow paths of E; and the arrow paths of E, such that
corresponding arrow paths are strictly similarity linked, but not
all corresponding arrow paths are exactly similarity linked.

An event diagram (ED) is an array of similarity linked event

particular diagrams.
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We note that any two distinct event particular diagrams Ey,
E, in an event diagram E are "inconsistent" in the sense that
there is an arrow path p in E; and an arrow path g in E; such
that p and g have the same point trace and there is a dotted line
joining some major sub-arrow paths of p and g which are barred in
one of p,g and unbarred in the other.

An event particular diagram E 1is in standard form if the

points of each point bank of E appear as a column, and the point
banks of E are horizontally arranged among themselves,

An event diagram is in standard form if each of its

constituent event particular diagrams is in standard form and it
appears as a two-dimensional array of horizontally arranged
columns of event particular diagrams.

An RBSN is an array of event diagrams together with dotted
lines joining points and arrow traces of the constituent event
diagrams of the RBSN.

An RBSN is in standard form if its constituent EDs are in

standard form.

We are now concerned to formulate set-theoretic interpreta-
tions of EDs in terms of which we can state an intuitive entail-
ment paradigm that is t? be subsequently reformulated wholly in

terms of the graphic patterns within an RBSN that containsg the

entailing and entailed EDs as constituents.

In the foregoing discussions the relationships between
network components and the set~theoretic entities that they rep-
resented were implicit in our diagrams and in our description of

their meanings.

-64-



In order to state the intuitive entailment paradigm, that is
subsequently to be explicated in purely graphic terms, we need to

make explicit reference to a representation function that assigns

set-theoretic entities to network components. We define such a
function recursively as follows:
Let & be an RBSN and let D be a universe of discourse. &

representation function on &4 to D is a function * such that:

(i) if y is a point of o , then y *€D

(ii) if y is an arrow trace of & of length m, then y* = D™;
if y', y'' are analogous arrow traces of x such that y' is
strong and y'' is weak and if yy,...,y, are the major sub-
arrow traces of y', then (y")* € (y'")* = yi* ® e B ¥n* i
if y is an arrow trace of length m, and if y° is a sub-arrow
trace of y such that, if pi1""'piv are all the prongs of y

that overlap the prongs of y°, where iy<i..<d and which are

vr
such that, for each 1<j<v, the 3B prong of yo overlaps the
ijth prong of y, then y%* = (y*)il...iv .

(iii) if y is a dotted line of o , then y* is the identity
relation on D and on D™, for every positive integer m.

(iv) if y' is a barred arrow-trace or a barred dotted line
of X and y is obtained from y' by deleting the bar, then
(v * = 7.

(v) if y is an m-place arrow path of o with arrow trace x and

point trace (Xj7,...,%Xp), then y holds under * if and only if

(2% oo xp*) € x%,
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wnbarred ?L barred dot path composed of an unbarred or barred,

(vi) if y isanfjdotted line x of & joining points or arrow

traces x3, X9 of & , then y holds under * if and only if xl*

= Xg* or x1* £ Xx,*, according as, respectively, x is unbarred

or barred.

X occurring within an event diagramy,
(vii) An event particular diagram A of ¢ holds under * if and

only if each of the constituent arrow paths or dot paths
in sewme vreductionn of X relative te v
holds under * and each of its linking dot paths holds under

*

(viii) An event diagram of ® holds under * if and only if at
least one (equivalently, exactly one) of its constituent EPDs

holds under * and each of its linking dot paths holds under

*l
(ix) A linked array of event diagrams of © holds under * if
and only 1f each of its constituent event diagrams holds

under * and each of its linking dot paths holds under *,

The following consequences of the above definition can be

easily seen to follow:
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Z
(1) Xfw—h——i———%YE holds under * if and only if (1'):

* * *
(x1",7;) € 71

holds under * if and only if (2'):
# * %
(X]_ r¥3 )621 r
* % * * * % * * %
Ry ,¥2 V€23 v (X3 ,¥7 VE 23, (%3 /Y3 )€2y,

2% = d zf= zy* = agrn
1. —22, an Z3--Z4 —Zl

X ?>holds under * if and only if (3'):
(Xl rYl )621 ’

* * *
(xl ,y2 ) € 22 r (X9 ,¥1 )€ 23 , and

*
(23" ,75") €247 or (uy”", W)€ zg5 .
(ul*,wz*)é 26*' (uz*,wl*)é 27*, and

(uzkrwzk) € Zg*, and xy¥*=u;¥, x2*=u2*

Yl —Wl ) Yg —Wzr j_ zg, and

4 z —_—
l* 2* 7* _ * - *D
Z3 = Z4 = ZS = 26 = Zl
Wity wmooe - =0V
FNS 1
R holds under * if and only if (4'):
\wvh

* % * * * *
(X3 » Y3 )€ 23 + (X7 +¥Y2 Y€ 29
* * * * * *

(Xz A ) € Zy 5 (X9 ,¥9 ) €& Zp or
wltzvl* Wlﬁ#V2*, and

* * % % * % a 30

= Z3 s 23 T Zy =27 ¥ TW

Note 30. The labels "x,, "¥1r etc., occurring in these diagrams
are here to be considered as names of the points and arrow traces

to which they are affixed, rather than names of elements of D or
relations on D as was the case in Section 1.
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We can now state the intended entailment paradigm as follows:

Let EDj,...,EDy, EDpyq be (interlinked) event diagrams within
an RBSN o : Then ED;,...,EDy entail EDp4+y (relative tow ) if and
only if for every universe of discourse D, and for every represen-
tation function * on o to D, if EDy,...,EDy hold under *, then
EDp4+1 @lso holds under *,

Our concern is to formulate this paradigm wholly in terms of
the diagrammatic patterns holding among EDj,...,ED; and EDp417 that
is, our concern is to give an explicit diagrammatic characteriza-
tion of entailment, permitting thereby a purely diagrammatic means

of determining instances of (valid) entailment. We describe the

intended characterization in the next subsection, We
introduce the essential notions required for this characterization.

An m-place arrow path p' is an explicit resultant of an

n-place arrow path p i1f and only if p' and p are both unbarred
(barred), n > m (n ¢ m), it is not the case that p (p') is weak and

p' (p} is strong, the point trace of p' (p) is a sub-tuple of
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the point trace of p (p'), and the arrow trace of p' (p) is a

sub-arrow trace of the arrow trace of p(p').3l

the
Note 31. We remark here onjasymmetry between the barred and

unbarred cases in the definition of explicit resultant.
~ This asymmetry derives from a general situation which
can be seen in the following examples:

(1) John gave the book to Mary

(ii) John did not give the book to Mary
{(iii) John gave the book

(iv) John did not give the book

{v) The book was given to Mary

(vi) The book was not given to Mary

Under the dominant reading of each of (i)~ (vi), (i) entails each
of (iii) and (v}, but is entailed by neither (iii) nor (v);
indeed, (i) is not entailed by the conjunction of (iii) and

(v). On the other hand, (ii) entails neither (iv) nor (vi) but
(ii) is entailed by each of (iv) and (vi). The general situation
regarding the semantic structure of sentences which underlie the
patterns of inter-entailments noted here among sentences (i)-(vi)
is reflected in the following interconnections among the set-
theoretic interpretations of arrow paths:

N,
r o4

C

(1) Ok
d

o w

is interpreted as meaning that (a,b,c) € R , that (a,b) € Ry 2
and that (b,c) € Ry, 3- f

\ R
(2) 18 : > >
a b

. . —D —_—
is interpreted as meaning that (a,b,c) € R, that (a,b) € (Rp)l 2y
and that (b,c) € (R")g 3. !

While (a,b) € Ry - can be regarded as meaning thagma,b, taken in
that order, stand in the relation Ry ,, (a,b) € (R")y , can
similarly be regarded as meaning that"a,b, taken in that order,
stand in the relation (ﬁ*)l 5y but not as meaning that a,b, taken

in that order, fail to stand“in the relation Rl,2' because gener-

ally, Rl,ZD #: (RD)1,2°

Accordingly, while we regard (1) as "entailing"

(1) ————0 '

—0 .-



we do not analogously regard (2) as "entailing"
D

Ry,2
(2") —— P
a b

but only as "entailing”
—b
(R )1 9

(2'7) ° 35 .
a b

For example, (1) could correspond to the English sentence "John
gave the book to Mary", (1') to "John gave the book", (2) to
"John did not give the book to Mary", (2') to "John did not give
the book™ in the sense that John did not give the book to anyone,
and (2'') to "John did not give the book" in the sense that John
did not give the book to some particular person, i.e. that there
is some person such that John did not give the book to that
person.

