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Abstract The paper explores the expressiveness of the LZ}, language for richly in-
formative lexical semantics. It introduces an extended version of the language L:},
to represent semantic information associated with lexemes that have denotations
dependent on context information such as space and time locations, “speaker” or
“listener” agents, and other potential context components. The technique is demon-
strated by rendering referential lexical items such as demonstratives, deictic pro-
nouns, and definite descriptions. It is applicable to any language with richly infor-
mative inflection structure.

1 Background and Recent Developments

In a sequence of papers, Moschovakis introduced a class of languages of recursion
as a new approach to the mathematical notion of algorithm for applications to com-
putational semantics of languages, in similar ways as to semantics of programing
languages, e.g., see [7] for FLR, and [8] for Lf},. Brief introductions to the syn-
tax and semantics of the higher-order type theory of recursion is also presented in
other papers, see [4] and [6]. For the purpose of self-containment, we give a short

introduction to the language Lﬁ,, with details that are relevant to the specifics of this

paper.

The technical apparatus of the paper is an inspiration of Situation Semantics ut-
terance types, see [3], into a version of Moschovakis’ acyclic recursion language.
This consideration does not induce direct relations between versions of Situation
Semantics and the language L&,, primarily because Lﬁr has functional types for total
functions, while Situation Semantics uses relational, situated types that are com-
plex information constructs representing partial objects. We extend Lf}, to a version

with enriched type system, by adding “uttered” NL expressions inside formally de-
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fined objects, called utterances, that represent important components of context in-
formation. The result is an extended version of Lﬁr, with explicit representation of
utterance information into formal terms.

2 Short Introduction to the Language of Acyclic Recursion

Types: The types of Lér is the smallest set Types defined recursively, by using a
notational variant of Backus-Naur Form (BNF):

c=el|t]s| (11— mn) (Types)

Intuitively, the types represent: e the entities of the domain; ¢ is for truth values; s is
for states; (T) — 1) is for unary functions from objects of type 7| to objects of type
Tp. A possibility for more detailed treatment of states is introduced further in this
paper, to represent more detailed context information such as time, space location,
speaker, etc.

Syntax of L : The vocabulary of L}, consists of pairwise disjoint sets, for each
type 7: (1) a finite set of constants of type 7, K; = {co,c1,...,C, }; (2) a set of pure
variables of type T, PureVars; = {vog,v1,...}; and (3) a set of recursion variables,
called also locations, of type T, RecVars; = {po,p1,...}. Terms of L. The recursive
rules for the set of La’lr terms can be expressed by using a notational variant of BNF,
which is loaded with additional notations for assigning types. We write X : £ just in
case when X is a term of type & (which is not per se part of the term), and X £ when
the type & is associated with X (X € corresponds to type checking for X). Alternative
rules are separated by “|” and are followed by brief explanations:

A= 1 ;; A is a constant ¢* and of type T; (const-term)
|x":1 ;; A is a variable x* and of type T; (var-term)
| BC=9(CY%) : 1 (appl-term)
|[A(v°)(BY): (0 — 1) (A-term)
| A where {p]' :=AT',...,pT" ;== A"} : 6 (rec-term)

where: in (appl-term), A is a term of type 7, which is application of a term B(°~%) to
aterm C°; in (A-term), A is a term of type (0 — 7), which is A-abstraction from a
pure variable v° over a term B?; in (rec-term), A is a term (recursion term) of type 0y,
in case that, for each 0 <i <n (n > 0), A}, is a term of type o;, {p{" : 1 <i<n} are
pairwise different locations of the corresponding types, and {p{' :=A7",...,pSn :=
AG} is an acyclic system. And, where a set {p{' :=A{',...,p%" := A%}, for n >
0!, is an acyclic system of assignments exactly when there is a ranking function
rank : {pi,...,pn} — Nsuch that, for all 0 < i, j <n, if p; occurs free in A;, then
rank(p;) < rank(p;).

