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Abstract

We introduce a multi-agent system based on logic
programming. In this system an agent has a knowl-
edge base written in an extended logic program.
Then, an agent performs default reasoning in the sit-
uation that her belief is possibly rebutted by other
agents. We present a logical framework of such sys-
tems and also characterize the system in situation
calculus.

1 Introduction

Automated reasoning in a multi-agent environment
is an important topic to construct cooperative in-
telligent systems. In a multi-agent environment, it
is usually assumed that each agent has incomplete
knowledge about the world. Then each agent per-
forms reasoning by collecting necessary information
through communication with other agents. However,
communication between agents does not always end
in success in real situations. It may happen that
some agent takes much time in responding to a query
because she is absent when the query is asked or
there is an unexpected computational problem (e.g.
falling into an infinite loop). Also, due to the unse-
cure communication environment, messages between
agents might be lost or significantly delayed. In these
circumstances, an intelligent agent may perform de-
fault reasoning using her own belief, rather than sus-
pending a process and waiting for the arrival of miss-
ing information. On the other hand, such default
assumption might be rebutted afterward by certain
information from other agents.

Modelling the situation, Satoh et al [10] study a
multi-agent system under incomplete communication

environment. When communication is delayed or
failed, an agent uses her default hypothesis as a ten-
tative belief and continues computation. If contrary
information to her belief is brought by another agent,
she withdraws her belief and re-computes an alter-
native solution. They call such processes specula-
tive computation by default assumption and realize
it using abduction. This paper is a continuous study
of the previous work and is intended to provide a
logical framework of defeasible reasoning in multi-
agent systems. We consider a multi-agent system in
which each agent has a knowledge base written in
an extended logic program. Then, the belief of each
agent is characterized by belief sets , which dynami-
cally change according to the information from other
agents. Defeasible reasoning by an agent is charac-
terized by an extended logic program using situation
calculus, and belief sets of an agent are expressed by
answer sets of the program.

The rest of this paper is organized as follows. Sec-
tion 2 provides a logical framework of multi-agent
systems. Section 3 characterizes the system in situ-
ation calculus. Section 4 presents related work and
Section 5 summarizes the paper.

2 A Multi-Agent System

The language of our multi-agent system has an al-
phabet which is standard in logic programming.
Each agent has a logic program which has the com-
mon syntax and semantics between agents, while an
agent can have terms and predicates which are de-
fined locally in her program. Let Pred be the set of
all predicates in the language of the system. Then,
Ext(⊆ Pred) is the set of external predicates which
are the common predicates shared by every agent.
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The language has reserved terms called identifiers,
which are symbols to distinguish each agent in a sys-
tem.
A linearly ordered set T of constants in the lan-
guage is defined such that t0 is the smallest ele-
ment in T and every element ti ∈ T has a successor
ti+1 ∈ T . We write ti < tj if i < j. Each element in
T is called timing.

Definition 2.1 An agent At is defined as a triple
At = 〈Π,∆,Γt 〉 where

• Π is a knowledge base of the agent. It is given
as an extended logic program (ELP) which is a
set of rules of the form:

L0 ← L1, . . . , Lm, not Lm+1, . . . , not Ln

where each Li (0 ≤ i ≤ n) is a literal and not
presents negation as failure. L0 is the head and
L1, . . . , Lm, not Lm+1, . . . , not Ln is the body of
the rule. In the program, external predicates
appear only in the bodies of rules. A rule with
the empty body L ← is also called a fact and
is identified with the literal L. A rule with the
empty head is also called an integrity constraint.

• ∆ is a set of literals called assumptions such that
Π ∪ ∆ is consistent, and every literal in ∆ has
an external predicate which has an identifier as
an argument. When a literal contains variables,
it is identified with its ground instances.

• Γt is a response set at timing t ∈ T , which sat-
isfies the following conditions:

1. Γt0 = ∅,

2. Γti ⊆ ∆ ∪ ¬∆ for any ti ∈ T , where ¬∆ =
{¬ l | l ∈ ∆ }.

3. If l ∈ Γti and ¬l 6∈ Γti+1 , then l ∈ Γti+1 .

A multi-agent system is a finite set of agents.