The dominant reading, of course, of "John did not give the book"
is that reading which is equivalent to the dominant reading of
"John did not give the book to anyone", and is not equivalent to
any reasonable reading of "John did not give the book to some
particular person". There appears to be no sentence in English
that refers only to John, the book, and giving, where giving is
syntactically rendered as a two-place relation, whose dominant
reading is equivalent to the dominant reading of "John d&id not
give the book to any particular person”, in the same way that
"John did not give the book" has a dominant reading equivalent to
that of "John did not give the book to anyone",

The meanings of the labels on the diagrams exhibited in this
footnote revert back to our usual usage in this paper, whereby
the lagls affixed to points and arrow traces in diagrams desig-
nate, not those points or arrow traces, but rather designate
those elements and relations on the domain of discourse that
those points and arrow traces represent.
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An RBSN o is complete with respect to explicit resultants if

and only if for every arrow path p that occurs in & , all
explicit resultants of p also occur in o

An m-place arrow path p'' of an RBSN & is an implicit

resultant of an m-place arrow path p of & relative to & if and
only 1if p'' is exactly similarity linked to some explicit
resultant p' of p, where all dotted line links are in of,

Finally, an arrow path p' of & 1is a resultant relative to

& of an arrow path p _of & if and only if p' is an explicit

resultant of p or an implicit resultant of p,relative to o™ .

The rationale of our definition of sub-arrow path can now be
stated:

Let p,p' be arrow paths of an RBSN & . Then the following
are equivalent:
(i) p' is a resultant of p
(ii) For any universe of discourse D, and for any
representation function * from ©& to D, if p holds under *, then
p' also holds under *,

In order to treat entailment involving more than one
premise, we need to allow arrow paths to be resultants of a more
"generalized"arrow path .

A generalized arrow path p© of an RBSN o« on EPDs E,,...,E,

of & is a sequence of alternating arrow paths and dotted lines of
o joining point py,...,p, ©f & such that for each 1< is<v, p; is
a resultant of some arrow path of some Ejfls.jslq, the last point
of p; is joined to the first point of Pi+] by a dotted line, and

all arrows of p” are similarly oriented (i.e., point in the same
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direction).

Let * be a representation function on an RBSN & to a
universe of discourse D.

We extend the definition of "holds under *" to apply to
generalized arrow paths of X! A generalized arrow path p~ of

® holds under * if and only if each of its constituent arrow

paths and dot paths holds under *.

A resultant of a generalized arrow path p” is an arrow path

p that is either a sub-arrow path of some arrow path of p~ or
else is a resultant of an arrow path obtained from some
subsequence p' of p~ by replacing every configuration of p©
consisting of a dotted line and the two points they join by one
or the other of these points.

The rationale of our definition of resultant is based on the
following observation:

Let p” be a generalized arrow path of an RBSN & and let p'
be an arrow path of &. Then the following are equivalent:
(i) p' is a resultant of p©
(ii) PFor any universe of discourse D, and for any representation
function * from ™ to D, if p” holds under *, then p' holds under
* as well.

Let EPD;,...,EPDy be similar EPDs and let Pleee-rPy be arrow

paths such that P1r.--sP5 are each constituents of each of

EPDy,...,EPD. Then {pl,...,pj} is a reduction set for

EPDy,...,EPD,, if and only if all possible combinations of
signings of the constituent arrow paths of BPDy,...,EPD, not
similar to any of Pl""'Pj occur among EPD,,...,EPDy, where the

"signings™ of a given arrow path are the unbarred and barred

variants of that arrow path.
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We need to introduce another simplification of EDs, as

follows:

If x is a constituent EPD of an ED y, and if T = {TT,,T7,} =
{{p1r+--spnts {Ppayre-erPpepml} is @ partition of the constituent
arrow paths Piree«sPprPptyrec«sPpyy ©Lf %, then the internal

reduction of y determined by x and TT is that ED y' obtained

from y by replacing that subarray v° of y whose constituents are
all and only those EPDs x'' of y such that some signing variant
Pir--+/Pnp by that EPD whose constituents are precisely
Pisr++-+Pp {(in the sense of being exactly similarity linked to the
arrow paths py,...p, of x).

The internal reduction IR(y) of y is that ED obtained from y

by obtaining the internal reduction of y determined by some EPD x
of y and some partition TT of the arrow paths of x, and repeating
this process till no further proper internal reductions are pos-
sible. A unigque ED y* is obtained in this way relative to y and

we designated it as the internal reduction IR(y) of y.

Phsr s+ - 7Phem  ©f DPnsis- - Prem occurs in x'' and such that
o f

every arrow path p of x'' distinct from P+ Phim 0CCUFS

among
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2.6 Simple EDs and the Basic Entailment Form

We will refer to EPDs and EDs of the type we have thus far
described as sgimple, and distinguish them from a further type of
EPD and ED (to be introduced subsequently) which we will refer to

as complex.

Accordingly we will first formulate a basic entailment form

that defines the conditions under which simple EDs entail a
(given) simple ED, and will later {on page 112 ) generalize this

to an extended entailment form that defines the conditions’ under

which simple or complex EDs entail a given simple or complex ED,

i an RBSN o
The Basic¢c Entailment Form. Let EDyre..,EDp, EDpyq be EDsK .

relative to o
Then ED;y,...,ED, entail EDm+lﬂif and only if, for every consist-

ent choice of constituent EPDs Eq,...,Ey of EDqy,...,EDp respec-

tively, there is a constituent EPD Eqs1 ©f EDpyp such that each
of the arrow paths in some reduction set E'm+1 ©f Epyy relative

to ED,, 1s a resultant of a generalized arrow path of

Elr-o-,EmoBZ

Note 32. This entailment form and its extensions can also be
generalized to comprehend a form of "probabilistic entailment" as
follows: let t be the number of choices of EPDs among
EDy,;...,EDp, i,e., t is the cardinality of the Cartesian producit
EDix...xXEDy; and let r € t be the number of elements
(EPDy,...,EPDp) € EDjx...xEDp such that EPDp,; is a resultant of
EPDy,...,EPDp. Under these conditions we say that EDjre..,EDp
r/t~entails EDp,3. The rationale for this type of probabilistic
entailment is roughly as follows:

Each ED depicts the set of all circumstances depicted by the
constituent EPDs of that ED under which it can be true, subject
only to the cardinality assumptions carried by the index function
h. 1If for each element (EPDl,...,EPDm) € EDjX...XEDy ,
EPDy,...,EPD, collectively depict a circumstance which is
depicted by some EPD £ EDm+l' then EDj,...,EDy entail EDp,y. If
there are t total elements in EDqX...XEDy and r of them
collectively depict some circumstance depicted by some

EPD € EDp.q, then EDy,...,EDp r/t-entail EDpyyr which is to say
that if Dqy,...,EDy, EDy,; represent, respectively, the sentences
€1r.2+¢8p, ©pi1s then the probability is r/t that eq+] is true
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In the special case of our earlier examples in Section 1 '
m=1, and EDy=ED, € EDp,1=EDp. In this special case, every EPD of
ED; is an EPD of EDy; thus, since the relation of "being a
resultant of" is reflexive, we have that ED; entails ED,. Thus,
if an ED X is a subset of an ED ¥, then X entails Y; that is, if
X 1is set-theoretically contained in ¥, then X is implicitly

contained in Y.

2.7 Examples of Simple Event Diagrams In the following

examples, we indicate (but do not exhibit) the intended syntactic
representation of a given natural language Ssentence e by super-
scripting a prime symbol "'" to that sentence, obtaining thereby
"e'", For simplicity in exposition we have chosen sample sen-—
tences whose dominant reading permits the association of point
banks Ay, Ay,...,A; with the successive noun phrases they repre-
sent, that is, in accord with the left-to-right order of occur-

rence of those noun phrases in e.33,33'l Accordingly, we do not

under the assumption that each of €1,++.,8y 18 true (and under
the cardinality assumptions carried by the index function h).
Furthermore, we can also employ sampling methods for estimation
of the proportion / in the population EDyx...xED, from a random
sample relative to glven confidence levels, which 1s useful when
the number of elements in EDyx...xEDy is very large.

Note 33. See Appendix for the orientation of this special case
to the more general case.

Note 33.1 More generally, we have included here only examples
involving EDs of relatively simple structure and with relatively
simple interconnections among them. The technigues of ATR
provide for the construction of EDs of much more general kinds
than are described or illustrated here which would be required to
represent entailment among natural language Sentences of more
varied sorts,
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need to label the point banks in the diagrams insofar as the
labels can be directly identified by virtue of this convention.
The number of points in a point bank corresponding to a given
noun phrase is specified in practice in terms of a function,

called an index function, that assigns to every noun phrase a

positive integer. Accordingly, in the following examples, the
intended index function on noun phrases is indicated by the
number of points in the respective point banks representing those

noun-phrases,.33.2

Note 33.2 1In order to keep the sample EDs readily examinable, we
have used small, i.e., restrictive, index functions. In prac-
tice, somewhat larger index functions would be reguired, which
would be offset by a variety of simplifications that could be
employed to markedly reduce EDs and yet carry the same informa-
tion. For example, a fairly substantial sort of simplification
would be obtained by taking, instead of a full event diagram,
only an array of "representatives” of its constituent event par-
ticular diagrams, as determined by the equivalence relation "is a
rearrangement of", described in Section 1 earlier, For most
typical cases, this will reduce the event diagram to a small
fraction of its original size. For a further discussioqbf index
functions, see the Appendix.
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The event diagram34r34'l of:
(a) At least two men love at least one woman

corresponding to its dominant reading then is:

{)-‘:\'}T\aa': —3 9

j

i

|

i

i
WRATLAD T A

Note 34: 1In order to follow the examples, it is sufficient that
the reader "read" the sentences occurring in the examples in an
intuitive sense, and match those readings against an intuitive
appraisal of what the diagrams represent. This appeal to intui-
tion is supplanted in ATR by an explicit procedure for converting
readings (e',s) of natural language sentences e into correspond-
ing event diagrams for any given finite index function h.

