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Abstract

Somedynamicsupply chainproblemsareinstancesf a classof distributed optimization
problemsthat TAEMS and other intelligent agentswere madeto addressin this paper
we de ne a sanitizedversionof a discretedistributed dynamicsupply chainmanagement
problemand specifyhov TAEMS agents equippedwith new coordinationmechanisms,
arebeingusedto automateandmanagehe supplychain.

Key words: agentmediatedelectroniccommercedynamicsupplychainmanagement,
coordination,TAEMSagents.

1 Intr oduction

In generalthe intelligent agentparadigmlendsitself to distributed supply chain
managementecausenemberof atypical supplychainarelooselycoupledinter-
actingsystemsi.e.,raw materialsuppliersshippersmanufcturerscanall beseen
asagentsMore strongly agentechnologieshatperformresourceandtemporalko-
ordinationacrossheterogeneouagentswithoutassumptionsf globalknowledge,
aredirectly applicableto certainclassef distributed supply chainmanagement
problemsbecausesuchtechnologiesanperformdecisionmaking,orderandma-
terial ow, andproductionschedulingto meetdeadlined resourcdimitations. If
suchtechnologie®perateonline,in real-time theagentcanmanagelynamicdis-
tributed supply chain problemsin which frequentand timely adjustmentdo the
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o w of goodsandproductionschedulesreneededn orderto leverageconditions
in the marketplaceor to take advantageof opportunitiesasthey arise.Honeywell
Laboratoriespartof Honeywell Internationalwhich is oneof the velargestsup-
ply chainmanagemen{SCM) providers andis includedin the Dow Jonedndus-
trial Averagejs examiningthis classof agenttechnologiegor dynamicdistributed
supply chainmanagementlhe businesanotivation for this work is discussedn
greaterdetail later.

In this paperwe presentthe use of TAEMS [7,13] agenttechnologiesgquipped
with new coordinationmechanismspn a sanitizedversionof a dynamicsupply
chainproblemin thediscretemanufcturingdomain.In this applicationthe agents
work to managehe productionscheduleandmaterial o w of asmallbuild-to-order
productionline. The focus of this work is not on agent-basedidding schemes
or price determinatiorbut is insteadon reasoningaboutactualorders,production
schedulesand material o w asdiscreteorders.This researchalsodoesnot make
strongassumptiongboutstatisticalcharacteristic®f demandor productorders—
thefocusis noton settingup a steadystatemanufcturingschedule.

The exampleapplicationusedin this paperis thatof manugacturinggoodsfor the
outdoorrecreationaiarket sector— speci cally backpacksndsleepingoags.The
actorsin our examplewill include retailersand a ctitious manufcturercalled
“MountainMan” Any resemblanc® actualretailersor manugcturersn thissector
or other market sectorsis purely coincidental.The exampleitself is basedon a
realworld situationthoughthe work presentedhereis simulatedandthe problem
speci cationshouldbeviewedasaneducatedssessmemf arealworld situation.

It is importantto emphasizehat the focus of this work is on the distributed op-
timization problemthat occurswhen agentshave multiple interactingactwvities
andthe actiities have individual deadlinesand individual resourceconstraints-
iS not on negotiation protocolsor market mechanismsEvenif we could build a
singlecentralizedrepresentation of thetaskcoordinationspacethe hybrid plan-
ning/schedulingwith interactingtime limits, interactingresourceconstraintsand
utility interactions)roblemis intractablefor any but toy problems.n this setting,
provably optimalsolutionsgenerallyrequireexhaustve searchNow considemwhat
happensvhenthe problemspaceis distributedand put into a dynamicsetting. It
is this spacen which we operate Completediscussions beyondthe scopeof the
paper— the point is to understandhat a large classof supply chainmanagement
problemsfall into this very dif cult problemspacehathasmorein commonwith
distributedschedulinghanit doeswith market mechanismser researclwhosefo-
cusis on communicatiorprotocols.Note thatsuchothertechnologiesrerelevant

Peranindependeninarket suney.

In thecommerciakettingcentralizednodelsarenotencouragetiecausd wouldrequire
releasingcompetitve datato a 3rd party for planningand optimization— wheresaid 3rd
partyis notadisinterestegbarty



in this spaceg.g.,to determinethe pricesfor goodswhich mayinterplaywith the
issueof temporalnegotiationor to structurethe negotiationprotocolsthemseles,
but thatourfocusis on thedistributedschedulingaspects.

