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ABSTRACT

We consider the family of Categorial Dependency Grammars (CDG), as computational grammars for lan-
guage processing. CDG are a class of categorial grammars defining dependency structures. They can be
viewed as a formal system, where types are attached to words, combining the classical categorial gram-
mars’ elimination rules with valency pairing rules that are able to define non-projective (discontinuous)
dependencies.

Whereas the closure problem under iteration is open for the original version of CDG, we define “CDG ex-
tended with barriers” as an extended version of the original CDG that solves this formal issue. We provide
a rule system and show that the extended version defines an Abstract Family of Languages (AFL) while
preserving advantages of the original CDG in terms of expressivity, parsing and efficiency.
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1. INTRODUCTION

Categorial Dependency Grammars (CDG) [1] are a class of categorial grammars [2] that define
dependency structures [3]. CDG are a unique class of grammars directly generating unbounded
dependency structures (DS), beyond context-freeness, able to define non-projective dependency
structures, but remain well adapted to real NLP applications.

CDG can be viewed as a formal system, where types are attached to words, combining the
classical categorial grammars’ elimination rules with valency pairing rules that are able to define
non-projective (discontinuous) dependencies. An overview of this class is provided in [4].

Some closure properties have been shown in [1] for the class of string-languages generated by
CDG (union, etc.), but some closure questions remain open. In particular, we do not know whether
the class of string-languages generated by CDG is closed for Kleene plus (the conjecture is ’no”
in [1]) and whether they are an Abstract Family of Languages (AFL).

AFL closure properties are nice properties expected for standard grammar classes and have
been shown for several grammatical frameworks: we refer in particular to [5] for multiple context-
free grammars. The AFL properties are also nice as they allow a meta-level modular construction
of grammars.

In this paper, we define “CDG extended with barriers” (CDGy), an extended version of the
original CDG. Our contribution is to propose this extended version CDG; and to show that it
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defines an Abstract Family of Languages (AFL), while preserving advantages of the original CDG,
in terms of expressivity, parsing and efficiency. For natural langage modelling, this new version
allows to block some unwanted word links.

The rest of the paper is organized as follows: Section 2 contains background knowledge, we
give preliminaries on the notion of Abstract Family of Languages (AFL) ; Section 3 contains
our method, we introduce CDG extended with barriers (CDGy); Sections 4 and 5 contain the
main results ; in Section 4, we provide technical properties on CDGy, related to grammar or
derivation equivalences, that are helpful for closure properties; in Section 5, we establish the
closure properties constituting an AFL. Section 6 concludes.

2. PRELIMINARIES ON ABSTRACT FAMILY OF LANGUAGES (AFL)

We are interested in closure properties of a family F of languages, as those of AFL. Before con-
sidering such questions for CDG, we give background definitions [6].
Homomorphisms. For finite alphabets V3, V5: a homomorphisml h from V¥ to V5 is e-free if
h(w) = € implies w = e.

A family F is closed under inverse homomorphism if whenever L C V" isin F and h is a
homomorphism from V5" to Vi*, then h~1(L) is also in F, where:

h=H(L) = {w € V5" | h(w) € L}

Substitutions. A substitution is a mapping f from V; to P(V5), it is naturally extended to strings
in V" (by concatenation) and to sets of strings (by union)?.

A family F is closed under substitution if whenever L € V|"is in F and f is a substitution

from V; such that f(a) € F forall a € Vi, then f(L) is also in F.
AFL. F is an Abstract Family of Languages (AFL) if it is closed under union, concatenation,
Kleene plus, e-free homomorphism, inverse homomorphism and intersection with regular sets. A
Sfull AFL is defined similarly, with Kleene star (not just Kleene plus) and arbitrary homomorphisms
(not just e-free).

For example, the class of multiple context-free grammars yields an AFL [7]. Simpler classes
such as regular languages and context-free languages are AFL too. The class of string languages
generated by abstract categorial grammars is a substitution-closed full AFL, as shown in [6].

C DG-languages are closed under the following AFL-operations: union, concatenation, e-free
homomorphism, inverse homomorphism and intersection with regular sets. The CDG family is
thus a trio (closed under e-free homomorphism, inverse homomorphism, and intersection with
regular language) and also a semi-AFL (a trio closed under union). However the AFL question is
open for CDG-languages as we do not know if they are closed for Kleene plus (the conjecture is
“no” in [1]). In [8] it is shown that the mmCDG class [9], extending CDG with a multimodal rule,
defines an AFL.

