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Abstract

The paper describes objectives and results of-a re
search project conducted by Daimler-Benz AG.
Intentionof this project is decision support for a legis
ticsdivision. In particularthe production flow control
(PFC)in a factory has tbe optimized by a decision
supportsystem. PFC is a sophisticated process in
fluencedby complexfactory structures and high-dy
namismof manufacturing processes.drder to sup
portPFC wedeveloped a system based on concepts of
multi—agentsystems and constraint techniqueghw
thissystemit is possible to simulate arbitrary produc
tion scenarios and to compute thefiects on neces
saryproduction settings. The user thus receives-deci
sion support which may be used duringerational
planningin logisticsas well as in development of new
logistic strategies.

1.Application Domain and Problem-
atic Nature

Theproduction flow control (PFC) department is part of
a logistics division responsible for superordinptenning
andcoordination of the manufacturing process at a particu
lar plant of Mercedes—Benz. PH@anning results in a pro
duction strategy This strategy encompassqgantitative
guotas for every manufacturing center in tfaztory to be
enteredn a table called daily production plan (DPP). Addi
tionally, corresponding production settings have to be deter
mined for the manufacturing centers. Theneral aim of
productionstrategy is to achievepaoduction goal, that is a
givennumber of products.

themanufacturing process and in so far on the logistic-plan
ning itself (see table 1 for an overviewanéus factors and
their effects on production and planning processes are de
scribedbelow:
e numberof manufacturing lines in the factory: a product
canbe manufactured in seveliales which are closelyin
terconnectedsee figure 1). This structure resultsan
multitudeof alternatives during production planning and
controlling.In addition, the number of alternatives is re
strictedby technical reasons andjanizational require
ments.
numberof manufacturing steps: the entire manufacturing
processs divided into distinct steps. Easkep can be
performedat several manufacturing centers which are or
ganizationallyseparated (cost centers). Tihstallation
of cost centers supports cost—optimal manufacturing on
alocal basis. Howevedecentralizeghlanning and con
trolling leads to suboptimal global conditions since no
sufficientglobal coordination is provided.
manufacturingf different series variants, antividu-
ality of every particular order due to a wealth of optional
equippmenteach product is at last an individual piece.
Anotheraggravating ééct towards the planningrocess
within the logistics department is caused by the dynamic
characteof the manufacturing procedsrst, dynamism is
yieldedby a series of rebuildings at the present and in the fu
ture.Permanent reconstructions lead to serious alterations in
factory structures. Due to this, alternatives for formulating
aproduction strategy keep changifanning and contrel
ling processes in PFC have to be adapted and rearranged.
Secondit is typical for the manufacturing process to be
disruptedby varied technical disturbances. Proneness+o dis
ruptionsresults in frequent plan deviations, requiring short—
term plan modifications. This kind of dynamism results in

PFCis acomplex and sophisticated process influenced high planning uncertainty and lack of time to formulate new
by a numbeof factors. Those have strong consequences onproductionstrategies.
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Figure 1: factory structure

Size degree of distribution and dynamism within tae ningof a production strategy should be carried out by means
tory and the manufacturing process create a complexity thatof a simulation—based decision support system. High+equi
provesplanning in logistics is ntonger possible without  rementdo PFC result in sophisticated demands on the sup
supporby information technologyror this reason, the plan  portingsystem.

TABLE 1: Problematic Nature of Production Flow Control

Situation in the factory

Consequences on
manufacturing process

Consequences on
logistical planning

Multiple manufacturing lines in the
factory

Several alternatives to manufacture
product

Multitude of decision— respectively
planning—alternatives

Different series variants and a weal
of optional equippment

tmany diferent product types and
complex manufacturing process

Complex, complicated and iterating
planning process

Organizational seperated manufaet
ing centers with local optimization
strategies

Decentralized local planning and in
sufficient coordination in manufactu
ring control

Decentralized planning processes 4
global suboptimal planning and con
trolling

hd

Permanent modifications of the fac
tory structure by reconstructions

Irregular changings of manufacturin
process and of strategy alternatives

hDynamism in planning process lead
ing to frequent rearranging of pkan
ning procedures

Proneness to disruption and variet
disturbances

&flan deviations and short termed pl
modifications

bHigh planning uncertainty lack of
time for new planning processes




2. SystemTask and Requiements

Systemtask is to support computation of a production
strategyThisincludes determination of quantitative quotas
within DPP as well as calculation of appropriate production
settingsfor the manufacturing centers.

