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Abstract. Craig’s interpolation theorem [3] is an important theorem known for
propositional logic and first-order logic. It says that if a logical formula 3 logi-
cally follows from a formula «, then there is a formula -, including only symbols
that appear in both «, 8, such that 3 logically follows from ~ and ~ logically
follows from «. Such theorems are important and useful for understanding those
logics in which they hold as well as for speeding up reasoning with theories in
those logics. In this paper we present interpolation theorems in this spirit for
three nonmonotonic systems: circumscription, default logic and logic programs
with the stable models semantics (a.k.a. answer set semantics). These results give
us better understanding of those logics, especially in contrast to their nonmono-
tonic characteristics. They suggest that some monotonicity principle holds despite
the failure of classic monotonicity for these logics. Also, they sometimes allow
us to use methods for the decomposition of reasoning for these systems, possi-
bly increasing their applicability and tractability. Finally, they allow us to build
structured representations that use those logics.

1 Introduction

Craig’s interpolation theorem [3] is an important theorem known for propositional logic
and first-order logic (FOL). It says that if ., 5 are two logical formulae and a - 3, then
there is a formulay € L£(a) N L£(B) such that o + v and v F B (“+” is the classical
logical deduction relation; £(«) is the language of a (the set of formulae built with
the nonlogical symbols of «, L(«))). Such interpolation theorems allow us to break
inference into pieces associated with sublanguages of the language of that theory [2,
21], for those formal systems in which they hold. In Al, these properties have been used
to speed up inference for constraint satisfaction systems (CSPs), propositional logic and
FOL (e.g., [6,4,21,7,2,5]) and to build structured representations [4, 1]

In this paper we present interpolation theorems for three nonmonotonic systems:
circumscription [19], default logic [23] and logic programs with the Answer Set se-
mantics [12,10]. In the nonmonotonic setup there are several interpolation theorems
for each system, with different conditions for applicability and different form of inter-
polation. This stands in contrast to classical logic, where Craig’s interpolation theorem
always holds. Our theorems allow us to use methods for the decomposition of reason-
ing (a-1a [2, 21]) under some circumstances for these systems, possibly increasing their



applicability and tractability for structured theories. We list the main theorems that we
show in this paper below, omitting some of their conditions for simplicity.

For circumscription we show that, under some conditions, Circla; P; Q] = B iff
there is some set of formulae v C L(a)NL(S) such that o |= v and Circly; P; Q] = 8.
For example, to answer C'irc[BlockW ; block; L(BlockW)] = on(A, B), we can com-
pute this formula v € L({block,on, A, B}) from BlockW without applying circum-
scription, and then solve Clirc[y; block; L(BlockW)] = on(A, B) (where v may be
significantly smaller than BlockW).

For default logic, letting o |~p B mean that every extension of {a, D) entails 3
(cautious entailment), we show that, under some conditions, if a |~p 3, then there is
aformulay € L(a U D) N L(B) such that & |~p v and v ~p . For logic programs
we show that if P;, P, are two logic programs and ¢ € £(P) such that P, U Py |~° o,
then there is v € £(P;) N L(P;) such that P; v and P, Uy b ¢ (here 0 is the
brave entailment for logic programs).

This paper focuses on the form of the interpolation theorems that hold for those
nonmonotonic logics. We do not address the possible application of these results to the
problem of automated reasoning with those logics. Nonetheless, we mention that direct
application of those results is possible along the lines already explored for propositional
logic and FOL in [2, 21].

No interpolation theorems were shown for nonmonotonic reasoning systems before
this paper. Nonetheless, some of our theorems for default logic and logic programs are
close to the splitting theorems of [17, 26], which have already been used to decompose
reasoning for those logics. The main difference between our theorems and those split-
ting theorems is that the latter change some of the defaults/rules involved to provide
the corresponding entailment. Also, they do not talk about an interpolant -, but rather
discuss combining extensions.

