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Abstract

Although epistemic logic programming has an en-
hanced capacity to handle complex incomplete in-
formation reasoning and represent agents’ epis-
temic behaviours, it embeds a significantly higher
computational complexity than non-disjunctive and
disjunctive answer set programming. In this paper,
we investigate some important properties of epis-
temic logic programs. In particular, we show that
Lee and Lifschitz’s result on loop formulas for dis-
junctive logic programs can be extended to a spe-
cial class of epistemic logic programs. We also
study the polysize model property for epistemic
logic programs. Based on these discoveries, we
identify two non-trivial classes of epistemic logic
programs whose consistency checking complexity
is reduced from PSPACE-complete to NP-complete
and ΣP

2 -complete respectively. We observe that
many important applications on epistemic repre-
sentation fall into these two classes of epistemic
logic programs.

1 Introduction

As a new logic programming paradigm developed by Gel-
fond, epistemic logic programming integrates epistemic no-
tions such as knowledge and belief into disjunctive answer
set semantics [Gelfond, 1994], which has an enhanced ca-
pacity to handle complex incomplete information reasoning
and represent agents’ epistemic behaviours. However, re-
cently Zhang has shown that epistemic logic programming
embeds a significantly higher computational complexity than
non-disjunctive and disjunctive answer set programming (as-
suming that P �= NP and the polynomial hierarchy does not
collapse) [Zhang, 2006]. Therefore, the question of whether
there are some useful classes of epistemic logic programs that
have a lower computational complexity becomes crucial to
apply epistemic logic programming to practical domains.

In this paper, we undertake a deep study on this topic. We
first refine some key notions of Gelfond’s epistemic seman-
tics and show its essential complexity properties. We then
show that Lee and Lifschitz’s result on loop formulas for dis-
junctive logic programs can be extended to a special class of
epistemic logic programs. We also study the polysize model

property for epistemic logic programs. Based on these dis-
coveries, we eventually identify two non-trivial classes of
epistemic logic programs whose consistency checking com-
plexity is reduced from PSPACE-complete to NP-complete
and ΣP

2 -complete respectively. We observe that many impor-
tant applications on epistemic representation fall into these
two classes of epistemic logic programs.

2 Gelfond’s Semantics for Epistemic

Reasoning

2.1 Language, Structure and Satisfaction

We consider a languageLG which is a propositional language
augmented with two modal operators K and M to represent
knowledge and belief respectively. Formulas of LG are stan-
dard propositional formulas augmented with Kϕ and Mϕ
and are closed under ∧,∨ and ¬. A G-structure V is a collec-
tion of sets of propositional literals called the set of possible
states of an agent. A situation in a G-structure V is a pair
(V , s), where s ∈ V . The satisfaction in LG is defined in
terms of the truth relation and falsity relation between a for-
mula and a situation. The truth of a formula ϕ in a situation
(V , s), denoted as (V , s) |= ϕ, and the falsity, denoted as
(V , s) =| ϕ, are defined as follows.
(V , s) |= p iff p ∈ s where p is a propositional atom.
(V , s) |= Kϕ iff (V , si) |= ϕ for all si ∈ V .
(V , s) |= Mϕ iff (V , si) |= ϕ for some si ∈ V .
(V , s) |= ϕ ∧ ψ iff (V , s) |= ϕ and (V , s) |= ψ.
(V , s) |= ϕ ∨ ψ iff (V , s) |= ϕ or (V , s) |= ψ.
(V , s) |= ¬ϕ iff (V , s) =| ϕ.
(V , s) =| p iff ¬p ∈ s where p is an atom.
(V , s) =|Kϕ iff (V , s) |= Kϕ does not hold1.
(V , s) =|Mϕ iff (V , s) |= Mϕ does not hold.
(V , s) =| ϕ ∧ ψ iff (V , s) =| ϕ or (V , s) =| ψ.
(V , s) =| ϕ ∨ ψ iff (V , s) =| ϕ and (V , s) =| ψ.

It is clear that if a formula is of the form Kϕ, ¬Kϕ, Mϕ
or ¬Mϕ where ϕ does not contain operator K or M , that is,
ϕ is an objective formula, then its truth value in (V , s) will
not depend on s, and we call this formula subjective. In this
case, (V , s) |= Kϕ (or (V , s) |= Mϕ) can be simply written
as V |= Kϕ (or V |= Mϕ resp.) On the other hand, it is easy
to see that an objective formula’s truth value in (V , s) will

1In this case, we will denote (V, s) �|= Kϕ.

