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Abstract— Today, hot topic for researchers is intelligent
manufacturing system and its new paradigms to fhee
problems and challenges of the 21st century’'s
manufacturing industry. A new approach with thisvne
paradigms is problem solving through decompositiad
agent base solution is seen as one of the promising
responding to the needs of next generation manufagt
system. Researchers have attempted to apply ngdtita
base technology to achieve autonomy, decentradizati
flexibility, reliability, efficiency, learning, andself
regeneration characteristics in manufacturing syste
This paper provides a review on the recent achiendsm

in these areas, and discusses some key issues in
implementing agent-based intelligent manufacturing
systems such as IMS structure, concept of MAS tand i
architecture, application  domains, advantages,
challenges, agent development tools and migration t
MAS.

Keywords— multi-agent system (MAS), intelligent
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systems (DM S), flexible manufacturing systems (FMS).

. INTRODUCTION
In the last three decades manufacture concepts e
several redefinitions, in the eighties, the concept
flexible manufacturing systems (FMS) was introduted
develop a new family of products with similar dinsems
and constraints but nowadays, the capacity of
reconfiguration has become a major issue for impgv
the functioning of industrial processes. Indeedlato a
main objective is to adapt quickly in order to s@mew
production or to react in a failure occurrence [1].
Intelligent manufacturing systems has both °flditipi
and reconfigurability, in fact this concept bringsore
than a few ideas of software intelligence meanimdsch
contemplates characteristics such as autonomy,
decentralization, flexibility, reliability, efficiecy,
learning, and self regeneration, all of these itéd lead
to the concept of agent-based manufacturing systems
The current challenge is to develop collaborativel a
reconfigurable manufacturing control systems that
support efficiently small batches, product divesstigh
quality and low costs, by introducing innovative

characteristics of adaptation, agility and moduakaion.
Information and communication technologies,
artificial intelligence techniques, have been usgdnore
than three decades to addressing this challenge. Th
Multi-Agent system (MAS) theory in distributed didial
intelligence (DAI) provides feasible technical soppfor
modeling and realization of intelligent manufacbgri
system (IMS). Manufacturing process is a typicalltMu
Agent questions solution process, and every degattm
(or segment) in manufacturing system is equal to an
Agent in the process. Every sub-mission or unit
equipment in manufacturing system could be actetl an
realized by single Agent or well-organized Agenbup,

and complete the manufacturing tasks together gtrou
their interaction and mutual coordination and coapen.
The manufacturing system shall be stimulated as the
MAS, which makes the system easier to design, esiuc
the complexity of the system, intensifies the
recombination, expandability and reliability of the
system, and improves the flexibility, adaptabiliand
dexterity of the system.

In this paper, intelligent manufacturing based oualtm
agent system presented. The objective is to giyenzral
idea of the complexity of the future manufacturing
systems, The organization of this paper is as vid|o
Section Il explain the Structure of intelligent 8V
Section 1l reviews the concept of software ag@&hiS

and its architecture. Section IV gives applicattmmain
and control system of MAS in IMS. Section V shoWs t
advantages and challenges of the MAS. Section VI
explains methodology to migration from traditional
MAS. Section VIl deal with agent development toaisl
Section VIII presents the paper conclusions.

and

I THE STRUCTURE OF IMS

Intelligent Manufacturing is a man machine integdat
intelligent system composed by intelligent macharel
human experts, which can carry out intelligent\aitis
such as analysis, inference, decision-making, qufae
and judgment during the process of manufacturifge T
cooperation between intelligent machine and huméin w
expand, extend and partially replace the work ahauo
experts during the process of manufacturing [4].thé
same time, it will collect, store, perfect, sharderit and
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develop the manufacturing intelligence of humaneetg

[5].

The main types of IMS are: IMS that takes improving
manufacturing system intelligence as the object and
intelligent robot and Agent as the tool; IMS that
integrates the modeling, processing, measuring and
operating of corporations through Internet; biobagi
IMS that adopts solution procedure for biological
problems. At present, the distributed network IM8del
based on Agent is mainly adopted [6], the architecbf
which is illustrated in Figure 1. On the one hagedch
manufacturing unit is endowed autonomy by Agent to
become the entity with perfect functions and autoyo
independence; on the other hand, the system iswettio
with self organization capacity through the cooatiion
and cooperation between Agents.