In this paperwe examinethe productionschedulingproblemof a small volume
manufcturingline thatproducesuild to ordergoodsfor privatelabel customers.
Theline is managedy anagentthatinteractswith otheragentshatrepresente-
tailers.Theretaileragentsraw materialsupplieragentsetc.,all potentiallyneedto
solvethesameclassof problemasthe manufcturingagent- we focusprimarily on
the small volumeproductionline for simplicity andclarity. As shavn in Figurel
the smallvolumeproductionline is an off-shootfrom the primary productionline
of MountainMan Generallywith privatelabelproductionalargeorderis produced
via the primary productionline and subsequensmallerorders,which are caused
by unanticipateddemandor customizedvariantsof the goods,are routedto the
smallerproductionline. The small volume productionline supportssmall private
labeljobs,suchasordersgeneratedby unanticipatedalesthatwould interruptthe
o w of the primary productionline if scheduledor thatline. Thisis particularly
truefor customvariantsor restockingordersin partbecauseuchordersaresmall
but still requiredifferentfabric,fastenersegtc.,but alsobecausesuchordersgener
ally have shorttermdeadlinesln otherwords,whenaretailerrequesta smallvol-
umethey generallywantit in afew daysratherthanthe periodof weeksfor which
primary productionline is geared.This type of productionhasdifferentrequire-
mentsthanthe standardnainstreamproductionoperationsWhile minimizing raw
and nished goodsinventoriesareimportantfor all manugcturingprocesseshis
is particularlytruefor privatelabelgoodsasthecustomebases verylimited (gen-
erally just one)and often portionsof the raw materialsare speci c to the private
label purchaseAdditional requirementgor the line include endingthe day with
the “tablesempty” (no work-in-progress)maintainingzeroinventoryon nished
goods,andbuilding productsto orderonly.

In ourimplementationagentsaresituatedat eachof the involved sites.For exam-
ple, oneagentis locatedat MountainManandoneagentis locatedat eachretailet
shavn in Figure 6. The MountainManagents job is to interactwith the retailer
agentsandto determineproductionschedulegor the MountainMansmallvolume
productionline accordingly Notethatthe overall supplychain,shavnin Figure2,
involvesraw material o ws, shippers,and distribution centers.In this paperwe
focuson the problemof coordinatingproductionto meetdynamicdemandat the
retailers.Thegeneralo w of eventsacrosghe agentss thatwheninventorylevels
fall below thespeci edthresholdataretailet theretailers agentplacesorderswith
MountainManfor replacemengoods.The MountainManagentreasonsaboutthe
new orderandhow it relatesto currentlyschedulegroductionin termsof tempo-
ral constraintsandoverall value.It canthennegotiateover delivery time with the
retaileragentin orderto optimizeMountainMans mix of goods.The useof agents
for this exampleis whatenableghe retailersandMountainManto coordinatedy-
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Fig. 1. Primaryandthe Build-to-OrderProductiorLines

namicallyandautomaticallyto optimizetheir actwities.

Figure 3 shavs a screensnapshobf the MountainManproductionline and the
JJBoom storefront at which customersanpurchasegoods.The two taskstruc-
turesshavn areof (centerscreen}theglobaltaskstructure(or portionsof it) for all

agentsasseenby the simulationervironment,and(to the right) the taskstructure
of the MountainManagent.Note the differencebetweerthetwo. The busy central
representatiors the problemthatis beingsolved andoptimizedby the individual
agents,eachof which canonly seeandreasonwith a small portion of the total
space.

The issueof what criteria over which to optimizeis deliberatelyunspeci ed.If we as-
sumethat MountainManandtheretailershave no directrelationshipthenMountainMans
goalis to optimizeoverits own localcriteria.In generathisis simplyto maximizepro t but
othersecondarytemsmightbeto keeptheline fully utilized or to useparticularmachines
on aregularbasis.For this examplethe exactoptimizationcriteriais unimportantecause
all of theseaforementionedssuescan be mappedinto the TAEMS quality attribute over
which the MountainManagentoptimizes.Subsequensectionscontainmore information
onTAEMSandTAMSagents.
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Fig. 2. MountainMans Overall SupplyChain

In the next sectionwe provide a high-level view of TAEMS agentsand TEMS
technologiesln the sectionafterthatwe returnto the detailsof theapplicationand
illustratethe useof TAEMS agentsfor managingMountainMans dynamicsupply
chainproblem.We thendiscusschainsof interactionsandidentify selectedelated
work, discusdimitations, experimentalplans,andfuture work.