Note that these closure properties are established for string-languages. Some other works
consider structure-languages: in [6] closure properties for ACG tree-languages are also shown. In
the case of CDG, such closure questions could be addressed at the level of dependency structures
too. This paper provides closure properties for string-languages.

3. CDG EXTENDED WITH BARRIERS: CDG;,

As for other categorial grammars, a CDG or a CDGy, defines a lexicon and the rules used in the
calculus are fixed. The lexicon maps each word or symbol to one or several types. For instance,

'each character is replaced by a single string, with h(uv) = h(u)h(v) and h(e) = €

2f(e) = {e} fws) = f(w)f(s), f({w}) = fw). f(U; Li) = U, £(La)
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(NAS/AT][A] It yesterday
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[5]

Figure 1. A derivation (on the left) and its dependency structure (on the right)

the following CDG lexicon gives a unique type to the words John, ran, fast and yesterday:
John +— [N] ran — [N\S/A*] fast, yesterday — [A]

where types are built from the following primitive types: A for adverbs, N for nouns, and S for
sentences, using categorial / \ operators in Lambek notation. Moreover, the type of ran has an
iterated dependency type A* that can introduce several projective dependencies A with the same
governor ran. The string John ran fast yesterday is recognized by the CDG. A proof is given by
the derivation in Figure 1. In this derivation, the words are written just above the type that has
been chosen for it in the lexicon. The derivation ends by the axiom S. Each node corresponds to
the application of one of the rules of the calculus of dependency types. Most rules in a derivation
create a new dependency in the dependency structure as examplified in Figure 1. This example
involves only basic rules, for more complex constructs see next sections.

3.1. CDGy: types, proofs and derivations

CDG;, are extensions of CDG where barriers | may be added to types. Some rules are modified in
CDGjy to take into account the barriers in potentials.

Definition 1 (CDG,;, Types). Let C be a set of local dependency names 3 and V be a set of
valency names. A CDG, dependency type is an expression BY in which B is a basic dependency
type and P is a b-potential, using next definitions. CATy(C, V) will denote the set of all CDGy,
dependency types over C and V.

1. An expression of the form d* where d € C, is called an iterated dependency type.
2. Local dependency names and iterated dependency types are primitive types.

3. An expression of the form

t=[ln\ ... \UNH/ 71/ ... /0]

in whichm,n >0, 1ly,...,ly,,71,...,7T are primitive types

and H is either a local dependency name (in C) or is empty (written €),
is called a basic dependency type;
li,...,lmandry, ... r, are left and right argument types of t;
H is called the head type of t.

4. The expressions of the form .,/ v,\ v, \(v, /v, where v € V, are called polarized valen-
cies, with characteristics as follows:

3called elementary (dependency) categories in [1] ; several terminologies have been used, the version in this article
does not use the term anchors but they are seen as particular local dependencies
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polarized valency ‘ polarity ‘ arrow direction H dual H left / right bracket
s positive left-to-right NV left
N v negative left-to-right S right
v negative right-to-left Nv left
N positive right-to-left v right

5. A (possibly empty) string P of polarized valencies is called a potential.

6. The expressions of the form .,/ v, \ v, \\v, /v and |, where v € V, are called b-extended
polarized valencies.

7. A (possibly empty) string P of b-extended polarized valencies is called a b-potential.

Basic dependency types can also be viewed as CDG, types with empty b-potential, as
[N\ S/A*] in Figure 1. In this figure, the primitive types A, N, S are local dependency names
and Ax is both an iterated dependency type and a primitive type. Section 3.2 provides exam-
ples with potentials generating another kind of dependencies displayed as dashed arrows in the
dependency structures.

Restriction to CDG. The difference between a CDG type and a CDGy, type lies in the polarity
part, where barriers are not allowed in CDG.
A dependency type (CDG Type) is an expression BY in which B is a basic dependency type
and P is a potential. CAT(C, V) will denote the set of all dependency types over C and V.
Local Dependency names, iterated dependency types, primitive types are defined for CDGy, as
for CDG, as well as basic dependency types and their argument types and head types. Polarized
valencies are defined for CDG;, as for CDG, but we now add barriers |.