Since its debut, the nonmonotonic reasoning line of work has expanded and several
textbooks now exist that give a fair view of nonmonotonic reasoning and its uses (e.g.,
[8]). The reader is referred to those books for background and further details. [Most
proofs are shortened or omitted for lack of space. They are available from the author.]

2 Logical Preliminaries

In this paper, we use the notion of logical theory for every set of axioms in FOL or
propositional logic, regardless of whether the set of axioms is deductively closed or
not. We use L(.A) to denote the signature of A4, i.e., the set of non-logical symbols.
L(A) denotes the language of A, i.e., the set of formulae built with L(.A). Cn(A) is
the set of logical consequences of A (i.e., those formulae that are valid consequences
of A in FOL). For a first-order structure, M, in L, we write U (M) for the universe of
elements of M. For every symbol, s, in L, we write s for the interpretation of s in M.

Theorem 1 ([3]). Let «, 8 be sentences such that « F 3. Then there is a formula ~
involving only nonlogical symbols common to both « and g, such that o + + and

vEB.



3 Circumscription

3.1 McCarthy’s Circumscription: Overview

McCarthy’s circumscription [19, 20] is a nonmonotonic reasoning system in which in-
ference from a set of axioms, A, is performed by minimizing the extent of some predi-
cate symbols 1_3 while allowing some other nonlogical symbols, Z to vary.

Formally, McCarthy’s circumscription formula

Circ[A(P,Z); P; Z] = A(P,Z) AVp, z (A(p,2) = —(p < P)) (@)

says that in the theory A, with parameter relations and function vectors (sequence of
symbols) P, Z, P is a minimal element such that A(P, Z) is still consistent, when we
are allowed to vary Z in order to allow P to become smaller.

Take for example the following simple theory: T' = block(B1) Ablock(B>). Then,
the circumscription of block in T', varying nothing, is

Circ[T;block;] =T AV [Tiiock/p) = —(p < block)].

Roughly, this means that block is a minimal predicate satisfying T'. Computing circum-
scription is discussed in length in [16] and others, and we do not expand on it here.
Using known techniques we can conclude

Circ[T; block;] =V (block(z) < (x = B1 V& = By))

This means that there are no other blocks in the world other than those mentioned in the
original theory T.

We give the preferential semantics for circumscription that was given by [15, 20, 9]
in the following definition.

Definition 1 ([15]). For any two models A and N of a theory T we write M <p z N
if the models M, N differ only in how they interpret predicates from P and Z and if the
extension of every predicate from P in M is a subset of its extension in V. We write
M <p,z N if for at least one predicate in P the extension in M is a strict subset of its
extension in V.

A model M of T' is <p z-minimal if there is no model N of T such that N <p z M.

Theorem 2 ([15]: Circumscript. Semantics). Let T' be a finite set of sentences. A
structure M is a model of Circ[T; P; Z] iff M is a <p,z-minimal model of T'.

This theorem allows us to extend the definition of circumscription to set of infinite
number of sentences. In those cases, Circ[T'; P; Z] is defined as the set of sentences
that hold in all the <p, z-minimal models of T". Theorem 2 implies that this extended
definition is equivalent to the syntactic characterization of the original definition (equa-
tion (1)) if T is a finite set of sentences. In the rest of this paper, we refer to this extended
definition of circumscription, if 7" is an infinite set of FOL sentences (we will note those
cases when we encounter them).

Circumscription satisfied Left Logical Equivalence (LLE): 7 = T’ implies that
Circ[T; P; Z] = Cire[T'; P; Z]. It also satisfies Right Weakening: Circ[T; P; Z] = ¢
and ¢ = ¢ implies that Circ[T; P; Z] |= ).



3.2 Model Theory

Definition 2. Let M, N be L-structures, for FOL signature L and language £. \We say
that IV is an elementary extension of M (or M is an elementary substructure of V),
written M < N, if U(M) C U(N) and for every o(2) € £ and vector of elements @
of U(M), M = (@) iff N |= ().