An agent At has a parameter t, while in what fol-
lows we write At as A if the timing is not important
in the context. An agent has a knowledge base Π
which represents her knowledge. On the other hand,
an agent has a set ∆ of beliefs on other agents. When
a literal l ∈ ∆ contains an identifier B, an agent A
has a belief l on the agent B. If the agent A wants
to confirm the fact l in her reasoning, she asks a
question to the agent B by communication.1 The
agent B replies either l or ¬l if he can manage the
question (Fig.1). The response set stores informa-
tion returned by other agents, which is given as a
subset of ∆ ∪ ¬∆ at each timing t. The response
set grows according to the increase of timing, and
an old response is replaced by a new response when

1 In this paper, we do not concern with a method of com-
munication in detail.
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Figure 1: Communication between agents

they contradict each other. By the definition, the
union of one’s knowledge base Π and her beliefs ∆
are consistent. This assumption is natural for a ra-
tional agent, otherwise she has inconsistent beliefs
as a whole. However, her beliefs are possibly rebut-
ted by information from other agents. In this sense,
reasoning by an agent is defeasible and her beliefs
nonmonotonically change at different timing. Dy-
namically changing state of beliefs is formally char-
acterized in the next.
The semantics of our multi-agent system is based
on the answer set semantics of extended logic pro-
grams [5]. We first review the definition of answer
sets.
Given a not-free ELP (i.e., for each rule m = n) P
and a set S of literals, S is a consistent answer set
of P if S is a minimal set satisfying the conditions:

1. For each ground rule L0 ← L1, . . . , Lm from P ,
{L1, . . . , Lm} ⊆ S implies L0 ∈ S. In particular,
{L1, . . . , Lm} 6⊆ S if L0 is empty.

2. S does not contain a pair of complementary lit-
erals L and ¬L.

Next, for any ELP P and a set S of literals, a not-
free ELP PS is defined as follows: a rule L0 ←
L1, . . . , Lm is in P

S iff there is a ground rule L0 ←
L1, . . . , Lm, not Lm+1, . . . , not Ln from P such that
{Lm+1, . . . , Ln }∩S = ∅. Then, S is a consistent an-
swer set of P if S is a consistent answer set of PS .
An ELP P is consistent if it has a consistent answer
set; otherwise P is inconsistent. A consistent answer
set is simply called an answer set hereafter.
Now we provide the belief set semantics of an
agent.

Definition 2.2 Given an agent A = 〈Π,∆,Γt 〉,
suppose that D ⊆ ∆ satisfies the following condi-
tions:

1. Π ∪D ∪ Γt is consistent,

2. there is no D ⊂ D′ ⊆ ∆ such that Π ∪D′ ∪ Γt
is consistent.

Then, an answer set St of Π∪D∪Γt is called a belief
set of A at timing t.



By the definition, a belief set is an answer set
which is obtained from the program by maximally
assuming hypotheses as far as they are consistent
with the response set. In particular, the belief sets
of A coincide with the answer sets of Π∪∆ at timing
t0.

A belief set nonmonotonically changes according
to the transition of timing.

Example 2.1 Consider the following problem. (a)
An agent A has a plan of meeting with his client-
agents c1, c2, and c3. (b) If every client is free to join
the meeting, the meeting will be held as scheduled.
(c) Else if some client is not free, the meeting must
be cancelled. (d) Then, the agent A has to make a
plan according to the conveniences of other clients.

Suppose that the agent A initially assumes that
each client is free and tries to make her plan. The
initial stage of the situation is represented by the
agent A = 〈Π,∆,Γt0 〉 with

Π : hold meeting ← join(c1), join(c2), join(c3),

cancel meeting ← not hold meeting,

join(x)← free(x),

∆ : free(c1), free(c2), free(c3),

where c1, c2, c3 are identifiers. First, the response set
at timing t0 is Γt0 = ∅, so the belief set of A at timing
t0 is

St0 = { free(c1), free(c2), free(c3), join(c1),

join(c2), join(c3), hold meeting }.

Next, let Γt2 = {¬free(c2) } be the response set
at timing t2. That is, a response from the agent c2
saying he is not free is arrived at timing t2. Then,
the belief set of A at timing t2 becomes

St2 = { free(c1), ¬free(c2), free(c3), join(c1),

join(c3), cancel meeting }.

Thus, belief sets characterize the state of one’s be-
lief which dynamically changes in a multi-agent en-
vironment.