Manufacturing
company 1

Manufacturing
company 2

Manufacturing system/company

LAN/Intemet
Product Marketing Financial Human
development managemat | | resource
and design managemert

Manufacturing shop
LAN/Intemet

Task & plan

Figure 1. Network model block graph [23]

Flexible
manufacturing unit 4

Flexible
manufacturing unit 1

When IMS integrates the intelligent machine and aom

on production site, it flexibly centralizes all &tties such

as order, design, produce and sales of the company
through knowledge base, database, computers and
communication network in order to improve the ollera
efficiency. The segments of order, design, prodace
sales are functional independent from each othed, a
their solution procedures are quite different. The
functional subsystems of each segment independently
complete manufacturing sub-tasks as well as coatelin
with each other. Therefore, inside the manufacturin

company, the whole manufacturing process from daesig
to sale is a typical solution procedure for Mulient
guestions.

In order to improve the adaptability of manufaatgri
system to the state changes from inside to outdhde,
general structure design of IMS shall obey the open
principles, which are showed as: (1) opennessefabk:

the task could be input and processed at any t{R;
openness of the system: the system shall holdhtaeges
from interior system, and accept the interferenaenf
outside; (3)openness of solution procedure: thetisol
procedure shall accept the changes of informatioth a
knowledge. In order to realize the openness ofethieee
aspects, distributed structure is resorted to & IS,
which endows every component entity and subsystem o
the system with larger autonomy to form the ingelfit
autonomous agent [23]. Intelligent autonomous agent
connected with computer communication network by
means of intelligent nodes, which are equal in dogi
dispersive in physic and independent in functiohe T
nodes have the loosely coupled relations [7], which
contact each other by transferring messages. Baséue
common communication language, they coordinate and
cooperate to complete the manufacturing tasks.

. AGENT AND MULTI-AGENT SYSTEMS
3.1 Agent

An agent is a real or virtual entity able to actitzelf and

on surrounding world, generally populated by other
agents. Its behavior is based on its observation,
knowledge and interaction with the world of othgeats.

An agent has capabilities of perception and partial
representation of the environment, can communigétte
other agents, can reproduce child agents, and bawve
objectives and autonomous behavior.

According to Jennings and Wooldridge's [12] “aneay

is a computer system situated in some environnmad,
that is capable of autonomous action in this emvirent

in order to meet its design objectives.” Under tuamtext
IMS, we can define an agent as a software systen th
communicates and cooperates with other software
systems to solve a complex problem that is beydrtieo
capability of each individual software system. An
autonomous agent should be able to act withouditleet
intervention of human beings or other agents, duaild
have control over its own actions and internalestat

An agent operates in an environment from whichsit i
clearly separated (Figure 2). Hence, an agent @kem
observations about its environment, (2) has its own
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knowledge and beliefs about its environment, (3% ha
preferences regarding the states of the environnagt
finally, (4) initiates and executes actions to amrihe
environment. Agents operate typically in environisen
that are only partly known, observable and prebieta
Autonomous agents have the opportunity and abitity
make decisions of their own. Rational agents adha
manner most appropriate for the situation at hardl do
the best they can do for themselves. Hence, they
maximize their expected utility given their own &bc
goals and knowledge. The most important common
properties of computational agents are as follows:

» Agents act on behalf of their designer or the tisey
represent in order to meet a particular purpose.

» Agents are autonomous in the sense that they d¢ontro
both their internal state and behavior in the
environment.

 Agents exhibit some kind of intelligence, from
applying fixed rules to reasoning, planning and
learning capabilities.

e Agents interact with their environment, and in a
community, with other agents.

» Agents are ideally adaptive, i.e., capable of taitp
their behavior to the changes of the environment
without the intervention of their designer.

state history "
—_——>|evaluation)

goals, objectives
preferences

S—_—T prior knowledge

Figure 2. The agent and its environment [13].

3.2 Multi-agent systems

A multi-agent system (MAS) means a system in which
the key abstraction used is that of an agent. dtl@osely
coupled network of problem solvers that work togetio
solve problems that are beyond their individual
capabilities. The agents may have only a partiadehof
their environment and may possess a limited seta#ns

for the acquisition and integration of new knowledgto
their models and for pushing the system's stateardsv
their own goals. The knowledge of two agents, refgr

to the same things, is not necessarily commensiarade
may have different representations. No closed-gayste
assumption has to be maintained: the MAS is subadkerg
into and interacts with its environment, which istn
described completely by formal means. Whenever Inove
kinds of interaction with the environment may ogdhe
MAS should be open and able to evolve.

