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Abstract

In this paper, we study natural language
inference based on the formal semantics
in modern type theories (MTTs) and their
implementations in proof-assistants such
as Cog. To this end, the type theory
UTT with coercive subtyping is used as
the logical language in which natural lan-
guage semantics is translated to, followed
by the implementation of these semantics
in the Coq proof-assistant. Valid infer-
ences are treated as theorems to be proven
via Coq’'s proof machinery. We shall em-
phasise that the rich typing mechanisms in
MTTs (much richer than those in the sim-
ple type theory as used in the Montagovian
setting) provide very useful tools in many
respects in formal semantics. This is ex-
emplified via the formalisation of various
linguistic examples, including conjoined
NPs, comparatives, adjectives as well as
various linguistic coercions. The aim of
the paper is thus twofold: a) to show that
the use of proof-assistant technology has
indeed the potential to be developed into
a new way of dealing with inference, and
b) to exemplify the advantages of having a
rich typing system to the study of formal
semantics in general and natural language
inference in particular.

Introduction

Natural Language Inference (NLI), i.e. the task of

on formal semantics in MTTs with coercive sub-
typing (Luo, 2012b) and its implementation in the
proof assistant Coq (Coq, 2007).

A Modern Type Theory (MTT) is a dependent
type theory consisting of an internal logic, which
follows the propositions-as-types principle. This
latter feature along with the availability of power-
ful type structures make MTTs very useful for for-
mal semantics. The use of MTTs for NL semantics
has been proposed with exciting results as regards
various issues of NL semantics, ranging from
guantification and anaphora to adjectival modifi-
cation, co-predication, belief and context formal-
ization. (Sundholm, 1989; Ranta, 1994; Boldini,
2000; Cooper, 2005; Fox and Lappin, 2005; Re-
toré, 2013; Ginzburg and Cooper, forthcoming;
Luo, 2011a; Luo, 2012b; Chatzikyriakidis and
Luo, 2012; Chatzikyriakidis and Luo, 2013a). Re-
cently, there has been a systematic study of MTT
semantics using Luo’s UTT with coercive subtyp-
ing (type theory with coercive subtyping, hence-
forth TTCS) (Luo, 2010; Luo, 2011a; Luo, 2012b;
Chatzikyriakidis and Luo, 2012; Chatzikyriakidis
and Luo, 2013a; Chatzikyriakidis and Luo, 2013b;
Chatzikyriakidis and Luo, 2014). This is the ver-
sion of MTT used in this paper. More specifically,
the paper concentrates on one of the key differ-
ences between MTTs and simple typed ones, i.e.
rich typing. Rich typing will be shown to be a
key ingredient for both formal semantics in gen-
eral and the study of NLI in particular.

A proof assistant is a computer system that as-
sists the users to develop proofs of mathemati-

determining whether an NL hypothesis can be in<al theorems. A number of proof assistants im-
ferred from an NL premise, has been an active replement MTTs. For instance, the proof assistant
search theme in computational semantics in whictoq (Coq, 2007) implements pCIC, the predica-
various approaches have been proposed (see, féive Calculus of Inductive Constructiohand sup-
example (MacCartney, 2009) and some of the ref-

erences therein). In this paper, we study NLI based IpCIC is a type theory that is rather similar to UTT, es-
pecially after its universé&et became predicative since Coq
This work is supported by the research grant F/07-8.0. A main difference is that UTT does not have co-inductive
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ports some very useful tactics that can be used tsivity compared to classical simple typed systems
help the users to automate (parts of) their proofsas these are used in mainstream Montagovian se-
Proof assistants have been used in various applicaantics.