! ' When n = 0, the system of assignments is empty, and A := AJ° where {} : 60 := A : 0p.
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Denotational Semantics of Lﬁ,: A frame of typed semantic objects T is a set of
typed sets (or classes) T = {Ts | 0 € Types}, where T, # & are the entities, T, =
{0,1,er} are truth values, Ts # & is a set of states. In this paper, we define the states
as complex objects, with the purpose of modeling utterance information. Given the
set G of all variable assignments, the denotation function den is:

(D1)  den(x)(g) = g(x); den(c)(g) = F(c);

(D2)  den(A())(g) = den(4)(g)(den(B) (g));

(D3) den(Ax(B))(g) : T — T¢, where x : T and B : 0, is the function defined as
follows: for every 1 € T¢, [den(Ax(B))(g)](t) = den(B)(g{x :=1});

(D4) den(Agwhere {p;:=Ay,...,pp:=An})(g) =den(Ao)(g{p1 =Py, -, Pn:=
Pu})> where p; = den(A;)(g{pr, := Pr,»- -+ Pk = Piy, })» With pr ..., p,, all
the recursion variables with ranks lower than rank(p;), fori € {1,...,n}.

The Reduction Calculus of L* provides a set of reduction rules (see, [8]) for sim-
plifying the terms A into their canonical forms cf(A). The canonical form cf(A) rep-
resents the algorithm (when it exists) for calculating the denotation of A, in the sim-
plest way: from the denotations of the basic facts that are computed incrementally
and “stored” in locations. Intuitively, an acyclic system {p; 1= Ay,...,p, ‘= A,}
defines recursive “computations” of the values to be assigned to the locations
P1,--.,Pn, Which end after a finite number of steps; rank(p;) < rank(p;) means
that the value A; assigned to p;, may depend on the values of the free p; in A;.

3 Richness of L} Type-theoretic Models

Expressiveness of the Language of L} : As proved in [8], L is a proper extension
of Gallin’s TY>, and, thus, of Montague’s IL. That L;lr strictly extends Montague’s
IL, is demonstrated by terms that are in Lﬁr, but not in IL. Typed A-calculus, with
recursion terms, offers its own object language for modeling ambiguity and other
semantic underspecification in NL. In addition, there is more subtle representa-
tion of different co-reference relations, i.e., co-denotation relations, and antecedent—
anaphora relations, see [4] and [6]. In this paper, we explore further the expressive-
ness of the language Lﬁr, with respect to representing semantic information that is
associated with language expressions and contributed by their lexical components.
In many cases, the denotation den(¢) of an expression strictly depends on the con-
text of use, incl. on utterance components, and the concept of speaker’s reference
that vary over utterances. For example, among many other utterance dependent lan-
guage units are the proper names, deictic pronominal expressions, demonstratives,
etc. In this section, we initiate exploration of the rich type-theoretic semantic struc-
tures of L,’},, with respect to capturing context dependent semantic information that
is presented in NL utterances and. More specifically, we introduce a possibility to
use model-theoretic states for modeling utterances of NL expressions and described

possible-world indexes.
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“Direct” Denotational Semantics of NL Expressions: In this subsection, we intro-
duce the idea of using frames of typed semantic objects T for “direct” denotational
interpretations of NL lexical and phrasal expressions, with the purpose of incorpo-
rating the notion of utterance into type-theoretic states. We consider a possibility for
the objects in the domain of the states Ty, which is a little bit more elaborated than
suggested on p.9-10, of [8], and which borrows some ideas of state informative-
ness from Situation Semantics (e.g., see [1], [2]). Here, we consider a possibility
to define states that represent language utterances (i.e., instances of language use)
and speakers’ references, as the elements of a set Tyersiare C (Tu X Typrer X Tq),
where the elements of T, and Tyyrer (and, possibly, T;) have components that
are systematically defined by a formal system of syntax and semantics of some
object natural language (for example English, Bulgarian, Russian, etc.). Seman-
tic frames include (as language modeling) representatives of language expres-
sions as components of utterances T,. For the purposes of this paper, we set:
Tu C Tspeaker X Ttime X Tspace X Texpr and Td c I']I‘world X Ttime X Tspacm where
Tiime € T, is a set of time moments; Typace € Te is a set of space locations; Ty,
is a set of well-formed language expressions, defined by a formal (computational)
system of lexicon and grammar; Tspeater € Thuman € Te is a set of people mak-
ing utterances in the object NL; T,,,;4 # @ is a nonempty set of possible worlds,
taken as primitive objects of the type s; Typre s is a set of functions, called speakers’
references: o: Tspeaker X Trime X Tspace X Texpr — T.

