S5 ABLIASE SRy g by

Osaka Metropolitan University

CSP-Based Formulation of Multi-Agent
Communication for a First-Order Agent Theory

S&8: eng

HARE

~EH: 2010-04-02

*F—7— K (Ja):

*F—7— K (En):

{EB & : 1zumi, Noriaki, Takamatsu, Shinobu, Kise,
Koichi, Fukunaga, Kunio

A—=ILT7 KL R:

FilE:

https://doi.org/10.24729/00008304




Bulletin of Osaka Prefecture University
Serirs A, Vol. 45, No. 1, 1996, pp. 31-37

CSP-Based Formulation of Multi-Agent Communication
for a First-Order Agent Theory

Noriaki Izumi*, Shinobu Takamatsu**, Koichi Kisg*** and Kunio Fukunaca***

(Réceived June 28, 1996)

For the integration of work on multi-agent systems, we propose a communication model of
multi-agent systems which unifies CSP (Communicating Sequential Processes)-based formulation of
the agents’ communication and a first-order logical formalization based on meta logics. This model
captures various concepts of multi-agent systems: the concepts of the agents’ environment such as
time, actions, conditional and causality, the concepts of mental attitudes such as knowledge, plans,
goals and intentions, and the concepts of agents’ interaction such as speech acts, negotiations and
collaboration. In this paper, modal logical formulas of those concepts are rebuilt into a first-order
theory with three layers, as an executable specification for a proof system on first-order logic. This
first-order theory can be taken as a agent oriented programming language which gives a general
framework for integration of agent theories as specifications, agent architectures as problem solving
systems, and agent languages for programming.
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1. Introduction

A multi-agent system is a distributed computing
system composed of a number of intelligent agents. It
solves complex problems in a cooperative way even if
an agent connot solely solve.

Much work has been done on multi-agent systems in
various fields such as theories, architectures and
languages'®. Most theories for representing and rea-
soning about the properties of agents are based on
modal logies with possible worlds semantics®®,
These theories allow us to describe complex behavior
of agents and mental attitudes. Modal logics, how-
ever, capture static properties in an abstract sense.
Because of less efficiency of proof mechanism, it is
difficult to model multi-agent systems where agents
interact in their dynamic environments. For the con-
struction of agent systems that satisfy the properties
specified in agent theories, various agent architectures
have been proposed. Although these systems can be
applied to solve practical problems, they have no clear
correspondence with the logic used to express the
specification!®. As noted above, there is a gap
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between agent theories and architectures, that is, static
natures and dynamic systems. To bridge this gap, a
lot of agent languages including some architectures
have been developed. Those languages allow us to
program multi-agent systems in terms of the concepts
in agent theories. There is, however, no unified model
that clarifies a correspondence of agent theories, archi-
tectures and languages.

For the integration of work on agent theories, archi-
tectures and languages, this paper proposes a model of
multi-agent systems unifying a formulation of commu-
nication based on CSP® and a first-order formalization
of multi-modal logics®.

In this paper, modal logics of agents’ environment
and mental attitudes are rebuilt into a first-order the-
ory with three layers as executable specifications on
the bases of meta logics. Furthermore, we propose a
description method on agents’ interaction, such as
speech acts, negotiation and collaboration, based on
the semantics of the calculus in CSP. This formaliza-
tion gives a general framework used to analyze, spec-
ify, design, and implement multi-agent systems.

2. Formalization of environment models

2.1 Object-level descriptions
Agents’ environment consists of various concepts
such as states, actions, state transitions, time and
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Table 1 The formation rules of modal logical formulas

{term) = (zndzmdual constant) | (tndrvidual variable) | (function form)

(functzon form) = (n-ary function symbol)({termy), (terms),..., (termy))

(state expresswn) n=(n-ary state predicate symbol)({termy), (termz), . {termy)) | ...

(action formula) ::= (n-ary action predicate symbol)((term,), (terma), ..., (termy)) | ...

(formula) ::= (state expression) | =(formula) | {formula)&{formula) |
(formula) V (formula) | (formula) — (formula) | ...
FUTsome((formula)) | UNTIL({formula), (formula)) | ..
OCCUR({action formula)) | CAUSE({action formula), (formula)) ...
COND2({formula), (action_formula), {formula)) | ...