Definition 2 (Set of rules). In this set of rules on lists of types, the symbol C stands for a local de-
pendency name. The symbol « is a basic dependency type. The symbol [ ranges over expressions

of the forml, \ ... \LU\NH/r1/ ... /mn

L' [C]P[C\B]9F [B]7¢ L [B/C)P[C]9F[B]™?

L. []P[BI°F[B]F9 Lt [B]7[e]9F [B]7@

' [C)P[C*\B]2E[C*\ 8179 I [B/Cr]P[CIR B/ CF]T
Q' [Cr\B]"F[B]” @ [B/C )P E[B]”

Dl aP] LUPNv P - Otpl PPy Dt O(Pl SoPN\pPo - O[P] PP

In D!, the potential P,/ v P~ v P, satisfies the pairing rule FA,:
FA, (First Available between barriers): P has no occurrence of /v or \_v and no barrier.
In D", the potential P; v P\, v P, satisfies the pairing rule FA:
FA, (First Available between barriers): P has no occurrence of v or v and no barrier.
The calculus defines the immediate provability relation - on strings of CDGy, types. Its tran-

gl

sitive closure i-; defines a derivation when the right part is reduced to a type where S is

an axiom.

In the CDG case. The set of rules is the same, the original pairing rules are:
In D!, the potential P, v P~ v P satisfies the pairing rule FA:
FA (First Available): P has no occurrence of /v or N\ v.
In DT, the potential P; v P\, v P, satisfies the pairing rule FA:
FA (First Available): P has no occurrence of v or \, v.
The CDG pairing rules eliminate dual dependencies. In fact, we may use the new pairing rules for
CDG, with the same effect (as CDG involves no barrier).
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X I se les est bien lavées avec le savon
# v clif-a<obj
#vreflex

Figure 2. An example in French meaning “he washed them well with the soap”

Definition 3 (CDG,; grammar and language). A categorial dependency grammar extended with
barriers (CDGy) is a system G = (W, C, V, S, \), where W is a finite set of words, C is a finite
set of local dependency names containing the selected name S (an axiom), V is a finite set of
valency names, and \, called lexicon, is a finite substitution such that \(a) C CATy(C, V) for
eachworda € W.

A string x = wyws - --w, € W is generated by G iff there exists a proof I' \=; [S]F where
LeXz)=Mwy) - Mwa) - Nwy) and P = 11 ---1 (P is empty or contains only barriers).
The language L(QG) is the set of strings of W* that are generated by G. L(C DGy,) will denote the
family of languages generated by these grammars.

A CDG is also a CDGy, that defines the same string-language.

3.2. Expressive power of CDG

Example 1. CDG are used to model complex sentences of a natural language where dependen-
cies are usually projective but may be sometimes non-projective, see Figure 2. Normal projective
dependencies appear as black plain arrows (there is an arrow between an anchor and the main word
of the sentence est which denotes the root node). Black dashed arrows represent non-projective
dependencies that can cross other dependencies. The “host” projective dependencies #, /clit-a-obj
and #/reflex below the diagram are complementary to the non-projective dependencies. They fix
the position of the dependent of a non-projective dependency. A red arrow @fs above the diagram
introduces a “punctuation” projective dependency. Each projective dependency (normal, punc-
tuation or host) corresponds to a step of one of the rules L*, L!, I* and I! in a derivation. The
non-projective dependencies correspond to rules D* and D',

Example 2. Let G; = ({a,b,c},{S, B,C},{X},S, A1) where \; is defined by:
a — [S/]C)]S] b +— [B/B]¥X c = [C]
[S/C/ B] [B]<*

G generates the language L1 = {a"0"c" | n > 0}.

For instance, (G generates aabbce. The dependency structure is as follows:
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The derivation is as follows:

b b
[B/ B]X [ B}

s/C/B] (B
5/ CPRX (S

[S]/X/X’\X L:
5/C/ 5] [S1% o

(S /X (O
[}

r

Lr
Dl

[S]

For formal languages, we only use one kind of projective dependencies (corresponding to rules
L*, L, I* and I') and non-projective dependencies (corresponding to rules D* and D'). There
isn’t any distinction between normal, “punctuation” and “host” dependencies. A special arrow
that starts from an anchor marks the root node of the structure (it is not a real dependency). In a
dependency structure, rules LE, L., Q and 2! don’t introduce a dependency.

