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Abstract as an intermediate step in which natural language ex-
pressions are translated.
The article presents the first results we have obtainedn the paper we assume a new perspective: instead of
studying natural reasoning from a proof-theoretic parsing logic forms as vehicles of inferencmtural lan-
spective. In particular we focus our attention on monguage expressions can be used directly, and instead of
tonic reasoning. Our system consists of two parts: (jving the derivation via an interpretation into a model,
A Formal Grammar — a multimodal version of clasan inference is read off the derivation. The system so
sical Categorial Grammar — which while syntacticallgbtained is a Natural Logic.
analysing linguistic expressions given as input, com-A similar approach has been taken in [SV91], where
putes semantic information (In particular informatiotinguistic expressions are analyzed by a non-directional
about the monotonicity properties of the componentategorial Grammar (i.e., Lambek calculus with Per-
of the input string are displayed.); (ii) A simple Natumutation, LP). Since LP cannot account for the mono-
ral Logic which derives (monotonicity) inferences usingnicity marking on its own it is enriched with a mark-
as vehicle the parsed output. The monotonicity marikg algorithm. As we will see in the next sections,
ers assigned in the lexicon are propagated through Meltimodal Categorial Grammar (MMCG), instead, is
proofs via a combination of the structural and the logr ‘grammar logic’ with the right expressiveness. It is
ical rules for the unary operators of Multimodal Cateable to carry out the required tasks, simply via the log-
gorial Grammar (MMCG) [Mo097]. We have chosefical and the structural rules, without using any extra-
to work with an expressive ‘grammar logic’, in ordelogical devices.
to avoid the use of extra-logical marking devices and Moreover, due to the fact that in natural reasoning
extra-logical structural reasoning. Having MMCG athe felicity of the inferences is determined both by the
parser, our system is able to make the derivations sigyntactic and by the semantic properties of the linguis-
ply within the logic. This new approach makes the imic expressions, the well-known property of MMCG of
plementation of the theory an easier task. We have itightly integrating these two levels is fundamental.
plemented the theoretical results, so far obtained, usingrhe paper gives a brief introduction to Categorial
Grail, a theorem prover for Categorial Grammar Logi@GGrammar (CG) explaining the needs for the multimodal
[Moo98]. system on which our Natural Logic is based. Then a
fragment of Natural Logic is discussed.

ion: Natural Logi . :
1 Introductio atural Logic 2 Multimodal Categorial Gram-
The task of accounting for the role of language indraw-  mar
ing inferences is commonly considered to belong to the
domain of formal semantics, i.e., the study of thean- 2.1 Classical Categorial Grammar
ing of natural language expressions throtigtmal log-
ics. Most of the literature in natural reasoning assumés order to make the article self-contained, before go-
a model-theoretigperspective using a formal languageng into the details of MMCG, we briefly introduce
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CG, refering the reader to [OBW88] for a more detailédommon noun’),s (for ‘sentence’) anchp (for ‘noun
overview and to [AC96] for more recent results. phrase’), be the set of primitive categories,

Classical CG is a language recognition device ﬁr@kample 21 Sarareads the book
described in Ajdukiewicz [Ajd35]. Itis based on a finite

set of primitive categories and on complex categoriesPrOOf

recursively built. In its original presentation the latter (1) booke n lexical entry

were denoted by the fraction notatig¥y the combina- (2) thee np/n lexical entry

tion of the categorys andB, was marked by2 x B or 8; rSeadsE (np\s)/np :ex!ca: en:ry
A arac np exical entry

B x . equal tod. (5) the booke np ), (1): [1a]

Bar-Hillel [BH64] split the 4 into B\ A and A/B, ’
in order to discriminate betheen complex expressions E?; ?;Zi;g%g?ﬁfgg;fs Eg; Eig EZ}
which will produce an expression of categotywhen A
composed with an arbitrary expression of categ®tp The proof starts with the lexical entries assigned to
the left, and to the right, respectively. the words present in the given string, then applies the
The notation\, /, derives from [Lam58]. In this pa- schema [1a] instantiating the premides § with ‘book
per important steps has been taken to achieve a logieah’ and the premiseéB € «/3 with ‘the € np/n’.
calculus for natural language: (i) a completely formaFhus the proof goes on in this way till the input is
ized logical language and (ii) a proof-system of/for naproved to be of category.
ural language are given. As we have said, an important logical aspect intro-
The logical language (cf. i) is enriched with the prodduced by Lambek is the hypothetical reasoning. An ex-
uct (composition) operataer, which makes it possible toample will clarify the meaning and the use of it.
explicitly refer to tf;}e combfination of( cfate)gohries. Example 2.2 The book that Sara reads
As concerning the proof-system (cf. ii), the new step
towards a ‘Grammar Logic’ consists on the introduc- Proof.  Let (1), (4) as before,