Table 2 The transformation rules on T (‘4’, s)

(a) basic expressions
(P(thtz, ) 8) = pt,th .t s)

t =t;: t; 18 a 1nd1v1dua.l constant or a incdividual variable
f( ,8): t; 1% a function prle‘.%l()ll f(..)

T( A & B, s) T(A,s) & T(‘B’,s)
T(AV B, s) = (A’,s)VT(‘B’,.s)
T(A - B’,s)=T(‘A’,s) - T(‘B’,s)
T(‘=A’,s) = -T(‘4’,s)
T(‘VzA’,s) =VzT(‘'A’,s)
T(‘3zA’,s) = F2T(‘A", s)

(b) terﬁ'ﬁoral expressions
T(‘FUTall(A), sp)
=Vs1{< (s0,51) = T(*4’,51)}
T(‘FUTsome(A)’, sg)
= ds1{< (s9,51) & T(*A’,51)}
T(UNTIL(A, B)', s)
= 351[< (50,51) & T('B’,s1) & Vsa{< (s59.52) & < (s9,81) — T(‘A’,s2)}]
T(‘BEFORE(A, B), sy)

= Vs1[< (s0,81) & T(*B’,s1) = Js2{< (50.52) & < (s2,81) & T(‘A’,52)}]

(c) action expressions
T(‘OCCUR(act)’, sp)
= ElslT(‘()CCUR(u.ct)’, 80, .5‘1)
T(‘OCCUR(act)’,sO,sl)
= E(act, s, s1) , act is a basic action
T(* OCCUR(IFp THEN acty ELSE ucts) . sy.51)
={T(‘p’,s0) & T(‘OCCUR(acty), 59.51)}
{—|T(‘p’,so) & T(‘()CCUR((L(:I‘.Z)'.s(,,sl)}
T( ()C’CUR(act1 THEN actz) S0, S))
= 351{T ‘OCCUR(acty)’, s0,91) & T(OCCUR(ucts)’ 5’1,82)}

(d) causal and conditional expressions
T(‘CAUSE(act, A)’, so)
= 351 {T(‘OCCUR(act)’, s¢,51) & T(‘A",s1)}
T(‘COND1(act, A)’, s0)
=Vs1{T(‘OCCUR(act)’, sy, s1) — T(*A’, s1)}
T(COND2(A, act, B)’, sq)
=Vs1{T(‘4’, s0) & T(*OCCUR(act)’, s4,51) — T(‘B’,s1)}

causal relations. by adding modal operators for time, actions, condi-

tional and causality. Formation rules of modal logi-
cal formulas are given in Table 1. In the this paper, a

level of the description regarding an environment of

To express those concepts, we employ a multi-modal
predicate logic (called ‘modal logic’ for short) as a
description language, which extends first-order logic
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Table 3 The definitions of mental actions

T(OCCURM(m-act), s, ¥,)
=3v,ds, T (¥, s, ‘OCCURM(m-act), s;, ¥;)
T (¥, s, ‘OCCURM(assume(A)), sz, ¥;)
= R(¥y, s, ‘A, 53, W)
T (¥, 51, ‘OCCURM(verify(A)), s;, ¥3)
= T(A, s, V))& R(Ty, 81, ‘A, 53, ¥y)
T (¥, s, ‘OCCURM(execute(act))’, ss, ¥s)
= Rsense(¥1, 81, ‘Precond(act), s;, ¥s)
& R(¥,, s, ‘OCCUR(act)), ss, ¥s)
T(¥,, s, ‘OCCURM(execute(actacts))’, s, Vi)
= T(¥,, s, ‘OCCURM(execute(act)), s;, ¥2)
& T(¥,, s,, ‘OCCURM(execute(acts))’, s3, ¥s)
T(¥,, s, ‘OCCURM(plan(goal, act-sq)), ss, V)

= T(W¥,, s, ‘OCCURM(verify(CONDI(acl-sq, goal))), s;, ¥32)

agents is called the object-level.

