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Abstract In this paper we present BCDL, a description logic based on information
terms semantics, which allows a constructive interpretation of ALC formulas. In the
paper we describe the information terms semantics, we define a natural deduction
calculus for BCDL and we show it is sound and complete. As a first application of
proof-theoretical properties of the calculus, we show how it fulfills the proofs-as-
programs paradigm. Finally, we discuss the role of generators, the main element
distinguishing our formalisation from the usual ones.
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1 Introduction

In Computer Science it often happens that the introduction of a classically based log-
ical system is followed by an analysis of its constructive or intuitionistic counterparts.
Indeed, if on the one hand the applicability of a logical system is often driven from
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its classical semantics, a constructive analysis allows us to exploit the computational
properties of its formulas and proofs. In line with this consideration, one of the
reasons for the success of description logics as a knowledge representation formalism
is surely their simple classically-based semantics and only in recent works [5, 9, 15, 16]
different proposals of a constructive reinterpretation of description logics have been
motivated.

In this paper we introduce BCDL (Basic Constructive Description Logic) a descrip-
tion logic based on information terms semantics. This is a constructive semantics es-
sentially different from those considered in [5, 9, 15, 16]. Information terms semantics
follows the style of BHK (Brower-Heyting-Kolmogorov) constructive explanation
of logical connectives [22] and belongs to the family of valuation form semantics
introduced in [13], which has already been applied in several frameworks [6, 7, 11].
In general, information term semantics is a realizability semantics according to the
definition given in [10].

Informally, in our setting the truth of an ALC formula in a classical model must be
justified by a mathematical object we call information term. For instance, if we prove
that an individual ¢ belongs to the concept IR.C, the information term associated
with 3R.C provides the witness d such that d is an R-successor of ¢ and recursively
justifies why d belongs to C.

There are several reasons to consider information term semantics interesting. First
of all, differently from other approaches, as the Kripke-style semantics proposed in
[5], in our setting the reading of logical connectives is the classical one. This means
that the intuition at the base of description logics applications is preserved.

The second important aspect is that our semantics admits a simple proof-
theoretical characterisation. In Section 5 we present a natural deduction calculus
ND. which is sound and complete with respect to the logical consequence relation
induced by information term semantics. As we discuss in Section 5, BCDL is essen-
tially inspired by Kuroda Logic [8, 21], the constructive first order logic obtained
by extending Intuitionistic first order logic with the axiom schema Vx.——A(x) —
—=Vx.A(x). The calculus ND, allows us to develop a proof-theoretical investigation
of the logic using the classical techniques of proof-theory. In particular we prove
that BCDL is constructive in the sense that it satisfies an appropriate reformulation
in the description logic context of disjunction property (DP) and explicit definability
property (EDP)! (see Theorem 10). More than this, we prove that the proofs of N'D,
support the proofs-as-programs paradigm; in particular, at the end of Section 5.1 we
show how to exploit the algorithmic content of its proofs.

Finally, another interesting point is that information terms semantics supports a
natural notion of state. Indeed, in [6] information terms are used to provide a state-
semantics for a modeling language based on a first-order constructive logic. A similar
characterisation can be provided for the description logic studied in this paper and
can be used, e.g., to define an action language over description logics (see [2] for a
preliminary work).

n the first order setting a logic L satisfies the disjunction property if A v B € L implies A € L or
B € L; L meets the explicit definability property if IxA(x) € L implies A(f) € L for some term .
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To enter into the technical details, in this paper we study BCDL which is the
correspondent in the information terms semantics context of the basic description
logic ALC [1, 19]. First of all, in Section 2 we introduce the logic ALCG obtained
by extending ALC with generators, which are concepts whose interpretation is fixed
by the language and are similar to concepts defined by means of object names in
ALBO [18]. Generators are needed to model a restricted form of subsumption in our
setting; indeed, as we discuss in Section 6, it seems hard to give a constructive proof-
theoretical characterisation of “pure” subsumption. In Section 3 we present a sound
and complete natural deduction calculus for ALCG. We remark that, being ALCG a
proper extension of ALC, disregarding the rules of the calculus treating generators,
we get a sound and complete natural deduction calculus for ALC. In Section 4 we
introduce the logic BCDL and information term semantics. In Section 5 we present a
natural deduction calculus for BCDL and we prove that it is sound and complete w.r.t.
constructive consequence. We also show, by means of an example, how the proofs of
this calculus support the proofs-as-programs paradigm.

To conclude, a remark about the treatment of negation in BCDL is needed. As
pointed out in [9, 15], in the description logic context different kinds of negation
can be given. E.g. in [15] Nelson negation and interpretations of negations in many-
valued logics are discussed. In this paper, to simplify the presentation, we treat nega-
tion “classically”. However a constructive negation can be introduced still preserving
the soundness and completeness of the resulting calculus. We leave for future work
the investigation on the various kinds of constructive negations that can be given in
informationterms semantics.

2 ALCG Language and Semantics

The language £ for ALCG is based on the following denumerable sets: the set NR of
role names, the set NC of concept names and the set NI of individual names. The main
differences with respect to standard presentations are the lack of subsumption and
the introduction of a set NG of special concepts, called generators, where NG N NC = (/.
The lack of subsumption is due to the fact that it seems hard to give a constructive
interpretation of the usual subsumption A C B and a calculus complete for it (we
discuss this issue in Section 6). Thus, we limit subsumption to the case where A is
a generator. A generator G is a concept with associated a finite set of individual
names dom(G), we call the domain of G, which fixes the interpretation of G. In our
language, we use bounded quantified formulas of the kind Vs H, meaning that every
element of dom(G) belongs to the concept H.

Formally, the language for £ is defined as follows. A concept H is an expression
of the kind:

H:=C|G|-H|HnH|HuH|3R.H|YR.H

where C € NC, G € NG and R € NR. Let Var be a denumerable set of individual
variables; the formulas K of L are defined according to the following grammar:

K := 1|6, t:R|t: H|V6H
where s,¢ € NI UVar, R € NR, G € NG and H is a concept. An atomic formula of L
is a formula of the kind L, ¢ : H, with H € NCUNG, and (s, t) : R; a negated formula
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is a formula of the kind ¢ : =H. A simple formula is either an atomic or a negated
formula. A formula is closed if it does not contain variables. We use the binary
relation symbol = to denote syntactical identity.

In the following we need to refer to languages £ generated by subsets N of NT;
to do this we have to guarantee that generators are properly treated in L. Given
N C NI, let NG be the set of generators G € NG such that dom(G) € N; we denote
by L the language built on the set A/ of individual names, the set NC of concept
names, the set NR of role names and the set NG of generators.

A model (interpretation) M for L is a pair (DM, M), where DM is a non-empty
set (the domain of M) and .M is a valuation map such that:

- foreveryce N, cM e DM,

— for every C € NC, cM c pM,

— for every R € NR, RM c DM x DM,

— forevery G € NGy, GM = {c¢M, ..., ¢} where dom(G) = {cy, ..., cu}.

We remark that the interpretation of a generator is fixed by the language. A non
atomic concept H is interpreted by a subset H* of DM as usual:

(=AM = DM\ AM

(AnBM = AMnBM

(AuBM = AMy BM

AR.AM = {ce DM |thereisd e DM s.t. (c,d) € R andd € AM}
YRAM = {ceDM|foralld e DM, (c,d) € R impliesd € AM}

An assignment on a model M is a map 6 : Var — DM, If t € NI UVar, M is the
element of D denoting ¢ in M w.r.t. 6, namely: t"? = 0(¢) if t € Var and t"? = M
ift € NI.

A formula K is valid in M w.r.t. 6, and we write M, 0 = K, if K # 1 and one of
the following conditions holds:

M., 0 k= (s, 0 : R iff (sM0, M) e RM
M, 0 =t: H iff M?e M
M, 0 =VgH iff GM c HM

We write M = K iff M, 0 = K for every assignment 6. If T is a set of formulas,
M =T means that M = K for every K € I'. We say that K is a logical consequence
of I', and we write I' = K iff, for every M and every 0, M, 0 |= T implies M, 6 = K.
We use the symbol [~ to indicate that one of the above relations does not hold.