tions in computer science (e.g., program verifica-

tion) and formalised mathematics (e.g., formalisa2-1  Type many-sortedness and CNs as types

tion of the proof of the 4-colour theorem in Coq). |n Montague semantics (Montague, 1974), the
The above two developments, the use of MTTunderlying logic (Church’s simple type theory
semantics on the one hand and the implementgChurch, 1940)) can be seen as ‘single-sorted’ in
tion of MTTs in proof assistants on the other, hasthe sense that there is only one typef all enti-
opened a new research avenue: the use of existin@gs. The other types such asf truth values and
proof assistants in dealing with NLI. In this pa- the function types generated fromand¢ do not
per, two different goals are to be achieved: a) on &tand for types of entities. In this respect, there are
more practical level, to show how proof-assistantno fine-grained distinctions between the elements
technology can be used in order to deal with NLIof typee and as such all individuals are interpreted
and b) on a theoretical level, the significance ofusing the same type. For examplehn andMary
rich typing for formal semantics and NLI in par- have the same type in simple type theories, the
ticular. These two different aspects of the papetypee of individuals. An MTT, on the other hand,
will be studied on a par, by concentrating on acan be regarded as a ‘many-sorted’ logical system
number of NLI cases (quite a lot actually) thatin that it contains many types and as such one can
are adequately dealt with on a theoretical level viamake fine-grained distinctions between individu-
rich typing and the implementation of the accountals and further use those different types to interpret
making use of rich type structures in Coqg on asubclasses of individuals. For example, one can
more practical level. We shall also consider how tohave.John : [man] andMary: [woman], where
employ dependent typing in the coercive subtyp{man] and[woman] are different types.

ing framework to formalise linguistic coercions. An important trait of MTT-based semantics is
) o the interpretation of common nouns (CNs}yses
2 Richtypingin MTTs (Ranta, 1994) rather than sets or predicates (i.e.,

objects of typee — t) as it is the case within
the Montagovian tradition. The CNwsan, human,
table and book are interpreted as typesnan],

q [human], [table] and[book], respectively. Then,
individuals are interpreted as being of one of the
ypes used to interpret CNs. The interpretation of
CNs as Types is also a prerequisite in order for the
subtyping mechanism to work. This is because,
assuming CNs to be predicates, subtyping would
go wrong given contravariance of function types.

A Modern Type Theory (MTT) is a variant of
a class of type theories in the tradition initiated
by the work of Martin-Lof (Martin-Lof, 1975;
Martin-Lof, 1984), which have dependent an
inductive types, among others. We choose t
call them Modern Type Theories in order to dis-
tinguish them from Church’s simple type theory
(Church, 1940) that is commonly employed within
the Montagovian tradition in formal semantics.
Among the variants of MTTs, we are going to
employ the Unified Theory of dependent Typesy 2 Subtyping

(UTT) (Luo, 1994) with the addition of the co- . : ]
ercive subtyping mechanism (see, for example,CoerC'Ve subtyping (Luo, 1999; Luo et al., 2012)

(Luo, 1999: Luo et al., 2012) and below). UTT is provides an adequate framework to be employed

an impredicative type theory in which a typeop fzoor 1'2;2—??56}0' fg rmal semantlcsb(klj_ uo, 2t910; Luor,]
of all logical propositions exists. This stands )- Itcan be seen as an abbreviation mech-

as part of the study of linguistic semantics usingamsm: A'is a (proper) subtype of (4 < B) if
MTTs rather than simply typed ones. In particu-  3see (Chatzikyriakidis and Luo, 2013b) for more infor-

lar, in this paper we discuss a number of key issuegation. See also (Luo, 2012a) for further philosophicatiarg

; ; : entation on the choosing to represent CNs as types.
as regards the typing system, which will be showr" “It is worth mentioning that subsumptive subtyping, i.e.

to allow more fine-grained distinctions and expreSthe traditional notion of subtyping that adopts the subsump

- tion rule (if A < B, then every object of typel is also of

sis (Goguen, 1994) as regards the meta-theory of UTT. type B), is inadequate for MTTs in the sense that it would
2This is similar to simple type theory where a typef destroy some important metatheoretical properties of MTTs

truth values exists. (see, for example4 of (Luo et al., 2012) for details).
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there is a unique implicit coercionfrom type A  dependent casé;-types can be used to interpret
to type B and, if so, an object of type A can be linguistic phenomena of central importance, like
used in any context z[_] that expects an object of for example adjectival modification (Ranta, 1994).
type B: €p[a] is legal (well-typed) and equal to For examplejandsome man is interpreted as a
¢ple(a)]. 3-type (4), the type of handsome men (or more