IJCAI-07
647



only depend on s. Therefore, notion (V , s) |= ϕ may also
be simplified as s |= ϕ. A propositional literal is also called
an objective literal, and formulas KL,¬KL,ML,¬ML are
called subjective literals where L is a propositional literal.

It is important to notice that in Gelfond’s semantics,
(V , s) =| ϕ is not equivalent to (V , s) �|= ϕ in general. This is
because by allowing s to be a set of propositional literals, an
atom is not assigned a truth value in s if neither of the atom
nor its negation is presented in s. Consequently, K and M
are not dual modal operators2 in LG. For instance, consider
V = {{a, b}, {a, b,¬c}}. Clearly we have V |= ¬K¬c. But
we do not have V |= Mc.

A G-structure V is called consistent if for each s ∈ V , s
does not contain a propositional atom as well as its negation.
Otherwise, V is inconsistent and is denoted as V = {Lit}
where Lit denotes the inconsistent set of all propositional lit-
erals.

Given a G-structure V , we say a formula ϕ is satisfied in V
if there is some s ∈ V such that (V , s) |= ϕ. A formula ϕ is
satisfiable if ϕ is satisfied in some consistent G-structure V .
A consistent G-structure V is called a model of ϕ if for every
s ∈ V , (V , s) |= ϕ, denoted as V |= ϕ. We may use Mod(ϕ)
to denote the set of all models of ϕ.

Lemma 1 A formula ϕ of LG is satisfiable if and only if it is
satisfied in a consistent G-structure with at most |ϕ| states,
where |ϕ| denotes the length of formula ϕ.

Theorem 1 Deciding whether a formula is satisfiable is NP-
complete.

Given a satisfiable formula ϕ, very often the maximal
model of ϕ is of a special interest in our study, as will be
shown in section 3. Formally a G-structure V is a maximal
model of ϕ if V is a model of ϕ and there does not exist an-
other consistent V ′ such that V ′ |= ϕ and V ⊂ V ′. Con-
sider formula K(a ≡ ¬b), it has three models {{a,¬b}},
{{¬a, b}} and {{a,¬b}, {¬a, b}}, where only the last one is
a maximal model. On the other hand, formula ((a ∧ ¬b) ≡
¬Mb) ∧ ((¬a ∧ b) ≡ ¬Ma) has two models {{a,¬b}} and
{{¬a, b}} and both are maximal models.

Proposition 1 Let ϕ be a formula of LG and let V be a G-
structure. Deciding whether V is a maximal model of ϕ is
co-NP-complete.

2.2 World View Semantics for Epistemic Logic
Programs

We specify an epistemic logic program in language LG to be
a finite set of rules of the form:

F1 ∨ · · · ∨ Fk ← G1, · · · , Gm, (1)

not Gm+1, · · · , not Gn,

and constraints of the form:

← G1, · · · , Gm, not Gm+1, · · · , not Gn. (2)

In (1) and (2), F1, · · · , Fk are objective literals, G1, · · · , Gm

are objective or subjective literals, and Gm+1, · · · , Gn are
objective literals. Sometimes, we also present a rule in the

2K and M are called dual if ¬K¬ϕ is equivalent to Mϕ.

form head ← body, where head = {F1, · · · , Fk} and
body = {G1, · · · , Gm, not Gm+1, · · · , not Gn}. Note that
if head = ∅, then the rule becomes a constraint; and if
body = ∅, i.e. head ←, it means that head should be true
without any condition.

For an epistemic logic program Π without constraints, its
semantics is given by its world view which is defined in the
following steps:

Step 1. Let Π be an epistemic logic program not containing
modal operators K and M and negation as failure not. A
set s of propositional literals is called a belief set of Π iff
s is a minimal set of satisfying conditions: (i) for each rule
F ← G1, · · · , Gm from Π such that s |= G1 ∧ · · · ∧Gm we
have s |= F (F is F1 ∨ · · · ∨ Fk); and (ii) if s contains a pair
of complementary literals then we write s = Lit.
Step 2. Let Π be an epistemic logic program not containing
modal operators K and M and s be a set of propositional
literals in the language of Π. By Πs we denote the result of
(i) removing from Π all the rules containing formulas of the
form not G such that s |= G and (ii) removing from the rules
in Π all other occurrences of formulas of the form not G. We
call s is a belief set of Π if it is a belief set of Πs.