Let A = {A1, . . . , An } be the set of agents in a
system. Then, the declarative semantics of A at tim-
ing t is defined as the set { BS1,t, . . . ,BSn,t } where
BSi,t is the set of belief sets of an agent Ai at timing
t.

3 Representing Agents in ELP

In this section, we characterize defeasible reasoning
by an agent in an extended logic program whose an-
swer sets express dynamically changing belief sets of
the agent at each timing.

An ELP α is written using situation calculus,
which contains atoms of the form:

hold(f, t)

where f is a fluent variable ranging over literals in
the language of a system, and t is a situation vari-
able ranging over the set of timing. Then, defeasible
reasoning by an agent introduced in the preceding
section is characterized by α as follows.

Definition 3.1 Given an agent A = 〈Π,∆,Γt 〉, an
ELP α consists of the following rules.

1. For each rule

L0 ← L1, . . . , Lm, not Lm+1, . . . , not Ln

in Π, α contains the rule:

hold(L0, t)← hold(L1, t), . . . , hold(Lm, t),

not hold(Lm+1, t), . . . , not hold(Ln, t) .

2. For each literal L ∈ ∆, α contains the following
choice rules:

hold(L, t)← not hold(L, t),

hold(L, t)← not hold(L, t) ,

where hold(L, t) is a literal uniquely associated
with hold(L, t).

3. For each literal L ∈ Γt, α contains the fact:

hold(L, t) .

For convenience, we assume that hold(¬A, t)
stands for ¬hold(A, t) for any atom A.
The choice rule at the second step specifies the
state of the assumption hold(L, t) at timing t. It
is valid if hold(L, t) is true, while it is invalid if
hold(L, t) is true. In the third step, it is assumed that
the response set at every timing is already known.
With this setting, the program α specifies the
change of beliefs in an agent, and answer sets of α
express the history of change at each timing. Belief
sets of a particular timing is computed by answer
sets in the following manner. Let S be an answer set
of an ELP α. Then, we define

Stα = {L | hold(L, t) ∈ S }.

An answer set S is called ∆-maximal if there is no
answer set T such that S ∩D ⊂ T ∩D, where D =
{ hold(L, t) | L ∈ ∆ }.

Theorem 3.1 Let A = 〈Π,∆,Γt 〉 be an agent and
α its ELP expression. Then, A has a belief set St at

timing t iff α has a ∆-maximal answer set T such
that St = T

t
α.



Proof: (Sketch) Suppose that St is an answer set
of Π ∪D ∪ Γt where D ⊆ ∆. Then, D is a maximal
subset of ∆ such that Π∪D∪Γt is consistent. In α, on
the other hand, for each literal L ∈ ∆, the choice rule
can select hold(L, t) or hold(L, t) at timing t. If L is
consistent with the response set Γt, it is included in
St. In this case, the corresponding literal hold(L, t)
is included in the ∆-maximal answer set T . Else if
L is inconsistent with the response set Γt, it is not
included in St. In this case, the corresponding literal
hold(L, t) is included in the ∆-maximal answer set
T . Thus, an assumption L is in St iff hold(L, t) is in a
∆-maximal answer set T . For any rule in Π and any
fact in Γt, the corresponding rules and facts are in
α. Then, for any literal L, L ∈ St iff hold(L, t) ∈ T .
Hence, the result follows. 2

Example 3.1 In the agent A = 〈Π,∆,Γti 〉 of Ex-
ample 2.1, α becomes

hold(hold meeting, t)← hold(join(c1), t),

hold(join(c2), t),

hold(join(c3), t).

hold(cancel meeting, t)←

not hold(hold meeting, t).

hold(join(x), t)← hold(free(x), t).

¬hold(free(c2), t2).

hold(free(cj), t)← not hold(free(cj), t)

(j = 1, 2, 3).

hold(free(cj), t)← not hold(free(cj), t)

(j = 1, 2, 3).

Then, α has the ∆-maximal answer set T where

T tα = { free(c1), free(c2), free(c3), join(c1),

join(c2), join(c3), hold meeting }

at timing t < t2, and

T tα = { free(c1), ¬ free(c2), free(c3), join(c1),

join(c3), cancel meeting }

at timing t ≥ t2.

