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Abstract

The planning of the material flow in a car plant has become a compledtifdicd|t
taskwhich can no longer be accomplished satisfactorily without compugggort.
Themain dificulty is to predict the éécts of local decisions on the overall plant-per
formance.In this paperwe present a framework for developing planning systems
thatcompute plant-wide consistent production programs andnlasger the éécts

of local decisions. In cooperation with a logistics department of Mercedes-Benz AG,
theframework was applied to a subtask of the overall planning problemep@rt

on the design and the test of the prototype at a plant. Based on the experience with
the prototype, we evaluate the framework and discuss how it meets the end-users’
requirements.

1 Introduction

After several years diasic research, multi-agent systems have become a promising technology
for innovative applications in fields like enterprise modelling, information managetaknt,
communicationspetwork management, robotics, fr@for production. The production domain,

and in particular the manufacturing planning and control for exampleebased attention right

from the beginning of multi-agent research (see e.g. [ITAR.motivation to apply multi-agent
technologyin the field of manufacturing planning and control stems from the fact that, due to their
enormouscomplexity todays manufacturing systems are still fragile and inflexible (cf. [3]). On

the other hand, multi-agent systems promise to build complex systems that are more robust and
flexible than existing ones. But so far origw work has been reported on field applications of

or field experience with multi-agent systems (see e.g. [4]).

In this paperwe report on field experience with a prototypical system designed for the planning
of material flow in a car plant. First, we specify the material flow planning proaiehiist the
userrequirements. Then, we present tA&KBS framework which proposes three design steps
for developing a planning system that meets the user requirernmeatder to examine the ap
propriatenessf theframework, we conducted a feasibility stuglycooperation with a logistics
department of Mercedes-Benz AG, in which we applied the framework to a subtask of the given
planningproblem. V& discuss the resulting design and report on the test of the prototype at a plant
of Mercedes-Benz. @/discuss the results of the feasibility study and examine how the framework
mettheuser requirements. Finallywe conclude the paper with an outlook on the future work in
this project.
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2 Problem Specification and User Requirements

Onetask, among others, of the production logistics department of a car plant is the planning of
the car body flow during the production processti#¢ Mercedes-Benz car plant Sindelfingen
(Germany)for example, passenger cars are constructed and assembled in eight major production
steps which argroupednto three centers (see fig. 1). The body construction welds the lower and
theupper part of the caAfterwards, the painting puts several layers of pairthercar surface.
Finally, the assembly installs the interior of the, @atds all outer parts, such as engine, drive train,
doorsetc., and performs a final check.
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Figure 1: Factory Example

In the particular case of the car plant Sindelfingen, the material fltevsoh certain degree of
freedomin that (i) each production step contains several units with overlapping capabilities and
(if) a unit may supply several units of the succeeding production step (cf. fig. 1). The task of the
productionlogistics is therefore to determine the production quota of each single unit and the
routesof the car bodies between units, so that the resulting production prisgcansistent and

the given production quota for thehole plant is achieved. A production program is consistent
(from the point of view of the logistics) if and only if all cars produced by a production step are
consumedy the succeeding one.

In order to fulfil this task, the logistics department performs a coarse planning on a weekly or
daily basis in order to determine the quota of each single unit and the amount of capassiieg
acertain transportation line. The route of an individual car body is then deteramrikd spot
according to the coarse plan and other parameters. In this paper though, we focuoarséhe
planning.

The coarse planning of the car body flow experienced a growing complexity andraasing
dynamicbehaviour of the production process over the last ten years. The growing complexity of
the production process is caused by (i) increasing numbers of products produced; (ii) overlapping
capabilitiesof units; (iii) differing working schedules of units; and (iv)fdientoptimization
strategiesn each center (which are necessdug to the dferent production technologies used).
Theincreasing dynamic behaviour of the production process is caused by (i) shortening product
life cycles; (ii) frequent changes of the production technology; and (iii) process disturbances.

The current complexitythe current dynamics, and in particular the current tight coupling of the
productionsteps make it practically impossible to optimize each center independently because
anychanges of the material flow immediateljeat other centers. On the contraaycenteiover-
lappingcoordination (that takes insccount the local optimization strategies of each center) is
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necessary in order to achieve a globally consistent and optimal production program. In practice,
thisis no longer feasible without computer support.