Step 3. Finally, let Π be an arbitrary epistemic logic program
and V a collection of sets of propositional literals in its lan-
guage. By ΠV we denote the epistemic logic program ob-
tained from Π by (i) removing from Π all rules containing
formulas of the form G such that G is subjective and V �|= G,
and (ii) removing from rules in Π all other occurrences of
subjective formulas.

Now we define that a collection V of sets of ground literals
is a world view of Π if V is the collection of all belief sets of
ΠV . Clearly, a world view of an epistemic logic program is
also a G-structure in language LG.

It is easy to extend the world view definition above for epis-
temic logic programs Π with constraints: V is a world view of
Π if V is a world view of the program obtained by deleting all
constraints from Π, and for each constraint in Π of the form
(2), either V �|= Gi for some 1 ≤ i ≤ m, or V |= Gj for some
(m + 1) ≤ j ≤ n. An epistemic logic program may have
one, more than one, or no world views.

Theorem 2 [Zhang, 2006] Deciding whether an epistemic
logic program has a world view is PSPACE-complete.

It is easy to see that extended/normal logic programs and
disjunctive logic programs are two special classes of epis-
temic logic programs whose world views always exist. Al-
though computing the world view (i.e. the collection of all
stable models/answer sets) for these types of programs could
be difficult (this will be addressed in section 7), in general,
we are more interested in discoverying non-trivial classes of
epistemic logic programs with a lower computational com-
plexity.

3 Completion for Epistemic Logic Programs

without Positive Knowledge

Let us consider a simple epistemic logic program Π = {a←
¬Mb}. This program has one world view {{a}}. However,

IJCAI-07
648



under the previousG-structure semantics, Π’s equivalent for-
mula ¬b∧(a ≡ ¬Mb)3 has a unique model {{a,¬b}}, which
is obviously different from Π’s world view. This inconsis-
tency can be avoided if we slightly revise the definitions of
G-structure and the associated satisfaction in LG.

To begin with, we first need to remove negative proposi-
tional atoms from epistemic logic programs. An epistemic
logic program Π is said in canonical form if no negative
propositional atom occurs in Π. Note that this does not ex-
clude occurrences of negative subjective formulas in Π. For
instance, program {a∨b← ¬Mc} is to be in canonical form,
while program {a∨b← ¬M¬c} is not. For an arbitrary pro-
gram Π, we can always transform it into the canonical form
by introducing new propositional atoms in the language. In
particular, for each atom a in LG, we introduce a new atom a′

to represent literal ¬a. Therefore, by replacing each negative
atom ¬a occurring in Π with the corresponding new atom a′,
the resulting program, denoted as Πc, is in canonical form. If
V is a G-structure in language LG, Vc is obtained by replac-
ing each negative atom occurring in V with the corresponding
new atom.

Proposition 2 Let Π be an epistemic logic program and Πc

be Π’s canonical form. A consistent G-structure V is a world
view of Π if and only if Vc is a world view of Πc.

Due to Proposition 2, in the rest of this paper, we can as-
sume that all epistemic logic programs are in canonical form
in our context. Now we re-define aG-structure to be a collec-
tion of sets of propositional atoms. Consequently, we revise
the falsity relation in LG as follows: (V , s) =| ¬p iff p �∈ s
(p is a propositional atom), while the truth relation and falsity
relation for all other formulas remain the same. We should
mention that this change will imply that K and M become
dual modal operators in LG (recall that in section 2.1, we
showed that K and M are not dual operators). Despite this
difference, this new satisfaction will not affect the world view
definition for epistemic logic programs.

Given an epistemic logic program Π, we use Atom(Π) to
denote the set of all atoms occurring in Π. Now we define
a class of epistemic logic programs without positive knowl-

edge, denoted as ELP−K . That is, for each Π ∈ ELP−K ,
no knowledge operator K positively occurs in the body of
each rule. It is easy to obverse that many typical epistemic

logic programs in applications are actually ELP−K programs
[Gelfond, 1994].