For FOL signatures L C LT, and for N an L*-structure, we say that N | L is the
reduct of N to L, the L-structure with the same universe of elements as NV, and the same
interpretation as NV for those symbols from L+ that are in L (there is no interpretation
for symbols not in L). For A theory T in a language of L*, let Cn* (T') be the set of all
consequences of 7' in the language of L.

3.3 Interpolation in Circumscription

In this section we present two interpolation theorems for circumscription. Those theo-
rems hold for both FOL and propositional logic. Roughly speaking, the first (Theorem
4) says that if « nonmonotonically entails 3 (here this means Ciircla; P; Q] = 3), then
there is v C L(a) N L(B U P) such that « classically entails v (@ = «) and v non-
monotonically entails 8 (Circ[y; P; Q] |= B). In the FOL case this ~y can be an infinite
set of sentences, and we use the extended definition of Circumscription for infinite sets
of axioms for this statement.

The second theorem (Theorem 7) is similar to the first, with two main differences.
First, it requires that L(a) C (P U Q). Second, it guarantees that v as above (and some
other restrictions) exists iff o nonmonotonically entails 5. This is in contrast to the first
theorem that guarantees only that if part. The actual technical details are more fine than
those rough statements, so the reader should refer to the actual theorem statements.

In addition to these two theorems, we present another theorem that addresses the
case of reasoning from the union of theories (Theorem 6). Before we state and prove
those theorems, we prove several useful lemmas.

Our first lemma says that if we are given two theories T4, T, and we know the set
of sentences that follow from T3 in the intersection of their languages, then every model
of this set of sentences together with 77 can be extended to a model of 77 U 7.

Lemma 1. Let T, T5 be two theories, with signatures in Ly, L, respectively. Let v be
a set of sentences logically equivalent to Cn*:"E2(Ty). For every L;-structure, M,

—~

that satisfies Ty Uy there is a (L; U Lo)-structure, M, that is a model of 77 U T, such

Our second lemma says that every < p g-minimal model of T that is also a model
of T is a < p,g-minimal model of T U T".

Lemma 2. Let T be a theory and P, () vectors of nonlogical symbols (P includes only
predicate symbols). If M = Circ[T; P;Q]and M E T UT’, then M |= Circ[T U
T'; P; Q).

The following theorem is central to the rest of our results in this section. It says that

when we circumscribe P, @ in Ty UT> we can replace T by its consequences in £(T}),
for some purposes and under some assumptions.



Theorem 3. For T}, T theories and P, ) vectors of symbols from L(T}) U L(T») such
that P C L(T3), let v be a set of sentences logically equivalent to Cn ™ (T)NL(T2) (Ty),
Then, forall p € L(Th), if Circ[T1 U Ts; P; Q] = o, then Circ[Ty Uv; P; Q] E .

PROOF  We show that for every model of Ciirc[Ty U y; P; Q] there is a model of
Ciirc[Ty U T; P; Q] whose reduct to L(T7) is an elementary extension of the reduct of
the first model to L(77).

Let M be a L(T; U T5)-structure that is a model of Circ[Ty U v; P; Q]. Then,
M = Ty U~y. From Lemma 1 we know that there is a (L1 U Lo)-structure, M, that is
a model of T, such that M | L(T}) < M | L(T}).

Thus, M is a <p,@-minimal model of 77 U v. To see this, assume otherwise. Then,
there is a model M’ for the signature L(T; U T5) such that M’ <p g M and M' E
T, U ~y. Take M"" such that the interpretation of all the symbols in L(T}) is exactly the
same as that of M’ and such that the interpretation of all symbols in L(T%) \ L(T1) is
exactly the same as that of M. Then, M" |= T U~y because 71 Uy C L(T1). Also,
M'" <pg M, for @' = Q N L(Ty) because P C L(Ty) and M, M agree on the
interpretation of symbols in L(71) (M | L(Ty) = M L(T1)). Thus, M" <pgo M,
since M"', M agree on all the interpretation of all symbols in L(T>) \ L(T1). This
contradicts M |= Circ[T1 U vy; P; @], so Misa <p,g-minimal model of 77 U ~.