Example 3. The grammar GG; (Example 2) viewed as a CDG,, defines obviously the same lan-
guage Ly = {a"b"c" | n > 0}. We don’t know if the language L] can be generated by a CDG but
it is possible with barriers to define a CDGy for it. As it is shown later, it is possible to transform
(g1 into a CDGy that generates Lf. We start by transforming (&1 into G2 which has an “indepen-
dent main category” (see Lemma 1) then into G5 that has a barrier on the rightmost types of a
derivation (see Theorem 3) and into (G4 using the construction for Kleene plus (see Theorem 6).
Let Gy = ({a,b,c},{S, A, B,C},{X}, S, A2) where )z is defined by:
a = [S/CJAl[A/C/]A] b~ [B/B}¥ "X
X c — [C]
[S/C/B][A]C/B] [B]
(G5 is equivalent to (G; but the axiom S is not used as argument of a type. (G2 is also a CDG.

Then, let G5 = ({a,b,c}, {S, A, B,C,C"},{X}, S, A\3) where )3 is defined by:

a > [S/C /A [A)C/A] b — [B/BX ¢ = [CTV
(S/C'/B] [A/C/B] [B]<X ol
(G5 is equivalent to G5 but, in a derivation, the rightmost type is always a type with a barrier (it is
the type [C’]\XI).

Finally, let G4 = ({a,b,c}, {S, A, B,C,C"},{X}, S, \4) where )4 is defined by:
a — [S/S/C"JA][S/C"JA] [A)C/A]
[5/Ss/C"/B][S/C"/B] [A/C/B]
b — [B/BX c = [C]V
[B]<X [C,]\XI
Note that A4 is obtained from A3 by adding the types where S is replaced by S / S.

G4 generates the language Lf. For instance, Figure 3 shows a derivation of abcaabbcc.
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Figure 3. A derivation for abcaabbcc using G4
a b
b /X b/X [A/(J/B][B]/Xr
. BB LB (47X T [OT,
5/8/C/B] [BIFIF I (A]OX L
/XX 11NX a D!
LT 1[0] Lo 18/C/A T
X XRNX / RX
[S/S] : ol [S/C] I[G] o
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[S /5] [S] L

[S]/XI\XI

gt

Figure 4. A forbidden proof for abbcaabcc using (G4, enabled if barriers are dropped

y24 (enabled without |)

The barrier on type [ C’ ]\XI for ¢ in G4 is important to limit non-projective dependencies

between b and c: If the type for c is [C”]™¥ rather than [ C’ ]\XI , it is possible to generate words
that aren’t in L. For instance abbcaabce has a derivation where the rightmost c is linked to the
leftmost b. In the derivation of Figure 4, the last step using D! is possible if the barriers don’t exist
but the derivationisn’t correct if the barriers are present.

3.3. Subclasses of CDG,

We define the subclasses of CDG;, where the number of valency names is bound. Let L;(C DG)
denote the subclass of £L(C DG}) where the number of different valency names is bound by k. For
aCDG, G = (W,C, V, S, \), it means that |V| < k.

Our results show that each subclass L (C DGy), for each k, also defines an AFL.
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4. TECHNICAL PROPERTIES

In this section, we provide technical properties on CDGy, related to grammar or derivation equiv-
alences, that are helpful for closure properties.

4.1. Balancable and balanced potentials of CDG,

Some definitions of [1] need modifications in order to take into account the addition of barriers. [1]
shows that in a derivation, projective rules (on basic type) and non-projective rules (on polarized
valencies) are independent. This property is also true for CDGy. It means that the calculus can be
done independently on the local projection and the valency projection of a string of types.

Definition 4. The local projection ||y||; of a string of dependency types ~y is defined as follows:
lelly = € and [|CT ally = C [lall

The valency projection |||, of a string of dependency types ~ is defined as follows: ||¢||, = € and
ICT allo = P el

For instance ||[[B\ C]™; = [B\ C]and |[[B\ C]™|, = \ A. With CDGj, the va-
lency projection in a derivation must satisfy a new “well-bracketing” criterion. In fact, barriers
divide a valency projection in sub-parts that contain no barrier and must satisfy the original “well-
bracketing” defined in [1].

