A Syntactic Characterization
of Minimal Entailment!

Marek A. Suchenek
Department of Computer Science
The Wichita State University
Wichita, KS 67208, U.S.A.
Bitnet addr: Suchenek@twsuvax

Key words: closed world assumption, deductive data bases, model
theory for non-monotonic logics, non-standard negation, preservation
under homomorphisms.

AMS classification: 68G99, 03C40, 03C52.

Abstract

This paper investigates a consistent versions cwag of sometimes
inconsistent Reiter’s closed world assumption cwa, proving (theorem
4.3) that for every V-sentence ¢ and for every V-theory ¥,

€ cwag(X) iff ¥ ki .

A relativized version of this characterization (theorem 7.3) remains
valid if not all relations are subject to minimization. Moreover, the
paper relates cwag to cwa and to Minker’s generalized closed world
assumption GCWA. Finally, a possibility of procedural semantics for
cwag has been indicated.

1 Introduction

Reiter’s closed world assumption cwa has been introduced in [Rei78].
It may be defined as follows.

If an atomic sentence ¢ is not implied by the information
contained in a data base then the negation of ¢ is asserted.

In some cases cwa has led to a contradiction when applied to indefinite
data bases, where disjunctions of atomic sentences are allowed. E.g.
cwa(p V 1) entails both - and —), that is to say, =(¢ V ¢). Minker
has proposed in [Min82| a weaker version GCWA of cwa. It asserts the
negation of an atomic sentence ¢ only if for every positive (i.e. without
appearance of negation) V-sentence v, which is non-derivable from a

!This paper generalizes results of [Suc89)].



data base, ¢ V 1 cannot be derived from that data base. It has been
proved (cf. [She88], thm. 32.5) that GCWA coincides with cwa in all
data bases for which cwa is consistent.

Another version of closed world assumption, cwag, has been pro-
posed in [Suc87]:

A sentence ¢ is asserted if, and only if, it does not enlarge
the set of positive consequences of the data base.

Minimal model semantics, based on Lyndon’s relation of enlarge-
ment of [Lyn59], seems to reflect the intended meaning of closed world
assumption. Therefore, a syntactic system completely characterizing
this semantics may be recognized as a proper formulation of cwa. Find-
ing such a system appears to be one of the main unsolved? problems in
logical foundations of Artificial Intelligence. It turns out that cwag pro-
vides such characterization within the class of all first-order V-sentences
(or, equivalently, within the class of all clauses). Other known solutions
to the problem of characterization do not have this completeness prop-
erty. In particular, GCW A does not prove some composed quantifier-
free sentences which are true in all minimal models for a data base.

2 Prerequisites from first-order logic

In the following sequel, we follow the standard terminology and nota-
tion of first-order model theory, which can be found in [Bar78], Chap.
A2. We restrict ourselves to a first-order language L with logical con-
nectives A, V,—,V and 3 (all other connectives we treat as appropriate
abbreviations). A formula ¢ is atomic iff no logical connective appears
in . A formula ¢ of L is {=} -positive ({=} denotes the set of all
other than = relation symbols of L) iff no relation symbol other than
= appears in ¢ within a scope of negation. An V-formula is a formula
of the form Vz1Vzs...Vz,p (abbreviated as VZp) where ¢ is quantifier-
free. A sentence of L is a formula of L without appearances of free (i.e.
non-quantified) variables. A theory in L is a set of sentences of L. We
usually denote formulae by lower case Greek letters, and theories by
upper case Greek letters. V, when used in appropriate context, denotes
the set of all V-sentences of L, Atom denotes the set of all atomic sen-
tences of L, and Posg—y denotes the set of all {=}'-positive sentences
of L.

First-order structures for L we usually denote by A, B, M, N, ...,
and their domains by A, B, M, N, ..., respectively. The satisfaction re-
lation is denoted by =, i.e. M = ¢[s] means that ¢ is true in structure

2cf. [BS84], [EMRS85], [BHS6], [Hin88], and [She8§].