As an example, assuming that bdthan] and  precisely, of those men together with proofs that
[human] are base types, one may introduce thehey are handsome):
following as a basic subtyping relation:

(4) Xm: [man]. [handsome](m)
(1) [man] < [human]
where [handsome](m) is a family of proposi-

In case that[man] is defined as a compos- tions/types that depends on the mar?
ite X-type (see§2.3 below for details), where  The other basic constructor for dependent types
male: [human] — Prop: isII. TI-types can be seen as a generalization of the
normal function space where the second type is a
family of types that might be dependent on the val-
ues of the first. Al-type degenerates to the func-
tion type A — B in the non-dependent case. In
more detail, whem is a type andP is a predicate
over A, Ilz : A.P(zx) is the dependent function
(3) (Xh: [human]. male(h)) <z, [human] type that, in the embedded logic, stands for the

We will see in the next section the importance ofuniversally quantified propositiokz: : A.P(x).

the coercive subtyping mechanism when dealing O €xample, the following sentence (5) is inter-
with NLI. preted as (6):

(2) [man] = Xh: [human]. male(h)

we have that (1) is the case because the abbve
type is a subtype ofhuman] via the first projec-
tion mq:

2.3 Dependent typing and universes (5) Every man walks.

One of the basic features of MTTs is the use of6) IHz: [man].[walk](x)
Dependent Types. A dependent type is a family of

types depending on some values. Here we explaifiyne Universes. An advanced feature of MTTs,
two basic constructors for dependent typésand  \yhich will be shown to be very relevant in inter-
I1, both highly relevant for the study of linguistic preting NL semantics, is that of universes. Infor-

semantics. mally, a universe is a collection of (the names of)
The constructor/operatob is a generaliza- types put into a type (Martin-Lof, 1984)For ex-
tion of the Cartesian product of two sets thatample, one may want to collect all the names of
allows the second set to depend on values e types that interpret common nouns into a uni-
the first. For instance, ifhuman] is a type yersecn: Type. The idea is that for each typé

andmale: [human] — Prop, then theX-type  that interprets a common noun, there is a nafne

humans who are male.
More formally, if A is a type andB is an A- [man]: cN and Ten([man]) = [man].
indexed family of types, theX (A, B), or some- ———— _ o
times written asSz : A.B(z), is a type, consist- Adjectival modification is a notoriously difficult issue
and as such not all cases of adjectives can be captured via

ing of pairs(a,b) such thata is of type A andb  using ax. type analysis. For a proper treatment of adjecti-
is of type B(a). When B(z) is a constant type val modification within this framework, see (Chatzikyridid

. . and Luo, 2013a).
(i.e., always the same type no matter whas), There is quite a long discussion on how these universes

the X-type degenerates into product tyde< B of  should be like. In particular, the debate is largely concen-
non-dependent pair&-types (and product types) trated on whether a universe should be predicative or im-

. P . predicative. A strongly impredicative univergeof all types
are associated projection operationsand; S0 (with U: U andII-types) is shown to be paradoxical (Gi-
thatr; (a,b) = a andmy(a,b) = b, for every(a,b)  rard, 1971) and as such logically inconsistent. The theory
of typeE(A, B) or A x B. UTT we use here has only one impredicative univdfsep

. L . (representing the world of logical formulas) together wviith
The linguistic relevance oE-types can be di- finitely many predicative universes which as such avoids Gi-

rectly appreciated once we understand that in itgard’s paradox (see (Luo, 1994) for more details).
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In practice, we do not distinguish a typedn and  thatP(x): Prop, such cases are straightforwardly
its name by omitting the overlines and the operatoproven.

Ten by simply writing, for instance[man]: CN.