Definition 5. A left bracket valency is a valency of the form /v or /v, a right bracket valency
is a valency of the form ™\ v or \ v. For a polarized valency v and a potential P, |P|, denotes
the number of occurrences of v in P.
For a potential P, a left bracket valency v and its dual right bracket valency v':

Ay (P) = max{|P'|, — |P'|,» : P’ is asuffix of P and P’ has no barrier }

Ay (P) = maz{|P'|, — |P'|, : P'isaprefix of P and P’ has no barrier }

For instance, A 4 (/B /A1 XA VA /B /ARKA /A) =2 and Axyq (/B A1 KA /A /B /ANA JA) =
0. For a left bracket valency like ,,“A, we only look at the suffixes of the right part of the potential
that contains no bracket <4 A /B /A XA /A. For a right bracket valency like N\ A, we only look
at the prefixes of the left part or the potential that contains no bracket /B , A. These numbers
are always positive or zero (¢ is a prefix or a suffix).

Some potentials cannot appear in a derivation because some part ot it (delimited by barriers)
does not verify a “well-bracketing” criterion. For instance, /B /A | XA /A /B /A XA /A can
never appear in a derivation that ends with only barriers because the right part after the barrier
A /A /B /ARA /A starts with NA whose reduction is blocked by the barrier. More generally,
in a potential P; | P, that contains a barrier, the left part P, mustn’t have “pending” left bracket
valencies: A, (P;) must be zero for any left bracket v. Similarly, A,/(P2) must be zero for any
right bracket v'.

Definition 6. A potential P is balancable iff for every partition of P = Py Ps, for every left
bracket valency v and for every right bracket valency v', A,(Py) = A, (Py) = 0. A potential P
is balanced iff it is balancable and for every valency v (left or right bracket), A,(P) = 0.

Theorem 1. Let ] be the CDG, restricted to the local rules LLLr LL LY TN TS, QL QF. Let
G = (W,C,V,S,X) be a CDGy. x € L(G) iff there is a string of categories v € \(x) such that
vl b S and ||Y||o is balanced.

Proof. The theorem and its proof are similar to the original ones for CDG (see Theorem 1 in [1]).
This amounts to postpone rules D! and D*. O
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4.2. CDG, without empty head

The CDG and CDG;, calculus enable the use of types with an empty head like [A\ ¢ / B / C']<B.
The rules L. and L that are close to L! and L* can cancel such types in the presence of another
type (which is not transformed). However, these types are not essential. In fact, it is possible to
transform a grammar using types with an “empty head” into an equivalent grammar without such
types by replacing the rules L. and LT by other local rules applied to a specific head type that
mimics an empty head.

Theorem 2. Let -}, be the CDGy, calculus restricted to rules Ll,Lr,Il,Ir,Ql, Qr, D! Dr
(the rules with no empty head). Let G € L (CDGYy). There exists an equivalent grammar in
L (CDGYy) using only types without empty head where proofs are based on \-; rather that 5.

Proof. See Annex A.1. ]

4.3. CDG, with a barrier on the rightmost type

Barriers may be used to prevent using D! and D rules in a CDGy, language. This is useful for
the concatenation of two languages or the Kleene plus of a single language. Because CDGy, are
lexicalized, these barriers are added on the right* of the potential of certain types of the lexicon.
This is correct only when we can be sure that the modified types are always used as the rightmost
type of any derivation (the type given to the rightmost symbol in a derivation) and when the other
types are never used as the rightmost type of any derivation (the types given to the other symbols).
Technically, in the following theorem, the initial lexicon is transformed into an equivalent one for
which we are sure that each type in the lexicon is always or never used as the rightmost type (but
not both). A barrier is then added on the types that always appear on the rightmost type of any
derivation.

Theorem 3. Let G be a CDGy,. There exists an equivalent grammar (without empty head) G' =
(W,C,V, 8, ) such that for every string wi - --w, € W* and every proof v1 ---vn Fj [S]9
P]

where v1 € ANwi),...7n € Mwy), then the rightmost type v, = B~ ~, where B is a basic

dependency type and P is a potential.