In our approach, the domain of a generator is fixed by the language, and this
simplifies the presentation of the results discussed in the paper. Alternatively, we can
extend the language with singleton concepts as in ALBO [18]. In this case, for every
¢ € NI, {c} denotes a concept which is interpreted in M as the set {cM). A generator
G such that dom(G) = {cy, ..., ¢y} can be defined as the concept {c;} LI - - - LI {c,,}. The
drawback is that, in the statements of the next propositions, we have to explicitly
mention the definitions of the generators at hand, whereas we assume that generator
domains are implicitly defined by the language.
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As usual, a theory T consists of an ABox and a TBox. An ABox is a finite set of
concept assertions and role assertions, where:

— aconcept assertion is a formula of the kind ¢ : C, with ¢ € NI and C € N¢;
— arole assertion is a formula of the kind (¢, d) : R, with ¢, d € NI and R € NR.

A TBox is a finite set of universally quantified formulas of the form Vs H, with G €
NG and H a concept.
Now, let us introduce the example we use all along this paper.

Example 1 Our example is inspired by the classical one of [3]. Let 7 be the TBox
consisting of the formulas:

(Axy) VeoopdgoesWith.COLOR

(sz) = VCQLORHi sColorOf.WINE

where WINE is a concept name, isColorOf and goesWith are role names, FOOD
and COLOR are generators. Let us consider the set of individual names

W = {barolo, chardonnay, meat, fish, red, white}
and let
dom(FOOD) = {fish, meat} dom(COLOR) = {red,white}

the domain of the generators. Finally, let A be the ABox consisting of the following
role and concept assertions:

barolo:WINE (red,barolo) :isColorOf
chardonnay : WINE (white, chardonnay) : isColorOf
(fish,white) :goesWith
(meat, red) :goesWith

A model M of AU T must interpret FOOD as the set {fish™, meat™} and COLOR
as {whiteM, redM}. The intuitive meaning of (Ax;) is that every food has an
appropriate color (the color of the more appropriate wine for the food) represented
by the role name goesWith; (Ax;) pairs a color to a wine. In M, the set of wines
(i.e., the set interpreting the WINE concept) contains the elements barolo™ and
chardonnay™ and possibly other elements (indeed, since WINE is not a generator,
its interpretation is not fixed by the language).

3 The Natural Calculus D for ALCG

In this section we introduce a calculus N'D for ALCG similar to the usual natural
deduction calculus for classical logic and we prove it is sound and complete. We refer
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the reader to [17, 23] for a detailed presentation of natural deduction calculi and their
notation. The rules of N'D are those given in Tables 1 and 2 and the rule

I, [t:—H]
1
t: H

We remark that we have introduction and elimination rules for all the logical con-
stants; some rules (namely, =1, = E, UE, 3E and V1) allow us to discharge some of the
assumptions (we put between square brackets the discharged assumptions). The rules
JE and VI need a side condition on the rule parameter to guarantee correctness. The

Table 1 Rules of the calculi D and ND.

I't Iy I I, [t: H]
o
t: H t:—H L 1
17 1FE -1
L K t:—H
Iy I
m L 7
t: A t: Ay t: AN A
_ I —nE ke{l,2}
t: AN A t: A
r I o, [t Arl - T, [t Aol
o ! T C 73
1 Ag t: Aju Ay K K
ul k € {1,2} UE
t: AU A K

(t,u): R u:.A
t:3dR.A

T, [(t, P) . R]

p:.A
t:YR.A

Iy 2, [t p): R, p: A]

.M e where p € Var does not occur
t:3R.A K inp U{K}and p #1¢
iE
K

1—1/
-

where p € Var, p does not oc- T

curinT and p #¢ (s,): R s:VR.A

VE

t: A
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Table 2 Rules for generators

r
ﬂ/
G AxGen where ¢ € dom(G) c N G where ¢ € NI and ¢ ¢ dom(G)
C: .
L pom
I ry r’
.M DT where o
c1:A ... cp: A dom(G) = {cy, ..., cn} VéA t:G
Vgl — VgE
VGA t: A

rules for generators given in Table 2 depend on the domain of the generators. Finally,
the above rule — F corresponds to the classical rule of reductio ad absurdum.

By x : '+ K, with T" a set of formulas, we denote a proof of I' - K, that is a proof
of the formula K with undischarged assumptions in I'. We write I' ;- K if there
exists a proof 7 : I' = K of 'D. Obviously, T Hizeg K means that no proof of I' = K
exists in A'D.

It is easy to prove by induction on the depth of proofs, the soundness of N'D.

Theorem 1 (Soundness) Let w : T' = K be a proof of ND. For every model M and
assignment 6, M, 0 =T implies M, 0 &= K.

The proof of completeness follows the usual lines. First of all we give an appropri-
ate notion of saturated set and we show that any consistent set can be extended to a
consistent and saturated set (Lemma 1). Then we prove that any consistent saturated
set is satisfiable (Theorem 2).

Definition 1 (ALCG-saturated set) Let AV C NI be a set of individual names and let
A be a set of closed formulas of Lyr. A is ALCG-saturated in N iff the following
conditions hold:

(1) ¢c:AnBe Aimpliesc: A€ Aandc: B € A.

(2) c:AuBe Aimpliesc: A€ Aorc: Be A.

(3) c¢:3R.A € A implies that there exists d € NV such that (c,d): R€ A and d :
A e A.

(4) ¢c:YR.AeAand(c,d): Re Aimplyd: A € A.

(5) VgA € Aimplies

(i) c:G e Aiff c € dom(G);
(ii) for every c € dom(G),c: A € A.

(6) c:—=(AnB)e Aimpliesc:—~A € Aorc:—BeA.
(7) ¢:=(AuB) e Aimpliesc:—~A € Aandc:—B € A.
8 c:—3R.AeAand(c,d): Re Aimplyd: —A € A.
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(9) c¢:=VR.A ¢ A implies that there exists d € A/ such that (c,d) : R€ A and d :
—A € A.
(10) c¢:—=—A e Aimpliesc: A € A.

Lemma 1 Let N be a finite set of individual names, let T be a finite set of closed
formulas of Ly and let K be a closed formula of Ly such that T t/555 K. There

exists a finite set of individual names N' 2 N and a finite set A 2 T of closed formulas
of L3z such that:

(1) Ais ALCG-saturated in N.

() Alttgs K B

(3) Foreveryc,d e N and every RENR, (c,d): Re Aiff (c,d): ReT.
(4) Forevery G € NGy, ¢: G € Aiff c € dom(G).

Proof This is a quite standard saturation construction, but some care is needed to
guarantee the finiteness of A. Let C be a numerable set of individual names such that
CNN = @. We build a sequence Cy of finite sets of individual names, a sequence Ay
of finite sets of closed formulas of L¢, such that A Vizes K and a sequence ®; of
formulas treated up to step k. We begin with:

Co=N Ay =TU{c:G|GeNGyandc e dom(G)} b, =0.
K implies A |4+ K. Let c € NC. We

Since A'D contains the rule AxGen, I' |4 v Ve
say that Ay is saturated w.r.t. c iff the following conditions hold:

— The non-atomic formulas c¢ : H belonging to Ay are of the kind c: VR.A or c¢:
—3R.A.
— If (c,c) : R € A, we also require that:

— foreveryc:VR.A € Ay, there exists i < ksuchthatc: A € A;;
— foreveryc:—3R.B € Ay, there exists j < ksuch thatc: =B € A;.

Given k > 0, let H be a formula of A;_; such that H ¢ ®,_;. We define the sets Cy,
Ay and &y according to the form of H; by A}Zl we denote the set Ax_; \ {H}.

(i) If H=c:C with CeNCUNGy or H = (c¢,d) : R with R € NR, then C; =
Ci—1, A = Ag_1 and &) = &y U{H}.

(i) If H=c: AnB, then Cy=Cr1, Ax=A U{c:A,c: B} and &=
O U{H}.

(iii) If H=c: AuB, then C; = Cy_; and &y = &4 U{H}. Moreover, Ay =
AL U{e: AYIE AL Ufe: A) g Kand A = AL U {c: B} otherwise.

(iv) f H=c:3R.A,letd € Csuchthatd ¢ Cy_;. Then,Cy = Cx_, U {d} and A =
A U{(c,d): R,d: A}. Moreover, &, = (d4_; U{H}) \ £ where ¥ is the
set of the formulas of the kind ¢ : VR.B and ¢ : =3R. B occurring in ®j_;.