Thus, M E Circ[Ty U v; P; @], and M E T1 U Ty. From Lemma 2 we get that
M E Circ[Ty U Ty; P; Q). Now, let ¢ € L£(T1) such that Circ[Ty U Ty; P; Q] = .
Then every model of Circ[Ty U Ts; P; Q] satisfies ¢. Let M be a model of Cire[Ty U
~v; P; Q] in the language £(T7 U Tg) Then there is ﬁ/i\ as above, i.e., M = Czrc[T1
T»; P; Q] and M | L(T; )<M[ L(Ty). Thus, M|—go Since M | L(T; )<M[

L(T1), M = . Thus every model of Circ[Ty U~; P;Q]isamodelof o. ®

Theorem 4 (Interpolation for Circumscription 1). Let T be a theory, P, Q vectors of
symbols, and ¢ a formula. If Circ[T; P; Q] = ¢, thenthere is v C L(T) N L{p U P)
such that

T~ and Circly; P;Q] = .

Furthermore, this holds for every « that is logically equivalent to the consequences of
TinL(T)N L(pU P).

PROOF  We use Theorem 3 to find this . For T, ¢ as in the statement of the
theorem we define T4, T as follows. We choose T4 such that ¢ € L£(Ty) and P C
L(Th): Let Ty = {p V -} Ur for 7y a set of tautologies such that L(ry) = P.
We choose T> such that it includes 7" and has a rich enough vocabulary so that P, Q) C
L(Th)UL(T5). Let Ty, = T'UTs, for 7» a set of tautologies such that L(r2) = Q\ L(T1).
LetL; = L(Tl), Ly = L(TQ)

Theorem 3 guarantees that if P C L, then ~ from that theorem satisfies Circ[Ty U
T5;P; Q] E v = Circ[Ty U~; P;Q] = o for every ¢ € L(Ty). This implies that
forevery v € L({p} Un), Circ[T; P;Q] = ¥ = Circ[y; P; Q] = . In particular,
Circly; P; Q] |= ¢, and this « satisfies our current theorem.  ®



Example 1. For example, if & = block(A) A block(B) A Vb (clear(b) < (block(b) A
Vz-on(z,b))), § = clear(4), P = on, () = clear, then one possible interpolant is
v = clear(4) & Vz-on(z,A) because a = « and Circ[y; P;Q] = B (because
Circ[clear(A) < VYz—on(z, A); on; clear] = Vz, b—(z, b) A clear(A)).

This theorem does not hold if we require v C £(T") N L(¢p) instead of v C L(T') N
L(p U P). For example, take ¢ = Q, T = {-P = @}, where P, Q are propositional
symbols. Cire[T; P; Q] = . However, every logical consequence of T in L(y) is a
tautology. Thus, if the theorem was correct with our changed requirement, v would be
equivalent to § and Ciirc[y; P; Q] F~ .

Theorem 5. Let Ty, T be two theories, P, Q two vectors of symbols from L(T}) U
L(T,) such that P C L(Ty) and P U @ O L(T%). Let y be a set of sentences logically
equivalent to CnL(TONL(T2) (), Then, for all ¢ € L(T), if Cire[Ty Uvy; P; Q] = ¢,
then Circ[Ty UTs; P; Q] = .

From Theorem 3 and Theorem 5 we get the following theorem.

Theorem 6 (Interpolation Between Theories). Let T, T be two theories, P, () vec-
tors of symbols in L(Ty) U L(T) such that P C L(T}y) and PUQ D L(T5). Letybea
set of sentences logically equivalent to Cn=(T)NL(T2)(Ty), Then, for every ¢ € L(T}),

Circ[Ty Uy; P;Ql E ¢ <= Circ[T1 UTy; P;Ql FE ¢

Theorem 7 (Interpolation for Circumscription 2). Let T be a theory, P, () vectors of
symbols such that (P U Q) D L(T). Let L, be a set of nonlogical symbols. Then, there
isy € L(T)NL(Ly U P)suchthat T = andforall ¢ € £L(Ls),

CirdT; P;Ql F ¢ <= Circly; P;Q] = ¢.