Next we consider the problem in some particular
situation.
A normal logic program (NLP) is a set of rules of
the form:

A0 ← A1, . . . , Am, notAm+1, . . . , notAn

where each Ai (0 ≤ i ≤ n) is an atom.
Let Astrat = 〈Π,∆,Γt 〉 be an agent structure
which is the same as in Definition 2.1 except that Π
is a locally stratified NLP2 and ∆ is a set of atoms.
In this case, an NLP expression of an agent is de-
fined as follows.
2 We refer the reader to [9] for the precise definition of a

local stratified NLP. Note that a locally stratified NLP does
not contain integrity constraints by its definition.

Definition 3.2 Given an agent Astrat=〈Π,∆,Γt 〉,
an NLP β consists of the following rules.

1. For each rule

A0 ← A1, . . . , Am, notAm+1, . . . , notAn

in Π, β contains the rule:

hold(A0, t)← hold(A1, t), . . . , hold(Am, t),

not hold(Am+1, t), . . . , not hold(An, t) .

2. For each atom A ∈ ∆, β contains the fact:

hold(A, t0) ,

and the following inertia rules:

hold(A, ti+1)← hold(A, ti), not hold(A, ti+1),

hold(A, ti+1)← hold(A, ti), not hold(A, ti+1) ,

where hold(A, t) is an atom uniquely associated
with hold(A, t).

3. For each literal L ∈ Γt, β contains the fact:

hold(A, t) , if L = A with an atom A,

hold(A, t) , if L = ¬A with an atom A.

The main difference between α and β is at the
second step. Instead of the choice rules in α, the
inertia rules are considered for each assumption in
∆ together with the facts hold(A, t0) as the initial
assumptions. An answer set of β is equivalent to a
stable model in an NLP [4]. Let S be a stable model
of an NLP β. Then, we define

Stβ = {A | hold(A, t) ∈ S }∪ {¬A | hold(A, t) ∈ S } .

Then we have the following result.

Theorem 3.2 Let Astrat = 〈Π,∆,Γt 〉 be an agent
and β its NLP expression. Then, Astrat has a belief

set St at timing t iff β has a stable model T such that

St = T
t
β.

Proof: (Sketch) In a stratified program Π, the
change of beliefs from A to ¬A on some agent does
not make a program inconsistent. (Note that any as-
sumption appears only in the body of a rule.) Then,
an initial assumption in ∆ holds at each timing un-
less its contrary is known by a response. The inertia
rules represent the situation. In this case, there is a
1-1 correspondence between a belief set St and the
collection of atoms T tβ for a stable model T . 2

Note that in contrast to Theorem 3.1 the assump-
tion of ∆-maximality is unnecessary in Theorem 3.2.



Example 3.2 The agent A = 〈Π,∆,Γti 〉 of Exam-
ple 2.1 is in fact Astrat, hence we can consider an
alternative translation β as:

hold(hold meeting, t)← hold(join(c1), t),

hold(join(c2), t),

hold(join(c3), t).

hold(cancel meeting, t)←

not hold(hold meeting, t).

hold(join(x), t)← hold(free(x), t).

hold(free(c1), t0).

hold(free(c2), t0).

hold(free(c3), t0).

hold(free(c2), t2).

hold(free(cj), ti+1)← hold(free(cj), ti),

not hold(free(cj), ti+1)

(j = 1, 2, 3).

hold(free(cj), ti+1)← hold(free(cj), ti),

not hold(free(cj), ti+1)

(j = 1, 2, 3).

Then, β has the stable model T where

T tβ = { free(c1), free(c2), free(c3), join(c1),

join(c2), join(c3), hold meeting }

at timing t < t2, and

T tβ = { free(c1), ¬free(c2), free(c3), join(c1),

join(c3), cancel meeting }

at timing t ≥ t2.

The translation β cannot be used for an agent A
which has an unstratified knowledge base.

Example 3.3 Let A = 〈Π,∆,Γt 〉 be the agent such
that

Π : r ← p(a), q, not r,

q ← not p(b),

∆ : p(a), p(b),

where a and b are identifiers. Suppose that the re-
sponse set changes from Γt0 = ∅ to Γt1 = {¬p(b) }.
Then, the belief set of A at each timing becomes

St0 = { p(a), p(b) },

St1 = {¬p(b), q }.

In this case, the corresponding ELP α:

hold(r, t)← hold(p(a), t), hold(q, t),

not hold(r, t).

hold(q, t)← not hold(p(b), t).