Note 34.1: Our practice in displaying event diagrams will be (i)
to display them in standard form, (ii) to display unbarred arrow
paths and dot paths only, (iii) to indicate the dotted line
linkages among EPDs only among the first seversl EPDs displayed
and, within a given EPD, to indicate only those dotted line
linkages among arrow paths from which the remaining dotted line
paths can be constructed by transitivity, and (iv) to exhibit all
the EPDs of the ED if the number of constituent EPDs is not very
large; otherwise we exhibit only a sample subset of those EPDs.
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Examples of Further Event Diagrams of Sample Sentences

Consider:

(1) At least one man loves Mary
(2) At least two men love Mary
(3) At most one man loves Mary
(4) At most two men love Mary
(5) At least one man loves

(6) At least two men love

(7) At most one man loves

(8) At most two men love.

Now, under the dominant normal (by my ear) readings of (1)-(8),
we have:

{2) entails (1)

(1) entails (5)

(2) entails (6)

(3) entails (4)

(7) entails (3)

(8) entails (4)

Consider further

(9) Exactly one man loves Mary

{10) Exactly two men love Mary

Then, under the further dominant normal readings of (9) and (10)
we have:

(1) and (3) together entail (9)

(2) and (4) together entail (10)
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The event diagram corresponding to the negation of:
{a) At least two men love at least one woman
under its dominant reading, that 1is, that reading which is
equivalent to the dominant reading of
(b) At most one man loves at least one woman
is the complement of the above ED with respect to the set of EPDs

similar to the EPDs of that earlier ED:35

Add now:
{(11) Exactly one man loves
(12) Exactly two men love

Then, under the further dominant normal readings of (11) and (12)
we have:

(5} and (7) together entail (11)

(6) and (8) together entail (12)

Consider further:

{(13) Mary is a waitress
(14) John gave at most two books to Mary
(15) John gave at most two books to a waitress

Note 35, We note that the number of possib%e EPDs_with point
banks of 3 and 2 elements respectively is 29%2 = 2% = g4, and
that this is just the sum of the EDs corresponding to sentences
(a) and (b} above: namely 64 = 54 + 10 EPDs.
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(16) John gave at most one book to a waitress

(17) John gave at most one book

(18) John did not give any books

(19) John gave at least two books to Mary
(20) John gave at least two books to a waitress
{21) John gave at léét one book to a waitress
(22) John gave no books to Mary \

(23) All men are mortal

{24) Socrates is a man

{25) Socrates is mortal

(26) Socrates is a philosopher

(27) A philosopher is mortal

(28) Socrates knows a philosopher

(29) Some mortal knows some philosopher

(30) At least one man loves at most one woman
(31) At most one woman is loved by at least one man
(32) Most men love Mary

(33) Most men love Agnes

{34) Some men love Mary and Agnes

(35) Some men love Mary or Agnes

(36) John knows and respects all philosophers
(37) John knows or respects all philosophers

Under their respective dominant normal readings, (32) and (33)
together entail (34), and (36 entails (37).

Consider now also
(38) At least one man loves Mary or at most two men love Mary

{39) At least one man loves Mary and at most two men love Mary
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(40) It is false that at least one man loves Mary

(41) It is false that at least one man loves Mary or it is
false that at most two men love Mary

(42) It is false that:it is false that at least one man loves

Mary or it is false that at most two men love Mary

{43) Most men love Mary and most men love Agnes

(44) It is false that most men love Mary and most men love
Agnes

(45) Most men love Mary or most men love Agnes,

Now, under the dominant normal readings of (13)-(45), we have
that: (13) and (14) together entail (15); (16) entails (15); {17)
entails (16); and (18) entails (17); (13) and (19) together
entail (20}; (20) entails (21); (22) entails (14); (23) and (24)
together entail (25); (23), (24), and (26) together entail (27);
(25) and (28) together entail (29); (31) entails (30) but (30)
does not entail (31); (39) entails (1), (4), and (38); (38) and
(40) together entail (4); (40) entails (41); (1) entails (38);
(39) and (42) inter-entail each other; (43) entails each of (32),
(33), (34), and (45).

We will shortly exhibit some of the inferencing machinery
that yields various of the above entailments. But first we
examine the event diagrams that represent various of the
sentences (1)-(43). In the following examples, for the sake of
simplicity of illustration, we adopt an index functin that yields
fairly small point banks:

The sentence

(1) At least one man loves Mary
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under its dominant normal reading and under an index function
that assigns 3 to the noun phrase "at least one man" and assigns
1l to the noun phrase "Mary", corresponds to the following event

diagram:

7’“
7”‘

PH
\. "\i”"..]
\ 'u’

The sentence
(2) At least two men love Mary
under 1its dominant normal reading and under the above index

function corresponds to the following event diagram:

(3) At most one man loves Mary,
under its dominant normal reading,

is represented by the following event diagram:

.....
~

(4) At most two men love Mary,

under its dominant normal reading,
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is represented by the following event diagram:

.‘ .
-]

’

o~
J ‘r E
o
-

TIIA .
R

1Y
\

{5) At least one man loves,
under its dominant normal reading,

is represented by the following event diagram:

Je o . ——
e H e e — L 3
r'[ " lt‘
e H ——> ®
Sy ’ : ? — e
{6) At least two men love,

under its dominant normal reading,

is represented by the following event diagram:

.—’ 1 ;“h-h" ‘-‘“. :
e L ¢ 4
LI e e > - ?
(7) At most one man loves,
under its dominant normal reading,
is represented by the event diagram:
‘:-'—————-;) ) ‘e \\.l ] -]
S T/ [] -]
a _® 3, o

~
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{8) At most two men love,
under its dominant normal reading,

is represented by the event diagram:

—— 3. e °
et e > e >
e DA ®
& L
e > > J
‘\‘ e ," . -] -]
e —. ] o
{9) Exactly one man loves Mary,

under its dominant normal reading,

is represented by the event diagram:

- -

- -

- ~
.

- -
- -~ .
- s.__-\—--.._‘_‘

u;__ "_;_“E//j;:;” lff’tffw
Py e . °

{10) Exactly two men love Mary,
under its dominant normal reading,

is represented by the event diagram:

- .
- .
- Y
-, -
P I L P
- b - -

- ’ - ., )
- [
:7'. T
b 1
< IR
d

S -

(11) Exactly one man loves,
under its dominant normal reading,

is represented by the event diagram

. '_,,> ‘v ‘\‘ (-]
e, o—-———-—-i-—————-—‘-;- ®
@ TTrmmeeeeme Lod Y 4
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(12) Exactly two men love,
under its dominant normal reading,

is represented by the event diagram

3 7 > ‘w > [}

“.. ;‘ g Ly '%

L e e » & >
{13) Mary is a waitress

under its dominant normal reading,

is represented by the event diagram

- ~ee
.