Systenrequirements coullde derived from problem des
criptionand system task as detailed below:
® Thesystem has toomprise a model of the entire factory
structureand manufacturing process.

The model must represent tifent manufacturing cen
tersand their local optimizatiostrategies as seen by the
logisticsdepartment.

factory structure into the model.
System calculations should be adaptable to the fastory’
currentstateby flexible parametrization. Particulartyi-
sturbance form of breakdowns or capacity reductions
mustbe taken into account. The user needs an intuitive
way to do parametrization.
After having been given the numhodiproducts to be ma
nufacturedand selectingome alternatives (production
settings)the system has to calculate production quotas of
DPPand determine the remaining settings for the manu
facturingcenters (antherefore the consequences of the
decision).
Currently,no existing standard application is able to re
presenttomplexity distribution, and autonomy of the ma
nufacturingcenters, and the given dynamism within the fac
tory. The following approach has been pursued in order to
developa new system which meets these requirements.
The general approach consists in providing the logistics
department with a decision support system that
® revealsconsequences of chosalternatives by simuia
tion and
e determines DPP andorresponding production settings
for a given production goal.

3.Combining Multi-Agent Systems and
Constraint Technigues

Theapproach chosenlissed on concepts of multi-agent
systemgcf. eg. 3, 12]. Multi-agent systerosnsist of active,
concurrensoftware modules called agents. Each abaat
its own goals, plans, and knowledge. Additionagents
havethe ability to communicate with each oth€@ommu
nicationis structured according to definprbtocols and en
ableghe agents to coordinate their performafée idea of
agent-orientedesign allows software engineers to analyse,
designrealize complex systems on a higher levelistrae
tion, as for example object-orientation.

Theuser needs an easy way of incorporating changes in

The manufacturingenters are modelled as autonomous
agentgmanufacturingigents). This facilitates an individual
and independent representatidithe entities and their local
optimizationstrategies, and thus increases modularization
of the system.

Constraintsare used to expresslations between arbi
trary entities of models, i.e. variables, structures, or partial
models.Evaluationof constraints is multidirectional: the
valueof every entity of a constraint can éemputed or re
stricteddependent on values or value restrictions of all other
entities.Evaluation is incremental togalue changes may
be propagated if they occur

A set of constraints with common entities is called a
constraintnet. If the value of a variable changpmpaga
tionwill be done along all constraints which contain the-vari
able.

In order to fulfill the production quota of a manufacturing
stepmanufacturing agents communicate their fes®urce
capacitiesas constraints. A constraint—solver is used for
coordinatedallocation of sub—quotas to the centers. After
collecting the constraints, the constraint—solver creates a
correspondingnetwork, performs constraint propagation,
andenumerates the solutions [cf. eg. 4, 6, 8].

If planning of a manufacturing step fails because the cor
respondingconstraint network has no solution, the system
returnsto preceding planning stefiy backtracking and
searche$or a diferent solution.

Sincemanufacturing in the particulptant at Mercedes—
Benzhas the character of flow production, every agent ex
changesnaterial with its direct neighbours onRhat is, in
termediatgroducts whictare delivered by an entity must
betaken over by subsequent cent@mnsequentlyesult of
theplanning process is a set of production settings and pro
ductionquotas for evergnanufacturing center that must also
be globally consistent. By that, the material need of a
manufacturingstep is equal to the production quota of the
precedingstep. In order to fulfill this global plannirgpndi
tion, a special ageDPP-agent) has been introduced. Its
taskis to coordinate production settings along the material
flow. The sequence of planning steps are exactly opposed to
themanufacturing process. The last manufacturing steps are
plannedfirst and vice versa.

With help of a systerbbased on the concepts presented
aboveit is possible to simulate arbitrary production scenar
ios and to compute their fetcts on the DPP and necessary
productionsettings. The user thus receives decision support
which may be used during operational planning in logistics
aswell as in supporting development of new logistic strate
gies.



4. SystemDescription from the rough draft of the multi-agent system. It remains
to specify the manufacturing agents, the DPP—agent, and the
Fonstraint—solve’m detail.