(v) f H=c:VR.A,let {dy,...,d,} be the set of d € Cx_; s.t. (c,d) : R € Ay
and let ®© ={d,: A,...,d,: A}. Then, Cy =Cy_; and &, = ®,_; U{H]}.
Moreover, if Ai_; is not saturated w.r.t. ¢, then Ay = Ai_; U ®, otherwise
Ar=A7,UG.
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(vi) If H=VgA, then G € NGy and dom(G) = {cy,...,c,} CN. Then, C; =
Ci—1, A = A,fl_l Ufc1: A,...,c,: Ay and &) = &y_; U{H]}.

(vii) If H=c:—(An B), then C; = C;_; and &, = &;_; U {H}. Moreover, Ay =
AL U{e: = AYIEAL | ¢ —A b Kand Ay = AL U {c: =B} otherwise.

(viii) If H=c:—=(AUB),thenCy =Cx_1, Ax =Af [ U{c:—=A,c:—B}and &, =
Oy U{H}.

(ix) f H=c:—3R.Alet{dy,...,d,} bethesetof d e Cr_ys.t. (c,d): Re Ay,
and let ® ={d; : —A,...,d,:—A}. Then, C; = Cr_1 and &y = ®,_; U {H]}.
Moreover, if Ai_; is not saturated w.r.t. ¢, then Ay = A,_; U ®, otherwise
Av=Al UO.

(x) If H=c:—VR.A, let d € C such that d ¢ Cy_,. Then, C; = C;_; U {d} and
Ax=Af  U{(c,d) : R, d:—A}. Moreover, &y = (®4_; U{H}) \ £ where T
is the set of the formulas of the kind ¢ : VR.B and ¢ : =3R.B occurring in
Dy,

(xi) If H=c:—-—A, thenCy =Ciy, Ak = A U{c: A} and & = &4 U{H}.

We remark that in points (iv) and (x) we delete the formulas of the kind ¢ : VR. B and
¢ : =3R. B from the set of the formulas treated up to step k. This is needed to guaran-
tee that these formulas are correctly saturated w.r.t. the new role assertion (c, d) : R
introduced in points (iv) and (x). Clearly, for every k > 0, Cx and Ay are finite. It is
easy to check, by induction on k > 0, that A, ;- K. For instance, let us suppose

that Ay is defined as in Point (vii) when Af/, ¢ : = A Fizeg K: we have to show that
Afl ¢ =B bgs K I Al c: =B {555 K, by the fact that ¢ : (AN B) f—z55 ¢
—AU—-B, we get Af, c:—(AnNB) Fizes K, namely Aj_; Fizes K, in contradiction
with the induction hypothesis. The other cases are similar. In particular, for negated

formulas we exploit the following facts:

—-B.

:—=(AuB) o c:—Aandc:—-(AuB)
. _‘HR.A lATCg C . VR._‘A.
. _‘VR.A ch C: HR._‘A.

:—-—-AITCQC:A.

Accg € ¢

o 0o a0

One can prove the following properties:

(a) Ifc:VR.A € Ap, thereisi > kst.c:VR.A € A; and A, is saturated w.r.t. c.
(b) Ifc:—3R.B e Ay, thereis j> ks.t.c: ~3R.B € Ajand A;is saturated w.r.t. c.
(c) If A, is saturated w.r.t. ¢ then, for every l > m, (c,d): R € Aiff (c,d): R € A,,.

Now, let N = UisoCiand A = (Jo A Clearly, N D N, A DT and A Hzes K- Ttis
easy to prove that A is ALCG-saturated in /. As an example, let ¢ : VR.A € A and
(c,d) : R € A. By Point (a), there is a A,, saturated w.r.t. c such that c : VR.A € A,,.
By Point (b), (c,d) : R € A,,. Thus, for some j>m, d: A € Aj, which implies d :
A € A. Point (3) follows from the fact that, whenever we add (c, d) : R to some Ay, d
is a new constant. Thus, if (¢, d) : R € A and both ¢ and d belong to A/, we have (¢, d) :
R eT. As for Point (4), if ¢ : G € A then ¢ € dom(G), otherwise by applying rule
L pom of Table 2 we would get A 'Tcg L, in contradiction with A HM K. Finally,
we outline the proof of the finiteness of A. Firstly, we note that, except the cases (v)
and (ix), the set Ay is obtained from A;_; by replacing a formula H with one or more
formulas simpler than H. In cases (v) and (ix), this happens only if A;_; is saturated
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w.r.t. ¢. By points (a) and (b), this eventually happens, so we cannot have infinitely
many applications of cases (v) and (ix). ]

We point out that the “only if” part of Point (3) of the previous lemma (and of
Point (iii) of the next theorem) is not required to prove the completeness of VD, but
it is crucial to prove the completeness of the constructive calculus of Section 5.

Theorem 2 Let N be a finite set of individual names, let T' be a finite set of closed
formulas of Ly and let K be a simple closed formula of Ly such that T V- K.
There exists a finite model M for Ly such that:

(i) MET.

(i) M K
(iii) Foreveryc,d € N and every R € NR, M = (c,d) : Riff (c,d): R eT.
(iv) Forevery G € NGy, M = c: G iff ¢c € dom(G).

Proof Let us assume K to be an atomic formula. By Lemma 1, there exist a finite set
of individual names A/ 2 A\ and a finite set A such that ' € A € Ly, A is ALCG-
saturated in A/, A Hazes K and A satisfies Points (3)-(4) of the lemma. Let M =
(DM, M) be the model for L77 done as follows:

- DM =N, B
— For every C € NCUNGy, CM is the set of c € DM such that ¢ : C € A; B
— Forevery R € NR, RM is the set of pairs (¢, d) € DM x DMst. (c,d): R € A.

By Points (3)-(4) of Lemma 1, we immediately have:

(3’) Forevery R e NR, (c,d) € RMiff (c,d): ReT;
(4) Forevery G € NGy, ¢ € GM iff ¢ € dom(G).

One can easily check that the definition of M is sound and that M is finite. Now we
prove that:

(*) D e Aimplies M = D.

The proof is by induction on the structure of D. If D = c: C, with C € NCUNG/,
or D = (c,d): R, (*) follows by the definition of M. If D = ¢ : =C, with C e NCU

NG, we cannot have ¢ : C € A, otherwise A Fzeg L and A Fizes K would follow.

By definition of C™, we have M < ¢ : C, hence M [= ¢ : —C. The other cases easily
follow by the properties of ALCG-saturated sets.

Point (i) of the assertion immediately follows from (*). Now, we prove Point (ii). If
K=_1,then M }£ L. If K =c: C,with C € NCUNG) and M k= ¢ : C, by definition
of CM we should have ¢ : C € A, in contradiction with the hypothesis A Fazes K-
The case K = (c,d) : R is similar. Points (iii) and (iv) follow from (3’) and (4’)
respectively. Since M is a model for £y, this concludes the proof of the assertion
in the case where K is an atomic formula.

Now let us consider the case K =t:—H. Since T b= t: =H, we have T, ¢:

ALCG
H m L. As proved in the previous case, there exists a model M for Lxr such

that M =T, M |=¢: H, and M satisfies (iii) and (iv). Thus, M &t : —=H, and the
theorem holds. O
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The above theorem implies that, if T" is a consistent set of closed formulas (i.e.,

I tfzes 1), then I' has a model. The completeness theorem follows along the usual
lines:

Theorem 3 (Completeness) For every finite T', I' |= K implies T ;55 K.

To conclude this section we remark that disregarding generators and quantifica-
tion over generators in ALCG we get the usual language of ALC. More precisely, let
ND' be the natural deduction calculus only consisting of the rules of Table 1 and the
rule —=E. From the above proofs we get that AD’ is a sound and complete calculus

for ALC.

4 BCDL and Information Terms Semantics

In this section we introduce the logic BCDL. It uses ALCG language, but its semantics
is based on information terms. Intuitively, an information term « for a formula A
is a possible explanation of the truth of A in the spirit of the BHK interpretation
of logical connectives [22]. Formally, given a finite set of individual names A/ C NI
and a closed formula K of £r, we define the set of information terms 1A (K) by
induction on K as follows.