G e aea . S L " .o -3
LN TET TR I~ N -4
o IIIITI .- .
(14) John gave at most two books to Mary

under its dominant normal reading, namely that expressed also by

"John gave each of at most two books to Mary", is represented by

the event diagram

{15) John gave at most two books to a waitress

under one of its normal readings,39'2 namely that also expressed

Note 39.2 There are other normal readings possible, such as
those expressed by:

15(a) John gave a total of at most two books (collectively) to
waitresses (but could have given books to non-waitresses as well)
15(b) There is some waitress to whom John gave at most two books
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by

those were given by John to the same waitress,

of

John gave eachAa total of at most two books and each of

is represented by

the event diagram:

(continued op next page)

(but other waitresses possibly to whom he gave more than two
books)

15(c) John gave a total of at most two books (to anyone or
anything) and those were given to one particular waitress

15(d) John gave a total of at most two books (to anyone or any-
thing) and those were given (collectively) to waitresses

We note that (15) would have a different event diagram under each

of these readings.
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(continuation page)

9 ¢
L

(16) John gave at most one book to a waitress
under one of its normal readings,39'3 namely that also expressed
by: John gave a total of at most one book and that was given by

John to exactly one waitress, 1is represented by the event

diagram:
s >, % v °
h ) e o ® o %
.‘ (¥ \\‘
i ' LN | e [} -] 'Y
L] l‘ \\\ !\‘\
. »
‘ A N n
[ S [ e -] L
@ '.»' T
) 0'. - -} -]
[} [ e - -] ¢
-] L] ® [ [
° )
@ -] &
-] -]
& 0

Note 39.3. As with (15) there are other possible normal readings
of (16) as noted in Note 39.2.
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(17) John gave at most one book
under its dominant normal reading 1is represented by the event

diagram:

(18) John gave no books
under its dominant normal reading is represented by the event

diagram

(19) John gave at least two books to Mary
under its dominant normal reading is represented by the event

diagram ;

(20) John gave at least two books to a waitress

under one of its normal readings, namely that also expressed by:
John gave each of at least two books to the same waitress

and did not give any books to any other waitress, is represented

....8'7_



by the event diagram:

(21) John gave at least one book to a waitress

under one of its normal readings, namely that also expressed
by: John gave each of at least one book to the same waitress,
and did not give any books to any other waitress, is represented

by the event diagram:




(22) John gave no books to Mary
under

diagram ;

(23) All men are mortal

under its dominant normal reading is
diagram!
N Lo . .. R
e R o e
A S Y U o tre T
v 3 ® ® -
AN )
:“‘ B hibind .“: LT e - °__.“-__ &
S8 . T T ey ..-,,_:‘:_:;:w SO
Aokt Tyt Borm nnm e b gy P - “eep

We contrast this with
(23a) A man is mortal
under 1its dominant normal reading

diagram:

i bttt P ® hd
S o o Ty . -
7 . e
v a3 ® L - L
g Y
< v
N ” .\'
-.“ 9 ‘-'—__.Q .l: o o '.h\‘ 'Y
LY, e —— . - —— - el
e e . o -5 & .. ®
s o e ] [ i
o LT
™ e -]
o7 °
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its dominant normal reading is represented by the event

represented by the event

is represented by the event
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{24) Socrates is a man

under 1its dominant normal reading is represented by the event
diagram:
9._...: ........... 3’ . S “"" LI -]
o, - -~ Trell. @
a____-'_"':—.o e
(25) Socrates is mortal

under 1its dominant normal reading is represented by the event

diagram:
ﬁ;_:: - "0':bﬂ-euﬁ::-'"‘-v ' o
T T T e
Q...____'_“_________-.-O “"-p
(26) Socrates is a philosopher39'4

under its dominant normal reading is represented by the event

diagram ;

- . A -

R L S o._
e, e Tl e
Note 39.4.

The EDs of (24),Q@5),(26) are the same when isolated
from the other EDs in an RBSN. When they are so linked to other
EDs, the difference between (24),(25),(26) is constituted by the
fact that the dotted line linkages connecting points representing
men to the points of other EDs is different from the dotted line
linkages connecting points representing philosop

hers,to the
points of those other EDs.
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A philosopher is mortal

(27)

under its dominant normal reading is represented by the event

diagram

Prmcrrremccey

S ——o
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.'“"--.

[ G
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R
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P e =
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[
[
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@ mccecmmenmeae®
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(28) Socrates knows a philosopher
under its dominant normal reading is represented by the event

diagram

_...9 2=



(29)

Some mortal knows some philosopher

under its dominant normal reading

is represented by the event diagram:

Note 39,1 There are 23X3 = 512 EPDs in this event diagram.

¥ < i

B |" -
» 1

- LS

& -]
[ L]
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L3 o
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[
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A

I\'

:
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{30) Most men love Mary,

under its dominant normal reading is represented by the event
diagram

e BT T e T T T . .

;hl P 5: % E ;

LT
(3L Most men love Agnes,
under its dominant normal reading is represented by the event
diagram

e

-

—'-"- .“'n
T FOUNp: S
A e RETIO
’ i ey, .
T -]
_._._.—-—‘7._ i—__._. g % 7
' .-

39.2

Note 39.2 For completeness we indicate EDs for both (30) and
(31) although, as is clear by inspection, the ED representing
{31) is the same as that representing (30). However, in an RBSN
containing both, that the points representing Mary and Agnes are
not necessarily regarded as representing the same element, is

indicated by the absence of a dotted line between those points.
See page .
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Extended Event Diagrams

The event diagrams we have thus far illustrated are called
basic insofar as the only logical expressions whose structure isg
represented by them are the copula and determiners?0 {signalled
by the word-strings "at least one", "at least two", "at most
one", "at most two", "exactly one", "exactly two", "a", "John",
"Mary", "Agnes"). There are also further types of logical
expressions whose representation within RBSNs requires that we
extend the diagrams in various ways. We will discuss the
treatment of wvariocus such further 1logical expressions, namely
those that would occur in readings of word-strings involving
conjoined and disjoined noun phrases (e.g., "Mary and Agnes",
"Mary or Agnes”), conjoined and disjoined verb phrases, (e.g.,
"knows and respects", ‘"knows or respects"), and sentential
connectives (e.g., "John loves Mary and John knows Agnes”, "John
loves Mary or John knows Agnes”, "If John loves Mary, then John
knows Agnes", "John does not love Mary”, "John loves Mary if and

only if John knows Agnes"), There are also further sorts of

Note 40. As treated in ATR, all logical expressions are
expressions of an underlying represeéntation language in which
syntactic representations of natural language word-strings are
formulated; a natural language word-string is regarded as a
"signal" which, in conjunction with the context-of-utterance in
which the word string is produced, cues an intended or "normal"
reading of that word-string relative to that context-of-
utterance, of which the syntactic representation of that word-
string is a part. In some cases, like "at least one™, the signal
is explicit; in others, like "John", the signal is implicit -
that is, the syntactic representation of "John" contains an
"individuator morpheme"--which has no explicit marking in the
word "John", and which is interpreted in the semantic theory as a
function that maps sets into individual elements, so that the
denotation of "John" turns out to be represented by a single
point in EDs.
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logical expressions that we do not treat here but which can
readily be handled by suitable extensions of our diagrams. These
would include readings of word-strings involving comparative

constructions (e.g., "John 1is +taller than Mary"), temporal

constructions (e.g. "John always hits Henry", "John used to hit
Henry", "John sometimes hits Henry", "Whenever John hits Henry,
Henry cries"), modal constructions (e.g., "It is possible that

John hit Henry", "John's hitting Henry necessitated Henry's

hitting John."41

Note 41. The general theory developed in ATR provides suitable
denotations for such expressions in the form of readings for them
that are normal with respect to usual context of-utterance.
Techniques for representing them within RBSNs have been worked
out to a degree sufficient to support the network specification
of entailment relations among sentences incorporating such
expressions.

A great variety of further grammatical constructions, beyond
those illustrated here, can also be represented within RBSNs.
These include, besides the temporal and modal adverbials
indicated here, also further modifier constructions of diverse
sorts, adjectival, adverbial, phrasal, clausal, extensional, and
intensional. We remark in this footnote on one type of modifier
construction, referred to in ATR as the differentiated relative,
which is distinguished from the ordinary (restrictive and non-
restrictive) relative in the sense that it has different
entailment properties. The differentiated relative is (typically
but not exclusively) signalled in English by the preposition
"of", as occurs in phrases like "the vase of flowers", "the
mother of Henry's friend", "the square of 3", "the sum of 3 and
5", and so on.

There are two interesting consegquences of the fact that
differentiated relative constructions can be represented within
RBSNs:

(i) Certain types of English sentences such as "Some friend of
every man and some enemy of every woman know each other" cannot
be properly formalized within lst order logic unless one extends
that logic to allow for non-linearly ordered (i.e., "branching")
qguantifiers, or, alternatively, one formalizes them within
second order logic. This was first noted by Henkin and
subsequently analyzed by Hintikka, who regarded such sentences as
arguing for the richness of natural language constructions. The
point being made here is that such constructions, hence sentences
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Representing Conjoined and Disjoined Noun Phrases

As a simple example of one of these further 1logical
expressions, we consider "and" as it enters into the construction
of the conjoined verb phrases "Mary and Agnes" in the sentence
(34) Some men love Mary and Agnes

which, under its dominant reading, is represented by the event

diagram:42

like the preceding example, are very easily representable within
RBSNs as described in this paper and suggest that such RBSNs have
considerable "expressive power".