tion of thehypothetical reasoningsing Gentzen-style (5) thate (n\n)/(s/np) lexical entry
natural deduction format. For the sake of simplicity in(6) x € np hypothesis
this subsection we present the Lambek calculijsif-  (7) reads € (np\s) (3), (6); [1a]
formally. The formal format will be used describing (8) Sara reads £ s (7), (4); [24]
MMCG. (9) Sarareads s/np (8), (6); [1b]
[1a] [1b] (10) that Sara reads n\n (5), (9); [1a]
IfA €/ andBe B, IfAB € aand Be 4, (11) book that Sara readsn (20), (2); [1a]

(12) The book that Sarareadsip  (2), (11); [1a]

In order to prove that the given string is of categopy
ie., XeY 7 iff X-—Z/Y the introduction of the hypothesis ‘X’ and the elimina-

tion of it (via [1b]) are needed (i.e. the hypotethical rea-

soning). Doing so we manipulate the functional appli-

then AB€ q; then A€ a/f;

[2a] [2b] cation’s order. If we make this explicit via brackets, we
IfA € a,andBe a\B, IfAB €3, andAca, pave:

) _ (8') (Sarareads)x

e, XeY 7 iff Y —X\Z (9) Sarareads

The first rule says that if an expression B of categomhe right-associativity property, [P1], is required. How-

(3 and an expression A of categary 3 are given, then ever, allowing this structural propergyobally, will lead

the composition of A and B is of categoay to both undergeneration and overgeneration problems.
This logic characterizes some fragments of naturlrelative clause such as ‘the book that Sara gives to

language. The system proves the grammaticality Nbradin’, would still be underivable: [P1] makes ac-

sentences starting from the lexicon (where categorimsssible only the right-peripheral position. As we will

are assigned to single words), and applying the logdpetter explain in the last sectioncantrolled form of

cal rules. Here follows a simple example. Leffor [P1]will solve the problems.
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2.2 Multimodal Categorial Grammar ['[B] means that the structuFecontains a distinguished
In the last decad . f the f i occurrence of the formula of categaBy
n the fast decage new versions of the Tormalism WeHaving these reading keys, th&/says that if from

have described, has been developed. In this PAPETWE structurd derives the category/; B and from the

work with Multlmodal Categorial Grammgr (MMCQ)StructureA the categoryB, then the composition of the
[Moo97] which overcomes some expressive limitationg, < ctures ist

of the Lambek calculus. Besides the logical rules for the classical operators,

f FOHOW'QQ tthhe lljn5|_ght”th_at tlr?nguagf:hs aret d'ftfere@MCG consists of Introduction and Elimination rules
rom each other basically in the way they structurally . unary ones:

realize the form/meaning correspondence, MMCG con-
sists of two independent parts: (i) a base logic, in which Logical Rules for the unary operators

no structural rules are available; and (ii) packages of .

structural rules that can be lexically controlled via unary® F ¢4 T[(A)'] - B (0] LEA o1
operators$ andO*, in addition to the classical binary INVAN R 21 ! (Y koA -
ones. The base logic is meant to capture invariants of

grammatical compositions shared by all languages. Itis f

a variation of the Lambek calculus described in the pre-F HOA [D¢ ]
vious subsection, enriched with the logical rules for the(T')i - 4 ' ¢
unary operators and dispossessed of the structural rules.