Iy (K) = {tt}, if Kis a simple formula

ITar(c: A1 Ay) = {(a,B) |a e1Tar(c: Ay) and B e 1Tpr(c @ Ap) }

ITar(c: AU Ay)) = {(k,a) |ke{l,2}and o € 1Tpr(c : Ap) }

ITar(c : AR.A) {d,a)|de Nanda e1Tpr(d : A) )

1Ty (c:VRA) = {¢: N = Uy Ta(d: A) | ¢(d) ety(d: A)}

1ty (Y6 A) = {¢:dom(G) = Uyeqomc) TV (A : A) | ¢(d) € 1mpr(d 2 A) }

We recall that in the last case dom(G) € N. Let M be a model for Ls, K a closed
formula of L and n € 1TAr(K). We define the realizability relation M > (n) K by
induction on the structure of K.

M (tt) Kiff M = K, where K is a simple formula

M (o, B))c: AN Ayiff M D> {a)c: Ajand M > (B8)c: A,

M ((k,a))c: AU Ay iff M > (@) c: Ay

M (d,a))c:TFRAMEME(c,d): Rand M > (a)d : A
M >

$)c:VR.Aiff M =c:VYR.Aand, foreveryd e NV,
M E(c,d) : Rimplies M > (p(d))d: A
M > (p) Vs A iff, for every d € dom(G), M > (¢p(d))d : A

It is easy to prove that:

Lemma 2 Let N be a finite subset of NI, K a closed formula of Ly and n € 11 (K).
For every model M, M > (n) K implies M = K.
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This means that the constructive semantics is compatible with the classical one.
If T is a finite set of closed formulas {K;, ..., K,} of Lxr, ITAr(I") denotes the set of
n-tuples 7 = (11, ..., n,) such that, for every 1 < j <n, n; € iy (K;); M > () T iff,
forevery 1 < j<n, M () K|.

We introduce the constructive consequence relation.

Definition 2 (Constructive consequence) Let I' U {K} be a set of closed formulas of
L and let V be a finite set of individual names such that I' U {K} € L. We say that
K is a constructive consequence of I', and we write 'K, iff, for every ¥ € mmas(I),
there exists n € 1T (K) such that, for every model M for Lxr, M > () T implies
M (n) K.

Thus, the relation I'ek implicitly defines a map @ s from 1rar(I') to 1A (K) such
that, for every model M, M t> (¥) I' implies M > (®r(¥)) K. The key point is that
@ is independent of the choice of the models.

Example 2 Let us consider the ABox A and the TBox 7 defined in Example 1.
We recall that W is the set of all the individual names occurring in .A. An element
of 1y (Ax,) is a function mapping each f € dom(FOOD) to an element § € 1y (f :
JgoesWith.COLOR), where § = (c, tt) (intuitively, c is a wine color which goes with
food f). For instance, let us consider the following ¥, € 1Ty (Ax;), where we denote
with fi— v (f) the pairs belonging to the function ¢;:

[ fish+> (white,tt), meat — (red,tt)]

Let M be a model of A. One can easily check that M > (y;) Ax;. Similarly, if ¥, €
ITyy (AX,) is the information term

[ red + (barolo,tt), white + (chardonnay,tt) ]

then M > (yr,) Ax; as well. We conclude M > (Y1, ¥)) 7. We can prove that
T =VYroopIgoesWith.(COLOR MIisColorOf . WINE) 1)
Indeed, let A/ be such that
T U { VroopdgoesWith.(COLOR M IisColorOf.WINE) } C Lar
and let (¢, @) € ITAr (7). We define

¥ :dom(Fo0D) - | J  mn(f:3goesWith.(COLORM3isColorOf.WINE))
fedom(FOOD)

as follows: for every f € dom(FOOD), ¥ (f) = (¢, (tt, (w, tt))) where c and w satisty
¢1(f) = (¢, tt), ¢a(c) = (w, tt). One can check that, for every model M for Ly,
M > {(¢1, ¢)) T implies

M > () VeoopdgoesWith.(COLOR M3isColorOf . WINE)

and this proves (1).
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On the other hand, 7 Fmeat : WINE Ll —~WINE. Indeed, let us consider the pair
(Y1, ¥2) € (7)) defined above. There exist models M and M, for £,y such that

My > (Y1, ) T Mo > (Y1, ¥2)) T
M| = meat : “-WINE M) = meat : WINE

Thus, there is no n € 1Ty, (meat : WINE LI =WINE) such that for every model M
for Lyy, M > ((¥1, ¥)) 7 implies M > (n) meat : WINE U —WINE. We conclude by
noticing that 7 = meat : WINE U —WINE. Hence, meat : WINE LI =WINE classically
holds but it cannot be constructively justified in 7.

In the following section we present the calculus A'D, from which proofs one can
extract the map @ involved in the definition of I'=K.

5 The Natural Calculus N'D, for BCDL

In this section we introduce the calculus N'D, for the logic BCDL and we prove it is
sound and complete w.r.t. the constructive consequence relation of Definition 2.

The calculus AD. is obtained by adding to the rules in Tables 1 and 2 the following
rules:

r r
o L
{:==C C eNCUNG t:VR——H
At ——————————— KUR
t:C t:—=—=VR.H

The rule At is double negation elimination for atomic concepts and generators. It
corresponds to the rule of double negation elimination on atomic formulas in the
first order setting. The addition of this principle to Intuitionistic first order logic Int
gives rise to a system still satisfying the disjunction property (if A v B is provable,
then either A or B is provable) and the explicit definability property (if IxA(x) is
provable then also A(f) is provable for some term ¢) [12, 13]. Instead, the calculus
obtained by adding to AD, the unrestricted version of At, where C is any concept, is
equivalent to the calculus D for ALCG.
As for the rule KUR, it corresponds to the first order axiom schema

Vx.——A(x) - ——Vx.A(x)

which is well-known in the literature of constructive logics [8, 21]. Indeed, adding this
schema to Int, we get a proper extension of Int, called Kuroda Logic, that satisfies the
disjunction property and the explicit definability property. An important property
of Kuroda Logic is that a theory T is classically consistent iff it is consistent w.r.t.
Kuroda Logic. In our setting the rule KUR has a similar role, indeed it allows to
prove that there is a proof 7 : I' = L in ND, iff I’ Fizeg L (see Corollary 1 below).
To avoid inessential technicalities and improve the readability of the paper, we
introduce the following assumption on the individual names occurring in a proof of
ND..Let : T - K be a proof of D, and let 7’ : T’ - K’ a subproof of 7.

— We say that ' is simple iff K’ is a simple formula.
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— Let r be the last rule applied to n’. We say that r is relevant in = iff 7’ is not a
subproof of a simple subproof of .

Assumption on individual names Letw : T - K be a proof of ND,, let A/ be a finite
set of individual names such that I' U {K} C L, let 7’ be a subproof of 7 and let r
be the last rule applied in z'. We assume that:

— If ris the rule UE of Table 1 with major premise ¢ : A; LU A, and r is relevant in
m,thent € Var UN.

— If ris the rule 3F in Table 1 with major premise ¢ : 3R. A and r is relevant in 7,
thent € var UN.

We write I' | K to mean that there exists a proof = : I = K of ND., satisfying the

above assumption.
First of all, we notice that the rules At and KUR are derivable in D, hence:

Theorem 4 T | K implies I' b K.

Another interesting relation between N'D and D, is that they prove the same set
of simple formulas. To prove this, let us define the following map on concepts and
formulas:

- H™ =Hif He NCUNG.

— H™™ =-—Hif H is a concept such that H ¢ NC U NG.
- 17 =1

- ((s,)): R =¢(s,1:R.

- (t:H)™=t: H.

— (VGH)" =VgH™.

It is easy to prove by induction on the depth of = : I" - K the following result:
Theorem S T |- K implies I' |z K™
As a corollary we get:

Corollary 1 For every simple formula K of L, Ttz Kiff T' bps K-

The following is an admissible rule of N'D, allowing us to prove Vg A using one
“generic proof” instead of as many proofs as the elements of dom(G).

L.lp:G]
. o where p € Var
p: A and p does not occur in I’
VoI
VoA

The admissibility follows from the fact that by instantiating the parameter p of 7’
and by applying the rule AxGen, we get the proofs 7; : I - ¢ : A, for every ¢ €
dom(G). By applying the rule Vs to these proofs, we get a proof 7 : I' - Vg A.
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5.1 Soundness of N'D,

We prove the soundness of ND., namely I’ tse: K implies I'=K. First of all, from
Theorem 1 and the fact that the rules At and KUR are derivable in A'D we get that
ND, preserves validity of formulas. More precisely:

(P1) Let 7w :T F K be a proof of ND.. For every model M for L, and every
assignment 6, M, 6 = T implies M, 6 = K.