Thus, the universe includes the collection of the3-1 The FraCas test suite

names that interpret common nouns. For examplan this section we present how implementing MTT

in cN, we shall find the following types: NL semantics in Coq can deal with various cases
(7)  [man], [woman], [book], ... of NLI inference. For this reason, we use exam-
(8) Ym: [man].[handsome](m) ples from the FraCas test suite. The FraCas Test

9 o Suite (Cooper et al., 1996) arose out of the FraCas
©) R+ GF Consortium, a huge collaboration with the aim to

where theX-type in (8 is the proposed inter-
. . , . develop a range of resources related to computa-
pretation of ‘handsome man’ and the disjoint sum_. . g o
. : o, tional semantics. The FraCas test suite is specifi-

type in (9) is that of ‘gun’ (the sum of real guns

and fake guns — see above)lnteresting appli- cally designed to reflect what an adequate theory

: . 8f NL inference should be able to capture. It com-
cations of the use of universes can be propose rises NLI examples formulated in the form of a
like for example, their use in giving the types for P P

quantifiers and VP adverbs as extending over thgremlse (or premises) followed by a question and

universecN (Luo, 2011b) as well as coordination an answer. For instance,
extending over the universe of all linguistic types(12) Either Smith, Jones and Anderson signed the
LType (Chatzikyriakidis and Luo, 2012). contract.

3 NL Inference in Co Did Jones sign the contract? [Yes]
a The examples are quite simple in format but are

Coq is a dependently typed interactive theorentesigned to cover a very wide spectrum of seman-
prover implementing the calculus of Inductive tic phenomena, e.g. generalized quantifiers, con-
Constructions (pCiC, see (Coqg, 2007)). Cod, angoined plurals, tense and aspect related phenom-
in general proof-assistants, provide assistance igna, adjectives and ellipsis, among others. In what
the development of formal proofs. The idea is sim-follows, we show how the use of a rich type sys-
ple: you use Coq in order to see whether statetem can deal with NLI adequately (at least for the
ments as regards anything that has been either preases looked at) from both a theoretical and an im-
defined or user-defined (definitions, parametersplementational point of view.
variables) can be proven or not. In the case of NLI,
the same idea applies: once the semantics of NB.2 Rich typing and NLI
words are defined, then these semantics canbereg> 1  Quantifiers
soned about by using Coq’s proof mechanism. In
: ut by using £0qs p : A great deal of the FraCas examples are cases of
this sense, valid NLIs can be seen as theorems, or .
. inference that result from the monotone properties
better valid NLIs must be theorems. o . .
. . . of quantifiers. Examples concerning monotonic-
A very simple case of semantic entailment, that

of example (10), will therefore be formulated asgysors]t:;re] gfgozri?]urginmrf\,\ﬁ[}yce;srgvteres%ff ”_1
the following theorem in Coq (11): y 9 yp

ing, by employing the subtyping relations between

(10) John walks=- some man walks CNs. To put this claim in context, let us look at

(11) Theorem x: John walks> some man walks the following example (3.55) from the FraCas test
Now, depending on the semantics of the indi-suite:

vidual lexical items one may or may not prove the _ o
theorem that needs to be proven in each case. #13) Some lrish delegates finished the survey on

ferences like the one shown in (11) are easy cases time. o _
in Coq. Assuming the semantics sdme which Did any delegate finish the report on time
[Yes]

specify that given anyl of type C'N and a predi-

cate of typed — Prop, there exists am: A such . L e . :
7yp TP Treating adjectival modification as involving a

‘The use of disjoint sum types was proposed byy type where the first projection is always a coer-
(Chatzikyriakidis and Luo, 2013a) in order to deal with priv . in (L 2011 etish del
tive modification. The interested reader is directed there f CiON @s in (Luo, a)f we ge egate to
details. be a subtype ofldlegate, i.e. [Irishdelegate] <
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[delegate]. This is basically all that Coq needs in 3.2.2 Conjoined NPs

order to prove the inference. Inference involving conjoined NPs concerns cases
Moving on to quantifier cases involving mono- like the one shown below:

tonicity on the second argument, we notice that

these are more difficult to get since an adjunct (e.g. _ _
a PP) is involved in deriving the inference: (18) Smith, Jones and Anderson signed the con-

tract.
(14) Some delegates finished the survey on time. Did Jones sign the contract? [Yes]