Definition 1 Let Π be an ELP−K program. The completion
of Π, denoted as Comp(Π), consists of the following formu-
las: (1) if head ← body is a rule in Π, then the following
formula is in Comp(Π)4:

body ⊃ head; (3)

(2) for each a ∈ Atom(Π), the following formula is in
Comp(Π):

a ⊃
∨

head←body∈Π,a∈head

(body ∧
∧

p∈head\{a}

¬p); (4)

3Later we will see that this formula is the completion of Π.
4When we view body as a formula in language LG, the negation

as failure not in body is interpreted as the classical negation ¬.

and (3) for each a ∈ Atom(Π), if there is no rule head ←
body in Π such that a ∈ head, then ¬a is in Comp(Π).

Example 1 Let Π consist of the following rules:

a ∨ b← ¬Mc,
d← ¬Ka.

Clearly, Π is an ELP−K program. From Definition 1,
Comp(Π) consists of the following formulas:

¬Mc ⊃ (a ∨ b),
a ⊃ (¬b ∧ ¬Mc),
b ⊃ (¬a ∧ ¬Mc),
d ≡ ¬Ka,
¬c.

It is easy to check that Π has a unique world view
{{a, d}, {b, d}}, which is also the unique model of
Comp(Π). �

In general, Definition 1 cannot be extended to arbitrary
epistemic logic programs. Consider the following program
Π′:

a ∨ b← ¬Mc,
d← Ka.

If we apply Definition 1 to Π′, its completion is the same
as in Example 1 except formula d ≡ ¬Ka is replaced by
d ≡ Ka. We can see that Π′ has one world view {{a}, {b}},
where Comp(Π′) has two maximal models {{a}, {b}} and
{{a, d}}. Since Π′ does not contain any loop (see next sec-
tion), Definition 1 actually does not provide a precise comple-
tion characterization for arbitrary epistemic logic programs.

The following proposition establishes an important con-

nection between an ELP−K program and its completion.

Proposition 3 Let Π be an ELP−K program. If V is a world
view of Π, then it is also a maximal model of Comp(Π).

4 Loop Formulas for ELP−K Programs

Now we show that Lee and Lifschitz’s loop formula result for
disjunctive logic programs [Lee and Lifschitz, 2003] can also

be extended to ELP−K programs.
Given an epistemic logic program Π, the positive depen-

dency graph of Π, denoted as G+

Π
, is the directed graph

constructed in the following way: the set of vertices is
Atom(Π) ∪ KM(Π), where KM(Π) is the set of all sub-
jective atoms occurring in Π, and for each pair of vertices
x, y ∈ Atom(Π) ∪KM(Π): (1) there is an edge from x to y
if there is a rule head ← body in Π, such that x ∈ head,
and y positively occurs in body; (2) for each path in the
graph formed from (1), if both a and Ka (or Ma) occur in
the path, then for any x′, y′ ∈ Atom(Π) ∪ KM(Π) such
that (x′, a) and (a, y′) are edges, add edges (x′,Ka) and
(Ka, y′) ((x′,Ma) and (Ma, y′) resp.) respectively; (3)
based the graph formed from (1) and (2), if there is no such
cycle containing vertex a but not Ka (Ma resp.), then re-
move vertex a and all its associated edges. We may use
Pos(body) to denote the set of all (objective and subjective)
atoms positively occurring in body. We call a nonempty set
L ⊆ Atom(Π) ∪KM(Π) a loop of Π if for any x and y in

L, there is a path in G+

Π
from x to y with length > 0.
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Definition 2 Let Π be an epistemic logic program and L a
loop of Π. R(L) is denoted as the set of following formulas:

body ∧
∧

p∈head\L

¬p,

for each rule head ← body in Π such that head ∩ L �= ∅
and Pos(body) ∩ L = ∅. Then the loop formula LF (L)
associated with L in Π is specified as

(
∨
L) ⊃ (

∨
R(L)). (5)

We use LF (Π) to denote the set of all loop formulas in Π.

