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Abstract. When we communicate with others, we always care about commu-
nicability. The situation is same as software agents. In this paper, we introduce
the notion of communication channel as the communicability into multi-agent
system. We formalize the system in Update Logic withBelief modality, and is
modelled by possible world semantics (Kripke semantics) with internal states. In
the system, an inform action is available for an agent if a communication channel
exists, and as a result the recipient updates his/her belief. We have implemented
a model checker inSWI-PrologT M, which works as a model updater as well as a
model checker, that is, the system proves whether a given formula holds or not in
a certain state in a possible world. If an inform action is initiated in the system,
a new state is added in each possible world and the veridicality of formulae is
changed.

1 Introduction

Thus far, many formalisms for modelling rational agents have been proposed. Epistemic
Logic (EL) treats knowledge/belief states of situated agents [10]. Later, it was extended
with a branching flow of time and developed into Computational Tree Logic (CTL, [5]).
Also, epistemic logic came to include modal operators of agents’ beliefs, desires and
intentions, asBDICT L [18]. This logic has been often utilized in Artificial Intelligence,
and the concept of an intelligent agent has been applied to the mobile agents platform by
FIPA [6]. FIPA/ACL is based on a quantified multi-modal logic originally proposed in
[3]. This research is one of the most important researches onmulti-agent interaction, for
the specification of a proper formal semantics of such language is a crucial prerequisite
for the communication of artificial agency. Based on FIPA, [4] has add Communication
Channel(CC) in multi-agent interaction, the notion of CC isthat if there is a channel
among each agent, then an agent can communicate with others.

In the above history of formalization of agent communication, we raise three issues
as follows.

(i) In the ordinary environment, an agent may be able to initiate an inform action
though the communication channel might not be established.

(ii) If there is a channel, the existence of channel itself should be informed between
agents.

(iii) An epistemic state of each agent, after a successful communication, should be prop-
erly represented by model theory.



In this paper, we separate the action of communication from the existence of a chan-
nel, and discuss how to formalize a channel in logic. Then, wewould like to propose
the mechanism of updating an epistemic state of each agent. We employ Kripke model
in modal logic as Rao’s, as well as Update Epistemic Logic [17]. With this logic, we
would like to propose Belief Update Logic (BUL)Bαc with belief modality and channel
variables. On the platform, we specialize the update mechanism for the inform action,
to constructBinf

c .
In the remainder of the paper, we will survey how the notion ofchannel has been

introduced and discuss the proper implementation in Section 2. In Section 3, we will
discuss the adequacy of update logic instead of branching time. In Section 4, we show
the syntax and semantics of theBαc , as well as the procedure of model updating. In
Section 5, the specific update mechanism for the inform action will be given. In Section
6, we present a model checker forBinf

c . In section 7, we will conclude this paper with
some perspectives for further research.

2 Communication Channel

In this section, we discuss the various existing formalizations of communicability in the
literature [4, 21, 9]. The concept of Communication Channelwas first presented by [4],
in which a channel represents the receiver’s attitude toward whether (s)he is ready to
communicate or not. For example, a software agent needs to recognize whether another
agent is in a state being capable of receiving messages from other agents. Contrary to
this approach, in [9] the communication channel is a representation of some substantial
communication medium or connection between agents. In thiscase, communicability is
regarded to be the state of the network connection as well as the attitude of the receiver.

When formalizing such communication channels, we need to consider if an inform
action always ensures successful communication, with regard to the communicability.
In our previous researches [21, 9], we have discussed different ways to formalize a
communication channel (CC). Here, we briefly recall the discussion. There were four
choices of approach: (i) a predicate of first order logic, (ii) a modal operator, (iii) a
Cartesian product of two agents, and (iv) a proposition.

First-order predicate The simplest method is a predicate of first order logic, where
thecommunication channelpredicate takes two agent indices (the respective sender
and receiver) as arguments, e.g.channel(i, j). However, the great majority of work
on agent communication has been done in the context of propositional modal logic,
which we would then need to translate to a first-order setting. In addition, the uni-
verse of a model must be multiply sorted into a set of individuals[12] and a set of
agent indices, where we would then also need to provide quantifiers ‘∀’ and ‘∃’
with sort declarations.