Manufacturingagents are used to model the structure of
thefactory and the individual manufacturing centersteif
ent manufacturing entities are represented digtinct
manufacturingagents. Figur@ shows a hierarchical repre
sentationof the agent types used for modelling the whole
factorystructure.

The implementation of theresented approach cem
prisesa system architecture and a description of the genera
planningalgorithm. The architecture provides a survey of
moduleso be implemented and necessary information pro
cessingThe planning algorithm describes the ovepédi
ningprocedure and the co—operation among the outlined en
tities.

4.1 SystemAr chitecture
Essentiacomponents of the architecture can be derived

manufacturing entity

manufacturing center buffer transportation-
| system

deterministic stochastic

Figure 2: agent types epresenting manufacturing entities

We need agent types tepresent transportation systems, by the user The knowledge of the DPP—agent describes
buffers,and manufacturing centers. Thater are subdi whichmanufacturing agents exist, their agent type, connec
videddepending othe way a production quota is determin  tions among them, the product typeshe produced, and
ing the actual production volume. For example, in repair agentssuitableto process these types. Moreqvierhas
centergproduction volume stochastically depends on given knowledgeabout the necessasgquence of manufacturing
guotasfor other manufacturing centers. steps By its procedural knowledgéhe DPP—agent knows

Every manufacturing agent has a knowledge base con how to communicate with manufacturing agentsattdi
taining facts about possible production settings, related ca tion, this knowledge describes how to proceecdardinat
pacities,and its need for resources, especially for workers. ing production settings.

Forassessing diérent production settingagents use given The constraint—solver is employed jilanning a single
preferencesidditional facts describe the current state of the manufacturingstep. Its task consists of computing coordi
center.Fromthe view of the logistics, production settings, natedallocation of eligible resources with respect to the pro
preferences, anstates are parameters which can be modi duction quota. It receivegsesource capacity constraints
fied. With respect to a simulation run they can be both-vari postedby manufacturing agents expressing their currently
ableand fixed. Manufacturing agents have the intention ei availablecapacities referred to product typékext, it as
ther to fill the capacity derived from a given production semblesa network consisting of production quota and re
settingand the current state or to adapt settings according tasource capacity constraints. After performing constraint
requestedapacity Manufacturing agents receive and-pur propagationpossible solutions are determineddmymera
suetheir goals by interacting with the DPP—agent. There tion and conveyed to the DPP-agent.

fore, agents possess procedural knowledge describing how

to carry out theeommunication and to calculate reasonable 4.2 PlanningAlgorithm

productionsettings.

The DPP—-agent hatbe task of coordinating production The planning algorithnevolves from the interaction of
settings between manufacturing centers. It intends to carryparticipatingagents procedural knowledge. Tladgorithm
outcoordination according to the production goal provided representa comprehensive view on the distributed planning



componentsEssentiallythe planning algorithm deals with capacitiesThey either start out from a production setting
two tasks: tuning of agents within each manufactusitegp fixed by the user or calculate the settingig their inter
andcoordination of manufacturing steps along the material  nal preferences. The capacitiase communicated as
flow. For that, following planning phases are processed (see constraints.

figure 3): d) TheDPP-agent collects the posted constraints and-evalu
a) ascertaininghe production quota: First in planning the atesthem first in order to test whether solutions to the
DPP-agent has to determine the nunddgeroducts to constraintnet arepossible. If the pre—test is positive the
manufactureln succeeding planninsteps, the proddc constraints are passed to the constraint—solver
tion quota corresponds to the material need ofd¢bpee e) Theconstraint—solver creates a network of constraints
tive preceding step. fromthe replies of the manufacturing centers and the pro

b) In the following phase called pre—inspection, manufac ductionquota. It then performs constrajpopagation,
turing agents which arsuitable and ready to use are de determineghe nextsolution, and returns it to the DPP-
termined. A call is sent to those selected. agent.