To integrate concepts expressed by modal logical
formulas, we formalize the structure of agents’ envi-
ronment based on first-order logic. We introduce the
first-order predicate: T (‘A’, s), which represents that a
modal logical formula A is true at a state s. Table 2
lists the transformation rules of T (‘A’, s) on basic,
temporal, action, causal and conditional expressions.
2.2 Reasoning system based on first-order logic

In this paper, we take agent’s knowledge of his
environment as a set of first-order logical formulas
called a situation-description. We set a truth-value of
logical formulas based on the provability in a situation-
deecription and a constraint-description given by a set
of rules and meta-level descriptions.

We represent that a modal logical formula A is true
at a state s in a situation-description ¥ and a
constraint-description T, by the following provability
relation:

TUTHT (4, s) (1

This relation means that T (‘4’, s) is derivable from ¥
and T by the first-order logical inference of resolution,
paramodulation and default inference®. The default
inference is used for the reasoning about a continuation
of a state independent of action occurrences, and is
implemented as an inference procedure.
2.3 Dynamic interpretation of logical formulas

To interpret dynamically the meaning of a logical
formula, we propose a mechanism which revises a
situation-description responding to a state transition
caused by an occurrence of an action. For example, a

procedure Revise, which revises a situation-description

¥, into ¥, for the occurrence of an action act between
states s, and s,, is defined as follows:
Revise(T, ¥, s,, OCCUR (act), sz, ¥5)
=V, =W, u ¥ uUY”) (2)
where
V= {T (‘OCCUR (act), s, $:)} U
{T (a’, ) | YUY, F T (B, s1) and
Action rule:
T (B, s1) & T (OCCUR (act), s, S:)
-T (‘a’, )ETUY,}
= {T (¥, s) |
T (‘y’, ) €E¥, and
T (‘y’, s;) is derivable from ¥, U¥’
by the default inference procedure}

3. Formalization of an agent model

3.1 Knowledge-level descriptions

We consider a situation-description ¥ as an individ-
ual constant of a meta-level. A situation-description
¥, which shows an environment of an agent, can be
taken to be agent’s knowledge of his environment in
his cognition process. On the basis of reflection?, we
introduce meta-level expressions of first-order predi-
cates T and R which correspond to the procedures of
proofs and revisions of situation-descriptions respec-
tively, as follows: '

TFT (A, s, ¥)=TUPFT (A, s) (3)
THR (¥, 81, A", 8, ¥2)
e Revise (T, ¥y, s1, A, S, ¥3) (4)

The formula of the predicate 7 is an expression of
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Table 4 The definitions of the knowledge level revision

M-R(K®,, ¥,>, s;, OCCURM(assume(A)), s,, {<®,, ¥,>)

EM-T(R(¥:, 51, ‘A", s, ¥,5), ©))
& O,=0,U{R(¥,, s, ‘A, s, W,)}
M-R(®,, ¥:>, s;, OCCURM(verify(A)), sz, (@i, ¥,>)
EM-T(TC(CA, s,V¥,), ®,)
& M-T(R(W,, s, ‘A, 55, ¥,), &)

& ©,=0, U{T (A, s, ¥,), R(v,, s, ‘A", 55, ¥,)}
M-R(K®,, ¥, s;, OCCURM(execute(act)), ss, {0, ¥3>)

Z=M-T (‘Rsense(¥V1, 81, ‘Precond(act), s,, ¥,), &)
& M-T(R(¥,, s, ‘OCCUR(act), s, ¥s), ®;)

& ©3=0, U{ Rsense(V1, 51, ‘Precond(act), s,, ¥,),
R(¥,, s,, ‘OCCUR(acty, s;, ¥,)}

M-R({®,, ¥,>, s;, OCCURM(plan(goal, act-sq)), s;, {@s, ¥5>)
EM-RK®,, ¥,>, s, OCCURM(verify(COND1(act-sq, goal))), s;, <®,, ¥,>)