2 TAMS Agentsfor Dynamic Supply Chain Management

We usethe expressionl M Sagentsto describeour agenttechnologybecausé¢he
cornerstonef our approachs a modelinglanguagecalled TAEMS (TaskAnalysis
EnvironmentModeling and Simulation)[8,13]. TEMS is a way to representhe
activities of a problemsolving agent— it is notablein thatit explicitly represents
alternatve differentwaysto carry out tasks,it representinteractionsbetweenac-
tivities, it speci esresourcaisepropertiesandit quanti esall of thesevia discrete
probability distributionsin termsof quality, cost,and duration.The endresultis
a languagefor representingctiities thatis expressve andhasproven usefulfor
mary differentdomainsincluding the BIG information gatheringagent[14], the
IntelligentHome project(IHome) [12], the DARPA ANTS real-timeagentsensor
network for vehicle tracking [20,10], distributed hospital patientscheduling[7],
agentdiagnosig9], andotherslik e distributed collaboratve design,processcon-
trol, andagentdor travel planning.



= [Ciock SIS

Day 1, 9:35

§
H
El
!
3
i

Vindow List e . T T =]
Event Queue ¥ L~ o S - i
Environment Display ™ S = P
Locale Display ¢ AT o = ===}
Agent st X e 2 o Dl A -
Saripts (I, S o e e s 7|
4 Global Task Structure > Z 2
nformation

Time: 20

4o Bvent currently,
ndom seed; 1035384621253 o
—

[Search Tex 4]
Of all the things Fve 10st | miss my mind the m.. -

|- Click on a token to view its details
- Right-click a token to display its details in the alternate {yellow) text area.

r Enter 2 term in the biue box followed by a retum 10 search il visible token:

|
Fig. 3. Screenmageof The ProductionLine, HypotheticalGlobal Task Structure Moun-
tainMans TaskStructure andthe JJBoomRetailer

Figure4 shovs a TAEMS taskstructurelik e that usedby the MountainManagent
in this application.The structureis a hierarchicaldecompositiorof a top level
goalwhich is simply to Produce . Thetop level goal, or task,hastwo subtasks
which areto Make Bags andMake Back Packs . Eachof thesetasksarede-
composednto subtasksand nally into primitive actions.Note thatmostof these
areomittedfrom the gure for clarity. The detailsare shavn for the Make BEI
Jasper packtask— it consistsof four primitive actionsthat are picking zippers
andfasteners;uttingthewebbing cuttingthefabric,andseving thepack.Theinter
dependencef thesetasksis modeledn TAEMS usinganenableson-local-efect
The dottededgegenablementsfrom taskslik e cutting andpicking to the sewing
tasksindicatethatthesetasksmustbe performed rst andbe performedsuccess-
fully for the sewing taskto be performed.Note that all of the primitive actions
(leaf nodes)alsohave Q (quality), C (cost),and D (duration)discreteprobability
distributionsassociatedvith them.For simplicity in this paperwe do not useun-
certaintyandall valueswill have adensityof 100%.Pickingthe zippersthustakes
10 minutes(.16 hours)and generates quality of one.Cutting the webbinghasa
similar allocationwhile cuttingthe fabrictakeslonger(1/2 anhour)andproduces
a higherquality (four). Sewing the packstakesover an hour andalsoproducesa
higher quality (four). The sum() functionunderthe Make BEI Japser task
is calleda quality-accumulation-functionr gaf. It describedow quality (akin to
utility) generatedttheleaf nodeselateso the performancef the parentnode.In
this casewe sumtheresultantgualitiesof the subtasks- notethatthe cuttingof the
fabricandthe sewving operationgdominatehow well the bagsaremadein this ap-
plication.Quality is a deliberatelyabstractoncepinto which otherattributesmay



bemappedIn this paperwe will assumehatquality is a functionof theamountof
prot generatedby the productionof a givengood.

In the sampletask structurethereis also an elementof choice— this is a strong
partof the TAEMS constructandimportantfor dynamicsupplychains.The Make
Back Packs task,for example,hastwo subtaskgoined underthe sum() gaf.
In this casethe MountainManagentmay performeithersubtaskor it mayperform
both dependingon what actwities it hastime for andtheir respectre values.The
explicit representationf choice—achoicethatis quanti ed by thosediscreteprob-
ability distributionsattachedo theleafnodes-is how TAEMSagentsnake context
dependentecisions.In supply chainapplicationsthis is how the MountainMan
agentseeghatit hasachoiceof which productsto produceandwhen.
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Fig. 4. SampleT £EMS TaskStructurefor a ManufacturingAgent

By establishingadomainindependentanguagdTAMS)for representinggentac-
tivity, we have beenableto designandbuild acoresetof agentconstructiorcompo-
nentsandreusethemon a variety of differentapplicationdmentionedabove, e.g.,
[14,12,20,10,7])TAEMS agentsarecreatedoy bundling our reusabldechnologies
with adomainspeci c componentgenerallycalleda domainproblemsolwver, that
is responsibldor knowing andencapsulatinghe detailsof a particularapplication
domain.In the BIG informationgatheringagentfor instancethe domainproblem
solver is a blackboardplannerthat knows how to model software products build
modelsof productsfrom raw text data,andcompare/recommenaroductsto pur
chaseln anotherapplicationthe domainproblemsolver may be a procesglanor
a legag/ databasepplication.In eachof thesecaseswve abstractaway from the



detailsof the domainby creatinga custommappingfunction that translateshe
internalsof the domainproblemsolver into TAEMS task structureshat are then
operatedn by therestof the system.