¬hold(p(b), t1).

hold(p(x), t)← not hold(p(x), t) (x = a, b).

hold(p(x), t)← not hold(p(x), t) (x = a, b).

has the ∆-maximal answer set:

{ hold(p(a), t0), hold(p(b), t0), ¬hold(p(b), t1),

hold(p(a), t1), hold(p(b), t1), hold(q, t1), . . .},

which expresses the belief sets of each timing, while
the corresponding NLP β:

hold(r, t)← hold(p(a), t), hold(q, t),

not hold(r, t).

hold(q, t)← not hold(p(b), t).

hold(p(a), t0).

hold(p(b), t0).

hold(p(b), t1).

hold(p(x), ti+1)← hold(p(x), ti),

not hold(p(x), ti+1) (x = a, b).

hold(p(x), ti+1)← hold(p(x), ti),

not hold(p(x), ti+1) (x = a, b).

has no stable model. In fact, hold(p(a), t1) and
hold(q, t1) become true, and the first rule makes the
program inconsistent.

This example illustrates the situation in which the
change of beliefs on one agent affects beliefs on other
agents. In such cases, the translation α is more ex-
pressive that β.
Using situation calculus, we can extend the present
language α to express various situations. For exam-
ple, suppose that an agent expects a response f from
some agent a at timing between t1 and tn but the ex-
act timing is unknown. The situation is expressed by
the following k-rules:

hold(f(a), t1)← not hold(f(a), t2),

. . .

not hold(f(a), tn);

· · ·

hold(f(a), tn)← not hold(f(a), t1),

. . .

not hold(f(a), tn−1) ,

which is equivalent to the disjunctive rule:

hold(f(a), t1) ∨ · · · ∨ hold(f(a), tn)

in effect.
Suppose another situation that an agent asks the
same question f to several agents, and uses the quick-
est response from them. The situation is expressed
by the following rule:

hold(f, ti)← hold(f(x), ti),

not¬hold(f(y), tj), tj < ti .

The above rule presents that a response f(x), mean-
ing “f is true”, from some agent x is assumed unless
its contrary ¬f has already been assumed by another
agent y at earlier timing.



4 Related Work

Kowalski and Sadri [8] propose a multi-agent system
using extended logic programs. It has a mechanism
of forward reasoning for performing behaviors reac-
tive to the environment as well as backward reason-
ing for planning or problem solving within an agent.
Given an input to be executed, it is propagated to
agents and each agent computes a possible action us-
ing abduction. In this system, a knowledge base of
each agent is assumed to be unchanged in the process
of reasoning.
Dell’Acqua and Pereira [3] introduce a multi-agent
system which has the ability of updating agents’
knowledge. It combines Kowalski and Sadri’s multi-
agent system and the technique of dynamic logic pro-
gramming. A knowledge base of one agent can be
updated by a series of update programs which spec-
ify update requests by other agents. In their system
each agent computes an action through abduction,
which is in contrast with our default reasoning.
Situation calculus is usually used for reasoning
about actions and changes [6, 1]. By contrast, we
used the calculus for characterizing defeasible reason-
ing in multi-agent environments. A program trans-
formation from an agent to an ELP α is similar to
the one in [7], in which an abductive logic program,
called a knowledge system, is transformed to an ELP.
We used the transformation for expressing defeasible
reasoning in multi-agent systems.
A multi-agent system presented in this paper is a
slight modification of the one introduced in [10]. In
that paper, a top-down abductive procedure which
reflects changes in belief is introduced, but the se-
mantic issue is left open.

5 Summary

This paper presented a logical framework of defeasi-
ble reasoning in multi-agent systems. Each agent has
an ability to perform default reasoning based on her
own belief, and also can revise her belief according to
the information brought by other agents. We char-
acterized the system in situation calculus, in which
answer sets express dynamically changing belief sets
of an agent.
In [2] the authors say:

The ability to express the current situation,
record facts and perform hypothetical rea-
soning makes a language a viable candidate
for use in designing intelligent agents ca-
pable of planning and acting in a changing
environment.

In our language, the current situation is expressed
by a knowledge base, new information is recorded
by a response set, and hypothetical reasoning is per-
formed by each agent. In this sense, the language

introduced in this paper is considered expressive for
designing intelligent agents. On the other hand, in
the present system an agent does not have an ability
to update her knowledge base, and the communica-
tion between agents is restricted on the confirmation
of assumptions. Future research includes enhancing
the ability of agents to cope with more complicated
situations.
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