Whatis needed is a decision support system that, given the current situation and an overall pro
ductionquota of the factoryproposes production quota fanits and a material flow plan. For
sucha system, the logistics department itself defined five requirements:

1. The complexity of the production process must be mastered.

2. The dynamics of the production process must be dealt with.

3. The transparency of the production process should be increased.
4. The resulting production program should be (globally) optimal.

5. The system must be configurable by the end-user

In this paper we present a framework for computing a material flow plan that meets these-require
mentsand we report on our experiences with a first prototype.

3 The Framework

In order to solve the tagkescribed in the previous section, we have chosen a multi-agent ap
proach.Multi-agent techniques are appropriate for the giesk because (i) they allow to-ad
equatelyrepresent the semi-autonomous production units and centers, their interactions-and deci
sion making; (ii) they implement dynamic decision making and interaction patterns; (iii) they
offer coordination techniques for (semi-)autonomous units; and (iv) their use redldishle
andopen systems.

The multi-agent approach chosen consists of three steps which determine the desigreof the
ning system:

1. model each production unit as an agent
a) that controlsits unit autonomously and
b) that cooperates with other units concerning the flow of car bodies.
An agent that controls a production unit will be calbeoduction agent.

Theintroduction of agents distributes the complexity of the planning problem onte-two
vels: The autonomy allows an agent to locally optimize its unit, whereas the cooperation
assures that the material flow is globally optimized across the factory

But since a car body runs somehow through all production steps, the decisions of-two pro
duction units musbe coordinated even if they do not belong to adjacent production steps.
Furthermorefwo unitsof non-adjacent steps can only be coordinated if all units in-between
arealso included in the coordination process. Consequéhdycoordination process must

be ordered depending on the specific planning task. It is therefore necessary to perform a
secondstep in the design process of the planning system.

2. arrange the coordination process with the help of a (meta-level) control algorithm

The simplest way to implement a meta-level control of the coordination process, which is
also sufficient for the given application, is to introduce a centralized coordinate
coordinatorinitiates the coordination between agentadjacent production steps and thus
controlsthe coordination process.

The control strategy followed by the coordinator though depends on the specific planning
taskto solve. If the planning task is to find an optimal plan given the quotas fahible

published at The 2nd Conf. on Practical Applications of Intelligent Agents and
Multi-Agent Technology (RAM'97), London, 1997, pp. 227 — 236



plant,then the coordination starts at thst production step (which is identical to the plant
guota)and moves backward to the previous step (if a solutitouisd in the current step)

until the first step is reached. If, on the other hand, a loss of capacity due to a disturbance
hasto be compensated, then the coordination starts atféedeaf step and moves forward
andbackward to adjacent production steps.

Thefinal step in the design process, after the control strategy has been chosen, is to formal
ize the contentbf the coordination process. This includes the formalization of the informa
tion exchanged and the way the information is processed.

3. formalize the content of the coordination with the help of constraints

The coordination is basically concerned with the material flow between Getserally
aunit can accept any material fladhat obeys the ung'restrictions. Thus, during the ceor
dinationprocesghe production agents will first announce their restrictions on the material
flow and then negotiate about assignments of material flow to units. Material flow-restric
tions and assignments can be very easily formalized through constraint®mrstdaint
variableassignments, as it is done in the following.

Thevariables of the constraints denote the amount of each product typepiwatused

or consumed by a unit. Since the plant produces t@sjariables are finite-domain vari
ables.Given these variables, relations between units can be exptbssegh linear equa

tionsand inequalities.

An example of a relation between the units shown in fig. 1 is the following equation

S11-22 + S12-22 = Sp2
with S;1_22 denoting the amount of cars produced by sieant] sent to shed 23i5_»»
denotingthe amount of cars produced by shed 12 and sent to shed Zatheinoting
theamount of cars consumed by shed 22.

Fromthe multi-agent point of viewthe advantage of using constraints to express the rela
tions betweerunits, is that they can be easily communicated. Constraints have a clear sem
anticsand associated inference mechanisms. Constraints thus, when communicated, fill in
the message-content slot of speeatts which is always application-dependent (see e.g.
[5,6]). And once communicated, the associated inference mechanism aficagent to
reasomabout the relations.