M under assignment s of its free variables (formally, s is a function from
variables of L into the domain M of M). If ¢ is true in M under every
assignment s then M |= ¢ is used instead. If F' is a function symbol
of L then FM denotes the corresponding function in M. Analogically,
RM denotes the relation in M corresponding to relation symbol R.
We use M C N iff M C N and for every function symbol F of L,
FM = PN} M, and for every relation symbol R of L, RM = RV | M,
where “[” means “restricted to”. M |= ¥ is an abbreviation of: for
all ¢ € ¥, M |= ¢. It states that the structure M is a model of X.
We denote the class of all models of ¥ by Mod(X). We make an im-
plicit use of the completeness theorem of first-order logic by applying
¥ F ¢ in the sense of Mod(X) € Mod(p). We write X Fk ¢ iff K is
a class of first-order structures and Mod(X) N K C Mod(y) (because
of typographic problems we avoid using bold type style in subscripts).
Moreover, by ¥r we denote the set Cn(X) NT'. In particular, ¥, coin-
cides with the set Cn(X) of all first-order consequences of ¥ within the
language L.

Among others, we will need the following classic result from model
theory of first-order logic.

Los - Tarski Theorem 2.1 ¥ is equivalent to a V-theory iff for every
A and B, (A =¥ and B C A) implies (B = X).

Proof e.g. in [Bar78], Chap A2, thm. 3.11. O

3 The closed world assumption

In this paper we identify a deductive data base with a consistent V-
theory X in a first-order language L. The consistent version cwag
(introduced in [Suc87] for purely relational languages) of Reiter’s closed
world assumption is defined as follows.

Definition 3.1 ¢ € cwas(X) iff ¢ € Vand (BU{¢})pos,_,, = Zpos,_,,-
O

We will show in Section 5 that cwag is stronger than cwa in all cases
cwa is consistent, and strictly stronger then generalized closed world
assumption GCWA of [Min82].

The following theorem shows that cwag forms a consistent conse-
quence operation for conservative reasoning from {=}'-positive frag-
ments of universally axiomatizable deductive data bases.

Theorem 3.2 Let X C V.
(i) cwag(X) is consistent unless ¥ is not.



(i) f II C V and Hpos{:}, = Zpos{:}, then II C cwag ().
Proof in [Suc87], theorem 4.1. O

4 Minimal models

The need for some kind of minimal semantics does not seem new to
the Philosophy of Science. One of well known articulations is the Ock-
ham’s Razor Principle: Entia non sunt multiplicanda praeter necessi-
tatem ([Ock]). In Artificial Intelligence, the last decade abounded in
struggles with syntactic media of minimization. However, the problem
of syntactic characterization of minimal entailment, which seems to be
one of the central issues in model theory of Al logic, was left without
the solution®. In this section we hope to improve that situation, at least
as far as V-fragment of L is concerned.

The relation =< of partial ordering in the class of first-order struc-
tures for L is defined as follows:

M <X N iff M = N, and for every function symbol F of
L, FM = FN_ and for every atomic formula ¢ of L and
every assignment s in M, M = ¢[s] implies N |= ¢[s].

(The relation < has been first introduced by Lyndon [Lyn59] under the
name of enlargement.)

Structure M is a minimal model of ¥ iff M = X, and for every
N EX if N <X M then N = M. We denote the class of all minimal
models of ¥ by Min(Y). Class J is called dense in class K iff for every
N € K there is M € J with M < N. Theory X is called minimally
modelable iff Min(X) is dense in Mod(X), i.e. for every M | X
there exists a minimal N = ¥ with N' < M. We use ¥ b, ¢ as
an abbreviation for 3 Fyz ) ¢ and Cnp,(2) as an abbreviation for
{0 €L|S Foin 0}

The following theorem will be used in the proof of our main result.

Lyndon Theorem 4.1 For every ¥ C L, and every first-order struc-
ture A for L,
AE Ypos_,, iff (AB = A)(IM E X)(A C B and M < B).

