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Abstract - In the current global market, traditional hierarchical
approaches for manufacturing scheduling and control don’t produce the
desired results. It occurs especially in Job-Shop manufacturing
configurations. In order to overcome the limitations that hierarchical and
centralized architectures show 1in new manufacturing systems, many

decentralized schemes have been proposed. Most of those proposals are based
either on dispatching rules or on market mechanisms. While dispatching
rules approximations provide a good solution to manage large number of
disturbances, market approaches provide efficiency. This paper presents a
multiagent architecture which combines both types of ideas.
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1.0 Introduction

In order to make products, the elements of a manufacturing system need to
perform a series of tasks that must Dbe perfectly coordinated. This
coordination is achieved by means of a programming and controlling system
called shop floor control (SFC). So far, SFC has been designed on
hierarchical or centralized schemes that have been implemented efficiently
by software such as SCADA for continuous productive configurations.
Unfortunately this is not true of discreet productive systems as Job-Shop
manufacturing configurations.

Job Shop manufacturing systems have a set of features, which make the
problem quite difficult. A wide range of products must be made in small
number of units by means of different low specialization machines. The
sequence in which the products pass through the machines and the number of
the machines needed to make them will wvary depending on the type of
product. The assembly of parts and alternative routes of production are
also possible. A priority also exists for each product, depending on the
due dates agreed on with the customer. The programming and controlling of
this type of productive systems is very complex and it is responsible for
the fulfilling of the due dates, the uses of resources, stocktaking and,
therefore, the efficiency of the system.

Hierarchical and centralized architectures are not flexible enough to adapt
themselves to the dynamism and complexity needed in Job Shop productive
configurations. That is why successive proposals have appeared to improve
the shop floor control of that type of manufacturing systems. The recent
paradigm of MultiAgent Systems (MAS), which offers new techniques to face
complex unsolved problems, can help to find promising solutions. As a
matter of fact, it is currently a very active field of investigation [1].
MAS provide methods to replace a central controller by several controllers,
usually referred to as autonomous agents. Each agent is related to a small
portion of the system (a machine, a part, etc.)

This paper presents information about the experience obtained during the
development of a small prototype of shop floor control system based on



agents. Therefore, we propose to analyze the difficulties that lie in the
control of Job-Shop manufacture environments. Secondly we will describe
both the traditional solutions and the current proposals. The agent
technology provides a perfect frame to develop many of these proposals, and
this is dealt with in the following point. Next we will show the prototype
we ourselves have developed and finally we will mention the most relevant
conclusions we have arrived at.

2.0 Job-Shop Floor Control Problems

Obviously it is difficult to control any complex system. Even so, there are
three aspects regarding Job-Shop plants that are worth pointing out, a type
which is particularly difficult to deal with: the programming of
production, the unexpected disruptions that might arise, and the evolution
of the structure of the system through time [2]. It is essential to arrange
planning beforehand so that not only the productive resources can be
prepared properly, but also the tasks can be coordinated. These plans are
production programs that include all the activities each resource must
carry out, and also the dates on which each activity starts and finishes.
Although there are many possible programs, not all of them succeed in
making the most of the resources. Nor do they achieve all the aims.
Selecting an ideal program among them all proves to be a very complicated
task, since it 1is a np-complete problem. In this kind of problems a
combinatory explosion takes place: the number of all possible programs
increases in huge proportions as the number of machines and operations to
be carried out increases as well. On many occasions the calculation time
which is necessary to find the best solution is beyond reasonable limits.
Fortunately there is software available which is based on heuristic and
meta-heuristic methods, which guarantee reasonable programs in reasonable
time.

The programming of operations would not be a big problem if it were not
connected with the dynamism of the industrial environment. The production
systems are subjected to continuous disruptions, which makes it rather
difficult to comply with the fixed programs. Phenomena 1like machine
failure, changes in the orders or mistakes in the manufacturing program
forecast might invalidate the manufacturing program itself after it has
been issued. Therefore, under these conditions the control system must deal
with any eventuality and modify plans in real time in the best possible
way .

There is one more problem that must also be taken into account: the
dynamism of the structure of the system itself. The technological advances
in the production system, the incorporation of machines or the modification
in the managerial strategies make it possible for the manufacturing system
to evolve. In order to program and control manufacturing, the SFC must have
a model of the production system. If the latter changes, the SFC system
must include all the modifications that have been carried out. As a result,
the control system might prove inoperative depending on the extent of this
change.