The design steps presented in gestionbuild a framework, called®KOS?, for determining

a material flow plan in a caalant. This framework has to be instantiated for specific planning
tasksencountered in the production process. In the next section, we present such an instantiation
andreport on the prototype implemented. In section 5, we then evaluate the framework with re
spectto the experience gained with the prototype.

4 Feasibility Study

In order to evaluate the framework, we conducted a feasibility .dtudpoperation with a logis
tics department of Mercedes-BeAs, we chose a subtask of the task described in section 2, de
velopeda prototype, and tested it at a car plant.

Thetask chosen is the daily production planning: Given the daily production adthe cur
rentsituation of the plant, compute a new plan that assigns eachquotaof products to be

1. FAKOSis at the same time the name of the resulting systems, but in this paper we WAK@® $olely
as the name of the framework.
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producedand determines the routes of car bodies between units. The specification of the current
situationincludes the current capacities of units and the amount of cars currently in the factory

Thereasons for choosing this particular tagke threefold: First, the task can be easily isolated
from other planning activities. Second, for solving the task only few information is needed from
procesglatabases and the information can be easdyided. And third, the development of a
prototype was feasible within 12 months.

In the following, we discuss the resulting desajrthe prototype and we present the results of
the prototype test at the plant. A preliminary report on the system architecture and the control
algorithmwas already given in [7]. In this papere concentrate on the multi-agent aspects of
the design, while aspects of constraint-programming can be found in [8].

The prototype wasleveloped according to the steps of the framework presented in section 3. In
the next three subsectionsg discuss how each step of the framework was performed for-the de
signof the prototype. In the last subsection, we then present the results of the prototype test.

4.1 Agent Modelling

For each production unit, we determined a process model describing the progwotieas

within this unit and its input/output behaviour concerning the material flbe process model
explains(i) in which phases cars are constructed, painted, or assembled; (ii) which parameters
affectthe units capabilities; and (iii) which alternatives exist for running the unit.

Onthe basis of the process model, we designed the decision making of the productiasssent
ciatedwith the unit (cf. fig. 2). The production agent has two tasks:

(i) to locally optimize the production process within its unit; and
(ii) to coordinate the car body flow with the adjacent units.

For the second task, the agent basically communicatestraints on its input/output behaviour
including for example capacity and circulation restrictions, and receives production quotas which
lie within these constraints. The coordinator collects these constraints from the production agent,
solvesthe constraint net, derives the production quotas from the variable assignment and sends
it back to the production agents.

optimization optimization
criteria criteria

' Y

} production E> production
unit <: :> agent

car body flow car body flow request * offer production
supply optimize  capacity (within
process  thecurrent con-

straints)

Figure 2: Agent Design

The aboverestriction of the coordination process may invoke the impression that all the decision
makingis locatedwithin the coordinator and the production agents only compute the constraints
like a non-sophisticated function computes a value. But this is not the case. The decision making
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is equally divided between the production agents and the coordimbtoproduction agents-de
cidewhich constraints are communicatethd the coordinator decides which of all the possible
solutions(of the resulting constraint net) is chosen. For example, the production agents decide
how much capacity they tdr to the coordinatoiGiven the capacities of all production agents

(of one step)the coordinator decides how much of the capacfgred by a certain agent is used

in order to achieve theverall production quota of the current step. Furthermore, if the coerdina

tor requests units to increase their capacity because the current constraint net has no solution, the
decisionwhether to increase the capacity or isotvithin the responsibility of the production
agent,.e., it may deny the coordinatemrequest.

Thereason for empowering the production agents to autonomously decide abmrigtraints
communicatedvere threefoldFirst, each unit consists itself of a complex production process for
which determiningthe constraints on the input/output behaviour of the material flow involves
difficult predictions and decisions. Second, the production process of two units, in particular if
theybelong to diferent centers, may dér considerablyThird and most important, each unit is

run by a diferentdepartment who is responsible for the performance of the unit and which is
therefore- to a great extent — autonomous in its decision concerning the unit.

To summarize, the tasks of a production agent are:

(i) to locally optimize the production process within its unit;
(i) to decide which constraints are imposed upon the external material flow; and
(iii) to participate in the coordination process.