For this paperit is sufcient to know that TAEMS agentshave componentgor

schedulingandcoordinationthatenablethemto 1) reasoraboutwhatthey should
bedoingandwhen,2) reasoraboutthe relative valueof actwities, 3) reasorabout
temporalandresourceconstraintsand4) reasoraboutinteractionsbetweeractiv-

ities beingcarriedout by differentagents A high-level view of a TAEMS agentis

shawvn in Figure 5; everything exceptfor the domainproblemsolver is reusable
code.Note thateachmoduleis aresearchopic in its own right. The agentsched-
uleris the Design-to-Criterig16,21,23]scheduleandthe coordinationmoduleis

derivedfrom GPGP[7]. Othermodulesge.g.,learning,canbe addedto this archi-

tecturein asimilar plug andplay fashion.

In thesupplychainapplicationtherearetwo typesof domainproblemsolvers,those
that managethe retailers' inventoriesand the MountainManagentthat manages
MountainMans production.The retailer problemsolversare of similar construc-
tion. Their functionis to monitor purchasingactiities andcheckinventorylevels
whenpurchasesremade.If agoodfalls belon a speci edthresholdthey reorder
andnegotiatewith the MountainManagento determinedelivery times/datesThe
MountainMandomairproblemsolver is differentaninsteadreasonsaboutMoun-
tainMan's production It createsiew candidateunsfor new ordersasthey comein
andremove jobsfrom thelist of candidatesf ordersarecanceled.
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3 Dynamic Supply Chain Example

As mentionedn this exampleeachretailerhasa TAEMS agentthatmanageds lo-
calinterestsandordersproductsvhenappropriateMountainManalsohasanagent
thatinteractswith the retaileragentsyespondgo orderrequestsnegotiatesdeliv-
ery times,andmanagedMountainMans production. In this paperwe focuson a
subsebf the supplyproblemanddo not addressnteractingdirectly with shippers
or raw materialsuppliers Work involving chainsof interactionds discussedater.
The agentnetwork is shavn in Figure6. This examplehasspeci ¢ propertiesye-

The actualcomputationaboutwhich itemsto produceand whenis performedby the
DTC[16,21,23]TAEMSagentscheduler



guirementsandassumptionghatframethe problem.A subsebf themorenotable
onesare:

Productions asingleshiftandscheduledrom 8amto 4pm.However, thesupply
managemeragentoperateboth dayandnight andadjustproductionschedules
asnecessary

All goodsareshippedover night via anexpresscarriet

Raw materialsarealwayssufcient to supportproduction.

Ordersmayarrive atary time dayor night.

Retailersordergoodsin lots.

No WIP (work in progress)s left onthetablesattheendof theday
Ordersarenotinterruptibleoncethey have begun.

The TAEMSquality associateavith productiontasksis afunctionof themaigins
producedoy differentproducts.

Productiomactiitieswill bemodeledasprimitive actionsin TAEMSatthegrain-
sizeof Make Product X

All customersare equally valuable.If this were not the case,it too could be
mappednto TAEMS quality associatedavith the productiontasks.
Whenordersarrive they have a desireddelivery date/deadlingthatis speci ed
by theretaileragents).

Productionspeci cs: sleepingbaglots requirefour productionhours,backpacks
requiretwo hoursperlot.

All TEMS distributionsare100%certain(singlevaluedfunctions).

Toillustrate,let the currentsimulatedvorld time be 10am.MountainMans TAEMS
taskstructure which describesMountainMans currentproductionoptionsandre-
guirementsat 10am,is shavn in Figure7. MountainMans currentschedulds also
shawvn in the gure. In the taskstructureMountainManhastwo orders— one for
JJBoom 3 Season sleepingoagsandonefor BElI Jasper backpacks(A dif-
ferent TAEMS taskis associatedvith eachorder) The JJBoom lot hasa higher
expectedquality becausehe maginsarebetteron the JJBoom productthanthey
arewith the BEI Jasper . However, the JJBoom sleepingbagstake longerto
producethanthe BElI Jasper backpackslf the MountainManagentwereopti-
mizing over the quality/durationratio ratherthanmaximizingquality, andthe two
orderswere mutually exclusive, the agentwould choosethe BEI Jasper run
over the JJBoom sleepingbagrun. In this caseas both the orderscan be satis-
ed andthe agentis maximizingtotal quality both productionrunsarescheduled
andboth ordersaresetto be lled. MountainManis currentlytwo hoursinto the
JJBoom sleepingbag productionrun andis planningto produceBEI Jasper
backpacksafterthesleepingoagrun (at2pm).