3.0 Proposed Solutions

Throughout the second half of the twentieth century, necessities in the
industrial sector favored the development of quite efficient control
systems. Even go, on many occasions these systems do not offer the
desirable performance, due to the evolution of the industrial environment.
Owing to the globalization of the markets and the technological
obsolescence customers demand products made to order. Consequently, the
range of products companies have to make is becoming bigger and bigger, and
in smaller quantities. As a result of this and the dynamism of the current
markets, the SFC systems have to face up to more and more complex systems.

3.1 Evolution of control architectures

The control of manufacturing systems has been traditionally carried out
according to centralized or hierarchical multi-level architectures [3]. The
former is based on a mainframe computer, which sets the program of
activities, sends the orders to the plant, captures data, upgrades the
databases and reprogram if necessary. The latter is more complex and



results from the evolution of the former. There are controllers at
different 1levels that centralize the control of different areas in the
plant. Although the latter is no doubt better than the former, both of them
lack in robustness, have a slow response and are too rigid.

By introducing relations between elements, which are at the same
hierarchical level, it is possible to improve the robustness and response
time of the system. Even so, this type of structures, called modified
hierarchical, fails to improve adaptability and extendibility. Their main
drawback is that the hierarchical relations are very difficult to modify.
This tendency towards elimination of hierarchical structures inexorably
leads to the so-called heterarchical or transversal architecture, in which
there are no higher levels that hierarchy decisions. In order to achieve
coordination it is necessary to create a model of negotiation that allows
the controllers to get the production planning by mutual agreement. This
makes the system more flexible, scalable, robust and it adapts to
manufacturing necessities constantly and perfectly. It has a problem,
though: the elimination of hierarchies makes it more difficult to achieve
global objectives.

3.2 Current proposals

Owing to the physical structure of the manufacturing systems and the
distributed 1location of the information in these systems, one of the
proposals consists in the use of distributed architectures that are not so
hierarchical so as to carry out the SFC systems. Many authors, inspired by
the organization of the natural systems (living beings, human societies,
etc.) propose original control systems. Among them, bionic manufacturing
systems, fractal manufacturing or holonic manufacturing systems are worth
mentioning [4].

Although these proposals start from different ideas, they share a feature
that makes them attractive to researchers. They are self-organized systems
where Dbehavior emerges from the interaction between the autonomous
entities. Obviously it is somewhat difficult to design and implement these
systems. It is in this aspect that software agent technology can be useful,
since it provides the appropriate tools for the design and implementation
of complex systems.

4.0 Shop Floor Control Multiagent Systems

There are many proposals of multiagent systems for SFC, which are briefly

dealt with next [5][6]. Like any system based on agents, they can be
described in general terms by means of agent models (features of each type
of agent, instances, etc.) and agent society models (structural relations

and relations between agents).

4.1 Agent Models

From a traditional point of wview of the software engineering, the systems
are structured in modules by means of a functional division. According to
this idea, the information systems of manufacturing companies are divided
into modules used for functions such as maintenance, task scheduling,
material management or design. Modules can also be divided by means of
physical correspondence, in which there would be a correspondence between
software modules and physical entities of the system. The latter division
is the one that is most commonly used in manufacturing agents, since it
makes the manufacturing system much more extensible and adaptable.

Although some functional agents appear in many studies, most of them
(including the ones that refer to holonic manufacturing), correspond with
the idea of physical division and propose two kinds of basic agents:
‘product or order agents’, and ‘resource agents’. These agents have local
information of the element they represent and they do not need to know the
rest of the system completely in order to carry out their task. The order
agents represent the orders that must be manufactured. They are created
when a new order is placed and contain all the information about it: the
due date, the product that has to be made and all the operations that are
necessary to make 1t, restrictions in the sequence 1in which these
operations are carried out, etc. The resource agents represent the elements
of the productive system: (machines, robots, warehouses, etc.). Like the



product agents, they contain local information of the element they
represent [figure 1].