The proof uses Theorem 2.

4.4. Context-free grammars and CDG extended with barriers

On the one hand, we consider CF’ as in Definition 10 in [1] applied to build a context-free grammar
from a CDGy;. On the other hand, we can extend the definition of CDG in [1] (Definition 12,
unchanged) to the case with barriers. We then get context-free lemmas with corollaries that are
useful to show some AFL properties:

Corollary 1. Let G = (VV, C,V,S, )\) be a CDGy, with CF(G) = (Zl,Nl,Sl,Pl), S =5
wy..w, € L(GQ) iff 3P;..3P, : wi'..wk € L(CF(G)) and Py ... P, is balanced.

Corollary 2. Let G1 = (X1, N1, S1,P1) be a cf-grammar in Greibach normal form, where the
elements of Y1 are of the form wt (where P in w' is a CDGy potential) with CDG(G1) =
(Wc,v' 8 X) S =85;:

wy...w, € L(CDG(GY)) iff 3P;... 3P, : wfl...w,f" € L(Gy) and P, ... P, is balanced.

“Here, a barrier is added on the right of the potential of types of the lexicon but symmetricaly it is also possible to
add it on the left of potential
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4.5. Main category lemma

Lemma 1. For every G = (W, C,V, S, \) in CDGy, there exists G' = (W,CU{S"},V, S’/ X)

which has "independent main category” and such as G and G' are equivalent (same languages).

5. AFL CLOSURE PROPERTIES

We first group some properties that can be shown following the same approach as in [1].

Theorem 4.

[Union] If L, € Ek(CDGb) and Loy € ﬁk(CDGb), then L1 U Lgy € Ek(CDGb).

[e-free homomorphisms] If L € L1, (CDGy) is a language over W, and h is an e-free homomor-
phism from W to 27, then h(L) € L.(CDGYy,).

[Inverses of homomorphisms] If L € L;,(CDGy) and h is an homomorphism from A* to W¥,
then h~*(L) € Lr(CDGY).

[Intersection with regular sets] If L € L, (CDGYy), and R is a regular language, then L N R €
Lr(CDGYy).

5.1. Concatenation

The concatenation of languages defined by a CDG extended with barriers is also a CDG extended
with barriers. For CDG (without barrier), [1] needs that the valency names of the grammars are
disjoined. Thus, it isn’t possible to have non-projective dependencies between the different parts
in the concatenation. However, a consequence is that the valency complexity of the resulting gram-
mar increases. In contrast, with CDGy, there exists another construction that uses barriers to stop
non-projective dependencies between the different parts of the concatenation. The construction
needs a CDGy, with a barrier on the rightmost types as it is explained in Theorem 3.

Theorem 5. If L, € Ek(CDGb) and Lo € ﬁk(CDGb), then Ly - Loy € ﬁk(CDGb).

Proof. See Annex A.2. ]

5.2. Kleene plus

Kleene plus is an extension of the concatenation to an unlimited number of copies of the initial
language. With CDG without barrier, it is not possible to restrict non-projective dependencies
between the copies thus [1] wasn’t able to propose a construction (the authors conjecture that
Kleene plus isn’t an internal operation in £(C'DG)). However, with barriers, it is possible to limit
non-projective dependencies. Similarly with the construction for concatenation, we start with a
CDGgy with a barrier on the rightmost type as it is explained in Theorem 3.

Theorem 6. If L € L;,(CDGY), then LT € Li,(CDGYy).

Proof. The proof is close to the proof for the concatenation of two languages. Let G =
(W,C,V,S,\) € L(CDGp). Using Lemma 1 and Theorem 3 we may suppose that S can-
not be used as an argument of a type and that there is a barrier on the right of the rightmost type
in every proof ending with the axiom.

Let us define the grammar G’ = (W, C, V, S, AU )\') where ) is the lexicon A where each type
[a\ S/ B]F is replaced by the type [a\ S/S/B]F. Then, G’ € L,(CDG}) and L(G') =
L(G)™T.