Furthermore, this v can be logically equivalent to the consequences of T" in L(T") N
(Ly U P).

PROOF  Let T be a set of tautologies such that L(Ty) = Lo U P. Also, let
T» = T U, for 5 a set of tautologies such that L(72) = @ \ L(T4). Let Ly = L(T1),
L, = L(T5). Theorem 6 guarantees that - from that theorem satisfies Circ[y; P; Q] E
Y < Circ[T;P;Q] =y foreveryyp € L1 =Ly,UP. R

Example 2. If «, 8 and P are taken as in Example 1, and @) = {clear,block,A,B}, then
one interpolant for Theorem 7 is v = clear(A) < Vz—on(z, A).

The theorems we presented are for parallel circumscription, where we minimize all
the minimized predicates in parallel without priorities. The case of prioritized circum-
scription is outside the scope of this paper.

4 Default Logic

In this section we present interpolation theorems for propositional default logic. We
also assume that the signature of our propositional default theories is finite (this also
implies that our theories are finite).



4.1 Reiter’s Default Logic: Overview

In Reiter’s default logic [23] one has a set of facts W (in either propositional or FOL)
and a set of defaults D (in a corresponding language). Defaults in D are of the form
M with the intuition that if « is proved, and 34, ..., 3,, are consistent (throughout
the proof), then § is proved. « is called the prerequisite, pre(d) = {a}; 1, ..., Bn are
the justifications, just(d) = {81, ..., B»} and ¢ is the consequent, cons(d) = {J}. We
use similar notation for sets of defaults (e.g., cons(D) = |J 4 p cons(d)).

Definition 3. An extension of (W, D) is a set of sentences E that satisfies W, follows
the defaults in D, and is minimal. More formally, E is an extension if it is minimal (as
a set) such that I'(E)) = E, where we define I"(Sy) to be S, a minimal set of sentences
such that

1. WCS;S=cCn(S).
2. Forall 22ubn ¢ Dif o € SandVi—f; ¢ So, thend € S.

The following theorem provides an equivalent definition that was shown in [18, 24]
and others. A set of defaults, D is grounded in a set of formulae W iff for all d € D,

pre(d) € Cnpron(w) (W), where Mon(D) = {240 | d € D}

Theorem 8 (Extensions in Terms of Generating Defaults). A set of formulae E is
an extension of a default theory (W, D) iff E = Cn(W U {cons(d) | d € D'}) for a
minimal set of defaults D’ C D such that

1. D'is grounded in W and
2. foreveryd € D,d € D' ifand only if pre(d) € Cn(WUcons(D')) and every ¢ €
Jjust(d) satisfies —p ¢ Cn(W U cons(D’)).

Every minimal set of defaults D’ C D as mentioned in this theorem is said to be a
set of generating defaults.

Normal defaults are defaults of the form 22 . These defaults are interesting because
they are fairly intuitive in nature (if we proved « then  is proved unless previously
proved inconsistent). A default theory is normal, if all of its defaults are normal.

We define W |~p  as cautious entailment sanctioned by the defaults in D, i.e.,
 follows from every extension of (W, D). We define W |5, ¢ as brave entailment
sanctioned by the defaults in D, i.e., ¢ follows from at least one extension of (W, D).

4.2 Interpolation in Default Logic

In this section we present several flavors of interpolation theorems, most of which are
stated for cautious entailment.