Modal operator We could regard CC as a modal operatorCi j ; the intended meaning
of Ci jϕ is that agenti can inform agentj of the fact thatϕ. In this case, whenn
agents are given in a model,n(n− 1) operators would be required in addition toBi ,
which would complicate the logic unnecessarily.

Cartesian product This approach seeks to add the set of possible combinations of
agent indices{〈i, j〉, 〈 j, i〉, 〈i, k〉, . . .} into the signature of the language. This method



simply add a graph structure of agent connection, but we needto fabricate a new
proper semantics.

Special proposition The final choice is the formalization by a proposition. Letci j be
a proposition, which represents a channel from agenti to j. If ci j is a propositional
variable, its truth value no longer needs to reflect any real connection to agentsi
and j.

Considering the above discussion, we are to formalize communication channels as
special propositions. In order to distinguish them from ordinary propositions, we extend
the syntax and give a different set of channel variables besides propositional variables.
We interpret a channel as a physical connection between agents, such as a network
or a telephone cable. Hence, a channel possesses a direction; for example, channelci j

represents a channel fromi to j but not vice versa.

3 From Branching-time to Dynamic Model

The behavior of agents has been mainly formalized by static model, which includes
all past and future states as well as a current state(e.g. Rao’s BDICT L). In this section,
firstly we summarize the basic idea of the logicBCTL/c from our previous work, which
will serve as the basis for a new extended logic in this study.Secondly, we discuss the
feasibility of CTL-based model.

3.1 CTL-based LanguageBCTL/c

LanguageBCTL/c [9] is a logical formalism that can be used to formally specify and
reason about the behavior of intelligent agents. This logicis a multi-modal logic that
includes temporal operators, path operators andBelief operators combined with com-
munication channels for describing communicability amongagents. The behavior of
agents inBCTL/c is then characterized using an epistemic operatorB (for Beliefs), tem-
poral operatorsX (neXt),F (Future),G (Globally) and a path operatorA (All), E (Exist).

Let Agbe a set of agents,P is a set of propositional variables andC a set of channel
propositions. The language of branching-time beliefLBCTL/c is the set of formulaeΦ
given by

Φ ::= ϕ | ci j | ¬ϕ | ϕ ∧ ψ | Biϕ | AXϕ | AFϕ | AGϕ,
whereci j ∈ C, i, j ∈ Agandϕ, ψ are logical formulae.

A temporal operator and a path operator can be combined to compose new logi-
cal formulae as in e.g.AXϕ, AFϕ andAGϕ meaning thatϕ holds at the next state,ϕ
eventually has to hold somewhere on the subsequent path andϕ has to hold on the en-
tire subsequent path respectively. A formula of the formBiϕ represents that an agent
believesϕ, and belief operatorsBi should satisfy the axiom schemaKD45.

A Kripke model forLBCTL/c is a structure, consists of a set of possible worlds, a set
of states in each world, and a transitive relation in states,as well as each agent has an
accessibility relation among pairs of (w, t) wherew and t are a possible world and a
state respectively.



Given a truth assignmentV(w, t, p) = {t, f } for each atomic propositionp in a world
w at a statet, each formulaϕ in a modelM owns the following veridicality, wherePath
denotes a set of paths in a possible world andp[i] denotes theith element of Pathp from
t, respectively.