(ii) The differentiated relative can be used to represent
mathematical functions within RBSNs (e.g., "the sum of 2 and 3")
thereby providing graphic models of diverse axiomatically given
mathematical theories within a uniform graphic vocabulary (i.e.,
a vocabulary whose basic elements are points, arrow traces, and
dotted lines, as described in the body of this paper). These
graphic models can be regarded as "most general” or "most
neutral” models of those mathematical theories insofar as their
graphic structures reflect only the syntactic structure of the
axioms defining those theories, imposing no further features onto
those models than is directly warranted by that syntactic
structure,

Note 42. Even though the points representing the elements Mary
and Agnes in the above event diagram are indistinguishable as
points, they are distinguished within an RBSN containing the
above ED by virtue of the fact the configuration of dotted lines
connecting other points in other EDs representing other sentences
to the point representing Mary is in general different from the
configuration connecting points in other EDs to the point
representing Agnes. See note 39.4.
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As another simple example of one of these further logical
expressions, we consider "or" as it enters into the construction
of disjoined verb phrases "Mary or Agnes" in the sentence
{35) Some men love Mary or Agnes
Under that one of its normal readings in which "or™ in (35) is
understood in its inclusive sense, (35) is represented by the

event diagram:

= = . .

— =

WA
)

Note 42.1 We use dots ... to indicate that we have exhibited
only part of the ED in question.

—-07 =



Under that one of its normal readings in which "or"™ in (35) is
understood in its exclusive sense, (35) is represented by the

event diagram:

G
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2.7 Complex EDs and the Extended Entailment Form

The EPDs and arrow paths we have thus far described are
simple (in a sense to be defined more precisely below) and are

distinguished here from complex arrow paths and complex EPDs, to

be introduced in this section. EDs whose constituents are simple
EPDs and which are of the type thus far described in this paper,

are called simple EDs, and are distinguished here from complex

EDs also to be introduced in this section,. Complex EDs are
regquired to represent various further natural language
constructions beyond those we have thus far considered. Two such
constructions requiring complex EDs for their representation are
verb phrase compounds wusing and and or, and sentential

combinations of sentences using the binary sentential connectives

and, or, if, then, and if and only if,.

Given m EPDs E;,...,Ey,, a complex EPD with constituents
Eirev. By is an arrayiof all possible weakly braced arrow paths,
that canbe formed by imposing a weak bracesonto the arrow paths
th

©of Ey,...,By in such a way that, for each 1€i<m, the i major

wide s
Hs

constituent of p is an arrow path of E;.

For example, given the EPDs E;, Ey:

Ey E2
(a) E  —]

then the follow_ing is a complex EPD with constituents Ey, Ep:

(b) §§%§55§;;=:f27517517J“JZ::::::;;



We note that, in this example, E; and E, can be linked by dotted
lines in a variety of ways, which remain intact when the dashed
lines of the weak brace are imposed onto them.

However, for wvisual clarity, in illustrating complex EPDs
and complex EDs for the arrow traces that occur in our examples

below, we diagram (b} in the examples below more compactly as:

(c) 7 -------- R

i

Thus, éenerally, all complex EPDs whose constituents occur within
a given RBSN are formed by imposing dashed lines joining those
constituent EPDs in the manner of (b).

Two complex EPDs A, B with constituents Ay,...,Ap,s and
By,...,By respectively, are similar if and only if m = n and, for

each 1 €i<m, A; is similar to Bj.

Given m EDs Ey,...,E,, a complex ED with constituents
Eys+..48By 1s an array of all possible complex EPDs with

constituents El',...,E which themselves are constituents of

]
m
Ejr.../ By respectively.

If the m EDs occur within a given RBSN, that complex ED with
those EDs as constituents already exists within that RBSN,

However, for display purposes we exhibit complex EDs in standard

form.

Representing Compound Relations (Verb Phrases) Within RBSNs

One use of complex EDs is in representing compound verb

phrases such as those occurring in:
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John knows and respects all philosophers

John Kknows or respects all philosophers (in the inclusive

sense of "or", and in the exclusive sense of "or")

John knows but does not respect all philosophers,

Using these diagramming conventions, we can represent the
denotation of the conjoined relation of (36), and the denotation

of the.disjoined relation of (37) as follows:
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(36) John knows and respects all philosophers,
under its dominant normal reading, is represented by the event

diagram:

-

(37) John knows or respects all philosophers,
under its dominant normal reading {relative to which "or” has the

inclusive sense) is represented by the event diagram:
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. (continued on next page)
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Sentential Connectives

In this section we discuss the diagrammatic representa-
tions of the logical relations corresponding, respectively, to
the sentential connectives of inclusive and exclusive disjunc-
tion, conjunction, negation, implication, and equivalence. In
order to describe these representations we will need to introduce
some further notions (a) - (d) below peitaining to diagrams:

(a) Given a complex ED E, we obtain a reduction of E by (i)

deleting from E those constituent complex EPDs with constituent

FaNEs!
[N A1

EPDs (simple or complex) that are similar buw€ non-identical,
(ii) deleting, within any constituent complex EPD E' of E, all of
the immediate constituent EPDs of E' (simple or complex) that are
identical to an earlier constituent EPD within E', and (iii) de-
leting from E all repeated constituent EPD} angiibtain a radical
réduction of E if, in addition, we delete, within any constituent

. ©of the imwediate constituent £PDs E" of E' (simple orcomplex),
(simple or complex) EPD E' of E, alll/that are such that the

result of replacing E'' in E' by any EPD similar to E'' is also
in E.

For example, the ED:

(] b [
o
— AR — =<
\‘0 ° ~o

has the -radical reduction:
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(b) Let A, B be EDs. Then A ; B is a reduction40:2 of a complex
ED E such that the immediate constituent EPDs of E are just those
complex EPDs whose first constituent is an EPD from A and whose
second constituent is an EPD from B.

(c) Let A be an ED. Then AC is a reduction40-2 of an ED E such
that the immediate constituent EPDs of E are just those EPDs
which are similar to some EPD in A and not an immediate
constituent of A.

(d) Let A, B be EDs. Then A ) B is a reduction40-2 of an ED E
such that the immediate constituent EPDs of E are just those EPDs
which are either immediate constituent EPDs of A or are immediate
constituent EPDs of B.

In the following definitions, we continue to employ the
convention of writing "e'" to indicate the syntactic representa-
tion of the natural language word-string e which e receives under
the dominant reading of e, that is, the most usual reading of
e. A;so we designate the ED corresponding to e under the reading

(e',s) by E[sle']ll.

Note 40.2. We could, alternatively, have omitted the phrase "a
reduction of" in the definitions of X, and c, hence rendered the
resulting EDs constructed by application of x, ¢, and & (which
is defined in terms of x and c) to component EDs. This alterna-
tive approach, while conceptually simpler, would have given rise
to very large EDs containing many redundant arrow paths, and
would have obscured the way that the operations X, ¢, and
reflect the sentential operations of conjunction, negation, and
disjunction, respectively. 1In particular, the notion of reduced
EDs makes it possible to obtain the De Morgan relationships:

o

Ad B = (A€ x BS)C

]
s
Q
Co
w
Q
Q

°
AXB



Let a, b be natural language sentences, let s be a semantic

theory, and let (D,f) be an interpretation in s. Then:

(i) E[sl[(a or b)']] = E [s(a'")]JE [s(b")]

(ii) E[s[(a and b)']] = E [s(a')] X E [s(b")]

[idE) E[s[(not a)']] =(E [s(a")]F

(iv) E[s[(if a, then b)']] = (E [s(a")])C U E [s(b")]

(v) E[s[(a if and only if b)']] =(E[s (a')] O E[s(b")]) X

( E[s(b")]F OE[s(a")])
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Let us consider some examples;
Recall (from pages 80-82) the ED (1.l) corresponding to (1l):
(L) At least one man loves Mary

L Y

o
(1.1 Lo A T /

and the ED (4.1) corresponding to (4):

(4) At most two men love Mary

Thus the ED for

{38) At least one man loves Mary or at most two men love Mary

would be.-_-_r-—-» / 7"' 7
.
>'°

(18.1)

The ED for
{39) At least one man loves Mary and at most two men love Mary.

would then be

(39.1) ;—“:-“'-)h E/V’ 7
- =
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The ED for
(40) It is false that at least one man loves Mary
would be

(40.1)

In the special case of the negations of (1.1), (4.1), and (43.1),
below, the ED
corresponding to the negation of a sentence, reduces to the set-

theoretic complement of the ED corresponding to that sentence.

The ED for
(i) It is false that at most two men love Mary
would be
(i.1) —
The ED for
(41) It is false that at least one man loves Mary or it is

false that at most two men love Mary

would be el e
(41.1) .:_ b “ ? ‘
The ED for
(42) It is false that:it is false that at least one man loves
Mary or it is false that at most two men love Mary
would be
5;_"?r__4? i/,,,/’a' ¢
(42.1) &1 3
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The ED {43.1)below corresponding to (43) would be:

(43) Most men love Mary and most men love Agnes

(43.1)
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The ED (44.1) (below corresponding to (44) would be: .

(44) It is false that most men love Mary and most men love

Agnes

S S
by e \.

o ¢ e

) = Lﬂﬂﬂ,ﬂaw——:;_f#,#d?
r/»\:""'/ N

° ™~ ¢ ~e

o
|
7l
@
oD B
A
Q

-

At
/14
Y (
A
J{

(continued on next page)

Note 43. We note that the number of possible EPDs with point
banks of 3 and 1 element respectively is 2° = 8, and that the
number of possible pairs of such EPDs is 8 x 8 = 64, and that
this is the total number of EPDs of (43.1) and (44.1), namely
16 and 48 respectively.