However, these rules are reintroduced in the structupdlthis point the reading of these rules might be clear,
packages which, instead, are language-specific. Motige only thing that should be noticed is th@t’ is the
over, the control on the structural reasoning is madeuctural operator corresponding4g.

possible by means ofodesvhich share the base logic, To complete the picture we give an example of struc-

(T)i - A

C-ova o]

but (can) differ in their structural properties. tural rules:
The logical rules of MMCG follow. To make the
comparison with their use in the coming examples eas- Structural Rules
ier, we present the rules in Sequent Natural Deduction
form. [Al 0; (Az Oj Ag)] F C

[(Al o; AQ) Oj A3] l_ C [ ]
Logical Rules
Logical Rules for the binary operators [(A1 0; Ay)o; As]FC

[Al 0; (AZ Oj Ag)] l_ C

[P2]

L 4/iB AFB [/:E] LeiBFA [/:I] As is evident from the rules, the structural inferences
(Cos A) - A THA/B effect only the structure of the sentence, leaving the cat-
egoryC' unchanged. Moreover, they are allowed only
'B AF B\;A (Bo;T)F A for the interaction of specific modes .
(To; A)F A \:E] "THBLA N\l In this section we have seen how the Formal Gram-
mar, on which the Natural Logic is based, syntactically
AFAe; BT[(Ao; B)|-C A AEFB analyses linguistic expressions. In the next we describe
T[A]l=C *& T o, A+Ae; B ol how tis able to carry the semantic information involved

in deriving monotonicity inference in parallel with this

These rules are equivalent to the ones given in the ppP&'S'Ng:

vious subsection: the Elimination rules correspond to

the (a)s, the Introduction rules to the (b)s. i
A deduction of the category from the combination 3 A Fragment of Natural Loglc

of the structure§ andA is denoted by the seque(ito; 3

A) + A. Structures are built up from formulas with™

the binary operation @;..), structural counterpart ®. Natural language inference turns out to cover many

The ‘i’ indicates the mode of the combination. Finallyforms of reasoning of quite different complexities

1 Monotonicity Reasoning
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[Ben87]. In this article we focus our attention on mono- As we have anticipated in the introduction, build-
tonicity reasoning, which is a widespread phenomenimg a fragment of Natural Logic (restricted to mono-

in natural reasoning. tonicity reasoning), means to have a logic which de-
The idea on which monotonicity reasoning is basatyes (monotonicity) inferences using natural language
is the following definition: expressions. The idea of using a formal grammar as ba-

sis for such a system has been inspired by V. Sanchez
Definition 3.1 Let f : A — B be a function an& 4, [SV91], who has worked with a non directional CG as
< be two partial orders om and B respectively, then parser. The choice of having this formal grammar as
basis of his Natural Logic, does not give the system any
a. f is anincreasing monotonic functioiff Vz,y € logical control on the sentence structure and the word
A, ifx <sythenf(z) <p f(y); order. Natural language, however, is sensible to these
two aspects, which also have effect on (monotonicity)
b. f is adecreasing monotonic functidfi Vz,y € inferences. Furthermore, his choice has required extra-
Aifx <y ythenf(y) <p f(z), logical devices for the monotonicity markers propaga-
tion, namely a three-step algorithm.
C_Dowty [Dow94] proposes a solution to this last prob-
ggm, using a simple labeled grammar. See [Ber99] for

a comparison of these two approaches with the pro-

The application of the above definition to natural IarP—Osal here described. In the paper we show that hav-

guage can be understood considering some exampléngg MMCG as parser makes it possible to accpunt_for
oth the monotonicity and the structural reasoning sim-