In a community an agent has to coordinate its astigith
those of the other agents; i.e., to take the effe€ither
agents' actions into account when deciding whatldo
Coordination models provide both media (such as
channels, blackboards, pheromones, market, eta) an
rules for managing the interactions and dependsnuie
agents. Coordination requires some regulated fldw o
information between the agent and its surrounding
environment, in other words, communication. Not ih

a MAS coordination is possible both by indirect
communication via the environment, or by direct
information exchange between specific agents. Ig an
case, communication needs some languages withxsynta
and semantics, at least partially known for each
communicating agent.

TOD
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@ & 1 e—e
) ol = ]"-.-_ _'\-\.j- o -
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agent organizational interaction influence sphere
@ relation {:_t_';,u

Figure 3. Generic scheme of MAS [14].

Collaboration means carrying out concerted actigitso

as to achieve some shared goals. For instance, in a
scheduling domain machine agents may agree on
executing each task of a job with the aim of cormpie

an order by the given due date. The shared goal
(completing an order) can be achieved only if gikrats
commit themselves to carrying out the actions thaye
agreed upon. In general, meeting high-level objesti
and satisfying system-wide constraints need codipara

in a multi agent system where agents are selfésted
and autonomous.

The overall operation of MAS is affected by an
organization that is imposed on the individual dagen
Even though there may be no global control or edimérd
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data and the computations are asynchronous, some
organizational rules always exist. The organization
determines the “sphere” of the activity of ageiats,well

as their potential interactions (see Figure 3).

3.3 MAS architectures

The architectures proposed in the literature foenag
based manufacturing systems fall into three apjesc
the Hierarchical approach, the Federation one, thied
Autonomous Agent one [22]. Any modern manufacturing
enterprise is composed of many, most often digkitbhu
physically, semi-autonomous units, all having ataiar
degree of control over local resources or havingiag
information requirements. In such real situatiansertain
number of agent-based industrial applications sté the
hierarchical architecture.

As regards federation architectures, the following
approaches have been used: Facilitators, Brokeds an
Mediators. Facilitators are several related ageviiich

are combined into a group. A facilitator is a
communication interface between agents. Every
facilitator is responsible for ensuring communioati
between a local collection of agents and remotentage
by: routing outgoing messages to their destinations
translating incoming messages for its agents.

Brokers resemble the facilitators having two addii
functions such as monitoring and notification. The
difference between a facilitator and a broker iat th
facilitator is responsible only for a given groupagents,
whereas any agent may contact any broker in thee sam
system for finding service agents to complete aispe
task.

In addition to the functions of a facilitator aadroker, a
mediator assumes the role of system coordinator by
promoting cooperation among intelligent agents and
learning from the agents behavior. The Federatiatim
agent architectures can to coordinate multi agetivity

via facilitation as a means of reducing overheads,
ensuring stability, and providing scalability. The
Autonomous Agent approach is different.

The autonomous agent should have the following
characteristics at least: it is not controlled @naged by
any other software agents or human beings; it can
communicate/interact directly with any other agentthe
system and also with other external systems; it has
knowledge about other agents and its environmehias
its own goals and an associated set of motivatidohs.
Autonomous Agent approach is well suited
developing distributed intelligent design systemisere

for

the system consists of a small number of agentsfand
developing autonomous multiple robotic systems.

IV.  APPLICATION DOMAINS AND
CONTROL SYSTEM OF MAS

Techniques from Artificial Intelligence have alrgaakeen
used in Intelligent Manufacturing for more than two
decades. However, the recent developments in multi-
agent systems have brought new and interesting
possibilities. Therefore, researchers have beedngtrio
apply agent technology different domain of IMS Jike
manufacturing  enterprise  integration,  enterprise
collaboration, manufacturing process  planning,
scheduling and shop floor control, materials hamgfnd
inventory management. Figure 4 illustrate compariso
between Conventional vs. Multi-agent manufacturing
control system. Some important application domaihs
agents in MAS are described below [20], [21]:

Convencional Control Mutti-Agent Control Solutions

Orde.rs ig:::
(FI’IannmIg) == m —
Scheduiing W ‘MLM N

Manuiicturin; Order — Order 2

Release (Execution) £:I§'__I

11 11

Machine Cantrol %
T 1 T 1
Device

Qperation/Monitoring %

Figure 4. Conventional vs. Multi-agent manufacturirg
control system [17]

» Order agent, represents an order to be accomplished
by the production system.

 Process planning agent, plan of the several
processing phases to produce a work piece of an
order.