Reference States: We assume that the formal grammar of NL can be assotiated, in
arigouros way, with a maping I’, from the syntactic categories of the grammar, into
the types of Lﬁr (for example, see [9]). The translating procedure 1" should be such
that, for every well-formed NL expression ¢, of a syntactic category SynCat(¢),
the type Y (SynCat(¢)) has to reflect the intuitions about the objects that are (typ-
ically) denoted by uttarences of ¢. We delimit the set T,g.r as follows: For ev-
ery u € Ty, 6 € Typrer and d € Ty, the tuple (u,8,d) € Tyersiae iff for some
ac Tspeakera LTS T[imm lu S T‘\'pace’ ®c Texph Wa € ITworld’ g € Ttimm ld S Tspace’

u={a,ty,l,,®), d = (wg,t4,l;), and (2a)

there is a function evalindex: T,, — T, for which (2b)
d = {wg,t4,l;) = evalindex(a,t,,1,, @)

0(a,tu;lu, @) € Ty(syncat(p)) (2¢)

For every rs € Tprey, (2d)

8(a,tu,lu, @), if u=(a,ty,ly, @) and rs = (u,8,d),
er, otherwise.

[den(@)(g)](rs) = {

Note that the states are not primitive objects: they are complex, structured objects in
the semantic frame, represented by tuples of objects including agents (called speak-
ers), time and space locations, and “uttered” language expressions, ¢. Such tuples
encode essential, context dependent information. While “uttered” expressions ¢ par-
ticipate in the semantic frame, and they may have syntactic structure according to



Context Information with the Language of Acyclic Recursion 5

some grammar of the rendered language, the syntactical analyses of ¢ are not part of
the semantic frame. In this paper, we do not make any assumptions for the rendered
languages, neither for what kinds of computational syntax may be used. While we
do not consider restrictions over what are the “uttered” expressions that may par-
ticipate in the frame, except that they are potentially randed into Lf},, primarily, we
envisage lexical renderings.

We call the tuples u = (a,t,,l,,¢) € T, utterances of @, iff for some & and
d, (u,6,d) € Trefsiare- We call the tuple (u,6,d) the current state, or the refer-
ence state for the utterance u iff (u,8,d) € Trefsiate, i-€., iff (2a)-(2d) hold. In
such a case, we also call the component d the evaluation index of the (current)
state (i, 8,d), which is determined by the following function for every (a,t,,1,, ®),
evalindex(a,t,,1,, Q) = (wg,t4,14) = d. Each tuple u = (a,t,,1,, @) represents an in-
stance of usage of ¢ (which is an expression or lexical item, such as an word), by
the speaker a, at the moment ¢, and the location /,. The values of the function § €
Tspref> 6(a,tu,lu, @), will be called a’s references in the utterance u = (a,t,, Ly, @).
The clause in (2d) includes the possibility for errors, because the denotation of ¢
can be erroneous for some states rs, for example, where the utterance u component
of rs is not of @, i.e., u = {(a,t,,l,,¥) and ¢ Z# y. The clauses (2a)-(2d) represents
utterance dependent denotations, where the speaker refers to a state component d to
evaluate the denotation of ¢ in d. In possible-world semantics, such as Montague’s
IL, the elements d € T, are called indexes. In Situation Semantics, the element
d € T, corresponds to a resource state (i.e., more correctly, in Situation Semantics,
d would be a resource situation) for evaluation of the expression ¢. When the ex-
pression ¢ is a sentence, the index d, which is provision of the utterance, represents
intuitions for a described state, because the tuple (wy,14,1) represents a world wy,
and a space-time point (z;,1;), referred to by the speaker, as holding (satisfying) the
propositional content denoted by ¢. In possible-worlds semantics, e.g., as in Mon-
tague’s IL or its variants, d represents the current, or the “actual” world, for evalua-
tion of the denotation of an expression. Since, in this paper, we use the Lff, calculus
for computational semantics of NL, we use terminology, which (we believe) is in the
spirit of L . The denotation [den(¢)(g)] is the Carnap intension of the proposition
made by the speaker. Intuitively, the denotation [den(@)(g)](rs) = 8(a, 1,1, @) is
the object to which the speaker’s refers in the reference state »s. When ¢ is a sen-
tence, this is the truth value, which the speaker associates with the statement made
by the utterance u, for the reference index d. This is justified when the reference
index d supports the factual content of the utterance of ¢@.