Theorem 9 (Interpolation for Cautious DL 1). Let ' = (W, D) be a propositional
default theory and ¢ a propositional formula. If W |~p ¢, then there are ~, 2 such
that vy € L(W) N L(D U {e}), y2 € LW U D) N L(p) and all the following hold:

WEM by 2Ee Whpy bbby



PROOF  Let~y; be the set of consequences of W in £(D U {¢}) N L(W). LetE
be the set of extensions of (W, D) and E' the set of extensions of {-y;, D). We show that
every extension E' € E has an extension E € E such that Cn(E' U W) = Cn(E).
This will show that ; is as needed.

Take E' € E and define E, = Cn(E' UW). We assume that L(E') C L(D)
because otherwise we can take a logically equivalent extension whose sentences are in
L(ID). We show that E, satisfies the conditions for extensions of (W, D) (Definition 3).
The first condition holds by definition of E,. The second condition holds because every
default that is consistent with E is also consistent with E' and vice versa.

For the first direction (every default that is consistent with Eq is also consistent
with E'), let M € D be such that a € Ey. We show that o € E’. By definition,
a € L(D). a € Ey implies that E' UTW | a because Cn(E' U W) = Ey. Using
the deduction theorem for propositional logic we get W |= E' = « (taking E' here
to be a finite set of sentences that is logically equivalentto E’ in £(ID) (there is such a
finite set because we assume that L(D) is finite)). Using Craig’s interpolation theorem
for propositional logic, there is v € L(W) N L(E' = «) such that W |= ~ and
v E E' = «. However, this means that v, |= -y, by the way we chose ~;. Thus
v E E' = a.Since E' C v, we get that E' = a. Since E' = Cn(E'") we get
that o € E'. The case is similar for 6: if § € Ey then § € E' by the same argument
as given above for @ € Ey = « € E'. Finally, if Vi =3; ¢ E, then Vi -3; ¢ E'
because E' C E,. The opposite direction (every default that is consistent with E' is
also consistent with Ey) is similar to the first one.

Thus, E, satisfies those two conditions. However, it is possible that Eq is not a
minimal such set of formulae. If so, Theorem 8 implies that there is a strict subset of
the generating defaults of Ej that generate a different extension. However, we can apply
this new set of defaults to generate an extension that is smaller than E’, contradicting
the fact that E' is an extension of {,, D).

Now, if ¢ logically follows in all the extensions of (W, D) then it must also follow
from every extension of (;, D) together with W. Let A = E1V...VE,, forE,, ..., E,
the (finite) set of (logically non-equivalent) extensions of (W, D) (we have a finite set
of those because L(W) U L(D) is finite). Then, A |= ¢. Take v2 € L£(A) N L(p) such
that A = v, and v, |= ¢, as guaranteed by Craig’s interpolation theorem (Theorem 1).
These 1, y2 are those promised by the current theorem: W = 1, 72 = o, W D 72,

M phpyeandy fpyp. W

Theorem 10 (Interpolation for Cautious DL 2). Let T' = (W, D) be a propositional
default theory and ¢ a propositional formula. If W |~p ¢, then there are v;,7v, €
L(W)N L(D), and all the following hold:

WEM Moy {(p}UWEe Wihp

Example 3. If a = wet A (wet = mud), B = (rain = clouds) = clouds, D =
{mudirain} ‘then one possible pair of interpolants is y; = mud, 2 = rain.

For another example, if the only objects are A, B, and o = block(A) A block(B) A
Vb (clear(b) < (block(b) A Yz—on(z,b))), B = clear(A) and D = {=2r(1 then

—on(a,b)

one possible pair of interpolants is v; = TRUE, 2 = —on(B, A) A —on(A, A). To see




that -1, y2 satisfy Theorem 10 notice that {«, D) has one extension: E = {block(A),
block(B), —on(A, B),—on(B, A),~on(A, A), ~on(B, B), clear(A), clear(B)}.

Corollary 1. Let (W, D) be a default theory and ¢ a formula. If W |~p ¢, then there
is a set of formulae, v € L(W U D) N L(p) suchthat W |~p v and v p .