* Process scheduling agent, minimize the production
time and costs from process planning.

e Coordinator and Supervisor agent coordinate and
supervise the actions between different agents
imposing the correct execution of the rules
established in the system.

* Resource agents, have the responsibility of manage
different resources. For example work piece agent
manages the processing state of the work piece, the
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transport agent decides autonomously in which
direction a work piece is forwarded inside the
production system, and the machine agent, controls
the machine.

V. ADVANTAGES AND CHALLENGES OF MULTI
AGENT SYSTEMS

5.1 Advantages:

There are many advantages [18] [19], provided k& th
characteristics of MAS related to:

1. Technological and application needs: Multi agent
system offer a promising and innovative way to
understand, manage, and use distributed, large;scal
dynamic, open, and heterogeneous compounding
system.

2. Natural view of intelligent systems: Intelligentdan
interaction are deeply and inevitably coupled, and
multi agent systems reflect this insight. Natural
intelligent systems, like human, do not function in
isolation; they interact in various ways and aiaas
levels. MAS provide insight and understanding about
poorly understood interaction among natural,
intelligent beings, as they organize themselves int
various groups, committees, societies, and ecoromie
in order to achieve improvement.

3. Complexity management:. There are 4 major
techniques for dealing with size and complexity of
enterprise  information  systems;  modularity,
distribution, abstraction, intelligence. The use of
intelligent, distributed agents combine all four
techniques

4. Speed-up and efficiency: Agents can operate
asynchronously and in parallel, and this can raault
an increased overall.

5. Robustness and reliability: The failure of one or
several agents does not necessarily make the bveral
system useless, because other agents already
available in the system may take over their part.

6. Scalability and flexibility: The system can be atiup
to an increased problem size by adding new agents,
and this does not necessarily affect the operdttgna
of other agents.

7. Costs: It may be much more cost-effective than a
centralized system, since it could be composed of
simple subsystems of low unit cost.

8. Development and reusability: Individual agents can
be developed separately by specialists, the overall
system can be tested and maintained more easdy, an
it may be possible to reconfigure and reuse agants
different application scenario.

VI.

9. Privacy: A centralized approach is not possible
sometimes because system and data may belong to
companies that for competitive reasons want to keep
them private.

5.2 Challenges:

Although the advantages discuss above, there dle st
challenging questions to be answered such as [19],

1. How to enable agents to decompose their goals and
tasks, to allocate sub goals and sub tasks to other
agents, and to synthesize partial results and
solutions?

2. How to enable agents to communicate? What type of
communication languages and protocols to use?

3. How to enable agents to represent and reason about
the actions, plans, and knowledge of other agents i
order to appropriately interact with them?

4. How to enable agents to recognize and reconcile
disparate viewpoints and conflicts? How to
synthesize views and results?

5. How to engineer and constraint practical multi agen
system? How to design technology platforms and
development methodologies for manufacturing
system?

6. How to effectively balance local computation and
communication?

7. How to enable agents to negotiate and contract?
What negotiation and contract protocols should they
used?

8. How to enable agents to form and dissolve
organizational structures?

9. How to formally describe multi agent systems and

the interaction among agents? How to make sure that

they correctly specified?

How to realize ‘intelligent processes’ such as

problem solving, planning, decision making, and

learning in multi agent contexts? How to enable
agents to collectively carry out such processea in
coherent way?

10.

THE METHODOLOGY OF MIGRATION
TO MAS

Since multi-agent technology has been recognized as
key concept in building a new generation of highly
distributed, intelligent, self-organizing and robus
manufacturing system, the traditional concept of
manufacturing systems has become vulnerable togelsan
[9]. Environmental changes, failure detection,
reconfigurability, and expandability; are a set of
capabilities that make an attractive option mignatirom

traditional to MAS. The migration should be suchtth
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is easier to adopt new production infrastructurébout
dramatic hardware changes and long setup times.
Presently, there are several topologies of manurfiact
cells, such as centralized, hierarchical, and hathical
structures [10]. Each of this topology could besidared

as optimal and able to accept migration, takingp int
account that each element should be related without
complete dependency and well functioning shall net
compromised with any other element from the cdtera
migration is implemented. A generic platform was
designed in order to apply MAS. The platform desigrs
implemented in such a way that any °flexible
manufacturing cell could be evolved into agent-dase
structure. The clue is to adopt the platform stregtand
shape each element (robots, numeric control machine
conveyors) of a cell to acquire agent personabiyce the
problem or problems are identified the MAS design
phase, starts, which is more oriented toward the
implementation of the generic platform; however a
methodology should be committed.