It is easy to see that (5) is equivalent to Lee and Lifschitz’s
disjunctive loop formula [Lee and Lifschitz, 2003] and Lin
and Zhao’s loop formula [Lin and Zhao, 2004] if Π is re-
stricted to a disjunctive logic program and a normal logic pro-
gram respectively.

Example 2 Consider an epistemic logic program Π:

a ∨ b←Mc,
c← a,
d← ¬Ka.

Π has one loop L = {a,Mc}. Then we have R(L) = ∅, and
LF (L) = {¬(a ∨Mc)}. On the other hand, since Π is an

ELP−K , Π’s completionComp(Π) consists of the following
formulas:

Mc ⊃ a ∨ b,
a ⊃ ((¬b ∧Mc) ∨ c),
b ⊃ (¬a ∧Mc),
c ⊃ a,
d ≡ ¬Ka.

We can see that Comp(Π) has two (maximal) models
{{a, c}} and {{d}}, whereComp(Π)∪LF (L) has one (max-
imal) model {{d}}, which is also the unique world view of
Π. �

Theorem 3 Let Π be an ELP−K program, Comp(Π) the
completion of Π, and LF (Π) the set of loop formulas of Π. A
G-structure is a world view of Π if and only if it is a maximal
model of Comp(Π) ∪ LF (Π).

4.1 Proof of Theorem 3

In order to prove Theorem 3, we need to first show some im-
portant properties of formulas and epistemic logic programs
in language LG. We first introduce the notion of epistemic
reduction for formulas.

Let V be a G-structure and ϕ a formula of LG. A formula
ϕV is called the epistemic reduction of ϕ with respect to V
if ϕV is obtained from ϕ in the following way: (1) for each
ϕ’s subformula of the form Kφ (here φ is objective), Kφ
is replaced by φ if V |= Kφ, otherwise Kφ is replaced by
F; and (2) for each ϕ’s subformula of the form Mφ, Mφ is
replaced by T if V |= Mφ, otherwise Mφ is replaced by F.

Consider formula ϕ = Ka ∨ Mb. Suppose a and b are
the only propositional atoms in the language. Then V =
{∅, {a}, {b}, {a, b}} is a maximal model of ϕ. Furthermore,
we can see that ϕV = T, where V is exactly the set of all
models of ϕV .

Proposition 4 Let ϕ be a formula of LG and let V be a G-
structure. Then V is a maximal model of ϕ if and only if
Mod(ϕV ) = {s | s ∈ V}.

Now with a slight change, we may extend the notion of
epistemic reduction to epistemic logic programs. Let Π be an
epistemic logic programs and V be a G-structure in language
LG. A disjunctive logic program (without containing any K
and M operators) eReduct(Π,V) is called the epistemic re-
duction of Π under V if it is obtained from Π in the following
way: (1) removing all rules from Π where G is a subjective
literal occurring in the rules and V �|= G, and (2) removing all
other occurrences of subjective literals in the remaining rules
(i.e. replacing those G with T due to V |= G). Then we have
the following results.

Proposition 5 Let Π be an epistemic logic program and V
a G-structure of LG. V is a world view of Π if and only if
V is the collection of all stable models of disjunctive logic
program eReduct(Π,V).

The following two lemmas establish an important connec-

tion between an ELP−K program and its completion and
loop formulas.

Lemma 2 Let Π be an ELP−K program and V a
world view of Π. Then (Comp(Π) ∪ LF (Π))V ≡
Comp(eReduct(Π,V)) ∪ LF (eReduct(Π,V)).

Lemma 3 Let Π be an ELP−K program and V
a maximal model of Comp(Π) ∪ LF (Π). Then
(Comp(Π) ∪ LF (Π))V ≡ Comp(eReduct(Π,V)) ∪
LF (eReduct(Π,V)).

Proof of Theorem 3: Consider an ELP−K program Π and
Comp(Π)∪LF (Π). We show that V is a world view of Π iff
V is a maximal model of Comp(Π) ∪ LF (Π).
(⇒) Suppose V is a world view of Π. Then
from Proposition 5, we know that V is the col-
lection of all stable models of disjunctive program
eReduct(Π,V). On the other hand, from Lemma 2, we
have (Comp(Π) ∪ LF (Π))V ≡ Comp(eReduct(Π,V)) ∪
LF (eReduct(Π,V)). On the other hand, from Theorem
1 in [Lee and Lifschitz, 2003], we know that each stable
model of program eReduct(Π,V) is also a model of for-
mula Comp(eReduct(Π,V)) ∪ LF (eReduct(Π,V)). So
we conclude V = Mod((Comp(Π) ∪ LF (Π))V ). Finally,
from Proposition 4, it follows that V is a maximal model of
Comp(Π) ∪ LF (Π).