¢) The manufacturing agents calculate their free resource
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Figure 3: diagram of the planning algorithm
f) Accordingto the solutions, the DPP—agents makes reser 5. RelatedWork
vationsat the manufacturing agents.
g) Themanufacturing agents accept reservationsatult
latetheir need of intermediate products. Ayel describes an approach in which task of global-coor
Phases) to g) are repeated for each manufactusteg. dinationis distributed to local controllers [1]. These conirol

If a solution for every manufacturing step has been found thders coordinateunderlying manufacturing cells using a
DPP-agentommits the manufacturing agefpase h). If blackborddata structure for communication. Thatdspr
a planning step fails due to constraint violations, reserva dinationaccording to a global criterion is distributedus

tionsmade in preceding steps are cancelled andexetift ing a highadditional communication overhead and imple
solutionis searched by backtracking. Suitable phases formentational burden. Due to these severe practical
backtrackingare enumeration of solutions (e) aralcula disadvantagesye did not follow her approach.

tion of the manufacturing agents (c). A formal and generic description of synchronizing-mul

Interactionbetween DPP-agent, manufacturaggnts, ti-agentplans by a single intelligent agent is described by
andconstraint—solver follows a standardized sequence (sedRosenscheif®]. In his framework, Rosenschein determines
figure4). This sequence is repeated forilamning of every  primitives for inter—agent communicatiom our system,
manufacturingstep. we chose to replace communication primitives by



constraintsn order to get statements which instantly can be knownvalues or intervals [cf. 4]. These algorithmslare
usedfor computing an allocation of production quotas. itedin case of over—constraint problems, where conflict set
Many approaches of manufacturing control diigtrib- detectingandconstraint relaxation are required. CLR ap
utedAl are usingnegotiation—based techniques such as con proachesare more flexible in problem representation then
tract—netThese systems are mostly used for shop floor con specialpurpose libraries. Otherwise, they do not support
trol [11]. We decided not to design a system basethen  problem—and software structuring in matural way as
contract—-netmetaphor because PFCasslightly diferent agent—orientetkchniques.
problem.Focus of PFC iaot just the fulfillment of the pro An interesting approach to handle conflict set detection
ductiongoal. Another important aim is to achieve equal dis in overconstraint problems has been developed by Bowen
tribution of production volume$o manufacturing centers. and Bahler [2]. Their work is based on combination of
Thereforemanufacturing agents do not post bids but entire constrainttechniques and truth maintainance. This facili
intervalsof free resource capacities. tatesefficient conflict handling, e.g. identification and-re
Planningis also an application field of pure constraint laxationof constraints responsible foonflicts. The resuit
techniquesMost approaches use either constraint logie pro ing constraint programming languageas applied to
gramming(CLP) languages [cf. eg. 6, 8] or special purpose concurrenengineeringAlthough a planning application is
constraintlibraries for standard programming languages notknown this approach is significant for our system for var
[5]. In both cases underlying algorithms are standardiousreasons, e.g. employment of constraint negotiation.
constraintsolving methods as for example propagatibn
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Figure 4: diagram of interaction



6. Evaluation and Future Work

turework in this project will focus on developping apprepri

atemethods foincorporating the disturbance handling into
the current design.

In this paperwe presented decision support system for
thelogistic planning of a factory that is based on concepts of
multi—agentsystems and constraint techniques. This ap
proachmeets the requirements put forward in section 2.

Thefactory structure and the manufacturing process aref1]
modelled by a multi-agent system representing each
manufacturingcenter as an agent. This approach allows to
encapsulatavithin an agent the structure of a center and its
specificoptimization strategyand thus increases the medu
larity of the system. Furthermore, the use of a constraint[?!
logicas the basic language for communicating dependencies
betweenmanufacturingcenters keeps the interactions of
agentsndependent of the specific structure of their centers. 13]
Finally, the constraint logic chosen is, on the one hand; pow
erful enough teexpress dependencies between centers and,
on the other hand, tractable so that the DPP—agent can use
a standard constraint—solver in order to resolve the depen
denciesncountered during the coordination process.

The design of the decision support system as a multi— 4]
agentsystem with a one—to—one relationnsfnufacturing
centersand agents also facilitateébe incorporation of 5
change®f thefactory structure. A change in a manufactur
ing centey respectively in the connections of centerdy [6]
requires a change within the corresponding agents. Due to
theuse of a constraint logic, such a change does neither af
fect the overall system architecture rtbe interactions of
agentsMoreover because of the correspondence between
centersaand agents, the agent system can be created automat
ically from production data.