As a consequence, 7 : I' - K implies I' = K.
Let A be a finite subset of NI, an A -substitution o is a map o : Var — N. We
extend o to L as usual:

- IfceN,oc=c;

— For a formula K of Ly, 0 K denotes the closed formula of £ obtained by
replacing every variable x occurring in K with o (x);

— IfT'is aset of formulas, o T is the set of o K such that K € T.

If c e NV, o[c/p] is the N -substitution ¢’ such that ¢’(p) = ¢ and ¢’ (x) = o (x) for
X # p.
Let 7 : I' - K be a proof of ND., let N be a finite set of individual names such
that ' U {K} € L and let o be a N -substitution. We define a computable function
aN STa(0T) = 1T (0 K)

that will provide the computational interpretation of . ®7 ,- is defined, by induction
on the depth of x, in order to fulfill the following property:

(P2) For every model M of L and for every ¥ € itpr(6T), M > (¥) oT implies
M (@7 \ () o K.

If 7 only consists of the introduction of an assumption K, then ®7 . is the identity
function on 1Ty (0 K). If K is a simple formula, then &7 ,.(¥) = tt. Otherwise, let r
be the last rule applied in 7. By definition, r is a relevant rule in 7.

1) r= LE.Then, ®* ,, :1mpr(cT) — 1mpr(0 K) and ®7 ,(¥) = n*, where nt isan
( o N o N

element of 1A/ (K).
(2) r=nl.Then, @7 \-:11x(0T) x 1Tx(0T2) — 117 (0t 1 AT1 B) and

®2 5 (71.72) = ()T, 7 T))
(3) r=nEk (k€ {l1,2}). Then, @7\, : 1p7(0T) — 117 (0t : Ay) and
2 5 7) = Prog (%))

where Proy is the k-projection function.
(4) r=ul (k€ {1,2}). Then, 7 i 1n(0T) — 1mpr(ot: AU Ap) and

oI = (k OZy®)

(5) r=uE. Then, @7 - :1tx(0T) X 1A (0T2) X 1T (0T3) — 1A (0 K). Since
L E is relevant, by the assumptions on the individual names, ot € N, thus QDZl e
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*v»and @7 are defined. We set

d)ZfN(VZ, o) 1f<I>”‘N(y1) = (1,
O\ (V5. B) IR (V) = (2.8)

(6) r=3IThen, @7 \-:{tt} x1mAr(0 ") — 1Tpr(0t: IR.A) and

O\ (V1,72 73) = !

Tx(ee7) = (ou ©IyG))

(7) r=3E. Then, @] \- : 11p7(0 1) x 11y (0T2) — 11 (0 K). By the assumption
on individual names ot e N. Let 7 ‘N(yl) = (c, «). By the side condition on
p, (olc/pDT', = oy and (o[c/p]) K = o K. We define

(DZ,/\/ (71’ 72) = qDZZ[C/p]_/\[ (72, tt, Ol)

(8) r=VI. Then, ®7 \ :1Tpr(6T) = 1mar(0t: VR.A). Let c € N. By the side
condmon on p, (o[c/p ) =0T and (o[c/p]t:VR.A=0t:VR.A. Then
.. &7 \+(¥) is the function defined as follows: for every c € N

[©7 )] (©) = %1y n (T £1)
(9) r=VE.Then, o7\ :{tet) x A (oT) — 1mpr(ot : A) and

T (£67) = [970 @) ] @0

(10) r=V¢sl. Let dom(G) = {cy, ..., ¢,}. Then, O p 1A (0Ty) X - x (0Ty) —
ITp (Vg A) is the function such that, for every 1 < k < n,

(@8 (71 V)] @) = @75 T
(11) r=VgE. Analogous to the case r = VE.

One can easily check that @7 . is a well-defined function and that (P2) holds.

Note that in the deﬁnmon of @7 ., the relevant rules of 7 are used to build
up “relevant information terms” namely information terms different from tt. For
instance, in the case of the rule ﬂ[, the map takes the information terms « and g
produced by the subproofs 7; and 7, and builds the pair («, 8). On the other hand,
a simple subproof 7’ : I+ K’ of = does not convey any relevant information apart
from the fact that I'" = K'.

Let @7, = @7 /, where o is any N -substitution. By (P1) and (P2), we get:

Theorem 6 Let m : T' - K be a proof of ND. such that the formulas in T U {K} are
closed, and let N be a finite set of individual names such that T' U {K} C Lr. Then:

(i) TEK
(i) Foreveryy € 1tpr(I') and for every model M for Ly, M > (y) T implies M >
(@3 (7)) K

As a consequence, we get:

Theorem 7 (Soundness) I' |z K implies T'=K.
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Now we give an example of the information one can extract from a proof using
the map @7,.

Example 3 Let us consider the knowledge base of Example 1. We can build a proof

7w :7T F VpoopdgoesWith.(COLOR M IisColorOf.WINE)

in AD... The proof 7 is

Ax, [z :COLOR]!

| YcoLorE
[z : COLOR]" z:3isColorOf.Wine
it
Axy  [y: FOOD]2 [(y,2): goeswith]l Z : COLOR M 3isColorOf.WINE
vrooDE Al
y : dgoesWith.COLOR y : dgoesWith.(COLOR M 3isColorOf.WINE)
3E[1]

y : 3goesWith.(COLOR M 3isColorOf.WINE)

vroop!' 2]
VroopdgoesWith.(COLOR M3isColorOf.WINE)

Note that the assumption on individual names is satisfied since we do not use
individual names. Let us consider, for instance, the subproof

7" :{(y, z) :goesWith, z7:COLOR, Ax;} - y : 3goesWith.(COLOR M IisColorOf.WINE)

Let ¢, € My (Ax;) and let o be any W-substitution. By the above definition, we get:

T (EL, tE, ) = (02, (Et, ($2(02), £L)))

The map @), is defined as in Example 2.

To conclude this section we remark that, along the lines of the previous example,
Theorem 7 allows us to interpret a proof of a “goal” as a program to solve it. More
in details, let us suppose to have an “open” proof

r
i p € Var
p:AU—A

in MDD, and let A be a finite set of individual names containing all the individual
names occurring in 7. Then, for every ¢ € NI, the map extracted from = allows us to
decide the membership of ¢ in A w.r.t. the models of I'. Formally, let ¢ € NI, let N7 =
N U {c} and let o be a N”-substitution such that op = c. We can associate with every
Y € 1T\~ (o T') the class Zy of models M such that M > () oT'. Moreover, for every
Yy € 1mp (o), 7 \ () provides an information term (k, n) € 1tp7(c : AU —A), with
k € {1,2}. By Theorem 6, for all models M e Iy, M =c: Aifk=1and M Ec:
—Aifk =2.

Analogously, the map extracted from a proof 7 : ' - p : 3R. A in ND, allows us
to compute, for every ¢ € NI, an R-successor d of c such that d belongs to A w.r.t.
the models of I
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5.2 Completeness of ND,

The proof of completeness consists of two steps. First, we introduce a quite standard
notion of saturated set and we show that every consistent set of formulas can
be extended in a saturated set. Differently from standard completeness proofs,
saturated sets do not contain enough information to build up a counter model based
on the information term semantics. Hence we need to rely on another construction
based on the notion of c-tree.

Definition 3 (Saturated set) Let A/ be a set of individual names and let A be a set of
closed formulas of L. A is saturated in N iff the following conditions hold:

(1) c:AnBeAimpliesc: A€ Aandc: B € A.

(2) c:AuBeAimpliesc: A€ Aorc: BeA.

(3) ¢:3R.A € A implies that there exists d € A/ such that (c,d): R€ A and d :
AeA.

(4) c:VR.AeAand(c,d): Re Aimplyd: A € A.

(5) VgA € Aimplies:

(i) c¢:G e Aiff c € dom(G);
(ii) forevery ¢ € dom(G),c: A € A.