(⇐) Suppose V is a maximal model of Comp(Π) ∪
LF (Π). From Lemma 3, we know (Comp(Π)∪LF (Π))V ≡
Comp(eReduct(Π,V)) ∪ LF (eReduct(Π,V)). According
to Proposition 4, on the other hand, V = Mod((Comp(Π) ∪
LF (Π))V). Then from Theorem 1 in [Lee and Lif-
schitz, 2003], each model of Comp(eReduct(Π,V)) ∪
LF (eReduct(Π,V)) is also a stable model of disjunctive
logic program eReduct(Π,V). Finally, from Proposition 5, it
follows that V is a world view of Π. This completes our proof
of Theorem 3. �

5 Polynomial Bound on Loop Formulas

Since there may be an exponential number of loops in an epis-

temic logic program, the way of transforming an ELP−K
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program into Comp(Π) ∪ LF (Π) and then computing its G-
structures will not have particular computation advantages.

However, we will show that for ELP−K programs with poly-
nomially bounded numbers of loop formulas, the consistency
check problem will be significantly reduced from PSPACE-
complete to NP-complete. Formally, given an epistemic logic
program Π, we say that Π has a polynomial bound on its
loop formulas if the number of cycles in G+

Π
is bounded by

O(f(|G+

Π
|)) where f(|G+

Π
|) is a polynomial of |G+

Π
|.

Theorem 4 Let Π be an ELP−K program that has a poly-
nomial bound on its loop formulas. Deciding whether Π has
a world view is NP-complete.

Proof: Here we only give membership proof. From Theorem
3, Π has a world view iff Comp(Π) ∪ LF (Π) has a maximal

model. Clearly, if the number of cycles in G+

Π
is bounded by

O(f(|G+

Π
|)), then the size of formula Comp(Π) ∪ LF (Π)

is also bounded by O(f(|G+

Π
|)). So we can guess such

LF (Π) in polynomial time with a nondeterministic Turing
machine. From Theorem 1, we know that checking whether
Comp(Π) ∪ LF (Π) has a model is in NP. Also it is easy to
see that Comp(Π) ∪ LF (Π) has a model iff it has a maximal
model. �

In the following, we provide a polynomial upper bound
on the number of loop formulas for an epistemic logic
program. Given an epistemic logic program Π and a ∈
head(Π), an inference chain of a is a sequence of atoms
(a, b1, · · · , bl−1, bl), where a, b1, · · · , bl are different atoms
in Atom(Π), and there are l different rules r1, · · · , rl in
Π such that a ∈ head(r1), b1 ∈ Pos(body(r1)), b1 ∈
head(r2), b2 ∈ Pos(body(r2)), · · ·, bl−1 ∈ head(rl) and
bl ∈ Pos(body(rl)). For each a ∈ head(Π), it may have
one or more inference chains. The inference depth of a, de-
noted as i-depth(a), is the length of a’s longest inference
chain. The inference depth of Π is defined as i-depth(Π) =
max(i-depth(a) : a ∈ head(Π)).

Proposition 6 Let Π be an epistemic logic program. If
i-depth(Π) < k for some fixed k, then |LF (Π)| is bounded
by O((2k/k!) · nk), where |Atom(Π)| = n.

Proposition 7 Let Π be an epistemic logic program. For a
fixed k, deciding whether i-depth(Π) < k is solvable in time
O(k · nk+1) where |Atom(Π)| = n.

6 Polysize Model Property

Some special modal logics such as single agent S5 and KD45
[Blackburn et al., 2001] have polysize model property which
brings the consistency check (satisfiability problem) in these
logics down to NP-complete. We have shown that Gelfond’s
epistemic semantics also has this property (i.e. Lemma 1).
However, epistemic logic programs under the world view se-
mantics do not satisfy the polysize model property in general.
For instance, the following program

xi ∨ x′i ←,
yi ← ¬My′i,
y′i ← ¬Myi, where i = 1, · · · , n,

has an exponential number of world views and each world
view contains an exponential number of belief sets. Nev-
ertheless, it is easy to observe that many specific epistemic
logic programs indeed satisfy the polysize model property.
Consequently, we can further identify an important class of
epistemic logic programs whose consistency check is ΣP

2 -
complete.