An adaptation athe systens state to the current situation
of the factory is supported by knowledge—based techniques[8]
Theexplicit representation of factual aimdparticular pre
cedural knowledge allows a flexible parametrization of the
systemAnd by this, state changes can be incorporated faster
thanwith conventional programmin@artly these changes  [9]
canbe performed by a user

All in all, the agent—oriented system meets the require
mentsstated for the PFC planning. Currentlyprototype is
implementedhat will be tested at the production site of Mer
cedes—Benz-or this test, the prototype will receive access
to a real-life production datzase. The test itself will be ear
ried out by the logistics division.

Thefinal decisionsupport system also has to handle dis
turbancesof the production process, such as dgample
breakdowngf transfer lines. In case of a disturbance, the
systemmust determine alternative production stratethiat
will compensate the capacity loss and try to reach (as muthZ]
aspossible) the production goal. Even thotighbasic prin
ciple of the PF@®@lanningprocess can be adopted for the dis
turbancehandling, the agents must behave more reactively
dueto the dynamic nature tfe production process. Ourfu

(7]

(10]

(11]

References

Ayel, Jacqueline: Decision Coordination in Production
Management,in: Castelfranchi, Cristiano; &her Eric
(Eds.):Artificial Social Systems, 4th Europearo¥kshop
onModelling Autonomouggents in a Multi-Agent \¢tld
(MAAMAW ’92), Berlin 1994

Bowen, J.; Bahleyr D.: Conditional \riable Existence in
Generalized Constraint Networks, in: Proceedings of 9th
NationalConference on Artificial Intelligence (AAAI '91),
Volume |, Anaheim (CA) 1991

Burmeister,Birgit; SundermeyerKurt: Cooperative prob
lemsolving guided by intentions and perception, in: Dema
zeau,Yves; Milller Jean—PierréEds.): Decentralized A.l.
3, Proceedings of the Third Européabrkshop on Model
ling Autonomous Agents in a Multi—Agent ANd
(MAAMAW '91), Amsterdam 1992

Dechter,R.: Constraint Networks, irShapiro, S.C. (ed.):
Encyclopedieof Atrtificial Intelligence, Seconédition, p.
276—-285,John Wley & Sons, Inc., USA, 1992

ILOG Solver Reference Manuak¥sion 1.2, 1993, ILOG
S.A,, Gentilly Cedex 1993

Jaffar,J.; Lassez, J.—L.: Constralmgic Programming, in:
Proceedingof the Fourteenth ACM Principles of Pro
grammingLanguages Conference, Munich, January 1987
Liu, JyiShane; Sycara, Katia: Ergent Constraint Satis
faction through Multi-Agent Coordinated Interaction, in:
Ghedira Khaled; Sprumontrancois (Eds.): Pre—Proceed
ings of the 5th European @vkshop on Modellinghutono
mousAgents in a Multi-Agent \Wld (MAAMAW '93),
Universitede Neuchatel 1993

Muller, T.; PopoyK.; Schulte, C.; Wirtz, J.: Constraint Pro
grammingin Oz, DFKI Oz Documentation Series. Pro
grammingSystems Lab, German Research Center for Arti
ficial Intelligence, Saarbriicken 1995
Rosenschein,Jefrey: Synchronization of Multi-Agent
Plans,n: Bond, Alan; Gassetes: Readings in Distributed
Artificial Intelligence, San Mateo (CA) 1988
SycaraKatia; Roth, S.; Sadeh, N.; Fox, M.: An Investiga
tion into DistributedConstraint—directed Factory Schedul
ing, in: Proceedings of the 6th Conference on Artificial In
telligence Applications (CAIA '90), Los Alamitos (CA)
1990

Van Dyke Parunak, H.: Distributed Al ardanufacturing
Control: Some Issues and Insights, in: DemazeagsY
Miiller, Jean—Pierre (Eds.): Decentralized ARtoceedings
of the First European Wvkshop on Modellind\utonomous
Agentsin a Multi-Agent Vorld (MAAMAW '89), Amster
dam1990

Wooldridge,Michael; Jennings, Nicholas: Agent Theories,
Architectures,and Languages: A Surveyn: Wooldridge,
Michael; Jennings, Nicholas (Eds.): Intelligent Agents,
Workshop on Agent Theories, Architectures, and Lan
guagegECAI '94), Berlin 1995