-108-



(continuation page)

s

m~\% ___\\

\ 173

6 be JJ/

#1

o N. J

T\ :\\
%//

fr

4

-

o L]

P
“m\\ _..,..\\
_ by

B

1’ 117

14 11y

| Wy

L] 9 o
r e

“\W i,

|y Iy

&

o1

1}
ly

e

Moy

rDD

/
(17

4

9;::_:—' ]

=109~



ich

_ng ED (44.13)whi

lent to the followi n

is equiva

cal reduction of (44.1)

The ED 44.1
1
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(44.18)
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The ED (45.1) below corresponding to (45) would be:

(45)

(45.1)

Most men love Mary or most men love Agnes

-110-
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We note that the ED (45.1) is equivalent to the following
radical reduction of (45.,1):

(45.13)

““““

.
i . « . Lt S,
. -
Y. N A -t s +
< v .
. *
o .
LA *
~-...._....- . ..
+ o, T
. s, - $o -
TN
3 e
'y
:

&m.--.---

the
because each o@%he EPDs ©Of AED of the sentence "Most men love

Mary" is paired with each of the EPDs in the closure of the ED of
the sentence "Most men love Agnes", and each ofthe EPDs of the ED
of the sentence "Most men love Agnes" is paired with each oyéhe
EPDs in the closure of the ED of the sentence "Most men love
Mary". ©Since the closures of each of the EDéh%% "Most men love
Mary" and of "Most men love Agnes" contains 23 = 3 EPDs , the
number of EPDs in (45.1) 8x%8=64 minus the number of repetitions:

4x4 = 16, which equals 64 - 16 = 48.

Note43 .1, See examples (30), (31) on page 94 above.
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We now state the Extended Entailment Form which allows for
the possibility that some or all of the entailing or entailed EDs
are complex, and yet covers the case of the Basic Entailment
Form, where all EDs are simple, as a special case.

The Extended Entailment FPorm. Let EDy,+..,EDy, EDp,q be EDs

of an RBSN oK. Then EDj,.../EDy relative to X)) entail EDpiq if

and only if, for every consistent choice of immediate constituent

(simple or complex) EPDsS, Eq,...,Ey one from each of EDgy,...,EDy
respectively, thereis a (simple or complex) immediate constituent
EPD Ep,; of EDy such that, for every simple constituent EPD E'm+l
of Epyqr (if Ep,y is simple, then E'me1 = Epep)s each of the
arrow paths in some reduction set of E'[,, relative to the simple
EPDs of EDp4g is a resultant relative to X of some generalized

arrow path of the simple EPDs that are constituents of E;,...,Eq.
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2.8 Examples of Entailment

In Section 1.4, we discussed a simple special case of
entailment involving a single entailing ED which was, further-
more, similar to the entailed ED. The following series of
examples illustrates various more complex cases of entailment
involving various of the sentences (1) - (45)

Explicit Representation of Resultants

Recall that, from pages 71, 72, if a given arrow path p is
an explicit resultant of a given generalized arrow path p”, then
p occurs as an actual part of p”. We call this an explicit

representation of p as a resultant of p~. For ease 1in

illustration and for perspicuity, it is convenient to represent p

implicitly as a resultant of p* by having the EPD of which p is a

part separate from the EPDs in which the generalized arrow path
p” occurs, linking all corresponding arrow traces and points by
dotted lines.

In the following diagrams, the sample EDs that are

identified as entailed by a given RBSN are implicitly

represented. It is clear that the entailed EDs could alterna-

tively have been explicitly represented, that is, they could have

been identified in terms of requisite relationships among the
arrow paths comprising the EPDs of the interconnected event dia-
grams comprising the RBSH. Indeed, in most implementations, it
would be more economical to allow the entailed EDs to be

explicitly represented within an RBSN, for then one could iden-

tify just those among all entailments yielded by an RBSN that

were of interest in a given application.
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The description of an explicit representation of entailed
EDs could be readily derived from the preceding description of

their implicit representation, though we shall not do so here.

Extension t¢ Three Dimensional RBSNs

For simplicity of description, the present account has been
restricted to EPDs, EDs, and the entailment paths among EDs that
utilize only the diagrammatic representations of the major44
thing and relation expressions of sentences rather than including
embedded thing and relation expressions as well. For many
entailments, such as the ones we have illustrated here, such
representation at the "topmost" level of a sentence will suf-
fice. But for other entailments we need to utilize also the
diagrammatic representations of more deeply embedded expressions
as for example, where a pronominal referent of a major thing-
expression was embedded within a further expression, such as
within an ordinary or differentiated relative construction which
was a subexpression of another major thing-expression.

Thus for general purposes RBSNs need to be extended from the
two-dimensional configurations, representing only "topmost"
expressions, as described and illustrated above, wherein inter-
connected EDs can be visualized as being on a plane, to a three

dimensional4® configuration, where the third dimension imparts

Note 44. BSee Appendix for an elaboration of the underlying
grammar.

Note 46. Representation in three dimensions is intended here
only as a conceptual aid to visualization: the indicated
extensions can of course also be represented within two
dimensions.
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"depth," that is, diagrammatically represents all of the subex-
pressions of the sentences whose representations occupy the top-
most plane and interconnects the representation of those sub-
expressions by referential links to each other and to the EDs in
the topmost plane. The development of such three-dimensional
RBSNs is being currently pursued and the results will be included
in an updating of the present paper.

An RBSN can be physically represented in circuitry in a
manner where all arrow traces and dotted lines shown in an RBSN
are current-carrying physical components, and points in an RBSN
are points from which and to which current is carried.

A three-dimensional RBSN, when physically represented 1in
circuitry, could be regarded as a reasonable physical model of
deductive functions of the brain that accounts for deductive
functions as they apply to disambiguated (i.e. syntactic
representations of) natural language word-strings. The model
would represent information corresponding to deductive
relationsips among linguistic units at the phrase, sentence, and
discourse levels as configurations of elec_trical currents along
arrow paths and dotted lines, The model "grows"™ as new
information is entered, and automatically forms referentiality-
indicating electrical analogues of the dotted lines used in our
diagrams. In the explicit representation of entailments, it
"searches" for pathways to determine the entailment patterns that
hold among its sentences; in the implicit representation of
entailments, it "seeks" to determine whether the conditions that
would give rise to such suitable pathways relative to given

entailments of interest already exist within the model.
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In the following illustrations of entailment, we employ a
solid arrow ==mm=b to indicate the direction of entailment.

It can be easily verified that the definition of entailment
given earlier means that for any given choice of EPDs Eyre-/Ep
chosen respectively from entailing EDs EDy,...EDy there is a
choice E .7 of an EPD in the entailed ED EDj.; and a reduction
Set Eh+l of EDp4; such that every arrow path p of E'me1 is a
resultant of some generalized arrow path pA of E'giq-

For simplicity we include only such diagrammatic components
in the following examples of entailment as are required to
illustrate the given case of entailment, In particular, we
continue to employ the simplifications already employed in the
display of event diagrams, namely, we usually omit barred arrow
paths and dot paths; we include only sufficiently many dotted
lines joining points and arrow traces as are required to indicate
their general configuration within and among event diagrams; we
display only sufficiently many event particular diagrams within a
given event diagram as are required to indicate their general
character within that event diagram. In addition, regarding

entailment, we indicate only one typical choice of EPDs from the
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entailing EDs, and only a few of the dotted lines joining them
with an EPD that they determine from the entailed ED. Moreover,
we include only those (if any) explicit resultants of given arrow
paths that would actually be required in a given entailment.
(Recall that all explicit resultants. of arrow paths within a
given RBSN would also occur within that RBSN.)

In the first example below, all EPDs are similar so that, as
remarked in Section 1, entailment among EDs resolves to the set-
theoretic inclusion of the EPDs in the entailing ED within the

entailed ED.
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The preceding examples illustrated one-premise and two-
premise entailment involving similar EDs. The following series

of examples illustrates cases of two premise entailment involving

non-similar and/or dot-path EDs,.

John gave at most two books to Mary Mary is a waitress
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Note 46.1. Owing to the particular normal reading adopted of
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(reading 15(b) of,

"John gave at most two books to a waitress, (SEéKﬁ&&iB?l), all
that is diagrammatically required here is that there is at least
one point in the "waitress" point bank to which at most two
points from the "book" point bank are connected by unbarred arrow

traces.

Note 46.2.. This ED centains sts~1 =255 EPDs , of which we

exhibit only 14 EPDs , the missing EPDs being indicated, as usval,
by the use of dots . o o, wWe' note , however, thdt the vadical

redvction of the full ED would contaiwn c.mL)( nine EPDs.