Definition 3 An epistemic logic program Π is said to satisfy
the polysize model property if either Π has no world view,
or for each Π’s world view V , |V| is bounded by O(f(|Π|)),
where f(|Π|) is a polynomial of |Π|.

Theorem 5 Let Π be an epistemic logic program satisfying
the polysize model property. Deciding whether Π has a world
view is ΣP

2 -complete.

Proof: Since for each world view V of Π, |V| is bounded
by O(f(|Π|)), we can guess, in polynomial time, a k with k
being bounded by O(f(|Π|)) and a collection V consisting
of k different sets of atoms. Then we check whether V is a
world view of Π in the following way: (1) transform Π into a
disjunctive logic program ΠV by performing Step 3 in section
2.2, and (2) for each s ∈ V , check whether s is a stable model
of ΠV . Clearly, (1) can be done in polynomial time, and (2)
is solvable with k queries to an NP oracle.

Hardness proof. The hardness is proved by a reduc-
tion of the validity of QBF A = ∃x1 · · · ∃xn∀y1 · · · ∀ymA

′

(n,m ≥ 1), where A′ = D1 ∨ · · · ∨ Dh and each Dk =
lk,1 ∧ lk,2 ∧ lk,3 is a conjunction of propositional literals
li,j over {x1, · · · , xn, y1, · · · , ym}. We know that deciding

whether A is valid is ΣP
2 -complete [Papadimitriou, 1995].

We construct in polynomial time an epistemic logic program
Π from A and show that Π has a world view and each of
its world views contains exactly one belief set if and only
if A is valid. In particular, Π is constructed on propositional
atoms {x1, · · · , xn, y1, · · · , ym}∪{x′1, · · · , x

′
n, y
′
1, · · · , y

′
m}∪

{valid, invalid}, where x′ and y′ are used to imitate the
negations of x and y respectively. Π consists of the following
rules:

xi ← ¬Mx′i,
x′i ← ¬Mxi, for i = 1, · · · , n,
yj ∨ y′j ←,
yj ← Kvalid,
y′j ← Kvalid, for j = 1, · · · ,m,

valid← ρ(lk,1), ρ(lk,2), ρ(lk,3),
for k = 1, · · · , h,

invalid← ¬Minvalid, not valid,

where ρ(l) = a if l = a and ρ(l) = a′ if l = ¬a for any
a ∈ {x1, · · · , xn, y1, · · · , ym}. It is easy to see that if Π has
a world view V , then V must only contain one belief set.
Then we can show that Π has a world view if and only if A
is valid. �

Now we investigate under what conditions, an epistemic
logic program will satisfy the polysize model property. We
first define the dependency graph for an epistemic logic pro-
gram. The dependency graph GΠ of Π is a directed graph
where the set of vertices is Atom(Π); and for vertices a
and b, there is an edge (a, b) from a to b if there is a rule
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head ← body in Π such that a ∈ head and b ∈ body or
a, b ∈ head (a �= b). The edge (a, b) is labeled with + if
b positively occurs in body; (a, b) is labeled with − if not b
occurs in body or b occurs in head (assuming a �= b); and
(a, b) is labeled with −K or −M if ¬Kb or ¬Mb occurs in
body respectively. A cycle in GΠ is called negative cycle if
the cycle has at least one edge labeled with − while all other
edges in the cycle (if there are some) are labeled with +. A
cycle is called a mixed negative cycle if the cycle has at least
one edge labeled with −K or −M .

Proposition 8 Let Π be an epistemic logic program, GΠ its
dependency graph and k a fixed number. Then the following
results hold:

1. If GΠ has k negative even cycles5 and Π has a world
view, then Π’s each world view contains at most 2k belief
sets;

2. If GΠ has k mixed negative even cycles, then Π has at
most 2k world views;

3. If GΠ has k negative even cycles but has no mixed neg-
ative even cycle, then either Π has no world view or has
a unique world view containing at most 2k belief sets.