ply within the logic.
1. Mary reads arinteresting newspaper> Mary As we have seen (MM)CG assigns to each word ei-
reads anewspaper ther a primitive Ccompletg category or a complexr(-
completg category. The distinctiongompletevs. in-
2. No boy bought mewspaper> No boy boughtan completecategories, has an important role in our frame-
Interesting newspaper work: the latter are seen as function§s and 3/«
which take argument of category and yield values
of category3. This makes the link with monotonic-
ity reasoning possible. The property of CG of assign-
ing a functor-argument structure to arbitrary sentences,
allows the application of Definition 3.1 to natural lan-
guage. In [Zwa86] detailed tests are given for establish-
5. Mary doesn’carefully listento the news= Mary ing these properties of single words.
doesn’'teagerly and carefully listeto the news. Moreover, using semantic information we can as-
sume a certain partial order among linguistic expres-
The inferences all involve substituting an expression Bions (e.g., [big animallK [animal]). Therefore, we
an expression the denotation of which is a superset (bewe all the information required to apply the above def-
(1) and (3)) or a subset (see (2), (4) and (5)) of the deition and derive the right inference.
notation of the original expression. We will denote this However, we still miss an appropriate formalization
inclusion relation by [P]< [Q], i.e., P denotes a sub-displaying the monotonic positions, both on the lexical
set of the set denoted by Q, and we summarize the éetries and on the parsed output. Definition 3.1 entails
scribed behavior with the following inference schemathat the argument of an increasing monotonic function
If [P] < [Q] and N is a monotonic context, then is in an increasing monotonic position whereas the ar-
gument of a decreasing monotonic function is in a de-
N[Q] N[P] b creasing monotonic position. We will use this fact to
NI[P] (a) N[Q] (b) assign the markers in the lexicon. What we want to
achieve is to have a parser which automatically gives an
The examples (1) and (3) instantiat®,(while (2), (4) output with this information marked so that the expres-
and (5) exemplify &). sion in an increasing (resp. decreasing) position can be

In other words, an increasing (resp. decreasing) fu
tion preserves (resp. inverts) the partial order of its
guments.

3. Marycarefully listengo the news= Mary listens
to the news.

4. No boylistensto the news= No boy carefully
listensto the news.
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replaced with denotationally bigger (resp. smaller) eiae required polarity. As sketched above, ftmilE],
pression. In the next subsection is shown that MMCi@stead, keeps track of the functional application, mark-
is a suitable tool for this task. ing the lexical entry ‘walks’, which is the functor, with
the structural operatdr) ™.
3.2 Monotonicity Reasoning with MMCG Based on this marked and structurally analyzed sen-
tence which is the output of our “grammar logic” and
As we have just mentioned, in order to produce a monmaking use of the fact thdwvalkg < [moved, the
tonicity marking in the course of the derivation, first oNatural Logic can draw the following inference using
all, we need to display this information at the lexical ethe schema given above:
try level. Furthermore, we have to propagate the mark-
ers from the lexical entries of our “grammar logic” to (John )™ o (walks )" I- 5
the final output of the parsing. (John)* o (moves)* - s

We use ‘+’ and the ‘—’ as monotonicity markers, fo . . .
Y However, if we give more complex sentences as input

the Increasing and the decreasing monotom_c pOSItICi’I[ﬂl’ormation on the markers distribution are required.
respectively. Reflecting the fact that words in functor A comparison of the examples (3) “Mary carefully

t)iosm]?n ‘Te alwayds n ar; |Scr_etgflngTrr?ono't|:)rlllc PO%5tens to the news” and (5) “Mary doesn’t carefully lis-

on, ur.10 ors ar¢e ecorated wi + IS VY' eep ten to the news”, can give the intuition of the impor-
track, via the[O E] rule of the lexical entries which ian¢ role played by the monotonic function composi-
figure as functors in the proof. The propagation @fyn: the presence of “doesn't” in (5) changes the polar-
monotonicity properties from a functor to the words tha{, of the verb phrase, allowing different substitutions.

function as its argumentsis given by the logical rules fef oy, monotonicity calculus we know that the compo-

the & operator. ] ) sition of monotonic function works simply as an alge-
One of the advantages of assuming a direct progfric calculus:

theoretic perspective in the study of natural reasoning

is that the Natural Logic thus obtained can be imple- Monotonic Function Composition

mented more easily. Th(_a syste_m described in this pap?() +Mono tMon= |Mono {Mon = tMon:

has been |mplem<_anted in Grail, an automated theoreleﬁ) IMonotMon= +Mono /Mon =|Mon.

prover for CG Logics developed by Moot [M0098]. We

will use its proof format in the presentation of the exfhis should be reflected in the proofs given by the

amples below. formal grammar. To explicate this task we encode
When attempting to prove (the grammaticality of) the above table of monotonic function composition by

sentence, Grail starts from the lexical entries stored imeans of structural rules which deri/gA’] - C from

database and applies the logical and structural ruled9AA] - C, whereA andA' are as specified in the table

the system. below:
Example 3.1  John walks A Al
[Mon ++] | ((ZyT)T | ()