Let I be aset of formulas of £ and let N/ € N. By ')\~ we denote the restriction
of I'to Ly, i.e.,Typr = T N Lpr. Following the lines of Lemma 1 one can prove:

Lemma 3 Let N be a finite set of individual names, let T be a finite set of closed
formulas of Ly, let K be a closed formula of Ly such that T Vs K. There exist
a finite set of individual names N' 2 N and a finite set A 2 T of closed formulas of
Ly such that:

(1) Ais sawrated in N.
(2) Al K B
(3) IfA CTUissaturatedin N' €N and T = A, then Ajp = A

Given A and K such that A |4 K, we can build a tree T, we call a c-tree for
(A, K). From 7, we can define a finite set A/ € NI and a “canonical” information
term § € 1TAr(A) (denoted by Z7(A)) with the following property:

— for every n € 1maAr(K), there exists a model M of L such that M > (§) A and
Mp(n) K.

This means that AEK. This is the original part of the proof, which requires tech-
niques different from the standard ones.
We say that a triple (A, K, N) is a c-node iff:

(i) M is a finite set of individual names;
(ii) K is a closed formula of Lxs;
(iii) A is a finite set of closed formulas of £,r such that A is saturated in AV.

We introduce the notion of c-tree.
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Definition 4 (c-tree) Let Iy be a finite set of closed formulas and K, a closed
formula. We say that 7 is a c-tree for (T, Ko) iff the following conditions hold:

(C1) The root of T is a c-node (A, Ko, Np), such that 'y C A,.
(C2) Let (A, K, N) be anode of 7 and let (A, K, M), ..., (A,, K., N,) be the
immediate successors of (A, K, N')in 7. Then

(AlsKlaM) e (A}’Z!K}’HNH)
(A, K, N)

is an instance of a rule of Table 3.
(C3) If(A, K,N)isaleaf of T (namely, (A, K, N') has no immediate successors),
then A |7/M K.

Clearly, a c-tree 7 for (I'g, Ky), if exists, is finite and every node (A, K, N) of T is
a c-node.

Table 3 Rules to build a c-tree

(A, c: A, N) (A, c: B, N)
(A c:ANB N (A c:ANB.N) *

(A, c: A, N) (A, c: B, N)
(A, c: AuB, N)

u

A, di:AN) - (A dy: AN) (. dn) =
r : >
(A,C:HR.A,N) IRy {d|(c,d): Re A} (n>1)
(A, L, N)

——————— R, if, foralld e NV, (c,d): R ¢ A
(A, c:3R.A, N)

(A, d: A, N)

———————— v, where (A',d: A, N) is a c-node such that
(A, c:YR.A, )

1. NCN andd e N'\N;
2. AU{(c,d): Ry C A;
3. A//NZA.
(A, d: A, N)
(A, YGA, N)

Vg where d € dom(G)
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Let 7 be a c-tree and let < denote the reflexive and transitive closure of the imme-
diate successor relation between the nodes of 7. Given two nodes (A, K;, ;) and
(Ay, Ky, N3) of T, the greatest lower bound (g.Lb.) of (A1, Ki, N7) and (A,, K5, N3)
is the node (A, K, N) of maximal depth among the nodes (A, K, N) satisfying both
the conditions (A, K, N) < (A1, K;, M) and (A, K, N) < (A,, K>, N>). We note
that, if we rename the individual names ¢ ¢ Ny occurring in 7, we again obtain a
c-tree for (I'y, Ky). Thus, without loss of generality, we assume that the following
property holds:

(C4) Let (A, Ki, N7) and (A,, K>, N>) be two nodes of a c-tree and let (A, K, )
the g.1.b. of (A, K1, 1) and (As, Ky, N3). Then, N' = N NN,

Inspecting the rules in Table 3, using Property (C4), one can easily prove:

Lemma4 Let (A, K\, NY) and (A,, K2, N3) be two nodes of a c-tree.

(1) (AL K, N 2 (Ag, Ky, Ny) implies (Az) jn, = Ay
(ii) Let (A, K, N) bethe g.Lb. of (A1, K1, N1) and (A3, K>, N>).
Then, A= Al N Az.

We give an example of c-tree.

Example 4 Let
H = (YR3S.A) u (VR3S.B) Ay = {c:YR.——35.A, c:VRIS.(AuUB)}

The set A is saturated in {c}. We can build a c-tree 7 for (A, c¢: H) as follows:

(A1, da: A, {c,d1, d2}) (A2, ds : B, {c, d3, da})
I T
(A dy :3S.A, {e.d.d)) (Ay. dy:3S.B, {c.ds.ds})

S1

n
(Ao, c:YRIS.A, {c}) (Ao, ¢:¥R3S.B, {c})

ru

(Ao, ¢: (YR3S.A) U (YR.3S.B), {c})

where

A1=Ag U {(¢c,dy): R, dy:——3S. A, d; :3S.(AuB), (di,dy):S,dr: AuB, dy: B}
Ar=Ag U {(c,d3): R, d3: ——3S. A, d3 : 3S.(AUB), (d3,dy) : S, ds: AUB, dy: A}
On the other hand, we are not able to build a c-tree for (A’, ¢ : H) where A’ = AgU
{c:YR.3S.A}.Indeed, such a c-tree should contain a leaf (A;, d : A, NV}) such that, for
some d’ € N, the formulas (c,d’) : R, (d',d) : Sand d : A belong to A;. This implies
At s d : A, in contradiction with the definition of c-tree. Note that A’ b ¢ : H.

We state a sufficient condition for the existence of a c-tree.

Lemma 5 Let (A, K, N') be a c-node such that A b@ K. Then, there exists a c-tree
having root (A, K, N).
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Proof We prove the lemma by induction on K. If K is a simple formula, by
Corollary 1 we have A Vizes K, hence (A, K, N)isac-tree.Let K=c: An B and
suppose A Az ¢ A (the case A Az ¢: B is similar). By induction hypothesis,

there exists a c-tree 74 with root the c-node (A, ¢ : A, ). It follows that

" Ta
(A, c: A, N)
(A c:ANB.N)

1

is a c-tree with root (A,c: AnNB,N). If K=c: AuB, then A Faee €+ A and
A Wz ¢ @ B. By induction hypothesis, there are two c-trees 74 and 75 having roots
(A,c: A,N) and (A, c: B, N) respectively. Then (possibly renaming individual

names not belonging to \'), we can build the c-tree

(A, c: A, N) (A, c: B, N)
(A, c: AuB, N)

ry

The other cases are similar. For K = ¢ : YR. A, the existence of A’ and A/ follows by
the fact that A, (¢, d) : R - d : A (where d ¢ N') and by Lemma 3. ]

BCDL

As a consequence, we get:
Theorem 8 IfT' /i K, then there exists a c-tree for (T, K).

Proof By Lemma 3, there exists a c-node (A, K, N) such that A Veeme K- By
Lemma 5, there exists a c-tree with root (A, K, ), which is a c-tree for (I, K). O

A c-tree T for (T, K) describes the countermodels needed to show that I' K.
Firstly, we define a canonical way to associate an information term with every
formula occurring in a set A of a node of 7. Let

Dr = U{A|(A,K,N)isanodeof T }
Nr = U{N|(A, K, N)isanode of T }

By Lemma 4, for every D € Dt the set of nodes (A, K, N) such that D € A has
a minimum element (A, Ky, Ny) w.r.t. <. We call (Ay, Ky, Ny) the minimum
node associated with D.

Now, for every D € Dy we define the information term Z7 (D) € 1Ty, (D) by
induction on the structure of D.

— I7(D) = tt if Dis a simple formula.

— I7(c: AnB) = (I7(c: A), I7(c: B)).

— If D=c: AuB, let (Ay, Ky, Ny) be the minimum node associated with D.
Then:

(1, Z7(c: A)) ifc: Ae Ay

Ir(c: AUB) = = (2, I7(c : B)) otherwise
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We remark thatif c: A € Ay thenc: B € Ay must hold.
— If D=c:3R.A, let (Ay, Ky, Ny) be the minimum node associated with D.
Then:

Ir(c:3R.A) = d,Zr(d: A))

where d is any element in Ay such that (c,d) : R€ Ay and d: A € Ay (being
Ay saturated in Ay, there exists at least one).
— Z7(c:VYR.A) is the map ¢ such that, for every d € N7:

I7r(d: A) if (c,d): R e Dt
at ey, (d: A) otherwise

P(d) = {

where o™ is an element of 1Tx, (d : A).
— Z7(¥gA) is the map ¢ such that, for every d € dom(G):

¢d) = I7(d: A)

One can easily check that the above definition is sound. For instance, let c: VR.A €
D7 and (c,d) : R € D7. There are two nodes (A, K;, V) and (A,, K>, N>) such
thatc:VR.A € Ajand (c,d) : Re€ Ay. ByLemma4wegetc:VR.A € Ay,henced :
A € A, which impliesd : A € Dr. Thus, Z7(d : A) is inductively defined. As usual,
if A={Dy,..., D,}, Zr(A) denotes the tuple (Zy(Dy),...,Zr(D,)). Thus, M >
(Z7(A)) A fiff, for every D € A, M > (Z7 (D)) D.