(M,w, t) |= p ⇐⇒ v(w, t, p) ∈ V, p ∈ P
(M,w, t) |= ci j ⇐⇒ v(w, t, ci j ) ∈ V, ci j ∈ C

(M,w, t) |= ¬ϕ ⇐⇒ (M,w, t) 6|= ϕ
(M,w, t) |= ϕ ∨ ψ ⇐⇒ (M,w, t) |= ϕ or (M,w, t) |= ψ
(M,w, t) |= Bjϕ ⇐⇒ ∀w′′ ∈ {w′ | (w, t,w′) ∈ B j}, (M,w′′, t) |= ϕ
(M,w, t) |= AXϕ ⇐⇒ ∀p ∈ Path(t), (M,w, p[1]) |= ϕ
(M,w, t) |= AFϕ ⇐⇒ ∀p ∈ Path(t), ∃i ≥ 0, (M,w, p[i]) |= ϕ
(M,w, t) |= AGϕ ⇐⇒ ∀p ∈ Path(t),∀i ≥ 0, (M,w, p[ı]) |= ϕ

In BCT L/c, we have supplemented the FIPA/ACL inform action with the notion of a
communication channel as follows:

inform(i, j, ϕ)
Preconditions: Biϕ ∧ ¬Bi(Bjϕ ∨ Bj¬ϕ) ∧ Bici j

Rational Effects: Bi Bjϕ, or Bi Bjϕ ∧ Bjϕ ∧ Bj Biϕ

where this action is to inform a propositionϕ from i to j, and i needs to satisfy the
following preconditions.

– Biϕ (i believesϕ)
– ¬Bi(Bjϕ ∨ Bj¬ϕ) (i does not believe whetherj believesϕ or not)
– Bici j (i believes that (s)he can communicate withj)

As a result, theRational Effectsbecomes as follows.

– Bi Bjϕ (i believes thatj believesϕ)
– Bjϕ ( j believesϕ)
– Bj Biϕ ( j believes thati believesϕ)

3.2 Toward Dynamic Model

CT L-based language possesses a static model, that is, every possible future is written
a priori from the God’s viewpoint and a different selection of action would lead to a
different future as is shown in Fig.1(a).

However, the static model is hard to be given in practical cases. We need to elaborate
to write down every possibility though only one of the futurepaths is taken by agent
behavior and others would be abandoned. Instead, we adopt a dynamic model where
the model is updated dynamically according to agent’s action. The model would be
changed dynamically in Fig.1(b), where a new ‘current’ state is added in each possible
world. In the following section, we will discuss such updating model.
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Fig. 1.Static vs. Dynamic Model

4 Belief Update LogicBαc

We introduce Belief Update Logic that an actionα make agents’ epistemic state be
updated in this section. Update logicUL is a kind of Dynamic Logic where states change
according to actions, but the model is also updated by the action. In [1, 2, 8, 11, 17, 20],
update logic has been employed to represent agents’ actions. We also adoptUL and thus
we can avoid complicated branching-timeCT L as well as those temporal operators.

4.1 Syntax

Definition 1. Given a set of agents Ag, a set of propositional variablesP , a set of a
channelsC and a set of actions Ac, the set of sentences of belief update languageLBαc
is the setΦ and the actionπ given by:

Φ ::= ϕ | ci j | ¬ϕ | ϕ ∧ ψ | Baϕ | [π]ϕ
π = α | ψ? | α; β

wherei, j,a ∈ Ag, andϕ, ψ are logical formulae.Baϕ represents that an agenta believes
ϕ, and [π]ϕ means that after executingπ it is necessity thatϕ holds, that is,π brings
aboutϕ. In the actionπ, α, β ∈ Ac, ‘?’ and ‘;’ are constructors, and are interpreted as
follows.

ϕ? Test whetherϕ is satisfied
α ; β α is performed, and thenβ is performed (sequentially)

Also there are given two more constructors ‘+’ and ‘∗’ in [14]:

α + β Perform bothα andβ
α∗ α is repeated more than once

However, these constructors are not mentioned inLBαc .



We finitely axiomatizeLBαc by the following system in terms of [10, 14].