Did any delegate finish the survey? [Yes] o
In (Chatzikyriakidis and Luo, 2012), a polymor-

The type proposed for VP adverbs by Luo (Luo phic type for binary coordinators that extends over

2011b) is based on the idea of a type universe of'® constructed universeType, the universe of
CNs. As already said in the introduction, type uni-INguistic types was proposed. This can be ex-

verses a universe is a collection of (the names of{2hded ton-ary coordinators. For example, the

types put into a type. In this respect, one can fompoordinat_orand may take three arguments, as in
the universecNwhich basically stands for the the Premise of (18). In such cases, the type of the
collection of names interpreting common nouns co0rdinator, denoted asid; in semantics, is:

The type proposed for VP adverbs makes use of19) ands: IA: LType. A — A — A — A.

this cN universe and assumes quantification over " : :

) R _ L Intuitively, we may write this type as

it (Chatzikyriakidis and Luo, 2013a; Chatzikyri- MA: LType.A* — A. For instance, the

akidis and Luo, 2012): semantics of (18) is (20), whetsgs ‘the contract’:

(15) IIA: cN. (A — Prop) — (A — Prop)

However, in order to derive the inference (20) [sign](ands(s,j,a),c)

needed in cases of monotonicity on the second ar-
gument cases, this typing alone is not enough.
types can be used in order to slightly modify the
typing. In order to do this, we first introduce an
auxiliary objectADV as follows:

In order to consider such coordinators in rea-
soning, we consider the following auxiliary object
(similarly to the auxiliary objectd DV') and define
ands as follows:

(21) ANDs: 1A : LType. llz,y,z : A. Ya :
(16) ADV : 11IA: cN.IIv: A — Prop.Xp: A — A.Vp : A — Prop. p(a) D p(x) Ap(y) A

PropNz : A.p(z) D v(x) p(2).
This reads as follows: for any common nodn  (22) ands = A\A : LType.\z,y, z : A.
and any predicate over A, ADV (A, v) is a pair m(ANDs(A, z,y,2))
(p,m) such that for anye: A, p(z) impliesv(z). Having defined the coordinators suchaasl in

Taking the sentence (14) as an example, for thgych a way, we can get the desired inferences. For
CN delegate and predicate finish]®, we define example, from the semantics (20), we can infer

on time to be the first projection of the auxiliary that ‘Jones signed the contract’, the hypothesis in
object (16) which is of type (15): (18)1° Coordinators such a can be defined in

a similar way.
(17) ontime = AA: CN.A\v : A — Prop. imiarway

T (ONTIME(A,v)) 3.2.3 Comparatives

As a consequence, for instance, any de|egat@fel'ence with Comparatives can also be treated by

who finished the survey on time((z)) in (16) did  usingX types. Two ways of doing this will be pro-
finish the survey(z)). posed, one not involving and one involving mea-

sures. We shall considehorter than as a typi-

®For details on the semantics of the other lexical items likecal example. Intuitivelyshorter than should be
e.g. VP adverbs in the sentence, see the following disaussio

Also, following Luo (Luo, 2011a) we implemeni-types as 19A note about Coq is in order here: building new uni-
dependent record types in Cog. Again, see (Chatzikyriakidi verses is not an option in Coq (or, put in another way, Coq
and Luo, 2013b) for details. does not support building of new universes). Instead, wi sha

°Note that [finish]: [human] — Prop <  use an existing universe in Coq in conducting our examples
[delegate] — Prop. for coordination.
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of type Human — Human — Prop as in the (28) Smith believed that Itel had won the contract
following example: 1991.