Software Agents e

_———_ (Product 2 Agent >
Product TAgent >~—f— 5 %
P ]

1

—Machine 1 Agent»+—— s ¥~ Vehicle Agent _
% (_Machine 2 Agent [
HONE eIl

L

._"u-'_\-l'ilﬂ(er 1 Agent D "'_'L';u;orker 2 Agié.r_l'l'

Sl

Figure 1: Multiagent System for Shop Floor Control

4.2 Agent Society Models

When it comes to establishing the relations between agents, the proposals
are not as homogeneous as they are when establishing the type of agent.
After revising the related 1literature, it is ©possible to clearly
distinguish between two types of manufacturing agent societies: systems
with programmer agent and systems without programmer agent. The existence
of this type of agent marks the hierarchical character of the system, and
therefore, the relations between its components [7].

In the first type of society there is a functional agent that carries out
the programming of the necessary operations in order to get the production
of the pending orders. In these systems the order agents ask the programmer
agent to make them. The latter asks the resource agents for information
about their capacity and availability, and prepares a manufacturing program
with them. According to this program, different instructions are sent to
the resource agents so that they start to operate.

In those systems with no programmer agent, the schedule emerges from the
interaction between the order agents and the resource agents. The main
question that arises when it comes to designing these systems is how to
establish the interaction. Although there are many proposed solutions, none
of them is definite or has been widely accepted. Among these we can point
out the systems based on the market, dispatching rules or pull systems.

5.0 Prototype Design and Implementation

According to the ideas taken from literature, we have created a system
prototype based on agents to carry out the SFC of the Job-Shop
manufacturing systems. The multi-agent technology offers many tools, but we
have selected JADE as development framework [8], and GAIA as analysis and
design methodology [9]. Bearing in mind that the FIPA specifications are
accepted throughout the world, we have developed the prototype according to
their recommendations [10].

5.1 Shop Floor Scenario

A real manufacturing system is a very complex environment. Since in this
study we intend to develop a first approach to the control system, it is
advisable to design a simplified manufacturing system that can be simulated
by means of virtual techniques. Its simplification will affect to the
structure of the manufactured products (items) and the structure of the
productive system (resources). In our model we do not consider assembling
the parts we manufacture.

The productive system must manufacture these items following production
orders, which consist of an order specifying type of item, number of units,
priority, and delivery date. In order to manufacture each item it is
necessary to carry out a series of operations, which have to be executed in
the correct sequence. This order depends on restrictions called precedence
relations between operations (for example, the operation of coating cannot
be carried out prior to executing the operation of sanding). Thus, the
technical data of the product consist only of a list of operations and a



list of precedence relations that 1limit the order in which all the
operations can be carried out.

As far as the resources are concerned, we take it for granted that there
will be unlimited availability of raw material, tools, personnel and
transport. In this way the only resources arranged by the system will be
the work center or machines. Although in a real environment a machine
usually needs a lot of information to execute any operation (tools needed,
human resources, etc.), 1in the manufacturing system we propose, the
information is limited to a list of operations the machine can carry out,
and the time needed for each operation.

5.2 Agent Models

As it has been mentioned previously, an essential aspect of any multi-agent
system is the specification of the agents that take part of the system. We
have defined four kinds of agents: Database Agent, SFCCoordinator Agent,
Order Agent and Machine Agent.

The agents of the type Database Agent are those which have access to the
information of a database that contains the technical information of the
products and the orders to be manufactured with arranged delivery dates.
The users of the system can use a window that is linked with this agent by
means of which they can record and read in the database. The main task of
this agent is to get the pending orders from the database and tell the
SFCCoordinator Agent to order the manufacturing of these orders. Although
there can be various agents like this in the system, in ours there is only
one.

Another type of agent that appears in the system is the SFCCoordinator
Agent. This agent receives the orders from the Database Agent and creates
as many Order Agents as orders have to be manufactured. As the operations
of the different orders are carried out, the Order Agents inform the
SFCCoordinator Agent of the stage it is in the manufacturing process. When
an order has been finished the SFCCoordinator Agent informs the Database
Agent that it has been finished in order that the latter records it in the
database.

The Order Agents represent the number of orders to be manufactured, and
there are as many of them as pending orders. Their main task 1is to
negotiate with the Machine Agents which machine (and when) is going to
carry out all the necessary work to finish the product. Besides these
agents keep the SFCCoordinator Agent informed about the stage of the
manufacturing process.

The Machine Agents are related to the machines there are 1in the
manufacturing system. That is why there are as many of them as machines.
These agents negotiate with the Order Agents on the operations that the
machine they are associated with must carry out. Once a certain operation
for an Order Agent has been arranged, the Machine Agent sends the necessary
instructions to the machine so that it starts to operate. The Machine
Agents checks how the manufacturing is going and informs the Order Agents.
Through a window, users can change the parameters of this type of agents,
such as the communication with the machine, the operations that the machine
can carry out, etc.