+System-level
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g TaskHi P -ufeCytlIeseches ﬁ
L/ *Collection and query ¢
oy Services s \ i
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0 - N 7\ 4 according with superior il g
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Figure 5. Hierarchy model of communication and
interaction[11]

Figure 5 shows how agents can be integrated and how

data would be interchanged, wherein the three $aybat
computer system in manufacturing management use, ar
illustrated. The generic plat-form is toward frorangral

to particular application, so before start workiog
developing intelligence, is crucial to make indegemt
each element, which is supposed to emerge from a
centralized and sequential architecture that agtslall

be substituted by the new platform. The superiat ph

this pyramid is performed by management layer, tvhic
are satisfied with a manufacturing planning lexsid a

manufacturing execution level. Both could be
programmable holons, purely software based. Intimofdi
pyramid bottom is formed by executable holons, Wwhic
has direct contact with machinery, and hardwaréesys,
also this part of the pyramid frequently is the amith
more constraints in manufacturing environments. The
efforts on this section will be driven to get thgramid
base prepared to be adapted without neither haedwar
changes nor design, on the other hand ready tonieeco
reconfigurable, and holonic-ready [9], the methodglas
shown in figure 6 shall be describe in four stepk[1

Define Communication Structure

Isolate from global system

Convert from general to particular

Create relationships but not dependences

FMS

d J VW
H L 2

PoObdE

]
= § — olonic Ready Agent:
3 Define Communication ‘ An entity with characteristics
g structure 2 ;
o3 and attributes necessaries to
g ;‘ Tsolate from global system>‘ adopt intelligence blocks (to
-l = become an Holon) in order to
":: - Conver General 10 >‘ achieve different functions or
E 2 particular 1asks
E.“ ;‘ Create Relations but no
e dependence
=
2
g Intelligence Blocks
-
A ';, Holonic Ready Agent
&3 m Holon
=

\/‘

<

Phase 2:

RMS

Figure 6. The methodology model implemented to
achieve migration feature [11]

The result after this methodology would be whatoak a
"holonic-ready agent", which meaning contemplatas a
entity with characteristics and attributes neceéssato
adopt intelligence blocks (to become a Holon) ideorto
achieve deferent functions or tasks. An over-adhwiof

the resulting platform is shown in a more orientealy
the methodology applied on the commercial software
used to develop the generic platform. The methagolo
makes reconfigurability possible into the manufeaom
cell.

VII. AGENTS DEVELOPMENTS TOOLS

Development of the agent-based manufacturing system
was usually carried out so far using such programgmi
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languages like C++, Java, Lisp, Prolog, Objectivard
SmallTalk. However, efficient agent developmentldoo
are urgently needed (Table 2).

Efforts have been made to set forth standards genta
based systems; however there are no accepted standa
for developing agent based manufacturing systemg; O
a few projects can be named, like KQML intendefec
common communication language for agents, or KIF
being a common content format. The Foundation for
Intelligent Physical Agents (FIPA) promotes the
development of specifications of generic agent
technologies that maximize interoperability withémd
across agent-based applications [22].

Tool name Developer | Application
ABS (Agent EIL ofthe | developing cooperative
Building University | enterprise agents
Shell) of
Toronto
developing multi-agent
applications in the area of
manufacturing enterprise
supply chain integration
ObjectSpace’s for mobile agents
VovagerTM
ZEUS British for engineering
Telecom distributed multi-agent
systems
ADE (Agent Gensvm Intelligent manufacturing
Development software development
Environment) environment
development of agent
based svstems for supply
chain management
Aglets SDK IEM general agent
development tool
ADT (Agent SRI general agent
Development development tool
Toolkit)

Table 1. Exemplary agent development tools [22]

VIII. CONCLUSION

MAS make the manufacturing system easier to design,
reduce the complexity, intensify the recombination,
expandability and reliability of the system, andpiove

the flexibility, adaptability and dexterity of tteystem. It
can offer distributed intelligent control actiors ¢reate
evolvable systems required on the flexible andritisted
manufacturing systems already needed in ours dags a
essential for the future. This paper presents ¢lhigw on
multi agent base intelligent manifesting system dedlt
with  structure, architecture, application domains,
advantages, challenges, migration to MAS and agent

development tools.The main characteristics to imglet
IMS based on autonomous agents are presented and
concept and use of MAS is explained.
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