(<] L(G)* C L(G') In fact, for n > 0, we can transform n proofs of T'y F; [ S|, ..., T,
[S]Fn that generate n strings x1, . .., 2, in G (P}, . .., P, are empty or contain only barriers) into
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n — 1 proofs of T} =5 [S/ S, ..., T, b [S/S )P with types in A} (S is replaced by
S/ S) and an inchanged proof T, -} [S ]P» with types in A. These n proofs can be put together
to define a proof of I'} - - - T}, _ Ty, b5 [ S]71 P that generates the string x1 - - - 2, in L(G').

[=] L(G") € L(G)T Let x € L(G"). Ttexists I' € (AU X)(x) such that T' -, [S]F where
P = ]...1 (P is empty or contains only barriers). Using Lemma 1, there exists n > 0 such
that there are n types with head .S in I". Because in the proof, all the .S must be canceled except
one, the first n — 1 types must be [a1 \ S/S/B1]7, ..., [an_1\ S/ S/Bn_1]"1 (from \')
and the last one must be [y, \ S/ 3, ]F* (from \). Each S on the heads of the types are canceled
by the preceding type. These cancelation steps can be postponed in the proof in order to be the
last steps on basic dependency types and it is possible to postpone the steps on potential after the
last cancelation of S: it exists a proof of I' 5 [S/S]F1...[§/S]Fn-1[S]Fe f [ S P Po r
[S]P. Now, I can be split in n parts such that 'y =5 [S/S]P ... Ty F; [S/S]F—1 and
I, b5 [S]P» that correspond to n parts @1, ..., 2, of z. When we replace S/ S by S every-
where in the proofs of 'y 5 [S/S]%, ... ,Ty F; [S/S]P-1, we obtain n — 1 proofs of
b (S, Ty B [S]Pt where T € A(21),....T%_1 € A(@n_1). Using Theo-
rem 3, it means that P, = Pj1,...,P,_1 = P, ;1. Because P;--- P, = P/]--- P, 1P, is
balanced, P, ..., P, must also be balanced. The proofs I} +; [S]%1,... T,y k5 [S]F—1
and I'y, 7 [S ]P» can be completed with D! and D* steps such that we have proofs of I'} F

sk s anan e 1995 2 € L@ € L(O). =

6. CONCLUSION AND OPEN QUESTIONS

In this paper we have considered the framework of categorial dependency grammars used in the
field of natural language processing, with an interest in their formal properties. Whereas the
closure problem under iteration is open for the original version of CDG, our approach is to propose
an extension that fullfills the closure properties, without an increase in parsing complexity (for
lack of space, our parsing algorithm for CDGy is not provided here). In that perspective, we
have added a barrier mechanism, reflected essentially in types (attached to words) and rules that
govern the parsing derivations. We have shown that the new class yields an Abstract Family of
Languages, which is of interest for modular grammar constructs. Our AFL results also hold for
each subclass L£i(C DG}) where the number of valency names is bound by k. As compared to a
former extension of CDG that yields an AFL, called multimodal (mmCDG), our proposal is closer
to CDG, and avoids a complexity issue.

We also do not know how to characterize the expressive power of the extended version. We
leave these open questions for future work.
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ANNEX
A. DETAILS OF PROOF

A.1. Proof of Theorem 2

Proof. Let G = (W, C,V,S,)\) be a CDGy. Let us consider the grammar G' = (W,C U C’' U
{E},V,S,\N)where C' = {d’ : d € C} (we suppose that CNC’' =) and E ¢ CUC’)and N
is defined as follows:
Sif A rwes [\ -\l \e/ 71/ /rn]F (empty head), then

N:iwes [EX\Ly\E*\-- \E*\L1\E*\E/E*/r/E*/--- ) E* | R,/ E*]|
and for each b’ € C/,

N:iwes [EX\ Ly \E*\---E*\ L1\ E*\W/E* /Ry /E*/---/ E*/ R,/ E*]|
where for i = 1,...m, L; = I; if [; isn’t iterated or L; = d"* if I; = d* (similarly for R;,
1<j<n).
-if Arwes (L \ -\ U1\ h/r1 /) ra]F (h not empty), then