5.3 Agent Society Models

Most of the tasks the agents carry out are communicative acts. The
regulation of these communications is essential so that the system will
accomplish its objective. So as to guarantee the adequate exchange of
messages, FIPA has defined a communication system called ACL (Agent
Communication Language). A very important aspect of this communication
system 1is the control of the conversation, which is determined by the
communication protocols. FIPA establishes some of these, two of which we
have implemented: Request-Protocol and Contract-NetProtocol.

The Request-Protocol is used to ask other agents for services. The first
agent asks the second one to perform a task. The second one confirms
whether it is going to carry it out or not, and once it has been carried
out, i1t sends a report with the result of the operation. We have also used
this protocol to implement the request for manufacturing orders that the
Database Agent sends to the SFCCoordinator Agent. In the same way this
protocol is used to implement the request that the SFCCoordinator Agent
makes from each Order Agent.



The Contract-NetProtocol is used when the first agent intends to hire a
second agent to carry out a certain task, and so it starts the conversation
with a request for offer. The second agent sends back an offer, and if the
first agent finds it satisfactory, it accepts it and sends confirmation of
acceptance to the second agent. Once the latter has carried out the task,
it sends a report to the first agent.

This protocol has Dbeen proposed by some researchers to implement the
negotiation between orders and machines [11]1 [12]. The =sequence of
operations that the machines carry out and, consequently, the efficiency of
the system depends on the way this protocol is carried out (which is the
first agent, how the offer is selected, etc.). In our system the agents
which start the process are the Order Agents, which ask the Machine Agents
to perform the operations.

The figure 2, show our implementation of the Contract-Net Protocol. It
starts with one or several Order cfp (Call For Proposal), where each order
agent asks a machine agent for a time interval to perform a certain
operation. After that, each Machine Agent selects only one cfp, and it
sends a proposal to the Order Agent that sent the selected cfp. When an
Order Agent gets a proposal, it can accept or reject it. If it accepts the
proposal, then the Order Agent and the Machine Agent will add this piece of
information in their databases.
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Figure 2: Contract-Net Protocol implementation.

The previous implementation have tree points where certain agents must make
decision: (1) the order agents have to decide what operation must be
included in its cfp, (2) and the machine agents have to decide what cfp
must be considered. In order to make this decisions, many works have
proposed to make use of dispatching rules. Although this choice provide a
good solution to manage large number of disturbances, it do not provide
global efficiency.

In order to improve the global behavior of the system, we have implemented
another mnegotiation 1level, which is based on a lagrangian relaxation
mechanism [13]. That negotiation level runs constantly and parallel with
the ‘contract-net protocol’, and it provides the necessary information to
make decisions. The langrangian ralaxation mechanism acts according to the
following method. (1) Machine agents make public their available time
interval prices. (2) After that, every order agent proposes a local
schedule to agent machines to make their pending operations. In order to
calculate the local schedule, order agents probe all possible schedules,
and they take the cheapest. (3) The global schedule that is constructed by
means of local schedules combination may not be feasible (many time
intervals of machines may be shared for some order agents). If it happen,
machine agents will publish new prices (higher prices for highly demanded
time intervals), and the process will start again. Although local schedules
can not form a feasible global schedule, they can provide good information
to make decisions during the contract-net protocol.



6.0 Conclusions

After studying the literature, we can establish that there are numerous
proposals for the implementation of the multi-agent system to develop SFC
systems. The most widely accepted idea, which is the one we have followed
in our study, consists in building an agent society. In this society the
physical agents that represent the real resources interact among them and
with other software agents without physical correspondence. These agents
negotiate according to certain schemes, and the result of this interaction
will be an acceptable performance of the system.

According to these ideas we have developed a small prototype in JADE
platform based on the GAIA design as it has mentioned above. By developing
this prototype we intend to verify the adaptation of these techniques to
develop SFC systems based on agents. From what we know after all our
experience, 1t seems that this is possible. From the development of the
work itself and the conclusions, several gquestions arise: Have the best
tools been used or are there others that can adapt to this problem better?
If the manufacturing system were more complex, would the results be equally
promising? And in a real flexible manufacturing system?
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