Proof in [Lyn59], theorem 5. O

A lemma from [BS84] guarantees a regular behavior of minimal
model semantics in case of ¥ C V (the proof is quoted from [Suc86]).

3A special case of this problem for purely relational languages has been successfully
attacked in [Suc89] with model-theoretic forcing.



Lemma 4.2 If ¥ CV then ¥ is minimally modelable.

Proof. Let K be a chain (relative to <) of models of an V-theory
Y. Let M =N K. It may be easily verified by induction that for every
quantifier-free formula ¢ and assignment s in M, if for all NV € K,
N E ¢[s] then M |= ¢[s]. Thus (VA € K)(N | VZp) implies M |=
VZp, and hence M = . The Kuratowski - Zorn Lemma completes
the proof. O

Now, we are ready to prove our first main result.

Main Theorem 4.3 For every ¥ C V and ¢ €V,
v € cwag(X) iff X Fn p.

Proof. Implication to the right.
Assume ¢ € cwag(X). Let A be a minimal model for 3. In particular,
A |= Epos,_,,. Using ¢ € cwag(X) we obtain, by definition 3.1, A |=
(XU {¢})pos;_,,- By Lyndon Theorem 4.1 it means that there exist
models M and N satisfying A C M, A = M, N < M, and N |
YU {¢}. Let us note that for every sequence @ of elements of A, the
value of FN(a@)(= FM(@) = FA(@)) is in A. Hence N [ A is a valid
first-order structure for L. So, let B = N | A. We have B C N, and
therefore, by X U {¢} C V and Los-Tarski Theorem 2.1, B = X U {¢}.
On the other hand, B < A. Therefore by minimality of A, B = A.
Thus A = ¢.

Implication to the left.
Assume ¥ Fyiny ¢. Let A = 3. By lemma 4.2, ¥ is minimally
modelable. So, let B < A be a minimal model for 3. We have B |= ¢,
that is to say, B = XU{p}. Using Lyndon Theorem 4.1 again, we obtain
A (2U{¢})pos,_,,- We have shown that (BU{p})pos,_,, € X, which
obviously implies (XU {®})pos y € Y Pos oy Application of definition
3.1 completes the proof. O

5 Other closed world assumptions

The relationships between cwag, cwa, and GCWA will become clear
after we reformulate their definitions. For that purpose we need the
following fact.

Lemma 5.1 [V|If £ C VN L then (Synpos,_, )z = (Spos,_,, )L

Proof. Since Yy pos —y C Y pos oy it suffices to prove that
EVOPOS{:}/ ): EPOS{:}/‘ Let A ): ZVQPOS{:}/(: EF’os{:}/ N \V/) By Los -
Tarski Theorem 2.1, there exists B = X Pos;_y/ with A C B. By Lyndon
Theorem 4.1, there exist M | 3, B’ = X pos,_y» and M = 3, such



that B C B, and B’ is a homomorphic image of M. Let A, B’, and
M be the domains of models A, B’, and M, respectively. We have
ACB =M. Let N = M ['A. Because ¥ C V, by Lo$ - Tarski
Theorem, N = 3. It is easily seen that A is a homomorphic image of
M. Using Lyndon Theorem again, we obtain A = ¥ p,s -y O

It allows us to put the definition of cwag in the following form.

¢ € cwag(X) iff o € Vand (X U {go})vmpos{:}, = (E)VQPOS{:},.

It turns out that if in the right side of the above statement “X” is substi-
tuted by “Cawom”, “p € V" by “p € (Atom UnAtom)”, and “Posg_y",
by “Pos”, then cwag is transformed onto an equivalent definition of
Reiter’s cwa, that is to say,

v € cwa(X) iff p € (Atom UnAtom) and
(ZAtom U {@})VﬁPOS - (ZAtom)VﬂPo&

Similarly, GCWA may be equivalently reformulated as

p € GCWA (X) iff p € (Atom UnAtom) and
(E U {SO})VQPOS = (Z)VﬂPos-

(Proofs are straightforward.)