N:wes [EX\ L\ E*\-- \E*\L\\E*\h/E*/ri/E*)---/E*r, ] E*]F
and

Aiw s [EX\ Ly \E*\-- -\ E*\L{\E*\W'/E*/r\/E*)--- ) E*r, ] E*]F
where for ¢ = 1,...m, L; = I; if [; isn’t iterated or L; = d"™* if I; = d* (similarly for R;,
I<j<n).
G’ is a CDGy, without empty head. A derivation using its types cannot use rules L., LI: it is a
derivation in ;.
Let us prove that L(G) = L(G'). A derivation p of T' -* [S]¥ for the generation of a string
z € L(G) can be transformed into a derivation p’ of T %, [.S']¥ for the same string in L(G’) and
conversely.
In p each step corresponding to rule L. (or rule L) is replaced by a step using rule L! (or rule
L*) when the step occurs outside the scope of an iterated type. If the step is inside cancelations of
several types by the same iterated type d, the step is replaced by a step of rule I! (or rule I*) on
type d'. Each step corresponding to rule I' (or rule I”) on type d is replaced by a step of rule I! (or
rule I*) on type d’. Steps corresponding to rules Q! and Q7 are added in order to eliminate the E*
arguments.
In the other direction, if we start with a derivation p’ of I %, [ S]F for the same string in L(G’),
we apply a reverse transformation. In this case, the added steps that eliminate the £* arguments
simply disappear. O

A.2. Proof of Theorem 5

Proof. Let G1 = (W, C.,V, 5, )\1) S Ek(CDGb) and Go = (I/V, C1,V, 5, )\2) €
L(CDGp). We may suppose that the set of symbols W, and the set of valency names V are
the same for both grammars. We also may suppose that C; N Cy = (). Finally, using Lemma 1
and Theorem 3 we may suppose that S7 and S5 cannot be used as an argument of a (iterated or
not) type and that for GGy, there is a barrier on the right of the rightmost type in every derivation of
a string of W* ending in [ S1]%.

Let us consider the grammar G = (W, C; U Cg, V,S1,\| U A2) where the lexicon \] is the
lexicon A\; where each type [a'\ S7 / B]F is replaced by the type [a\ S1/ So/ 3]F. Then,
G € Li(CDGy) and L(G) = L(Gy) - L(G3).

[<] L(G1) - L(G2) € L(G)

In fact, a proof I'y [S1 ]P 1 that generates a string =1 in L(G1) can be transformed into a proof of
I [S1/ 52 ]F1 with types of A} (Sy is replaced by S7 / Sa). With a proof of T'y Fi [ S2 172 that



66 Computer Science & Information Technology (CS & IT)

generates a string z2 in L(G3), we can define a proof of I\ T’y 5 [S1 / S2]F1[S2 )72+, s
that generates x1x9 in G.

=] L(G) C L(G1) - L(Ga)

Let € L(G). Itexists I' € (A} U A2)(z) such that I' =} [S1]F where P = 1.1 (P is
empty or contains only barriers). Using Lemma 1, in I', there is exactly one type with head
S; (from M\)). The type is of the form [« \ S1/ So/ B]F. Thus there is also exactly one
type with head Sy (from \y). These are the only occurences of S; and Sy in I' (as head or
argument). The type of head Sy must be on the right of the type [a\ S1/ S2/ B]¥ in T.
In the proof S» must be canceled by a subtype of this type. This step can be postponed in
the proof to be the last step on basic dependency types: there exists two potentials P1 and
P, such that T' =} [S1/ S2 ][ So )72 by [S1]01F2 5 [S1]F. Moreover, it is also possible
to postpone the steps on potential after the cancelation of So: We can suppose that the proof
D[S/ S [S2]F2 Fy [S1]71F2 doesn’t use D! or DT, T can be split in two parts such
that I'y =5 [S1/ So ]71 and Ty F5 [S2 ]2 that correspond to two parts 21 and x5 of z. We can
prove that the types of I'; must come from \| (because it ends with [S; / S2]1) and the types
of I's must come from Mo (because it ends with [ S5 ]2). Now, when we replace Sy / Sa by Sy
everywhere in the proof T'y I [S1 / S2 11, we obtain a proof I'} 5 [ Sy ] where T} € i (z1).
Using Theorem 3, it means that P; = P| 1. Because P, P, = P/ 1 P is balanced, P; and P, must
also be balanced. The proofs I'} F; [S1 )% and I's -} [S2]%2 can be completed with D! and

D" steps such that we have proofs of I'} +; [Sl}ImI and I'y [SQ]IMI: r1 € L(Gy) and

To € L(Gg) O
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