As argued above, the first two tasks heavily invotiie agens decision making capabilities,
whereador the last the agent merely participates in a protocol (see subsection 4.2).

The decision making of the agents, i.e., of the production agents and of the cooydveator
mappedonto the PRS architecture [9] and implemented with the agent-oriented tool dAMARS [10]
which provides a PRS architecture for each agent.

4.2 Control Strategy

The control strategy used in the prototype propagates the prodactita of the whole factory
(whichis at the same time the production quota of the last step) from the last production step to
thefirst. That is, for each step the coordinator collects the constraints from the production agents,
addsthe constraints expressing the production quota of that step, solves the resulting constraint
net,and assigns the production quota resulting from the solution of the constraint net te the pro
ductionagents. The productiagents then compute a local plan that achieves the production goal
for that unit, make reservations, and return details of the local plan to the coordinator ifébey af
theinput/output behaviour of their unit. The coordinator thus receives all information on the re
quiredinput of car bodies for these units and uses it as the production quota of the preceding pro
ductionstep.

The coordinator continues with this procedure until it either reaches the first step and thus has
founda solution or there is no solution for the constraint net and it has to revise its decisions at
previoussteps of the coordination process (for more details on the control algorithm see [7] and
also[8]).

Fromthe point of view othe multi-agent system, the control switches between two levels of ab

straction:the level of the coordinator and the level of the production agents. For one planning

2. Moreprecisely: The format of the constraints is fixed, but the production agents decide upon the constants
of the constraints, such as for example the current capacity of the unit.
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Figure3: Propagation Scheme

step,the interactions between both levels are indicated in figure 4. Furthermore, as disecussed al
readyin the previous subsection, the decision making is divided between both levels in that the
productionagents decide upon the constraints and the local production plan, while the coordina
tor chooses a solution for the constraint net (if more than one exists).

coordinator production agents
requests constraints —
[~ decide upon restrictions
/V and return constraints
creates constraint net, -
chooses a solution, and ¢
announces it T —a compute local plan,
v make reservations, and
derives production quota [ return the input behaviour
for the next step G

Figure 4: Diagram of Agent Interaction

The communication between agents is based on speechldasdlinteraction patterns, such
asthe interaction shown in figure 4, which are expressed as cooperation protocols [6]. The
cooperatiorprotocols were alsmapped onto the PRS architecture and implemented in dMARS.

4.3 Constraints

As discussed in section 3, constraints are used (i) to exggsistions on the input/output-be
haviourof units (i.e., capacity and circulation constraints); (ii) to express the flow of material (i.e.,
constraintoonthe flow and on the products that can be produced by a unit); and (iii) to express
the production quota.

In order to solve the resulting constraint net, the prototype uses two constraint solvers, CLP(R)
[12] and Oz [13], which are both integrated into the reasoning process of the coor@intdos
on the constraint processing and the optimization of the solution are treated in detail in [8].
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4.4 Test of the prototype

The prototype developed was tested in cooperation with the log@igjEartment at the plant Sin
delfingen.The tests were conducted on the basis of the production data of May and June 1996.
Two models, representing the factory at twdediént levels of abstractions, were created. The
first model covers the whole factomyhile the second models the center painting in more detail.
Both models contain on average 25 to 30 units which results in approximately the same number
of agents.

For each test run, information on the current situation of the factory was read from the production
databasend the production quota of the factomhich was taken from the current production
program,was entered by the usé&dditional tests were run withariants of the production data.

In each case, the system was able to find a solution, i.e., a new plan, within four minutes on aver
agewhich is a sufcient performance for the intended use of the system as a decision support in
amanufacturing environment.

A comparison of the quality of the resulting plans with existing plans was only possikle for
subsef the systens functionality since the current planning of the logistics department does
not take into consideratioall aspects of the overall planning problem. For the common subset,
the prototype proved to be as good as the current planning method (performed by the expert).

5 Evaluation of the Framewor k

Thefeasibility study showed that th& KOS framework is appropriate and practical for the prob
lem domaindescribedn section 2. The framework is appropriate in that it fulfils the requirements
putforward by the end-users.