The above observations make it clear that both cwa and GCWA
restrict conclusions of cwag to atomic and negated atomic sentences.
Moreover, cwa accepts only the atomic part of a data base as the ac-
tual set of premises. Knowing that cwag is V-complete with respect
of minimal model semantics of a data base, one can easily character-
ize the scope of such completeness for GCWA and cwa: GCWA is
(Atom UnAtom)-complete with respect to minimal model semantics of
the data base, and cwa is (Atom U nAtom)-complete with respect to
minimal model semantics of its atomic part; both under necessary as-
sumption that L does not contain the equality symbol = (in such a case
Posg—y = Pos). Consequently, a modification WGCW A of GCW A
(cf. [LMRR8S| for details) is not (Atom UnAtom)-complete with respect
to minimal model semantics of the data base, simply because WGCWA
does not coincide with GCW A.

6 Example

Now, we provide an example which shows that cwag is closer to minimal
model semantics than cwar and GCWA. We pick up a language L
with two unary relation symbols S and 7', and one constant symbol
c. Moreover, we adopt X = {S(c) V T(c¢)}. Since the equality symbol



= does not belong to L, without loss of generality we may restrict
the semantics of L to finite models with four-element domains. In
this case every model of ¥ is isomorphic to triple (C, Cs, Cr, a), where
C' is the four-element domain of (C,Cgs,Cr,a), Cs and Cr are the
(unary) relations corresponding to symbols S and T, a is an element
of U, and a € Cs U Cp. For each ¢ € L, ¥ F ¢ iff ¢ is true in
every four-element model of ¥ (general methods of such reductions
may be found in Ackermann’s classic text [Ackb4]). Every four-element
minimal model of ¥ is isomorphic to triple (C, Cs, Cr,a), where Cg U
Cr = {a}, and Cs N Cr = 0. The class of all minimal models of ¥ is
dense in the class of all models of X.

Let ¢ = =(S(c) AT(c)). We have ¢ € Cnpin(X). Theorem 4.3
yields ¢ € cwag(X). It follows from the definition of GCWA that
GCWA may add to Cn(X) only negations of atomic sentences. Hence
¢ & GCW A(X). On the other hand, =S (c) A=T(c) € cwagr(X) because
Yt/ S(c) and X/ T'(c). Therefore cwag is inconsistent in this case.

7 Relativized closed world assumption

In this section we consider a more general case of minimal model se-
mantics, relativizing it to a set I' of relation symbols of L. We assume
that T" is a set of (not necessarily all) relation symbols of L, and that
the equality symbol = does not belong to I'. We will use the following
I'-relativizations of the notions related to the positiveness and mini-
mality.

A formula is ['-positive iff it is equivalent to a formula which does
not contain an appearance of a symbol of I" in a scope of a negation.
Posr denotes the set of all I'-positive sentences of L.

The relation <r of partial ordering in the class of first-order struc-
tures for L is defined as follows:

M =p N iff M = N, and for every function symbol F
of L, FM = FV and for every relation symbol R not in
I, RM = RV, and for every atomic formula ¢ of L and
every assignment s in M, M = ¢[s] implies N |= ¢]s].

It is easily seen that I' C I implies < C <.

The notions of I'-minimal model, Ming (%), T'-density, and T'-minimal
modelability are defined appropriately by substituting < by =<r in the
definitions of Section 4.

Our intention for introducing these I'-relativizations is to exclude
from the scope of minimization those relations which do not have their



names in ['. This gives us all the intended expressiveness of the predi-
cate circumscription. Equivalently, extending L by distinct symbols o
for negations of relation symbols ¢ one does not want to minimize and
adding axioms of the form (VZ)(o(Z) = —1(Z)) gives us the same effect,
however, for the price of unnecessary complications.

One can observe that if I contains all the relation symbols of L
but the equality symbol = then all I'-relativized notions coincide with
their corresponding I'-free counterparts of Section 4. The definition of
I'-relativized cwag reads as follows.