Table 5 The definitions of the intention-level revision

MM-R(KQ,, @\, V>, s;, OCCURM(achieve(A)), s,, <Q,, ®,, ¥,D)
=MM-R(KQ,, ®,, ¥,>, s, OCCURM(accomplish(A)), s, {Q, Oy, ¥,D)
VMM-R(KQ,, @, ¥.>, s;, OCCURM(request(set-goal(A))), s;, <Qz, D,, ¥,>)
MM-R(KQy, ®1, VD, 51, OCCURM(accomplish(A)), ss, <Qs, ®3, ¥3D)

={—MM-T(3act INTEND (act, s,, <®;, ¥,>’, Q)

& MM-T(M-R(K®,, ¥, s,, OCCURM(plan(A, act-sq)), s;, <D, ¥,>), Q)

& Q,=Q,U{INTEND (act-sq, s, {®;, V,>),

M-R(K®,, ¥,>, s, OCCURM(plan(A, act-sq)), ss, <®,, ¥,>)}
& MM-R(KQ,, ®,, ¥;>, s, OCCURM(accomplish(A)), Ss, <Qs, Ps, ¥3>)

V MM-T (Fact INTEND(act-sq, s,, <., ¥,>’, Q)

& MM-T(M-R(K®,, ¥.>, s,, OCCURM(execute(first(act-sq))), sz, <®s, ¥,0), Q)
& Q. =Q,U{M-R(K®,, ¥,>, s;, OCCURM(execute(first(act-sq))), s», <®,;, ¥,),

INTEND(tail(act-sq, s;, <D,, ¥,>)}

& MM-R(KQ,, @;, ¥3>, s;, OCCURM(accomplish(A)), s;, <Qs, D3, ¥3D)}
V{MM-R(Q,, &1, V>, 5;,, OCCURM(verify(A)), ss, <Qs, ®s, ¥3D)}

agent’s mental state, and the formula of the predicate
R is an expression of an agent’s mental state transi-
tion. In this paper, a level of expressions using the
predicates 7 and R is called a knowledge-level.

An occurrence of agents’ mental action m-act, which
causes a change of his mental state. can be expressed
by T (‘OCCURM (m-act), s, ¥) defined in Table 3. In
the definition of execute, Rsense (W1, $1, ‘Precond(act), s,,
W¥,) represents that an agent senses and makes sure of
“Precond (act)” at a state s, in a situation-description
¥, and then, revises the state and the situation-
description into s, and ¥,.

Furthermore, to interpret dynamically the meanings
of knowledge-level formulas, we define revision proce-
dures in knowledge-level, which satisfy the descrip-
tions as specifications on mental actions using the
predicates T and R in Table 3. For this purpose, a

situation-description on the knowledge-level ® is given,
which consists of knowledge-level formulas of proofs
and revisions on the object-level. We introduce an
expression on the proof procedure for knowledge-level
descriptions on the basis of reflection. A first-order

predicate M-T is defined as follows:
T+M-T (¢, DyST UDH (5)

where ¢ is a knowledge-level expression and T’ is a
constraint-description T without ®.

A procedure of revising knowledge-level descriptions
responding to an occurrence of a mental action m-act
is represented using the following first-order formula:

M-R ((®, ¥>, s, OCCURM (m-act), s’, <&, ¥'>) (6)

Table 4 lists the definitions of the knowledge-level
revision M-R using the meta-level predicate M-T.
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Table 6 The syntax of abstract-level descriptions

+ self action label
(SAL) ::= assume

verify | accomplish | ...

+ communication action label
(CAL) = nform | notify | set-goal | ...
+ basic abstract action expression

(BAAFE) ::=
(SAL) | {formula)
| (CALY!(formula)
[ (CALYY formula)

-+« self action
- requested action
-+ - request action

+ abstract action expression

(AAE) ::=
| (BAAE) - -

-+ basic action

- nil action

- action prefix

- nondeterministic
- communication

- -+ concealment

- recursion

3.2 Intention-level descriptions
In the same way as introducing the knowledge level,
which

knowledge-level, can also be formalized constructively

an intention-level, is a meta-level of the
using the expressions of M-T and M-R. We intro-
duce an intention-level description Q which consists of
meta-level expressions of proofs and revisions in the
knowledge-level using the predicates M-T and M-R.
A first-order predicate MM -T which corresponds to a
proof procedure for intention-level descriptions is
defined as follows:

T'F MM-T (¢, Q=T "VQF ¢ (7

where T” is a constraint-description T’ without Q, and
¢ is an intention-level expression. An intention-level
expression is a formula of M-T, M-R or a first-order
formula: INTEND (act, s, <®, ¥>) which means that an
agent intends to act at the state s in the situation
(@, ¥>. We define a meta-meta-level expression
MM-R of the revision procedure on the intention-level.
For example, an action achieve by which an agent
autonomously plans his action and executes it until he
achieves his own goal or he requests of others to
achieve it is formalized in Table 5.

4. Communication models between agents

It is conceivable that communication between agents
is based on some protocols defined for types of mes-
sages. We formalize models of communication
between agents using CSP that is to specify descrip-
tions of communication protocols.

4.1 Abstract-level descriptions based on CSP

Communication between agents is conceivable as a
higher concept than concepts on the intention-level
because agents decide their goals and intentions
through agents’ interaction like speech acts. In our
approach, we describe mental actions of the intention-
level by CSP. This description is called an abstract-
level description. The syntax of expressions for the
abstract-level description is given in Table 6, and infer-
ence rules are given in Table 7. In this paper, we aim
at formalizing communication just between two
agents. It is considered that the abstract-level
description of an agent is independent of those of the
other agent.

4.2 Example

Speech acts can be expressed in an abstract-level
description. For example, a series of actions M-act,,
which shows “if the agent a is requested X, he

attempts the achievement of X and informs the reali-
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Table 7 The Inference rules on abstract-level descriptions

self action

MM-RKQ,2, ¥, s, OCCURM(a(4)), s’, <Q,2",¥")

transmit action

alA=E{alA}E

MM-R(£Q,2,%), s, OCCURM(request(a(A))), s’, {Q, @ ¥)

aA<E{a A}E

receive action

MM-R(KQ,2, %), s, OCCURM(requested(a(A))), s, <OV, &', ¥")

a ASFE{a A}E

E{«}E;
Eje IE'{a}E:'

F{a}F’
COM. F1F ) ETF

SUM Gen

E{a)E’
COM: BV F () E'TF

E{a VA}E' F{a X}F’
ENF{comm(a,A}E'|F’

COM;

zation of X, is expressed in the following manner:
M-act,= set-goal? X = accomplish | X 2 notify! X  (8)

We express a series of actions M-act, which is a repeti-
tion that the agent b requests Y or he adds Z to his
knowledge if he is told Z is true.

M-atc,=uX. (set-goallY = X

1 notify?Z = assume | Z=X) 9

In this example, the agent b wants to achieve G, in
other words, he is going to prove a revision on the
intention-level corresponding to the mental action
achive (G).

If abstract-level descriptions of the agent ¢ and the
agent b are given by “M-act, || M-act,”, the agent b
requests the agent « for the achievement and the agent
a reports the agent & its success.

5. Conclusion

For the integration of various work on agent the-
ories, architectures and languages, it is important to
model multi-agent systems in a unified way. From
this viewpoint, we have proposed a model of multi-
agent systems based on CSP and meta logics. In this
paper, descriptions by multi-modal predicate logics are
rebuilt into a theory of first-order logic based on meta
logics. Those descriptions can be regarded as
executable specifications for a proof system of first-
order logic. This formalization allows us to program
multi-agent systems in terms of logics on agents’ envi-
ronments and their mental conditions. First-order
logic gives a general framework for analyzing, specify-
ing, designing, and implementation of multi-agent sys-

tems. Formulation of agents’ interactions based on

the calculation system of CSP gives a communication

model of multi-agent systems which enables us both to
describe specifications of speech acts and to define
agents’ behavior. This model can be taken as to be a
model of an operating system for an agent language.

It would also be important to model interactions
among many agents, although communication between
just two agents is formalized in this paper. We take
knowledge regarding each agent’s environment as to
be fundamentally independent. But in the case that
the proposed method is applied to the real world, it
becomes required to formalize common knowledge and
its revision. These should be addressed in future
work.
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