Lexical entries [Mon — -] | ()7)~ | (=)+

John + np

walks F O% (Oynp\s) [Mon —+] | ((Z)7)F | (Z)~
Derivation [Mon + —] Uy | (D)

which simply says that+ = —— = + and that+-— =
John F np walks + O% (O4np\s) I ply say

e+~ +
(John )* - O 4mp (walks )" F Oy mp\s [\ET The monotonicity distribution of a marker over all
(John)* o (walks )* I s the elements within its scope is accounted for by the
following rule. Letj € {+,—}, then

As we can see from the proof, rule | I is applied be- .
cause of the>_. which heads the argumenp of the L[(A1 0; Ap)i]HC
functor ‘walks’ and it marks the argument, ‘John’, with T[{AL) 0; (A - C

[Monj]
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In order to see how these postulates together with twéh MMCG logic, we can come back to the problem
logical rules succeed in determining the polarity markae introduction of a so general property entails.

ers in the process of a proof, we consider the exampleas we have said the unary operators are meant to lex-
of the object wide scope reading of the senteloéoy ically control the structural rules. Therefore, in order to

reads a novel have structural rules onlpcally available, we can re-

Example 3.2 No boy reads a novel strict them to specific modally decorated formula. The
lexical entries for such specific formula will be mod-

Lexical entries ified in the lexicon, and the postulates refined in the

way given below. As an example we derive the rela-
tive clause we have said to be underivabléinNe use
the right-associativityP2] and a mixed associativity.

no + Dﬁ_((s/O,(Ojnp\s))/O,n) boy Fn

at Di((<>+(s/<>jnp)\s)/<>+n) novel +Fn

reads - Di((<>+np\s)/<>+np) Example 3.3that Sara gives to Noradin

The category assigned to ‘no’ expresses that it is a de-
creasing monotonic function in both its argumedtsn Structural Rules
and<®_ (< np\s). Thisis captured by the fact that both [(Ay o (Ag)) 0 Ag] - C

arguments are headed ky_, while the second argu- [P3]
ment of ‘no’ can be an increasing or a decreasing func- (A1 0 Az) 0 (Ag)] FC

tion — since itsnp argument is headed b$;, which

ranges oveK>,,<&_. Applying these entries and ap- [A10 (A2 0(A3))]FC P2]

plying the logical and the structural rules to the above (A1 0 Az)o(Az)]-C [
entries, the proof in figure 1 is derived.
Adopting a top to bottom perspective, we see thatthe )
proof is given by hypothetical reasoning, assuming thelL€xical entries
arguments taken by ‘reads’ ¢ and r — and substitut-
ing them with ‘no boy’ and ‘a novel’, respectively. In that F Di((<>+n\n)/<>+(s/<>D¢<>jnp))
particular, the second substitution which proceeds via
[/1]*, is made possible by applying the structural rules  gives F O¥(((C1np\s)/<C1pp)/<1np)
[Mon—] [Mon + —], which distribute the monotonic-
ity markers in accordance with the monotonic func- to F Di(pp/<>+np)
tion composition. Thus in the application pff]* the
fact that thenp is abstracted from a negative context
is marked by theb>_. After that, the proof goes on asThanks to these changes the derivation of ‘that Sara
usual. A clear explanation of the use of hypotheticglves to Noradin’ in Figure 2 can be obtained. As
reasoning in MMCG can be found in [M0o097]. the reader can see, the lexical entry assigned to ‘that’
Once the formal grammar has syntactically parsegquires the introduction of an hypothesis of category
the string given as input and assigned the monotoni@+<_, np which substitutes thé  np. The O+ which
ity markers to each component, the following inferen¢gads this hypothesis plays a fundamental role on the

can be derived: structural side: By means of tig+ E] ‘p;’ is marked
If [(a o novel)] < [(a o book)], then by the structural operatdr), which allows the applica-
- tion of [P3] and [P2]. Once the structure has been prop-
((no o boy) oreads )o{aonovel }* s erly modified the hypothesis*<  np is eliminated via
((no oboy ) oreads )o (aohbook)™ F s the [ E]? rule and the introduction of the hypothesis
[ro F o0+ np]t which will be withdrawn by{/I]'.
3.2.1 Structural Rules: A closer look Then the proof goes on as in figure 1. We abbreviate the

category assigned to ‘that’ witkel.
In Example 3.2 we have used a general form of asso-

ciativity. However, now that the reader is more familiar
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Figure 1