Definition 7.1 ¢ € cwak(2) iff p € V and (SU{p}) posy = Sposp. O

Let us note that the lemma 4.2 holds for I'-relativized version of
minimal modelability. However, to obtain the proof for I'-relativized
version of theorem 4.3 we need to strengthen Lyndon Theorem 4.1.

Theorem 7.2 For every X C L, and every first-order structure A for
L

A = Yposp iff (3B = A)(IM = 2)(A C B and M =r B).
Proof is easily obtained from the proof of theorem 5 in [Lyn59] by
putting Q3 = I' (it is essential that the equality symbol = does not
belong to I') instead of Q3 = {=}', where @3 is a parameter used in
that proof. O

It is a routine translation to transform the proof of theorem 4.3 onto
the proof of its following generalization.

Main Theorem 7.3 For every X CV and ¢ €V,
(NS cwag(Z) iff ¥ l_Minp(Z) ®. O

8 Open problems and conjectures

The syntactic characterization of the whole Cn,y;,(X) remains one of
the most intriguing open questions. Also the weakest syntactic criterion
for minimal modelability of ¥ seems unknown.

Since, in the first-order language of arithmetic with additional unary
relation symbol S, Peano’s Azioms outside S + induction on S + min-
imality of S prove all true arithmetic sentences relativized to .S, our Il
construction based on non-increasing the set of I'-consequences can-
not be complete everywhere outside V. We believe, however, that the
following claims are true.



Conjecture 8.1 If the condition “p € V" was replaced by “p € VUF”
in the definition 3.1 of cwag then theorem 4.3 would hold for each
minimally modelable ¥ and ¢ € VU 4. O

Conjecture 8.2 If the condition “p € V" was replaced by “p € VUF”
in the definition 7.1 of cwal then theorem 7.3 would hold for each
[-minimally modelable > and ¢ € VU 4. O

An anonymous referee kindly pointed out the lack of procedural
semantics for cwag. Certainly, it follows from the definition 3.1 that
(the degree undecidability of) cwag(X) is II; relative to Cn(X), or Il
relative to X, and seemingly there is no good reason why it should
be less. On the other hand, all asymptotically decidable problems (in
particular those ones asymptotically decidable by finite failure proof
procedures) are Ag, which is a proper subclass of IIy. Therefore the
problem of asymptotic decidability of cwag(X) relative to ¥ appears
both important and non-trivial.

Although, as it follows from analysis in Section 5, GCWA(Y) is a
decidable in cwag(X) subset of cwag(2), which means that GCW A is
a simpler than cwag scheme of reasoning, the only immediate conclu-
sion one can draw from the definition of GCW A is that, similarly to
cwag(X), GCWA(Y) is I, relative to X. This, probably, gave rise to
introducing WGCW A, which has been demonstrated to be A, rela-
tive to ¥ and complete with respect to a finite failure proof procedure
SLINF (see [LMRS8S] for details). As we have noted in Section 5,
however, WGCW A does not characterize minimal model semantics,
even in class of atomic and negated atomic sentences in a purely rela-
tional language, and therefore it can not provide an asymptotic proof
procedure for minimal entailment.

In our opinion this problem requires a different approach, which we
briefly describe below. It has been demonstrated in [Suc88] that cwag is
completely characterized by a generalized weak model-theoretic forcing.
Moreover, an asymptotic “finite failure proof procedure” forces for V3-
fragment of standard weak model-theoretic forcing has been presented
in [Suc85], and proven to be recursive relative to set of atomic and
negated atomic consequences of . We believe that procedure forces
may be extended over V-fragments of generalized weak model-theoretic
forcing discussed in [Suc88] and its I'-relativizations introduced in [ST].
If this is the case then such an extension constitutes a procedural se-
mantics for cwa, and moreover the following supposition is true.