Deictic Use of Demonstratives in ‘“Direct” Semantics: Demonstrative lexemes,
e.g., “here” and “there”, are strictly dependent on utterance components and speaker’s
references, for their strong deictic usage. Letu € Ty, 6 € Tspres, and d € Ty, be such
that for arbitrary, but fixed a € Typeakers tu € Trimes lu € Tspaces @ € {here, there} C
Texprs Wa € Toworids ta € Ttimes la € Tspace, such that (2a)-(2d) hold, with T =e, i.e.,
den(@)(g): rs — e. In particular, u = (a,1,,1,, @), are:

[den(here)(g)](u,8,d) = d(a,t,,l,,here) =1, =1, (3a)
[den(there)(g)](u,0,d) = &(a,ty,ly,there) = Iy € Tspace, and Iy # 1, (3b)
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Deictic Use of Pronouns in Direct Semantics: Assume that in an utterance u of a
sentence like “She smiles”, the pronoun “she” is used by the speaker to refer to a
particular individual ¢ € T,, i.e., 8(a,t,,1,,she) = c. Then

[den(she)(g)] = rs +— 6(a,t,,ly,she) =rs+—c (4a)
[den(she)(g)] (1, 8,d) = 8(a, 1y, lu,she) = ¢ (4b)

If (u,8,d) € Trefstate is the reference state, the propositional denotation of the
sentence “She smiles” is smiles(rs — ¢) € Ty. The denotation of this sentence in
(u, 8,d) is the truth value 1 just in case the individual ¢ smiles in the evaluation index
d; i.e., the proposition smiles(rs — ¢) € Tz is true in d iff smiles(rs+— ¢)(u,6,d) = 1.
In neither of the above cases, the denotation carries the information that the individ-
ual ¢ is female, i.e., the gender information that (depending on the specific lan-
guage) is part of the semantics of the pronoun “she”. The denotational value of the
above sentence, with respect to the utterance, by itself, does not specify how it is
obtained, i.e., “computed” from the denotations of the lexical components of the
sentence. A canonical form, together with formalization of utterances, provides in-
formation for that. Pronouns like “she”, “he”, “it”, etc., in their deictic use, resemble
demonstratives like “here” and “there”, for their strong denotational dependency on
the speaker’s reference 6 and thus on the utterance u. However, the semantics of
these pronouns differ from the semantics of the demonstrative “here”, in an essen-
tial way: these pronouns can participate in anaphoric relations, which is part of their
abstract linguistics meaning. This is not necessarily associated with the demonstra-
tive “here”, and is not possible for the pronoun “I”. The denotation of “T”, similarly
to that of the demonstratives, is strictly dependent on its utterance, by denoting the
speaker, but is independent on the speaker’s reference.