Did Itel win the contract in 1991? [Don't
know]

We assume that there be a predicate What we need is to encode that verbs lkew
short: Human — Prop, expressing that a presuppose their argument’s truth while verbs like
human is short. Intuitively, if Mary is shorter believe do not. For instancenow belongs to the
than John and John is short, then so is Maryformer class and its semantics is given as follows:
Furthermore, one should be able to take care of

the transitive properties of comparatives. Thus(9) KNOW = %p . Human — Prop —

if Ais COMP thanB and B is COMP than Prop. Vh : Human¥P : Prop. p(h, P) 5

C, then A is alsoCOMP than C. All these P

can be captured by considerifgOM P of the (30) [know] = m (KNOW)

(23) Mary is shorter than John.

following X-type and definshorter than to be its In effect, a similar reasoning to the one used in

first projection: dealing with VP adverbs is proposed. In effect,

(24) COMP: Sp: Human — Human — @0 auxiliary object is firstly used, followed by the
PropXhy, h, hs : Human. definition of know as the first projection of the

p(hi,ho) A phahs) S phi,hs) A type involved in the auxiliary object. With this, the
Vhi, ha : Human.p(hi, hs) O short(hy) >  inference (27) can be obtained as expected. In-
short(hy). tensional verbs likoelieve on the other hand do

(25) [shorter than] = m1(COMP) not imply their arguments and inferences like (28)

With the above, we can easily show that the in_cannot be shown to be valid inferences.

ferences like (26) can be obtained as expetted. 3.2.5 Adjectival inference
As a last example of the use of rich typing in order

(26) John is shorter than George. to deal with NLI, we discuss NLI cases involving
George is shorter than Stergios. adjectives. In (Chatzikyriakidis and Luo, 2013a)
Is John shorter than Stergios? [Yes] we have shown that the use of subtypidgtypes

_ o _ and universes can give us a correct account of at
Given the definition inCOM P according 10 |gagt intersective and subsective adjectives. Note
which ?f two eIement_s stand in@OMP relation that the original® type analysis proposed by re-
(meaning that the first argument is shorter thansearchers like Ranta (Ranta, 1994) is inadequate to
the second one), and there is also a third elemerF‘,Iapture the inferential properties of either intersec-

standing in aCOM P relation with the second, e or subsective adjectives. The FraCas test suite
then by transitivity defined iIOM P, this third 4 4 rather different classification. One major dis-
element also stands in@0OM P relation with the  inction is between affirmative and non-affirmative

first, i.e. the third element is shorter than the ﬁrSt-adjectives shown below:

3.2.4 Factive/Implicative verbs (31) Affirmative: Adj(N)=> (N)
This section concerns inference cases with variou§32) Non-affirmative: Adj(N) (N)

types of verbs that presuppose the truth of their Concentrating on affirmative adjectives for the

complement like for example factive or implica- L

. . moment, we see thatd type analysis is enough

tive verbs. Example (27) is an example of such a , : -

verb, while (28) is not: In these cases.Cases of affirmative adjectives are
' _ ' handled well with the existing record mechanism

(27) Smith knew that Itel had won the contractajready used for adjectives. The following infer-
1991. ence as well as similar inferences are correctly

Did Itel win the contract in 19917 [Yes] captured, given that a CN modified by an inter-
"in giving a full analysis of compratives, one may further §ect|ve adjective is mterpreted asaype Wh'Ch
consider measures. Such an account is also possible ¥isingiS a subtype of the CN via means of the first pro-
types, in effect extending the account just proposed for-com jection.

paratives. The idea is basically to extend the above account C f b ti diecti di d
using dependent typing over measures. Such an account can ases or subsecuve adjectives are aiscusse

be found in (Chatzikyriakidis and Luo, 2013b) in the section dubbed astensional comparison
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classes in the FraCas test suite. There, cases ofhe MTT-semantics of (36) is (37):
adjectival inference involving adjectives likmall . .
andlarge are discussed. Cases like these can pE37) 3w [book]. [enjoy](j, z)
handled using a typing which quantifies over a uni'where
verse. In the case ¢érge andsmall this universe

is the universecN:1? (38) [enjoy]: Human — Event — Prop.