BK Ba(ϕ ⊃ ψ) ⊃ (Baϕ ⊃ Baψ)
BD Baϕ ⊃ ¬Ba¬ϕ

B4 Baϕ ⊃ BaBaϕ

B5 ¬Ba¬ϕ ⊃ Ba¬Ba¬ϕ

AK [α](ϕ ⊃ ψ) ⊃ ([α]ϕ ⊃ [α]ψ)
ACons [α; β]ϕ ⊃ [α][β]ϕ
Def♦ [α]ϕ ⊃ ¬〈α〉¬ϕ

MP1
ϕ

Baϕ

MP2
ϕ

[α]ϕ

Note that the belief operator needs to satisfyKD45. Especially, (B4) requires that a
request that agents be introspective, i.e., ‘(s)he recognizes what (s)he believes, and (B5)
is used to keep consistency in each agent’s belief.

The constructor ‘?’ does not possess any rewriting rule. Though [ϕ?]ψ ⊃ (ϕ ⊃ ψ)
in [14], we need to modify it to differentiate whenϕ andψ are evaluated, as in the
following subsection.

4.2 Kripke semantics

Definition 2. A Kripke model for the language of Bαc is a structureM = 〈W, {Tw |

w ∈ W}, {Rw | w ∈ W}, {Ba | a ∈ Agent},V〉 where:

– W is a set of possible worlds,
– Tw is a set of states in each worldW,
– Rw is a binary relation, i.e.Rw ⊆ Tw×Tw (Again, seriality is not guaranteed in this

model),
– V is a truth assignment to theP andC for eachw ∈ W at each statet ∈ Tw (i.e.
Φ = P ∪ C,V(w, t) : Φ→ {t, f }),

– Fora ∈ Agent,Ba is a binary relation onW, and statesTw (i.e.Ba ⊆ W×Tw×W).

Before an updating, a satisfaction relation ‘|=’ is given as follows, where (M,w, t) |=
ϕ means thatϕ holds at statet in possible worldw.

Definition 3. Without updating, a truth condition of logical formulae observes the con-
ventional modal logic though the condition for ci j is added.

– (M,w, t) |= p ⇐⇒ v(w, t, p) ∈ V, p ∈ P
– (M,w, t) |= ci j ⇐⇒ v(w, t, ci j ) ∈ V, ci j ∈ C

– (M,w, t) |= ¬ϕ ⇐⇒ (M,w, t) 6|= ϕ
– (M,w, t) |= ϕ ∨ ψ ⇐⇒ (M,w, t) |= ϕ or (M,w, t) |= ψ
– (M,w, t) |= Baϕ ⇐⇒ ∀w ∈ {w′ | (w, t,w′) ∈ Ba}, (M,w′, t) |= ϕ



Definition 4. The satisfaction relation with updating|=∗ becomes as follows, where
α, β ∈ Ac,Mα is an updated model by the actionα. First, a logical formula without
updating is

(M,w, t) |=∗ ϕ ⇐⇒ (M,w, t) |= ϕ.

Logical formulae with updating are

– (M,w, t) |=∗ [α]ϕ ⇐⇒ ∀ t′ ∈ {t′ | t ≺ t′ ∈ Rαw}, (M
α,w, t′) |=∗ ϕ,

– (M,w, t) |=∗ [ϕ?]ψ ⇐⇒ if (M,w, t) |=∗ ϕ, then(M,w, t) |=∗ ψ,
– (M,w, t) |=∗ [α; β]ϕ ⇐⇒ ∀ t′ ∈ {t′ | t ≺ t′ ∈ Rαw}, (M

α,w, t′) |=∗ [β] ϕ and∀ t′′ ∈
{t′′ | t′ ≺ t′′ ∈ Rαβw }, (Mαβ,w, t′) |=∗ ϕ.

Given a model

M = 〈W, {Tw | w ∈ W}, {Rw | w ∈ W}, {Ba | a ∈ Agent}, V〉,

after an actionα ∈ Ac is performed, the updated model

Mα = 〈W, {T α
w | w ∈ W}, {Rα

w | w ∈ W}, {Bαa | a ∈ Agent},Vα〉

would be defined as follows.

Definition 5. With a new state t′, the model is updated as follows.

– T α
w = Tw ∪ {t′}.