We do not get stronger interpolation theorems for prerequisite-free normal default
theories. [14] provided a modular translation of normal default theories with no prereg-
uisites into circumscription, but Theorem 4 does not lead to better results. In particular,
the counter example that we presented after Theorem 4 can be massaged to apply here
too.

Theorem 11 (Interpolation Between Default Extensions). Let (Wy, D1), (Wa, D)
be default theories such that L(cons(D2)) N L(pre(D1) U just(D1) UW;) = (. Let ¢
be a formula such that ¢ € £L(W5 U D5). If there is an extension E of (W, U W5, D1 U
D5) in which ¢ holds, then there is a formula v € L(W; U D1) N L(W2 U Da), an
extension E; of (W, D1) such that Cn(E;) N L(W- U D) = v, and an extension E,
of (Wa U {v}, D2) such that E5 = .

It is interesting to notice that the reverse direction of this theorem does not hold. For
example, if we have two extensions E;, E» as in the theorem statement, it is possible
that £ uses a default with justification 8, but W, = —3. Strengthening the condition of
the theorem, i.e., demanding that L(W>Ucons(D2))N L(pre(D;)Ujust(D1)UW;) =
@, is not sufficient either. For example, if D; includes two defaults d; = m and

dy = g, W1 = 0, Dy includes no defaults and W5 = {a} then there is no extension of
(W1 U W, Dy U D,) that implies , for p = {c}.
Further strengthening the conditions of the theorem gives the following:

Theorem 12 (Reverse Direction of Theorem 11). Let (W7, Dy ), (W5, D5) be default
theories such that L(W> U cons(D2))NL(D; UW;) = . Let ¢ be a formula such that
@ € L(W5 U D,). There is an extension E of (W, U Wy, Dy U Dy) in which ¢ holds
only if there is a formulay € £L(W1 UD1) N L(W>UDs), an extension E; of (Wy, Dy)
such that Cn(E1) N L(W2 U Dy) = =, and an extension E, of (W U {v}, D2) such
that Es '= ®.

Corollary 2 (Interpolation for Brave DL). Let (W1, D1), (W5, D2) be default the-
ories such that L(cons(D2)) N L(pre(D1) U just(D1) U Wy) = (. Let ¢ be a for-
mula such that ¢ € L(Wy U Dy). If Wy U Wy P‘“Iblupg , then there is a formula,
v € LWy U Dy) N L(W2 U D), suchthat Wy 5, v and W U {7} ~5,, .

Finally, Corollary 2 and Theorem 11 are similar to the splitting theorem of [26],
which is provided for default theories with W = {) (there is a modular translation that
converts every default theory to one with W = ). A splitting set for a set of defaults
D is asubset A of L(D) such that pre(D), just(D), cons(D) C L(A)UL(L(D)\ A)
andVd € D (cons(d) ¢ L(L(D)\ A) = L(d) C A). Let B = L(D) \ A. The base of
D relativeto Aisba(D) = {d € D | L(d) C A). For a set of sentences X C L(A),



we define e4 (D, X) to be

Nieq aitbi,.bm
Aldacdisn N LEB)) - {bihigm NEEB) |, nfbw ebc(j)D;»\ ot A0y

Vi < m(=b; ¢ CnA(X))

Theorem 13 ([26]). Let A be a splitting set for a default theory D over £L(U). Aset E
of formulae is a consistent extension of D iff E = Cn(P)(X UY'), for some consis-
tent extension X of b, (D) over £L(A) and Y a consistent extension of e 4 (D, X) over
L(L(D)\ A).