(33) I1A: CN. (4 — Prop) However, the domain type oflenjoy](j) is
With this typing, cases like the one shown be-p. ..+ \which is different fromBook! Then, how
low are correctly treated: canfenjoy](j, =) in (37) be well-typed? The an-

(34) All mice are small animals. swer is that, in the framework of coercive subtyp-
Mickey is a large mouse. ing and, in particular, under the assumption of the
Is Mickey a large animal? [No] following coercion:

Lastly, one should be able to take care of infer-
ences associated with intersective adjectives (iké39) Book <reading
the one shown below:

Fvent

[enjoy](j, x) is coerced into (and, formally, equal
(35) Adjinter man=- Adji,zer human to) [enjoy](j, reading(x)) and hence well-typed.
A concrete example would belack man im-  Informally, the sentence (36) is coerced into (40):
plying black human. Given that coercions ac-
cording to Luo’s MTT propagate via the various (40) Julie enjoyed reading a book.
type constructors, we havet([man], black) <

S ([human], black). 13 Note that, in the above, we have considered

only one possible coercion (39): from ‘enjoy a
4 Linguistic Coercions in MTTs with book’ to ‘enjoy reading a book’. As we noted
Coercive Subtyping in the previous section, however, there are in fact
_ _ _ _ context-dependent ‘multiple coercions’: e.g., (36)
B_eS|des be_lng crucial for MTT-semantics, Coer-cq,id have meant ‘Julie enjoyed writing a book';
cive subtyping (Luo, 1999; Luo et al., 2012) alsonere could also be several reading events of that
prqwdes us a framework to interpret various 'I'n'book. Coercive subtyping requires contextual
guistic coercions (Asher and Luo, 2012). Bes'de%niqueness of coerciols we must restrict the

explaining the basic mechanisms, we shall alsqcqpe/context usinpeal coercions (Luo, 2011a).
show (in§4.3) that dependent types have interest-

ing applications in dealing with situations with so- 4.2 Local Coercions

phisticated coercions in MTT-semantics. In many situations, it is necessary to limit the
scope of a coercion. (36) furnishes an example:

_ _ ) _ with the formal coercion (39), (37) is the correct
The basic coercive subtyping mechanism that Coperpretation of (36). However, there may be sev-

ercesf(a) into f(c(a)) by inser'{ing the coercion gy possible coercions and hence (36) may have
cinto a gap betweerfi anda, suffices to represent geyeral meanings: which one to use can only be

many linguistic coercions. For example, consider geciged contextually. But note that coherence in

(36) Julie enjoyed a book. coercive subtyping (contextual uniqueness of co-

o _ _ __ercions) is necessary for formal semantics to deal
Other more restricted universes will be needed for adjec

tives like skilful given that we may want to avoid construc- with ‘?mblgu't_y _In such Sltuatlons’_ We_ _use local
tions like skilful table. Universe subtyping can take care of coercions to limit the scope of applicability of co-
these issues. In effect, one can introduce a subuniverse of arcions. For instance, if (36) is used to mean (40)

containing the names of the typFsuman] and its subtypes ca s . .. ) .
only. Let us call this universeNg, which is a subtype of or ‘Julie enjoyed writing a book’, we exploit the

CN: CNy < CN. Now skillful extends over this more re- following two coercions for (36):
stricted universe. See (Chatzikyriakidis and Luo, 2018a) f
more detalis. (41) coercion Book <jcading Event in (37)

Cases of non-committal and privative adjectives willnot
be dealt with in this paper for reasons of space. The intedlest  This refers to the notion afoherence, the requirement
reader is directed to (Chatzikyriakidis and Luo, 2013a)dfor that any two coercions between the same two types (in the
treatment of these types of adjectives within the MTT sgttin same context) be the same. See (Luo, 1999; Luo et al., 2012)
discussed in this paper. for its formal definition.