Example 5 Let us consider the c-tree in Example 4. We have:
Dr = AjUA, Nt = {c, di, do, ds, da)
The definition of Z7 (D) for non-simple formulas D € D7 is:
Ir(dy: AuB) (2, tt) Zr(d, :3S.(Au B)) (d2, (2, tt))
Ir(ds: AuB) = (1,tt) I7r(ds:3S.(Au B)) (dg, (1, tt))
I7(c:YR.——3S.A) = v such that, for everyd € N7, ¥(d) = tt
Z7(c:YR3S.(AU B)) = ¢ such that, for every d € N7:

(dz, (2, tt)) ifd= d]
o) = 1 (dy, (1, t1)) ifd = ds

+

o otherwise

where we can take, for instance, o™ = (c, (1, tt)).

Let us consider the leaf (A, d, : A, {c,dy,d,}) of T. Since A, }m d, : A, by

Theorem 2 there exists a model M, of A; such that M, [~d, : A and, for every
d,d e N, the following holds:

MiEWd):R iff d=candd =d,
MiEWd):S it d=dyandd =d,

It follows that M, > (¢) ¢ : VR.3S.(A u B), hence:
(i) M > (Z7(Ao)) Ao
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Similarly, since (A, ds : B, {c, d3, d4}) is a leaf of 7, there exists M, defined accord-
ing to Theorem 2 such that:

(i) My > (Z7(A0)) Ao
We show that:
(iii) Forevery n € 1mpr; (¢ : H), either M % (n)c: Hor Myp(n)c: H.

If n € 1ITpr, (¢ @ H), either n = (1, ¢1) or n = (2, ¢»). Let us assume that n = (1, ¢1),
with ¢; € 1Tpr, (c: VR.IS.A), and let ¢1(d)) = (d, tt), with d e N7. If d=d,,
by the fact that M, E=(c,d)): R, M| = (d,dy): S and M, ,=d, : A, we get
MiE{p1)c:YRIAS.A. If d # d,, since M| = (c,dy) : R and M, [~ (d;,d) : S, we
get M5 (¢1) ¢ : VRIS.A. Thus, n = (1, ¢;) implies M 4(n) ¢ : H. In a similar way
one can prove that n = (2, ¢,) implies My % (n) ¢ : H, hence (iii) is proved.

By (i), (ii) and (iii) we conclude Ag . ¢ : H.

The following lemmas generalise the reasoning of the previous example to any
c-tree.

Lemma 6 Let (A, K, N) be a leaf of a c-tree T. Then, there exists a finite model M
for L, such that:

(i) M (Zr(A)A.

(i) M ¥ K
(iii) Foreveryc,d e Nyt and ReNR, M |=(c,d) : Riff (c,d) : R € A.
(iv) Forevery G € NGy, M = c¢: Giff c € dom(G).

Proof By definition of 7, A U {K} € L, and A Fz5 K. By Theorem 2 there exists
a model finite M for L s, such that

1) MEA.

2) MK K.

(3) Foreveryc,de Nrand R e NR, M = (¢, d) : Riff (c,d) : R € A.
(4) Forevery G € NGy, M = c: Giff c € dom(G).

To complete the proof, it only remains to show that:
(*) D € Aimplies M > (Z7r (D)) D.

If D is a simple formula, (*) immediately follows by (1).

Let D=c: An B.Then, Z7 (D) = (Z7(c: A),Z7(c: B)). Since A is saturated in
N,wehavec: A € Aandc: B € A. By induction hypothesis, M > (Zr(c: A))c: A
and M > (Z7(c: B))c: B, and (*) holds.

Let D=c: AUB and let (Ay, Ky, Ny) be the minimum node associated
with D. Assume that c: A € Ay (the case c¢: B € Ay is similar). Then, Zr (D) =
(1,Z7(c : A)). By definition of minimum node, (A, Ky, Ny) < (A, K, N). It fol-
lows that ¢ : A € A, hence, by induction hypothesis, M > (Z7(c: A))c: A, which
implies M > ((1, Z7(c : A))) D.

Let D =c:3R.A and let (A, Ky, Ny) be the minimum node associated with
D. We have Z7 (D) = (d,Z7(d : A)), where (¢c,d): Re Ayyand d: A € Ay. Since
(Au, Ky, Nuw) < (A, K, N),itfollowsthat (c,d) : Re Aandd: A € A. Thus, M =
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(¢,d) : R and, by the induction hypothesis, M > (Z7r(d: A))d: A. We conclude
M ((d,I7(c: A))) D.

Let D=c:VR.A. By (1), we have M =c:VR.A. Let ¢ =Z7(D) and let d €
Nr. If M=(c,d): R, by (3) we have (c,d): R e A. It follows that d: A e A
and (¢,d): R € Dy. Thus, ¢(d) =Z7(d: A) and, by induction hypothesis, M >
(p(d))d : A. We conclude M > (¢) D.

The case D = VA is similar and requires Point (4). ]

Lemma7 Let (A, K, N) be a node of a c-tree T. Then, for every n € 1Tzr, (K), there
exists a finite model M for L, such that:

() Mo (Tra) A
(i) M () K.
(iii) Foreveryc,d e Nand R e NR, M = (¢, d) : Riff (c,d) : R € A.
(iv) Forevery G € NGy;, M = c: Giff c € dom(G).

Proof The proof is by induction on the height of the node (A, K, N) (i.e., the
maximum length of a path between (A, K, N) and a leaf of 7). If (A, K, N) is a
leaf, then K is a simple formula, hence 117 (K) = tt and the assertion immediately
follows by Lemma 6. Otherwise, (A, K, A') has one or more immediate successors
according to the form of K.

Let K=c: An B and let (A,c: A, N) be the only immediate successor of
(A, K, N) (the other case is similar). Let (o, B) € 1Ty, (K). Since o € 1Tpr, (¢ : A),
by induction hypothesis there exists M such that M > (Z7(A)) A and MP{a)c: A,
hence MK {(a, B)) K.

Let K = c: Au Bandlet, for instance, n = (1, @), with & € 1Tpr, (¢ : A) (the other
case is similar). Since (A,c: A, N) is an immediate successor of (A, K, N), by
induction hypothesis there is M such that M > (Z7(A)) A and M P {a) c: A, which
implies M % ((1, a)) K.

Let K=c:3R.A and let (d, o) € 1TAr, (K), with d € N7 and o € 1Tpr, (d : A). If
(c,d): Re A, then (A,d: A, N) is an immediate successor of (A, K, ). By induc-
tion hypothesis, there is M such that M > (Z7(A)) A (hence, M = (¢,d) : R) and
M {a)d : A. It follows that M%((d,«)) K. Let (c,d): R ¢ A and let (A, Z, N)
be any immediate successor of (A, K, ) (there exists at least one). By induction
hypothesis, there exists a model M such that M > (Z7(A)) A and M |~ (¢, d) : R. Tt
follows that M % ((d, a)) K.

Let K=c:VR.A and let ¢ € 1Tpr, (K). Then, for some d € N7, there exists an
immediate successor (A’,d: A,N") of (A, K, N) such that AU {(c,d): R} C A’
Since ¢(d) € 1Tar, (d : A), by the induction hypothesis there exists a model M such
that M > (Z7(A")) A" and M (¢ (d))d : A. It follows that M > (Z7(A)) A and, by
the fact that M = (c, d) : R, we get M4 (¢) K. Point (iii) follows by the fact that
A'/pr = A (see the definition of the rule ry,, in Table 3); Point (iv) by the fact that
c:GeAiffc: Ge A

The case K = Vg A is similar. O

As a consequence, we get:

Theorem 9 Ifthere is a c-tree for (I, K), then T’ EK.
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Proof Let T be a c-tree for (I', K) having root (A, K, N'), where ' € A, and lety =
I7 (). Let us assume I'i=K. Since I' U {K} € L7, and ¥ € 11x, (T), by Definition 2
there is n' € 1mpr, (K) such that, for every model M for L, M > (y) " implies
M > (') K. On the other hand, by Lemma 7 there must be a model M’ for L.,
such that M’ > (Z7(A)) A and M'4(n’) K. In particular, M’ > () T, and we get a
contradiction. We conclude I'[£K. O

We summarise the main results of this section:

Corollary 2 The following statements are equivalent:

Q) T b K-
(i) TEK.