– Rαw = Rw ∪ {t ≺ t′}.
– Bαa = Ba ∪ {(w, t′,w′) | (w, t,w′) ∈ Ba}.
– Vα = {v(w, t′, ψ) | v(w, t, ψ) ∈ V} ∗ Ṽ(w, t′, ϕ) where(M,w, t) |=∗ [α]ϕ. Ṽ(w, t′, ϕ)

is the set of new information which is recursively reduced toatomic formulae in the
following way.

i) whenϕ ∈ P ∪ C, Ṽ(w, t′, ϕ) = {v(w, t′, ϕ)}.
ii) whenϕ = ϕ1 ∨ ϕ2, Ṽ(w, t′, ϕ) = Ṽ(w, t′, ϕ1) or Ṽ(w, t′, ϕ) = Ṽ(w, t′, ϕ2).

iii) whenϕ = ¬ϕ1, Ṽ(w, t′, ϕ) = Vα − Ṽ(w, t′, ϕ1).
iv) whenϕ is alethic, i.e.,ϕ = Baϕ1, Ṽ(w, t′, ϕ) = ∪Ṽ(w′, t′, ϕ1) for all w′ s.t.

(w, t′,w′) ∈ Bαa.

The updating ofV in Def.5 corresponds to Def.4, i.e., when [α]ϕ holds in a world
w at a statet, ϕ holds at a new statet′ in the same world. In Def.5, ‘∗’ represents AGM-
style belief revision [7]; the set of new information are added to the new state while the
previous beliefv(w, t, ψ) ∈ V is maximally preserved, but if some of them contradict
the new information they are removed from the new state.

Fig.2 shows an example of model updating which updates a state t to t′. In the
figure, although the agenti believesϕ at a statet, ϕ is included in the agentj’s belief
at a new statet′. Note there are more accessible relations in Fig.2, the figure just shows
importance relations for simplicity. In a worldw2,w3,w4, if ¬ϕ holds on some of them,
then agentj’s belief is revised asϕ at a new statet′.

In [20], the updated modelMα has changed the accessibility relations among pos-
sible worlds, while we have added new states with indext and have changed the truth
values in each state. Though the extra index may complicate the logic, our approach
can preserve the history [16, 15] of revision and would be helpful for practical uses.
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5 Formalization of inform action in Binf
c

In this section, we specialize the actionα in Bαc to inform action. First, if we assume
that theinformaction is a solitary action [inf ], we can expect that the model is updated
as follows.

(M,w, t) |=∗ [inf ]ϕ ⇐⇒ ∀t′ (t ≺ t′) ∈ T inf
w , (Minf ,w, t′) |=∗ ϕ, (1)

that is,ϕ holds in all the subsequent state after performing an actioninf .1

Now, we introduce the following action set intoBαc , and call the logicBinf
c .

Ac= {inf ϕi j | i, j ∈ Ag, ϕ ∈ P}.

Althoughinformoperators are given syntactically for every combination ofi, j ∈ Agand
ϕ ∈ P, we require that an operator should be validated only when anagenti believesϕ
and (s)he has a channelci j .

(M,w, t) |=∗ Biϕ ∧ ci j ⇐⇒ (M,w, t) |=∗ [inf ϕi j ]Bjϕ. (2)

Now, we name the precondition and its effect as follows.
{

FP ϕ

i j (precondition) Biϕ ∧ ci j

REϕ

i j (rational effect) Bjϕ

1 Although Belief Update Logic adds only one state to each world, we obey the general conven-
tion that states are universally quantified to keep the logic consistent with other logics.



According to (1) and (2), our inform action should be

(M,w, t) |=∗ FP ϕ

i j ⇐⇒ (M,w, t) |=∗ [inf ϕ

i j ]REϕ

i j ⇐⇒ (Minf ϕ

i j ,w, t′) |=∗ REϕ

i j .

Actually, the following one formula meets the above specification

(M,w, t) |=∗ [FP ϕ

i j ?;inf ϕi j ]REϕ

i j , (3)

since the composite operator can be decomposed by Def.4, as follows. (Hereafter, we
may omit indices unless necessary.)