Conjecture 8.3 cwak(X)is I1; relative to I' and Cn(X)NQuantifier-free.
O



The truthfulness of conjecture 8.3 in case of purely relational lan-
guage L and I' = {=}’ has been shown in [Suc87], theorem 6.1.

References

[Ackb4]

[Bar78]

[BHS6]

[BS84]

[EMRS5]

[Hin88]

[LMRSS]

[Lyn59]

[Min82]

[Ming8]

Wilhelm Ackermann. Solvable Cases of the Decision Problem.
Studies in Logic and the Foundations of Mathematics. North-
Holland, Amsterdam, 1954.

Jon Barwise, editor. Handbook of Mathematical Logic. North-
Holland, Amsterdam, second edition, 1978.

Nicolas Bidoit and Richard Hull. Positivism vs. minimalism
in deductive databases. In A. Silberschatz, editor, Proceed-
ings of 5-th Symposium on Principles of Database Systems,

pages 123-132, New York, 1986. A.C.M. SIGACT-SIGMOD,
Association for Computing Machinery.

Genviéve Bossu and Pierre Siegel. Saturation, nonmonotonic
reasoning, and the closed world assumption. Artificial Intel-
ligence, 25(1):13-64, 1984.

David W. Etherington, Robert E. Mercer, and Raymond
Reiter. On the adequacy of predicate circumscription for

closed-world reasoning. Computational Intelligence, 1(1):11—
15, 1985.

Jaakko Hintikka. Model minimization - an alternative to cir-
cumscription. Journal of Automated Reasoning, 4:1-13, 1988.

Jorge Lobo, Jack Minker, and Arcot Rajasekar. Weak com-
pletion theory for non-Horn programs. In Proceedings of 5-th
International Conference and Symposium on Logic Program-
ming, pages 828-842, Cambridge, MA, 1988. MIT Press.

Roger C. Lyndon. Properties preserved under homomor-
phism. Pacific J. Math., 9:143-154, 1959.

Jack Minker. On indefinite databases and closed world as-
sumption. In Proceedings of 6-th Conference on Automated
Deduction, Lecture Notes in Computer Science 138, pages
292-308, Berlin, New York, 1982. Springer Verlag.

Jack Minker, editor. Foundations of Deductive Databases and
Logic Programming. Morgan Kaufmann, Los Altos, 1988.



[She8s]

[ST]

[Suc85]

[Stc86]

[Suc87]

[Suc88§]

[Suc89]

William Ockham. Quaestio de universali secondum viam et
doctrinam Guilelmi de Ockham.

Raymond Reiter. On closed world data bases. In Hervé Gal-
laire and Jack Minker, editors, Logic and Data Bases, pages
55-76. Plenum Press, 1978.

John C. Shepherdson. Negation in logic programming. In
[Min88], pages 19-88. 1988.

Marek A. Suchenek and James H. Thomas. Forcings and
homomorphisms in deductive data bases. Submitted.

Marek A. Suchenek. On asymptotic decidability of model-
theoretic forcing. Research Reports 63/85, Institute of Com-
puter Science, Warsaw Technical University, Nowowiejska
15/19, 00-665 Warszawa, Poland, 1985.

Marek A. Suchenek. Review of [BS84]. Zentralblatt fiir Math-
ematik, 569(68078):332-333, 1986.

Marek. A. Suchenek. Forcing versus closed world assump-
tion. In Zbigniew W. Ras and Maria Zemankova, editors,
Methodologies for Intelligent Systems, pages 453—-460. North-
Holland, 1987.

Marek A. Suchenek. Incremental models of updating data
bases. In C. H. Bergman, R. D. Maddux, and D. L. Pigozzi,
editors, Algebraic Logic and Universal Algebra in Computer
Science, Lecture Notes in Computer Science 425, pages 243—
271, Ames, June 1-4 1988. Springer-Verlag.

Marek A. Suchenek. Minimal models for closed world data
bases. In Zbigniew W. Ras, editor, Methodologies for Intel-
ligent Systems, 4, pages 515-522, New York, 1989. North-
Holland.