For Ounplt (p0)* o ((reads ¥ o (1)) F s
roo((reads Yt o (r:)™) ks n
: (reads )" o (r2)™ F Oinp\s (]
(no)+ o(boy)”™ F s/O_(O4np\s) ((reads )"" o (r 2)"')_ FO_(Ornp\s)
((no)* o (boy)~) o ((reads )" o (r2)")” ks
T e — e [Mon—]
({(no)™ o ((boy)™) ") o ({(reads )~ o ((r2)") ") Fs
(o)™ o (boy)™) o ((reads )~ o (r2)") F s
- [P1]
(({no)* o (boy)™) o (reads )
(((no)™ o (boy )™ ) o (reads Y )op, s T
({no)™ o (boy)™) o (reads )~ F s/<O_np (04 1]
{(({no)™ o (boy )" ) o (reads Y )t - O (s/O_np) * (a)* o (novel Yt O (s/O_np)\s
(({(no)™ o (boy )™ ) o (reads Y )t o ((a)* o (novel ")k s
(({(no)* o (boy)~) o (reads )~ )o ((a)™ o (novel ™) F s

[CE]

[o_1)
/E)

[Py F O_np]*

Dol e

\E]

[Mon+]

Figure 2

[+ np]®
[p1 - B* 04 np)? :
(p1) F Oqnp noradin ™)) F s

Fs

sarg* o (((gives " o (qu)*) o ({t0) " o
(sara™ o (( 9'V95)+ o (p1)) o ({to)* o (noradin )"
(sarg™ o (( o ({to)* o (noradin*)™) o (p1)) -
[ro F 00O np]! ((sarg* o ({gives ™ o ((to)* o (noradin™)*)) o (p1) +

({sara™ o ({(gives ™ o ((to)* o (noradin™)*))ore - s 1!
: (sara* o ((gives™ o ((to)* o (noradin*)*) F s/ OO O np
(that)J; F rel ((sara™ o ({(gives™ o ((to)T o (noradin ) )+ F O (s/0Ov O 1 np)

(thad* o ((sara™ o ((giveg™ o ({to)™ o (noradin ) T))* - O n\n

P3

-~ | Z ||~

> [onp

oI
[/E]
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Before concluding we want to make the reader awatee presence of the structural operators and the struc-
of some aspects of scope ambiguity phenomena taral postulates MMCG has so far shown to be powerful
derlined by Natural Logic. As it is well-known sen-enough to achieve this goal.
tences for which more than one proof are derivable have
more than one meaning, and consequently different in-
ferences could be derived from them. 4 Further research

For example, the derivation of the narrow scope ob-
ject reading of the sentence considered in Example 3T9e perspective we have assumed and the choice of
Nobody reads a nov]ebives rise to a marked outpuworking with MMCG presentS several adval’ltages with
which justifies the following monotonicity inferencefespect to (more traditional) approaches and opens in-

which, as expected differs from the one above derivetfresting problems for further investigations.
In particular, the possibility of controlling the struc-

tural variation among languages could shed new light
on the investigation of natural reasoning from a cross-
(no o boy) o (reads o (aonovel ) )F s linguistic perspective, analysing the way in which dif-
ferences in the structure of the sentence might influence
the derivation.

However, the Natural Logic described so far derives

also inferences which arkgically correct butintu-

If [(a o (niceo novel))] < [(a o novel)], then

(no o boy)o (reads o (ao (nice o novel ))7)F s

itively wrong. Let's take a look at an example. References
Example 3.4Mary reads no book [AC96] M. Abrusci and C. Casadio, editorBroofs
If [(every o woman)] < [mary] < [(a o woman)], and Linguistic Categorigs Proceedings
then Roma Workshop. CLUEB, 1996.

—the wide-scope object reading entails:
[Ajd35] Ajdukiewicz. Die Syntaktische Konnexit.

((mary)~ o reads ) o (no o book ) s Studia Philosophica(1:1-27), 1935.
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{mary)* o (reads o (no o book)) F s
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semantically but they are not sinferentially. Our in- )
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