(iii) There is no c-tree for (', K).

Proof (i) implies (ii) by the Soundness Theorem for A'D. (Theorem 7). (ii) implies
(iii) by Theorem 9. (iii) implies (i) by Theorem 8. |

Example 6 Let Ay and H be defined as in Example 4. Since there exists a c-tree for
(Ag, ¢ : H), we have Ag by ¢ 1 H. Note that A bz ¢ H.

We conclude the section by discussing some constructive properties of ND.. In
particular, we prove that, under suitable conditions on the assumptions I' of a proof,
the disjunction property (DP) and the explicit definability property (EDP) hold.
Namely, let I be a set of closed formula and let ¢ € NI, the properties DP and EDP
are formulated as follows:

(DP) Hrb—c: AuB,thenT }———c: Aorl | c: B.

BCDL BCDL | BCDL
(EDP) IfT b5z ¢ 2 3R.A, then there exists d € NI such that I' |z (¢, d) : Rand
r IW d CA.

In general DP and EDP do not hold; for instance, c: Au B Foemz € AU B but
neither ¢ : AU B b ¢t Anorc: AU B bz ¢ @ B (the same happens for (EDP),
taking ' = {c¢ : IR.A}). We have to restrict the set I' to the well-known class of
Harrop formulas, namely the formulas not containing the connectives Ll and 3. Let
N be a finite set of individual names and I a finite set of closed Harrop formulas
of L. One can easily check that, for every Hy € I', 1mar(H ¢) contains exactly one
information term. This implies that, for every ¢ € AV, the following properties hold:

(1) IfTkc: AuB,thenTkc: Aor'k=c: B.
(2) IfI'k=c:3R.A, then there exists d € NV such that I'k=(c,d) : Rand I'i=d : A.

Thus, by the completeness theorem, the constructivity of N'D. can be stated as
follows:
Theorem 10 Let N be a finite set of individual names, A C L an ABox, T C Ly a

TBox such that the formulas in T are closed Harrop formulas, and let c € N.

(1) IfAUT pgagpc: AuB, then AUT gz c: Aor AUT by ¢ B.
(2) If AUT bz ¢ - AR.A, then there exists d € N such that AUT b (c,d) 0 R
and AUT |z d : A
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6 On Unbounded Quantification

In this paper we have considered bounded quantified formulas of the kind Vs A,
where dom(G) is a finite domain fixed by the language. What happens if we admit
unbounded quantified formulas of the form V¢ A, where C is any concept name?
Let £, be the language obtained by extending £ with the unbounded quantified
formulas. The validity of an unbounded quantified formulas can be defined as:

M EVeH iff ¢cM c HM
We remark that V¢ H models in our setting the usual subsumption relation C C H.
For a finite A/ C NI, an information term for V¢ A can be defined as
my(VeAd) = { ¢ N — U ITAr(c: A) | p(c) e Tar(c: A)
ceN
and M > (¢) V¢ A iff:
M =VcA and, for every c € N, M = ¢ : Cimplies M 1> (¢p(c))c: A

To properly treat V¢ we need the following rules

I p:C] Iy I
o where p € Var and o .
p:A p does not occur in I' VcA t:C
— VI E— /oY
VcA t: A

Let MDY be the calculus obtained by adding to D, the rules V¢ and V¢ E. We say
that I' | K iff there exists a proof 7 : I' = K in ND¢. It is easy to extend the map
@7\ of Section 4 to the new rules so that Property (P2) holds, thus:

Theorem 11 (Soundness of ND{) I' |- K implies T' (=K.

We show that the converse of Theorem 11 (namely, the Completeness of Dy
with respect to =) does not hold. To this aim let us consider the following translation
Tr from the formulas of £, into the formulas of predicate first order logic:

- Tr(l) = L

- Tr((s,t) : R) = R(s,?)

- Tr@:C) = C@®),if C e NCUNG

- Tr(t:—-A) = =Tr@t: A)

— Tr(t: AnB) = Tr(t: A) ATr(t: B)

- Tr@t:AuB) = Tr(t: A)vTr(t: B)

- Tr@:3dR.A) = Ax.(R(, x) A Tr(x: A))

— Trt:VR.A) = Vx.(R(t,x)—>Tr(x: A))

- Tr(VgA) = Yx.((Gx) < x =c;V---Vx=cy) A (Gx)—>Tr(x: A))) where
dom(G) = {cy, ..., cn}

— Tr(VcA) = Vx.(C(x)—>Tr(x: A))

For a set of formulas I", Tr(T") denotes the set of formulas Tr(K) such that K € T'.
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We write I' |-— K to mean that there exists a proof 7 : I' = K in a calculus for
the logic obtained by adding to Intuitionistic Logic Int the equality theory and the
following axiom schema

(KUR) = Vx.m—A(x) > =—Vx.A(x)
(NegAt) = =——a — a where a is an atomic formula

It is easy to prove:
Lemma 8 T | K implies Tr(I") Fr Tr(K).
Now, let us consider the set T of formulas of £, defined as follows:
T = {Yc(AuB), d:=—(AuC), d:=—~(BuC)} A,B,CeNC
Lemma9 '}/ d: AUB

Proof Suppose that T | d : Au B. Let
K = Vx(Cx) > Ax) vV B(x)) A ==(Ad) Vv C(d)) A =—(B(d) Vv C(d))
Then, by Lemma 8 we should have

K b A(d) v B(d) (2)
Using standard techniques based on Kripke semantics for intermediate logics (see
e.g. [20]), one can prove that Fact (2) cannot hold.? |

Lemma 10 ﬂc:d :AUB

Proof Let N be any finite set of individual names containing d. We have to prove
that, for every ¢ € 1Imp(Vc(A U B)), there exists n € 1Tar(d : AU B) such that, for
every model M for L/, the following holds:

(a) TMp> (@p)Ve(AuB)yand M =d: (AuC)and M E=d: (BuO),
then M > (n)d: Au B.

Let ¢ € itAr(Ve(A U B)). We define:

[ er)if¢(d) = (1, tr)
- { 2, tt) if p(d) = (2, tt)

Let us assume ¢ (d) = (1, tt). If the premise of (a) holds, then M =d : A. Indeed,
since M =d:(AuC), either ME=d: A or M Ed: C. In the latter case, since
M (@) V(AL B),we get M > (¢p(d))d: Au B,namely M > ((1,tt))d: Au B,
which implies M |=d : A. Since n = (1, tt), we conclude M > (n)d: Au B, and
(a) is proved. The case ¢(d) = (2, tt) is similar. O

2 Actually, to prove Fact (2) one needs to consider an extension of Int* also including the Kreisel and
Putnam axiom schema (-A— BV C)— (=A— B) v (—=A—C) [4].
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By Lemmas 9 and 10, /DY is not complete with respect to constructive conse-
quence.

We think that we cannot apply the tools described in this paper to prove a com-
pleteness theorem. The major drawback is that we cannot extend Theorem 2 to L,
so that the following property holds:

(v) ForeveryceNIandeveryCeNC,MEc:Ciffc:CeT.

For instance, every model M of T satisfies M =d: A or M =d : B, but neither
d: Anord: Bbelongs to T. Thus, different techniques have to be studied.

As for the future works, we think that a few questions deserve to be investigated.
First of all, as we remarked in the introduction, in our context negation is treated
classically. However we can extend BCDL with a further operator modeling Nelson
constructive negation [13, 14] still obtaining a sound and complete natural deduction
characterisation. Another significant point is to extend information terms semantics
to treat the usual quantifiers defined in the description logic context. Finally, an
interesting issue is the development of a Kripke-style semantics for BCDL. Indeed,
according to the authors experience, such a semantics is an important guideline in the
development of “efficient” decision procedures for a logic. This is also related to the
study of complexity issues of the usual decision problems considered in description
logics.
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