(M,w, t) |=∗ [FP?;inf ]RE ⇐⇒ (M,w, t) |=∗ [FP?][inf ]RE ⇐⇒
if (M,w, t) |=∗ FP then(Minf ,w, t′) |=∗ RE.

We rewrite (3), to abbreviate and also to emphasize theco-indexing, attaching ‘‖ ϕi j ’ at
the tail of the formula. Now we define the inform action.

Definition 6 (Preliminary). The inform action is given by

(M,w, t) |=∗ [FP?;inf]RE‖ ϕi j .

Note that such actions which owns incongruent indices as to (i, j, ϕ) are not well-
defined, and are not meaningful.

Here, we discuss the rational precondition and the rationaleffect in general, revising
(2). According to FIPA/ACL, the sender should recognize the existence of a channel as
Bici j . Also, if Biϕ (i believes thatϕ) and there is aninformaction,Bjϕ ( j would come to
believeϕ). If we observe this specification, we must say that the agentis quitegullible
sinceϕ holds only in i’s belief and j cannot know ifϕ is true. [3] regarded that the
rational result should beBj Biϕ in which case the agent could beskeptical. In this study,
we regard that the receiver agent is basically gullible but the transmission of information
depends upon the existence of channel.

First, in the similar way to FIPA, we implement the gullible agent, including the
mutual belief as in [13].

{
FP1 ≡ Biϕ ∧ Bici j ∧ ci j ,

RE1 ≡ Bjϕ ∧ Bi Bjϕ ∧ Bj Biϕ.

On the contrary, the sender can initiate the inform action without the firm existence
of the channel.2 However, this action cannot entertain the successful communication, in
which case the sender would have a wrong conviction that (s)he has sent the information
to j; that is,

{
FP2 ≡ Biϕ ∧ Bici j ,

RE2 ≡ Bi Bjϕ.

2 If we employ Axiom (T) for Bi , the channelci j necessarily holds byBici j ⊃ ci j . However, in
this case, the modalityBi turns to beKi (from KD45 to KT45) beyond our motivation.



Definition 6 (Revised).The inform action is given by

(M,w, t) |=∗ [FPk?;inf]REk ‖
ϕ

i j ,

where k= {1,2}.

Indexk coincides.FP1 results inRE1 while FP2 inducesRE2. In our implementa-
tion, theFP-REpair can be substituted for other specifications, accordingto different
applications.

In either case, the updating policy is consistently represented, according to Def.5,
as

Vinf = {v(w, t′, ψ) | v(w, t, ψ) ∈ V} ∗ Ṽ(w, t′,RE)

where (M,w, t) |=∗ [inf ]RE.

6 A Model Checker for Binf
c

In this section, we introduce a model checker forBinf
c , which we implemented in the

SWI-PrologT M ([19]). Our model checker can be used to evaluateBinf
c formulae, includ-

ing inter-agentinformactions in a given model.
The model checker performs the following two commands.

prove Given a formulaϕ together with statet in a possible worldw, the command
verifies the truth value of the formula. The algorithm is shown in Algorithm 1.

inform Given a formulaϕ, a senderi, a receiverj, together with statet in a possi-
ble worldw, the command updates the epistemic state of each agent. Algorithm 2
sketches this procedure.

Execution example 1
Here, we show an example of the telephone game in our model checker. Now, sup-

pose there are three agentsa, b andc. Thougha can communicate withb, can not with
c by the lack of a channel between them. In this example,a tries to informc of the fact
that p via b. The situation is shown as in Fig.3. Suppose that

FP1 ≡ (M,w, t) |=∗ Bap∧ Bacab∧ cab,

and the expected result is

RE1 ≡ (Minfp
ab,w, t′) |=∗ Bbp∧ BaBbp∧ BbBap.

The same formula can be represented in our model checker as follows.

?- prove(world(1),state(1), (FP => inf(a, b, p, RE))).