First, the framework masters the complexity of the production process because the process
modelof a productiorunit, which can be considerably féifent for each unit, is encapsu
latedin an associated production agent. Morepther decision making within the unit is
performedautonomously by the corresponding agent — a system property that reflects the
humandecision making process. On the other hangkoduction agent communicates only
thoserestrictions to otheagents which directly &dct them and thus keeps the global eoor
dinationprocess at a minimum.

Secondthe dynamic reasoning and communication capabilities of agents as well as the flexi
bility of constraint processing allow AKOS implementation to immediately adaptdis-
turbance®r changes of the production procassl thus to master its dynamics. On the one
hand,agents are able to immediategact to changes in the production process, such as
changesn the capacityAnd on the other hand, the constraint processing can handle any
constraintsreated by the production agents (which, of course, must satisfy a cerain for
mat).

Third, FAKOS increases the transparency of the production process in that it demonstrates
globalconsequences of local actions or events. By varyinguhrent situation of the fac
tory (in an of-line test run) the user can determine optimal solutions underetit condi
tionsand thus estimate the global behaviour of the production process. For example, by
simulatinga loss of capacity in one unit the system campute the necessary changes in
the productionprogram in order to compensate a disturbance. Note that in order to compen
satea disturbance in one production step, it rhaynecessary to adapt also the production
quotain other steps. The functionality of determining plant-wide consequences provided
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by the AKOS framework ismore than mere simulation of the production process because
it also involves the planning process and how chanfes afanning decisions.

Fourth,the coordination of the productiemits in combination with the use of constraint solv
ing techniques assures the global optimization of the production program. For two adjacent
productionsteps, the material flow is optimized with constraint techniques. For two non-
adjacentroduction steps, the consistency and the gloptmality of the material flow
is achieved by the control strategy which transfers information betweeotesponding
constraintnets and thus assures the global optimality of the production program. Neverthe
less,sincethe control strategy depends heavily on the planning task to be performed, the
global optimality of the production program has to be proven for each control strategy
anew.

And finally, representing internally the factory structure and the decision-making process in
termsof the logistics department makes the systasy to understand and easy to confi
gureby the end-user

Theframework is practical in that it showed fstient performance durinthe feasibility study

For real models of the plant Sindelfingen, the systeesponse time remained below five min
uteson average which isuficient for a decision support system in the context of manufacturing.
Onthe other hand, whether the performance will still be satisfactorily ifAK&ES framework

is applied to other planning tasks of the problem domain is yet unknown and left to future re
search.

6 Conclusion

In this paperwe have presented a framework for the planning of the car body flow in a passenger
car plant. First, we described the problem domain, discussed the complexity and the dynamic na
ture of theplanning task, and listed the requirements of the end-users. Then, we presented the
FAKOS framework which proposes a design process consisting of three steps: (i) modeling the
productionunits as agents; (ii) arranging the coordination process weitimizol algorithm; and

(i) expressing the material flow relations in form of constraints. Our main hypothesis was that
the planning system resulting from the design process will meet the user requirements. In order
to examine this hypothesis, we conducted a feasibility study in which we applied the framework
to a subtask of the overall planning tasks described in section 2. The prototype developed was
testedin cooperation with the logistics department of the Mercedes-Benz car plant Sindelfingen
onreal production data.

The evaluation of the feasibilitgtudy showed that theARKOS framework is appropriate and
practicalfor the planning task of the car body flow in a pkmt. The framework is appropriate

in that it fulfils the requirements of the end-users (as shown in section 5). It is practical in so far
asthe prototype developed idiefent enough to solve the chosen planning subtask. Neverthe
less, it is left to future researclwhether the performance will remain satisfactory when the frame
work is applied to the whole planning problem.

Thesuccess of the feasibility study has motivated the end-users to apphK@SHEramework

alsoto the disturbance handling. A project is currently being set apaperation with Mercedes-
Benzin which a prototype for both planning tasks, i.e., planwinipe production program and
disturbanceénandling, will be developed and transferred into a product that can be installed at the
plant. From the point of view of research, this will involve extending the process model, introduc
ing more levels of abstraction, and developing a control algorithtiéodisturbance handling.
Fromthe point of view of software engineering, this will invotvansferring multi-agent teeh
nologyinto a product and coupling it with production databases.
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