=121--



The following is a case of invalid entailment:

Socrates is a man A man is mortal
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The following illustrates a case of three-premise entailment.
Generally speaking, arbitrary new event diagrams can be added to
an existing semantic network, i.e., an RBSN, in the sense that
their points and arrow traces are joined by dotted line links to
those of the other event diagrams of the network. Then this
augmented RBSN comprises a richer premise set from which

entailments can be drawn.
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Note 46.2. The 2nd and 3rd man (represented by the 2nd and 3rd
points in the "all men" point-~bank)may or may not know a philoso-
pher (represented by the 1lst, 2nd, or 3rd points in the "a philo-
sophexr” point-bank). All possible signings of arrow paths join-
ing the 2nd and 3rd man to any of the three philosophers will
occur in the entailed ED with the same arrow path P , SO that
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John knows all philosophers John respects all philosophers

]
¥

John knows and#ﬁégpe ﬁs all philosophefs :Q;

N T

g :
"\

“ ‘:- .‘“‘“‘t_"f.- - ." .'.-:.:' ' .
i JohnKnows or,/respects all philosophers

P is a reduction set relative to that entailed ED. Hence all
that is required is that this arrow path p be the resultant of
some generalized arrow path of the three entailing EDs (labelled

by p* ).
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Sentential entailment

Bill knows Henry

John loves Mary

Bili knows Henr
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APPERNDIX

In this Appendix we describe in somewhat more detail certain
aspects of the structure of readings as developed in ATR, and the
way that those aspects are represented in RBSNs. To keep this
paper within reasonable limits our account of the structure of
RBSNs is limited to those aspects of that structure that reflect

only the surface organization of readings of natural language

sentences. Accordingly, our description in this Appendix is
restricted to an account of that surface organization, omitting
consideration of the structure of readings of nonsentential word-
strings. 1In particular, we do not discuss the internal semantic
structure of readings of subsentential word-strings such as
words, phrases, and clauses, nor of supersentential word-strings
involving sequences of sentences, nor do we include descriptions
of readings of special grammatical constructions such as modifi-
cation, pronominal referencing, comparatives, modal and temporal
adverbial constructions, etc.4’

The general linguistic orientation taken in ATR is that a
natural language word-string e is to be regarded as a "signal
system” which, in conjunction with the context~of-utterance in
which e is produced, signals one or more “normal" i.e., plausible

readings of e of varying "degrees of normality", each reading of

Note 47. Our methods readily accommodate the treatment of these
further constructions as well as the simpler ones described
herein.
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e constituting a complete formal description of a particular way
of understanding e.

A reading of a natural language word-string e is a pair
(e',s), where e' is a syntactic representation of e and s is a
semantic theory that interprets e'.

The syntactic representation e' of e is an expression of a

formal representation lLanguage L', The structure of e' is

referred to as the syntactic structure of the word-string e under

the reading (e',s). The sgemantic theory s consists of (i) a

family Fy of interpretations (D,f), where D is a universe of
discourse and f is a denotation function which assigns to every
expression b' of L' & set f(b') constructible from that universe
of discourse, and (ii) a wvaluation function Vg that assigns a
truth value (truth, falsehood, or nil) to every pair (e', (D,f))
consisting of a syntactic representation e' of a sentence e of L,
and an interpretation (D,f)eFS.48 For the purposes of this paper
we adopt a simple version of the valuation function Vg which is

such that Vg(e',(D,f)) = truth if and only if, f(e') = ¢> and,

letting e' = rm(al,...,am), we have that, for all 1$iSm,
49 reldtive to the sewmantic theory s
L}f(aiyi q;. The gemantic structure of e'Ais the set of

Note 48. 1In ATR the semantic theory s also includes a third
component, namely a set of binary relations on interpretations,
which provides for the semantic treatment of modal operators in
the manner first introduced by Kripke,

Note 49. This simple valuation Ffunction V is not the only one
possible. We will not discuss other alternatives here, however,
since such a discussion would require also an examination of the
finer breakdown of L'-expressions given in ATR, but which goes
beyond the scope of this paper. The simple valuation function V
used here prohibits the possibility of EPDs with empty point
banks. That is to say, the adoption of this valuation function
is tantamount to the assumption that_all sentences have "existen-
tial import" in the sense that, if r (a1r+..,ay) were true in
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all sets f(e'), as (D,f) ranges over all interpretations of s.

It is this aggregate structure that we refer to as the semantic

structure of the word-string e under the reading (e',s).49'l

The Syntactic Structure of Natural Language Sentences. In

the case where the word-string e L is a sentence, its syntactic
representation e' € L' at the "surface organization" level con-

sists of (a) an expression r™ of L', called an m~place relation

expression which we can schematically write as r(CysrevesCpyl s

composed of a base relation expression r of L' together with m

expres-—

some interpretation (D,f) under V, then for each 1% i<m, there
would exist some elements in LJf(ai).

Note 49,1 We can also distinguish another reasonable sense of
semantic structure as "intrinsic": The intrinsic semantic
structure of b' under the family Fy of interpretations is the
common sStructural set-theoretic properties shared by all the sets
£(b'), as (D,£) ranges over Fg such as, for example, being a
set of subsets of the universe of discourse D, being a set of
subsets of the universe of discourse that is closed under unions,
intersections, or some other Operation, being a set of n-tuples
of elements of D, a set of n-tuples having some particular
structure, etc. Such properties are fixed by the special
semantic axioms defining that semantic theory, which axioms
specify the common structural properties that given ({(logical)

expressions b'€ L' are assigned under all interpretations (D, f)
of the semantic theory.
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sions CleesssCp Of L', called case-expressions, together with an

ordering50 t on those case expressions called the case-ordering

on Cy,-.-..+¢yp, and (b) m further expressions @jresegay OF L',

called thing-expressions, together with two orderings p,g on

@1r--+,8;, called respectively the relative scope and relative-

place orderings on qu...,am.Sl The case ordering t on the case

expressions Clres+sCy determines the way that the relation-
expression r"m jis composed out of the base relation-expression r
and those case-expressions Cyre-+ ¢y (different case orderings
corresponding, very roughly, to the difference between those
possible readings of "Every man loves some woman" reflected in
the respective dominant readings of "Every man is such that he
loves some woman" and "Every man is such that he is loved by some
woman”); the relative-place ordering g on the m thing-expressions

A1s.e0s728 determines the order in which these thing-expressions

Note 50. The notion of a reading presented in ATR is suffici-
ently flexible as to provide syntactic representations of mean-
ingful natural language word-strings that mimic the surface
organization of those word-strings as closely as possible,
preserving, in particular, adjacency relationships among the parts
of the word-string, Because of this and because we wish to have
readings available for arbitrary sorts of meaningful word-strings
or arbitrary natural languages, the syntactic representations
adopted, particularly for sentences, include reference to the
indicated orderings. To allow a closest possible relationship
between syntactic and network representations, network represen-
tations of sentences include network analogues of such orderings.

Note 51. The displayed order indicated by the subscripts 1,...,m
has no significance, and is simply an accidental consequence of
writing the m expressions in a linear array. However, when these
expressions are explicit rather than schematic (as here), for
expository purposes, the order of display is written in such a
way that those expressions among them that are signalled by
explicit word-strings or word-string parts appear in the same
order as exists among those signalling word-strings or word-
string parts.
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are to be taken relative to r™ in the sense that the thing-
expression a; is to occupy the jth argument place of r™ (differ~
ent relative-place orderings corresponding, very roughly, to the
difference between those possible readings of "Every man loves
some woman" reflected in the respective dominant readings of
"Every man is such that he loves some woman®” and "Some woman is
such that she loves every man"); the relative-scope ordering p on
the m thing-expressions @jres-say, determines the order in which
these m thing-expressions are to be taken relative to the scopes
of their governing determiners (different relative-scope order-
ings corresponding, very roughly, to the difference between those
possible readings of "Every man loves some woman" reflected in
the respective dominant readings of "Every man is such that he
loves some woman®™, and "Some woman is such that every man loves
her“.)52 With these understandings of the intended meanings of
L/CyrevesCqyr Aysesscap, t, p, and g, we can schematically indi-
cate the syntactic structure of the natural language sentence e
under the reading (e!,s) as [r(cl,...,cm)}t (ayr..vrap) pig, or,
when not exhibting the case-expressions of 0, simply as
r™ay, ... a5)pP,q.