4.1 Basic coercions
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(42) coercion Book <yriting Event in (37)

Note that such interpretations involve different Io_where the coercion(h) is the function fromBook
P t{) Evt(h) defined as follows: for any: Book,

cal coercions and can be used in the same context.
There is no ambiguity or confusion as to which co- write(h,b) if h wroteb,
ercion is to be employed, but we must make clear c(h,b) = {

the scope of each one of the coercions, over what

terms they are operative.

Local coercions have a dual notion — coer-
cion contexts, which are contexts (in type theory)
which may contain coercion entries of the form
A<cBas well as entries of the usua! form A. e can now interpret (43) as follows (in a simpli-
Coercion contexts.occur Ieft_ to the—3|g_n. One fied form):
can move a coercion entry in a coercion context
to the right-hand side of the-sign to form a lo- (44) start(j,wp)
cal coercion, while the inversion of this moves & finish(t, wp)
the coercion in a local coercion to the left. These & —last(j, wp)
constructs are governed by the relevant inference & Vib: LBook. finish(j, 71 (lb))

rules, some of which are discussed in, for exam- ,
ple, (Luo, 2011a). where LBook = ¥b : Book.long(b) is the type

that interprets the CN ‘long book’ and; is the
4.3 Dependent Types in Coercion Semantics first projection operator that takes a long book and

Sometimes, a simple scoping restriction is nof€turns the book itself. In the coercive subtyping
enough. For example, consider framework, (44) is coerced into (and equal to) the

(43) Jill just startedar and Peace, which Tol-  ©1oWINg:
stoy finished after many years of hard work. (45) start(j, c(j, wp))
But that won't last because she never gets & finish(t,c(t, wp))
through long novels. & =last(g, c(j, wp))

Itis not difficult to see that in (43) the scopes of the & Vib: LBook. finish(j, ¢(j, m1(Ib)))
reading and writing coercions overlap intertwin-ynich is (equal to)
ingly, and so restrictions on the scopes of coer-
cions will not be sufficient here to ensure unique-(46) start(j,read(j, wp))
ness to eliminate ambiguity. & finish(t, write(t,wp))
In many such cases, dependent typing proves to & —last(j, read(j, wp))
be useful. Indeed, this is the first time in the litera- & Vib: LBook. finish(j,c(j, 1 (Ib)))
ture, as far as we know, that dependent types havlg]

i . ote that, in the last conjunct, the coercieris
been shown to be useful directly in the formal se-_.. .
still present —(j, 71 (lb)) cannot be reduced fur-

mantics of linguistic coercions. ; :
. thermore becaudb is a variable.
For example, for the above sentences (43), in-

stead of Event, we may consider the family of 5 Conclusions
types

read(h,b)  otherwise.

where we have simplified the second case by as-
suming that one would read a book if he/she has
not written it. (One may think of other actions to

consider more subcases here.) Having the above,

Evt: Human — Type; In this paper we proposed to deal with NLI by
making use of proof-assistant technology, in par-
ticular the proof-assistant Cog. It was shown that
the combination of MTT semantics as well as the
use of a proof-assistant that ‘understands’ so to say
MTT semantics can provide us with encouraging
results as regards the computational treatment of
NLI. More specifically, the paper has concentrated
on the importance and expressivity of MTTs as re-
gards typing by exemplifying the use of a rich typ-
ing system in order to deal with a number of infer-
Book <,y Evt(h), ence cases ranging from adjectival and adverbial

intuitively, for any h: Human, the depen-
dent type Evt(h) is the type of events con-
ducted by h. Now, we can assume that
the verbs start, finish and last have type
ITh: Human. (Evt(h) — Prop) and read
and write have typellh: Human. (Book —
Ewvt(h)). Furthermore, we can consider the
following parameterised coercions, for any
h: Human,
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modification to conjoined/disjoined NPs, compar-Z. Luo, S. Soloviev, and T. Xue. 2012. Coercive

atives as well as factive/implicative verbs and type Subtyping: theory and implementatiomformation
coercions. and Computation, 223:18-42.

Z. Luo. 1994. Computation and Reasoning: A Type
Theory for Computer Science. Oxford Univ Press.
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