FP = bel(a,p) && bel(a, channel(a,b)) && channel(a,b)

RE = bel(b,p) && bel(a, bel(b,p)) && bel(b, bel(a,p))



input : w, t, ϕ
output: YES or NO
prove(w, t, ϕ)
begin

if ϕ ≡ ψ ∧ χ then
if prove(w, t, ψ) =YES and prove(w, t, χ) =YES then returnYES;

else ifϕ ≡ ψ ∨ χ then
if prove(w, t, ψ) =YES or prove(w, t, χ) =YES then returnYES;

else ifϕ ≡ ¬ψ then
if prove(w, t, ψ) =YES then returnNO;
else returnYES;

else ifϕ ≡ ψ ⊃ χ then
if prove(w, t,¬ψ ∨ χ) =YES then returnYES;

else if ϕ ≡ ψ?;χ then
if prove(w, t, ψ) =YES then prove(w, t, χ) returnYES;

else ifϕ ≡ ψ; χ then
prove(w, t, ψ);
prove(w, t, χ);
returnYES

else if ϕ ≡ [inf ϕ

i j ]ψ then
inform(w, t, i, j, ψ);
if prove(w, t, ψ) =YES then returnNO;

else ifϕ ≡ Baψ then
forall (w, t,w′) ∈ Ba do

if prove(w′, t, ψ) =NO then returnNO;
end
returnYES;

else
if (w, t, ϕ) ∈ V then returnYES;

end
return NO;

end

Algorithm 1 : prove(w, t, ϕ) command

Fig. 3.A connection in Example 1



input : w, t, i, j, ϕ
output:M′ = 〈W,T ′w,R

′
w,Ba,V

′〉

inform(w, t, i, j, p)
begin

if (w, t) |= FP then
forall w′ ∈ W do
T ′w′ = Tw′ ∪ {t′};
R′w′ = Rw′ ∪ {(t, t′)};

end
forall k ∈ Agdo
B′k = Bk ∪ {(w, t′,w′) | (w, t,w′) ∈ Bk}

end
W′ = {w′ | (w, t,w′) ∈ B j};
V′ = {v(w, t′, ψ) | v(w, t, ψ) ∈ V} ∗ {v(w, t′, ϕ) | v(w, t, ϕ) ∈ V}

end
end

Algorithm 2 : inform(w, t, i, j, p) command

The above(FP => inf(a,b,p,RE)) in prove represents that

‘if FP is satisfied then invokeinf(a,b,p,RE)’.

In inf, a subroutineinform of Algorithm 2 is called, beingw andt complemented.
Firstly, an agenta informsb of the fact thatp, as follows.

?- prove(world(1),state(1),(FP => inf(a, b, p, RE))).

SYSTEM >knowledge is atom, OK

SYSTEM >INFORM: AGENT a -[p]-> AGENT b

SYSTEM >EFFECT:bel(b,p)

YES

At this time, an agentb believesp. Then p is informed to an agentc by executing
another inform action.

?- prove(world(1),state(2),(FP => inf(b, c, p, RE))).

SYSTEM >knowledge is atom, OK

SYSTEM >INFORM: AGENT b -[p]-> AGENT c

SYSTEM >EFFECT:bel(c,p)

YES

Finally, an agentc receivesp from b.

Execution example 2
The Internet hosts a great many database systems, like mirror sites and shadow

servers. Suppose that a user has uploaded some softwarep to a databasea. Then,
databasea informs a mirror databaseb of the software. In addition,a also sends the
same information to another databasec, but this attempt contingently fails as there is
no channel betweena andc. Soa asks DNSi who knows the channel betweena andc.
In the example, the situation is shown in Fig.4.



Fig. 4.DNS example

When the softwarep is informed to a mirror databaseb, our model checker outputs
as follows.

?- prove(world(1),state(1),(FP => inf(a, b, p, RE))).

SYSTEM >knowledge is atom, OK

SYSTEM >INFORM: AGENT a -[p]-> AGENT b

SYSTEM >EFFECT:bel(b,p)

YES

Next, the databasea informs the second mirror databasec of the fact thatp, which
represents a new uploading toc.

?- prove(world(1),state(2),(FP => inf(a, c, p, RE))).