Note 52. The need to explicitly recognize such ordering rela-
tions as contributing to the ultimate grammatical organization
ofnatural language sentences ig masked somewhat by the fact that,
in syntactic representations of most common natural language
sentences, the ordering imposed by each ofthese relations can be
taken as coinciding with the say, left to right, order of occur-
rence of those word-strings or word-string parts tha comprise
explicit markers within a natural language sentence signalling
those case-expressions and thing-expressions in those syntactic
representations. But in the general case, their coinciding with
such occurrence orders {(or with each other, for that matter)

cannot be assumed, so that relativization ko these orderings is
reguired.
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The Semantic Structure of Natural Language Sentences. The

gsemantic theory s is such that for each constituent interpreta-
tion (D,f) of s, (D,f) assigns to each m-place relation-expres-
sion r™ a set £(r™) of ordered m-tuples of elements of D, and to
each thing-expression aj, 1€i<m,(D,f) assigns a set of subsets
of D. The internal structure of these sets of subsets varies
according to the determiners entering into the syntactic struc-
ture of the thing-expression to which the set is being assigned
as denotation. Broadly speaking, for each semantic theory s, we
distinguish two types of thing-expressions, those that are non-—

limiting under s, and those that are limiting under s. The

semantic structure of the denotations of non-limiting thing-
expressions under s can be formulated as follows: A thing-
expression a is non-limiting under s if and only if, for all
interpretations (D,f) of s, Uf(a) #(P and f(a) is closed under
supersets in the sense that if x € f(a) and x<y SUf(a), then
yE€£f(a). Intuitively, non-limiting thing-expressions represent
noun phrases in English, say, that impose no upper limits on
their denotations, such as "John", "some man", "all men", "at
least two men", and so on, in the sense that if something were

true of some particular entity John, some men, all men etc., it

would not prohibit its being true of further entities (if they
existed) beyond John, beyond some (particular) man, beyond all

men, beyong at least two men, and so on. Non-limiting thing-

expressions are distinguished from limiting thing-expression, and
represent noun phrases which do impose upper limits on their

denotations, like "at most John", "at most two men", "exactly two
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men” "all but two men", "all men except John" and so on, in the

sense that 1f something were true of at most John, at most two

men, exactly two men, all but two men, or all men except John,

and so on, it could not also be true of any entities beyond John,

beyond at most two men, beyond exactly two men, all but two men,

all men except John, and so on, A sentence representation

rm(al,...,am) is then said to be non~limiting under s if and only

if each of its major thing-expressions Ays+..,8y) iIs non-limiting

under s; otherwise rm(al,...,am) is said to be limiting under s.

We - define the%%btation of a sentence representation
r™(a;,...,ay) P,q under an interpretation (D,f) of s as a set
£i rm(al,...,am)] P,qg called an event, which is wholly determined
by f{rm),f(al,...,f(am), and the orderings p and g On ay,...,a5s

as follows:

Let By,...,Bp&PD. A chain function on the sequence
(Byses.sBp) is a function g which assigns, for every l<ig€m-1
and for every y € UB;, a set g(i,y)eBi_,,l.S?’

Let By,...,BEPD, let g be a permutation on {1,...,m}, and
let g be a chain function on the sequence (By,...,Byp). Then the

trace of g through (B1seas1sBy) with respect to g is the set:

{(zq—l(l),...,zq—l(m)) €p™ | for some x;€By , z; €x; and
Zy€q(l,zy) and z2y€9(2,2z5) and ... and zpeg(m-1 , Zp-1) | -

For the special case that each of p, g is the identity per-
mutation, then the trace of g through (By,...,Bp) with respect to

q is the set:

Note 53. We introduce the parameter i in g(i,y) to accommodate
the case where y occurs in both B; and By for i% 3.
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{(zl,...,zm)EDm for some Xx1€B; , 21 € x1 and z; € g(l,zl) and

z23€9(2,2z3) and ... and z €9(m-1, zy_j)}. Let us consider a

simple example of a trace:

The trace of g through (Bl, By, By, By)

{(a/b,e,3) , (a,b,e,k) , (a,b,£,1) , (a,b,£,m),
(a,c,e,n) r (a,d,h,0) , (aidrhrp) v (ardrhIQ)r

(a,d,i,r) , (a,d,i,s)}

The positive relational structure of rm(al,...,am)p,q under

(D,f) is the set P p ¢y [t™(ay,...,ap)p,q] =

m

FeMa (Ufagg (1)) ® «ov xUf(agy )]

Note that if any of Bi,s«..,Bp is {(P}, then a chain function can
be defined on the non-empty sets among Bj,...,By, and for every

such chain function g the trace of g through By,...,By is the

empty set.
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Then we define

[{ P(D'f) [rm(alrot-'am)P'q])}}’ if P(D'f)
[rm(al,.,,,am}p,q] is consistent with

the determiner structure of

rm(al,...,am) P,q9 under (D,f) (in the

sense that there are non-empty subsets
there is a chain function g on
(ByreesyBp) such that the trace of g
through (By,... /Bp) with respect to g is

identical with P (D;f}

K{J:m(a]_,....,am)g.a,q;]); and = ?, otherwise,

Jf r 15 the major relation-expression of the sentence b,and,
That is to say, if?(the positive relational structure P(p,¢£) Ib]

under (D,£) of an L-sentence b is consistent with the determiner
structure of b under (D,f), then f[b] = HPm,s [by}}; otherwise
£{v} = @ .

It can be easily proven that every chain function g on
Bis.e..sBy vields a non—empty trace on (B1res«sBp) with respect to
q if and only if none of Byreoos,By = {CP}. Therefore, if P p ¢,
(rm(al,...,am)p,q) i consistent with the determiner structure of
rm(al,...,am)p,q under (D,f) relative to ByireossBy ¥ {@}, then
P(p,f) [rm(al,...,am)P;q] % @- Furthermore, it can also be veri-
fied that if f[rm(al,...,am)p,q]#‘-cp while P p g [£™(ay,e0.0ap)
P.ql = @ + then there is some chain function g on (ByreaesByg),

where Bir.-+¢By are non-empty sets such that B;c € (ap—-l (1) ) B IP
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By € f(ap-l(m) ), such that the trace of g through- (ByreoessBpy)
= QJ,' which is to say (by the above observation), none of
Bly.a.;Bms {¢}o

By the above definition, if £{r™(a;,...,ap) p,q}¢4}, then
£lr™(ay,...,ap)P,g] = {{Qp;f)[rm{al,...,am)p,q]}}. In the case
that  £[rM(a;,... van) P,ql = cj) +  we call the pair (f[r“‘lP (D, £)

[rm(al,...,am)g,qi) the event particular corresponding to

rm(aij...,am} P.,q relative to (D,f). Also, we define the event

corresponding to rm(al,...,gm)p,q relative to the semantic theory

§ = (Fo, Vo) as the set of all event particulars correspondiﬁg to

rm(al,...,am)p,q relative to (D,£f), as (D,f) ranges over Fg, and
designate this event by Es[rm(al,...,am}p,q]. It is also conven-
ient to introduce a notation for the event particular correspond-
ing to r™(aj,...,ap)p,q relative ﬁ? (Djf) in terms of £, namely
, £rm],

as follows: £[r™(aj,...,agy)p,q1" =AP (D, £) [rm(al,...,am)p,qx)if
f{:m(al,...,am)PrQ] * ¢ ; and is undefined if f[rm(al,...,am)p,q]

By the above definition of £(r™(ay,...,ay)p,q] we note that
the structure of the event particular f[rm(al,...,am)p,qf' is
wholly determined by the denotations £(r™), £(e3)s...,£(ay), and

the orderings p,qg. We have already remarked that we are cod@rned

in this chapter only with the surface organization of the seman-

tic structure of sentences: in the present context this means
that we are concerned to depict only those aspacts of the seman-
tic structure of sentences that are determined by the denotations
of its major relation-expression r™ under (D,f) and of its major

thing-expressions A3s0e0s2y under (D,f), rather than the manner
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in which those denotations are determined by the denotations of
their proper syntactic sub-expression. Accordingly, the notions
of semantic structure to follow are defined only for sentences.

Phe semantic structure of ™M@y ,000s8m) Pr4 relative to the

semantic theory s = (F Vo) 1S identified with the event corres-

ponding to rm(al,...,am)‘p,q relative to s: Eg {rm(al,...,am)
p,gl. It is our intent that this semantic structure be graphic-~
ally depicted by an event diagram associated with rm(al,...,am)
p,g relative to the gsemantic thedry s. We will shortly indicate
how event diagrams are obtained from events.

We note that if the semantic theory s is unconstrained, the
semantic structure of rm{al,...,am)p,q relative to s is not read-
ily conceptualizable inasmuch as its member event particulars
are, in general, widely variable, consequently, the diagramm_ atic
structure of the event diagram associated with it is not readily
visualizable, However, we can impose suitable constraints on the
semantic theory s to yield a semantic sub~theory of s which is
sufficiently uniform as to render the notion of semantic struc-
ture both conceptually and visually coherent.

The requisite uniformity is obtained by: (i) constraining
cardinalities of the denotations of thing-expressions via an
index function h, to be the same across all interpretations (D,f)
of the semantic theory s and (ii) constraining the constituent
elements of those denotations so that the elements belonging to

{the unions of) those denotations are identical.

-140-



	intro.pdf
	
	


	abstract.pdf
	
	
	


	abstract.pdf
	
	
	


	abstract.pdf
	
	
	
	


	abstract.pdf
	
	
	