Corollary 1 For any epistemic logic program Π where its de-
pendency graph GΠ has a fixed number of negative even cy-
cles, deciding whether Π has a world view is ΣP

2 -complete.

7 Concluding Remarks

As argued by Gelfond, epistemic logic programming has
a rich expressive power for epistemic representation which
other modal nonmonotonic logics do not have. Nevertheless,
as shown in [Zhang, 2006], the enhanced expressive power is
due to a higher computational cost than other nonmonotonic
logics and logic programming paradigms. Although this is
the case in general, as we will observe next, many impor-
tant applications of epistemic representation actually fall into
the two classes of epistemic logic programs that we identified
earlier.

One important application of epistemic logic program-
ming is to represent the epistemic closed world assumption
(ECWA) which involves a strong introspection. It was noted
that other logic programs and modal nonmonotonic logics
such as autoepistemic logic [Marek and Truszczynski, 1991]

usually have difficulties to handle it. As demonstrated in
[Gelfond, 1994], representing ECWA is important when dis-
junctive information is presented in the agent’s knowledge
base. In epistemic logic programs, ECWA can be simply rep-
resented by rules like

a′ ← ¬Ma,

for all atoms in the language6. We observe that adding such
ECWA rules into an epistemic logic program neither intro-
duces any new loop formulas nor increases the size of world
views of the program, although they may generate more
world views. Therefore, in principle ECWA rules do not add

5A cycle contains an even number of edges labeled with −.
6Here a′ is used to represent the negation of atom a.

an extra burden on the world view computation for an epis-
temic logic program.

Now let us examine the following normal logic program
Π∗ given in [Lifschitz and Razborov, 2006]:

pij ← not qij ,
qij ← not pij ,
r1 ←,
rj ← ri, pij , i, j = 1, · · · , n.

If we view Π∗ as an epistemic logic program, then this pro-
gram does not belong to either of the two classes we identified
earlier. Computing Π∗’s world view would be hard because
Π∗ has 2n loop formulas and the unique world view also con-

tains 2n2

belief sets.
Program Π∗ defines the reachability in arbitrary directed

graphs. Finding a reachable path from r1 to ri is to compute
one answer set containing ri. When we review Π∗ as an epis-
temic logic program, we have to compute the world view that
is the collection of all answer sets of Π∗. This actually can be
avoided if we rewrite Π∗ to Π† as follows:

pij ← ¬Mqij ,
qij ← ¬Mpij ,
r1 ←,
rj ← ri, pij , i, j = 1, · · · , n.

Program Π† has an exponential number of world views but
each one only contains one belief set of size 2n. Then under
program Π†, to find a reachable path from r1 to ri, we only
need to compute one world view of Π† where its belief set
contains ri. In this way, the computation is the same as that
of program Π∗ under the answer set semantics.

References

[Blackburn et al., 2001] P. Blackburn, M. de Rijke, and
Y. Venema. Modal Logic. Cambridge University Press,
2001.

[Gelfond, 1994] M. Gelfond. Logic programming and rea-
soning with incomplete information. Annals of Mathemat-
ics and Artificial Intelligence, 12:98–116, 1994.

[Lee and Lifschitz, 2003] J. Lee and V. Lifschitz. Loop for-
mulas for disjunctive logic programs. In Proceedings of
ICLP-2003, pages 451–465, 2003.

[Lifschitz and Razborov, 2006] V. Lifschitz and
A. Razborov. Why are there so many loop formulas?
ACM Transaction on Computational Logic, 7:261–268,
2006.

[Lin and Zhao, 2004] F. Lin and Y. Zhao. Assat: computing
answer sets of a logic program by sat solvers. Artificial
Intelligence, 157:115–137, 2004.

[Marek and Truszczynski, 1991] W. Marek and
M. Truszczynski. Autoepistemic logic. Journal of
ACM, 38:588–619, 1991.

[Papadimitriou, 1995] C.H. Papadimitriou. Computational
Complexity. Addison Wesley, 1995.

[Zhang, 2006] Y. Zhang. Computational properties of epis-
temic logic programs. In Proceedings of KR-2006, pages
308–317, 2006.

IJCAI-07
652



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile (None)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