SYSTEM >knowledge is atom, OK

SYSTEM >INFORM: CANNOT EXECUTE!

SYSTEM >EFFECT:bel(a,bel(c,p))

YES

The above inform action fails by the lack of a channel among them. Then, the database
a investigates the network table in DNSi whether there is a channel or not.

?- prove(world(1),state(3),(FP => inf(i, a, channel(a,c), RE))).

SYSTEM >knowledge is atom, OK

SYSTEM >INFORM: AGENT i -[channel(a,c)]-> AGENT a

SYSTEM >EFFECT:bel(a,channel(a,c))

YES

This attempt shows that DNS informsa of the address ofc, and nowa has acquired
the channel betweena andc. Finally, the databasea informs the databasec of the fact
that p as follows.



?- prove(world(1),state(4),(FP => inf(a, c, p, RE))).

SYSTEM >knowledge is atom, OK

SYSTEM >INFORM: AGENT a -[p]-> AGENT c

SYSTEM >EFFECT:bel(c,p)

YES

Our model checker is able to verify which databases receivedthe new softwarep,
because the past states in the model are stored, so we can reason about past communica-
tions. Now, since the databasec knows the softwarep in statet4 after the three actions
be executed, the epstemic states of the all sites have been changed.

?- prove(world(1),state(4), bel(c, p)).

YES

?- prove(world(1),state(4), bel(a, bel(c,p))).

YES

?- prove(world(1),state(4), bel(b,p)).

YES

?- prove(world(1),state(4), bel(a, bel(b,p))).

YES

?- prove(world(i),state(4), channel(a,c)).

YES

Theseprove command reports the successful execution of theinform actions that
p is informed from databasea to both of the mirror databasesi andc.

In the latter example, a channel can be also a payload of agentcommunication. In
addition, in case there was no direct channel from a sender toa receiver, a sender could
know another channel asking other agents.

In these examples, such media as IP address, E-mail address and telephone num-
ber, are regarded as channels. At a glance, these media only provides the receivers’
addresses, but in our formalization they are also channels which reside at the sender
side.

7 Conclusion

In this paper, we have formalized communication channel as proposition, and thus, we
could distinguish the act ofinform action from the actual communicability. Also, the
channel itself can be a payload of communication. We have implemented the agent’s
inform action in Belief Update Logic (BUL)Binf

c , where the epistemic state of each
agent is updated, being a new state is added. Employing BUL, we could abandon the
complicated branching-time, and we no more need to give a static model including
unrealistic future. In the updating process, we have preserved the state indext. With
this, we can retrospect the agents’ belief, tracing back thecommunication history.

The following issues still remain as future tasks.

Concurrency and synchronization In the last section, we have shown agents’ inter-
action in the model checker ofBinf

c , and also shown an updated model by the inform
action. Our model checker can verify the past epistemic condition as well as the cur-
rent one, thanks to the state indext. However, the model checker cannot describe



concurrent communication. This is not only the issue of computer implementation,
but also of the logic itself, since two contradictory information may arrive at a cer-
tain site via multiple different paths. If we manage to avoid such a special case
and can develop the synchronization mechanism in multiple communications, the
feasibility of the system would be much improved.

Other Actions and Intention Though the update mechanism byinform is proposed in
this paper, other actions which appear in FIPA/ACL have not yet been incorporated
as a full-fledged agent communication. In this paper, we haveonly treated inf action
as an objective transition of states, and have not such actions asask, request, and
eavesdrop, much less in which condition an agent wouldintendto inform.

History-based belief revision In Section 5, we have argued the possibility of wrong
conviction of the sender, that is, the channel existed only in the sender’s belief
and the communication had not been successful. This miscommunication would be
detected only later when other inform actions have taken places. We have updated
a state of each world by belief revision, but this is not a easyprocedure. If new
information affects the past knowledge, we need to thoroughly scrutinize the past
state of each world so as not to draw contradiction. However,this process would
contribute to inspect the legality of history [15, 16].

These would be the next challenge items en route to full formalization of agent com-
municability.
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