4 “Indirect” Lexical Semantics of NL with L},

Why “Indirect” Semantic Representation of NL? It is possible to present “direct”
semantics of NL, by formulating direct correspondences, from formal syntax of
well-formed NL constructs, to semantic structures, based on typed domain frames.
Such attempts for “direct” semantics (exemplified above) would be less perspica-
cious. Indirect model-theoretic semantics of NL, by rendering it into type-theoretic
language, is far more transparent and comes with many other superiorities. Type-
theoretical languages are well-studied, have rich theoretical results and model the-
ories. In addition, they offer possibilities for software developments and automatic
processing. In this paper, we focus on rendering lexical items into L,’},. Rendering
NL expressions will be discussed only for expository purpose and is topic of other
work. More specifically, we will use the language Lﬁ, to represent semantic infor-
mation associated with some lexemes, the denotations of which depend on their
utterances. Such information is “propagated” recursively into larger NL constructs,
by grammar rules.
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Rendering Utterance Information into Type-theoretic Terms: The specific de-
notations of various language units can be dependent on various components of
specific utterances: however, the dependency on utterance components can be part
of their abstract semantics, in a pattern-like way, as linguistic items out of any spe-
cific utterance. This is why, rendering NL items that depend on context of use, can
be facilitated by representing utterance components as parts of type-theoretic terms,
i.e., in this paper, Lﬁr-terms. For this purpose, we take a version of L a, language
with special constants. For every NL expression @, let T,.rsiae(@) be the type of
the reference states in the domain T, fsiare, €ssentially determined by utterances
of ¢. Note that T,.¢s;ae() are not ground types. Let o,(¢) be the type of utter-
ances of @, and let Type(render(¢)) be the type of the rendering of the expression
¢. For the current expository purpose, we can take the type of the reference states
to be the type of their characteristic function: Ty rsiare (@) = (0u(@) — ((ou(@) —
Type(render(9))) — (s — (¢ — (¢ —1))))). We add constants to the language L} ,
to represent context information: speaker for the utterance speaker, uTime for the
utterance time, uSpace for the utterance space, [World for the local world of the in-
dex, [Time for the local time, and ISpace for the local space of the index, and spRefs
for the speaker’s reference function. The denotations of these constants give the re-
spective components of the reference states, by being defined as follows. For every
reference state r = ((a,tu,lu, ©), 0, (Wa,t4,14)) € Trefsiates

speaker: (Trefsiare(@) — €) and [den(speaker)|(r) =a (5a)
uTime: (Trefsiae(@) — €) and [den(uTime)|(r) =1, (5b)
uSpace: (Trefsiare(9) — €) and [den(uSpace)|(r) =1, (5¢)
IWorld: (Trefsiare(@) — s) and [den(IWorld)](r) = wq (5d)
ITime: (Trefsiare(@) — €) and [den(ITime)](r) =tq (3e)
ISpace: (Trefsiae(@) — €) and [den(ISpace)|(r) = I, (5f)

and, the constant spRefs for speaker’s references is such that, for every expression
¢, assumed as being a part of utterance types:

spRefs: (@ = (Trefsiare () — Type(render(¢)))) (6)
o(a,ty,l,,0), if{a,t,l,, @) is utterance component in r
(den(spRefs(9))](r) = { (@ tulu @), ot i) P
er, otherwise.

(M
5 Utterance Dependency in the Lexicon: Rendering Deictic
Lexical Items

There are different kinds of lexical ambiguities, either by association to different
part of speech lexical category, or due to “pure” semantic ambiguity of some lex-
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emes. An overview of how lexical ambiguity propagates into phrasal ambiguity is
presented in [5]. The semantic representation of many lexical items is tightly depen-
dent on prominent context elements such as participating agents, speakers, listeners,
space and time locations, some of which we consider in what follows. We demon-
strate the technique by considering primarily deictic lexical items.

Deictic Use of Demonstratives in Indirect Semantics Now, demonstrative lexical
items, for example such as “here” and “there”, can be rendered into Lﬂr as follows:

render

here —— the(h) where {h := Ax(r(x) Au(x) Al(x)), (8)
—lx(x(here) spRefs(here)),
= Ax(x(here) = uSpace),
:= Ax(x(here) = ISpace)},

X

where x: @ — (Trersiae(@) — €) is a pure variable.
Deictic Use of Pronouns in Indirect Semantics

she M the(h) where {h := Ax(r(x) Ai(x)), ©)
r:= Ax(x = spRefs(she)),
i = Ax female(x)}