Roughly speaking, this theorem finds an extension X of the base (b4 (D)) and
converts D \ by (D) using this X into a theory e4(D, X). Then, an extension Y for
ea(D, X) completes the extension for D if X UY is consistent. In contrast, our theo-
rem does not change D \ b4 (D), but it is somewhat weaker, in that it only provides a
necessary condition for D % (. (however, notice that this weaker form is typical for
interpolation theorems).

c

5 Logic Programs

In this section we provide interpolation theorems for logic programs with the stable
models semantics. We use the fact the logic programs are a special case of default logic,
and the results are straightforward. An extended disjunctive logic program [10-12, 22]
is a set of rules. Each rule, r, is written as an expression of the form

L1||Ll < Al, ...,An,notBl, ...,NOth

where L1, ...,L;, A1, ..., Ap, By, ..., By, are literals, that is, atomic formulae or their
(classic) negations, L, ..., L; are the head literals, head(r), A1, ..., Ay, are the positive
subgoals, pos(r), and By, ..., By, are the negated subgoals, neg(r).

[25] showed that disjunctive logic programs (no classic negation) with the stable
model semantics can be translated to prerequisite-free default theories as follows:

1. Forarule Ay|...|4; < By, ..., By, not Cy, ..., not Cy, in P, we get the default

Z_|Cl,...,_|Cn
BiA...AB,, = A1 V..V A4

2. For each atom A appearing in P, we get the default %

Each stable model of P is the set of atoms in some extension of D p, and the set of atoms
in an extension of Dp is a stable model of P (notice that, in general, an extension of
Dp can include sentences that are not atoms and are not subsumed by atoms in that
extension). [25] provide a similar translation to extended disjunctive logic programs by
first translating those into disjunctive logic programs (a literal = A is translated to a new
symbol, A"), showing that a similar property holds for this class of programs.

We define P |~ ¢ as cautious entailment sanctioned from the logic program P, i.e.,
¢ follows from stable model of P. We define P |~* ¢ as brave entailment sanctioned
from the logic program P, i.e., ¢ follows from at least one stable model of P.

From the translation above we get the following interpolation theorems.



Theorem 14 (Interpolation for Stable Models (Cautious)). Let P be a logic program
and let o be a formula such that P |~ . Then, there is a formula v € L(P) N L(y)
suchthat P |~ v and «y = ¢.

PrRoOOF  Follows if v, in Theorem 9 corresponding to our neededy. ®

Theorem 15 (Interpolation for Stable Models (Brave)). Let Py, P, be logic pro-
grams such that head(P») N body(P1) = 0. Let ¢ € L(P) be a formula such that
P, U P, b . Then, there is a formula y € £(Py) N £(P,) such that P; |~* ~ and

YUP M .
PrRoOF  Follows from the reduction to default logic and Corollary2. =

The last theorem is similar to the splitting theorem of [17]. This theorem finds an
answer set X of the bottom (P;) and converts P using this X into a program Pj. Then,
an answer set Y for P; completes the answer set for P, U P, if X UY is consistent.
In contrast, our theorem does not change P», but it is somewhat weaker, in that it does
only provides a necessary condition for P, U P> % ¢ (this is the typical form of an
interpolation theorem).

6 Summary

We presented interpolation theorems that are applicable to the nonmonotonic systems
of circumscription, default logic and Answer Set Programming (a.k.a. Stable Models
Semantics). These results are somewhat surprising and revealing in that they show par-
ticular structure for the nonmonotonic entailments associated with the different sys-
tems. They promise to help in reasoning with larger systems that are based on these
nonmonotonic systems.

Several questions remain open. First, v promised by our theorems is not always
finite (in the FOL case). This is in contrast to classical FOL, where the interpolant is
always of finite length. What conditions guarantee that it is finite in our setup? We
conjecture that this will require the partial order involved in the circumscription to be
smooth. Second, are there better interpolation theorems for the prioritized case of those
systems? Also, what is the shape of the interpolation theorems specific for prerequisite-
free semi-normal defaults? Further, our results for default logic and logic programs are
propositional. How do they extend to the FOL case?

Finally, the theorems for default logic and Logic Programming promise that a |~p
B implies the existence of v such that & ~p «y and v |~p 3. However, we do not know
that the other direction holds, i.e., that the existence of v such thata ~p yandy ~p 8
implies that & |~p 3. Can we do better than Theorem 12 for different cases?
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