Anaphoric usages and underspecified ambiguities between deictic and anaphoric
occurrences of pronouns in NL expressions is not a subject of this paper. Here is
just a possible rendering:

she fender, the(h)where {h := Ax(r(x) Ni(x)), (10)
i := Ax female(x) }

Note that, in (10), the location variable r is free, which gives the possibility for as-
sociating a specific reading (meaning and denotation) to the pronoun “she” at a later
stage, when context prompts for a specific usage. I.e., an underspecified rendering
of a pronominal, like in (10), can be bound, either by the speaker’s references, or
by an antecedent element in a larger expression. The rendering (10) of “she” carries
the linguistic information, which is encoded explicitly by the lexical entry, about the
gender of the individual denoted by it. Similar gender and number information that
is encoded in some lexical items, and is proper semantic information, rather than
merely syntactic agreement co-occurrence flag, needs to be included in the render-
ing type-theoretic terms, as part of their “logic form”. Next we show how semantic
contributions by inflections can be included in the Lﬁr terms that serve as semantic
representatives of inflected forms. Exhaustive treatment of inflection rules, such as
verbal tenses and aspects, is not a subject of the paper.

Definite Determiner in English Note that the reference states (via utterance ex-
pressions @) provide “resource” states for evaluation of the denotations:
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the %", tpe - (11)

(@ = (((Trefstare (@) = €) = (Trefstare (@) — 1)) = (Trefstare (the @) — €)))

Definite NPs in English The speaker’s references reflect the referential use of defi-
nite descriptions. This is achieved by a constraint over the denotation value via the
assignment (12b), which requires the value spRefs(the homework) for the denoted
object (via grammar rules for NPs):

the homework %", the(H)where {H := Ax(r(x) Ah(x)), (12a)
r:= Ax(x = spRefs(the homework)), (12b)

h := homework} (12¢)

: (Trefstare(the homework) — e) (12d)

Attributive use of definite NPs is represented by terms like (12a)-(12c), without the
assignment (12b).
Definite NPs in Bulgarian

JIOMAIIHOTO tender, the(H)where {H := Ax(r(x) Ah(x)), (13a)
r:= Ax(x = spRefs(nomamnnoro)), (13b)

h := homework} (13¢)

¢ (TrefState(TOMATITHOTO) — €) (13d)

Indefinite NPs in Bulgarian The semantic distinction between the part of speech
of common nouns and indefinite NPs, in Bulgarian, is represented by the types of
the rendering terms. For example:

JOMAIITHO % homework common noun (14a)
¢ ((Trefstare (momarao) — €) — (Trefsiare (OMAIIHO) — 1))

JOMAIIHO % homework existential quantifier  (14b)

2 (€ = 1) = (Trefsrare(moMarIHO) — 1)

6 Conclusion

Rendering NL lexicon and grammatical constructs into terms of a type-theoretical
language, for the purpose of semantic “representations”, has many other positive
arguments, as demonstrated firstly by the original works of [9]. The continuing the-
oretical and computational advances of type theories bring more arguments, espe-
cially when targeting computational grammar that covers lexicon with morphologi-
cal structure that propagates into the phrasal structure of sentences, and complex
syntax-semantics inter-relations in languages. The language of acyclic recursion
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L,’}, is one of the latest examples for such advances. LZZL, is an elegant mathemati-
cal system, which is also richly expressive, not simply by being a proper extension
of a higher-order language such as Montague’s IL. Language ambiguities and un-
derspecified semantic representation are under major attention in computational se-
mantics and, generally, in NLP, not only because complete resolution of ambiguities
present NLP with computational intractability, but is also unnecessary in the absence
of relevant context dependant information. The language and theory of Lﬁ, offers
not only a novel algorithmic treatment of Frege’s distinction between sense and de-
notation, it also has its own object language and calculi for representing semantic
underspecification of NL expressions. Additionally, our major focus has been the
exploration of the expressiveness of Lf}, for more adequate representation of se-
mantic information that is carried by lexical entities, such as deictic language units
and lexical inflection, which is typically interpreted depending on information pro-
vided by specific context. Such language phenomena, with Slavonic languages just
as examples, are in need of computational theory that faithfully captures semantic
information and incorporation into computational syntax-semantics interface. Mor-
phology is a rich topic, which requires extensive exploration by development of
computational syntax-semantics interface, and the research in this paper is in such
directions.
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