This is sufcient for schedulingand selectionin this example.The focusis on the in-
teractionacrossagents- the moredetailedMountainManjob shopschedulingproblemis
addressablwith the TAEMStechnologyandotherwell de ned techniques.
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At 12pm,when MountainManis two hoursinto the JJBoom sleepingbag pro-
duction run, a new order arrives. It is for the very high prot KMS Sequoia
backpacksThe arrival of the nev order causeshe domain problem solver for
the MountainManagentto producea new candidateproductiontask,Make KMS
Sequoia , associatedvith the orderasshown in Figure 8. The new orderhasa
desireddelivery datefor the subsequentiay. Becausehe productionschedulefor
todayis full, the MountainManagentmusteithernegotiatewith the KMS retailer
thatplacedtheorderor nd someotherwayto producehedesiredyoods Notethat
atthistime (12pm)theBEIl Jasper packsarescheduledor productionat2pm.
ThustheMountainManagentactuallyhasfour possiblechoices) it canrejectthe
KMS Sequoia orderbecausg@roductionis full for thecurrentday, 2) it canreject
theexisting BElI Jasper orderanddotheKMS Sequoia runinstead3) it can
negotiatewith the KMS retaileragentto obtaina delivery deadlinethatit canmeet
moreeasily 4) it cannegotiatewith the BEI retaileragentto obtaina laterdelivery
datefor thatorder

In this casewe assumethat KMS ordersare generallynon-negjotiable and the
MountainManagentconsidersreschedulingaccordingly Upon consideratiorthe
agentitself detectsthatthe KMS Sequoia ordercanbe lled andthatit should
bumptheBEI Jasper becaus¢heKMS Sequoia productiornrunis moreprof-
itable. (This analysisis performedby the TAEMS Design-to-Criterisagentsched-
uler) In makingthis determinatiortheagentcouldreasoraboutthe costof decom-
mitmentfor the existing orderandcomparesaidcostto the highervalueassociated
with the new order In this example decommitmentostis not used.Given the
highervalue of the new order the agentrescheduleasshavn in Figure9. When
theagentreschedule& sendgheBEI retaileragenta decommitmenimessagéhat
indicategheBEI orderwill notbe lled asexpectedNotethattheJJBoom runthat
is currentlyin productionproceedsuninterruptedIf runswereinterruptible(they
arenot— seetheassumptiongabove) theagentwould considerabortingthe current
run andcouldevenevaluatetakingtherun off theline at somecost(overheadand
puttingit backon during a future time whentheline wasidle or constraintamore
relaed.

In responséo thenoticethatMountainManwill notful Il its orderthe BEI retailer
agentexaminesits own local TAEMS taskstructure(not shavn) andbecausehere
areno otherordersthatarecompetingfor nancial resourcegshelfspacecouldbe
consideredherealso)it re-issuedts orderwith alaterdelivery date.The Mountain-
Man agentreschedulesagain,asshowvn in Figure 10, anddecidesto 1) complete
the JJBoom run (asit shouldgiventhe requirementsabove), 2) thendo the KMS
Sequoia productionrun, 3) andthentomorrav (at8am)to dotheBEI Jasper
run.

This small exampleillustratesan importantclassof capabilitiesfor dynamically

managinga supplychain.Firstit shavs autonomouslynakinga quanti ed choice
betweercandidateactiities asthesituationchangesOn agivendaytherecouldbe

11
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mary sucheventsandmary suchexchangesAutomatingsomeor all of this pro-
cessenableghe aggregatesystemto optimizecontinuouslyto improve ef ciency,
lower costs,maximizepro t, or whatever the objective criteriais appropriateThis
examplealsoillustrateshow intelligentagenttechnologythatincorporatesempo-
ral reasoningnapsto supplychainproblemswheredeadlinegdelivery times)and
otherrelatedconstraintarepresentTheexamplealsoidenti es mary areasvhere
applicationspeci ¢ sophisticatiorcanbe added For instancethe agentscoulden-
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gagein a complex neggotiationprocesgo determineappropriatedelivery timesor
could predeterminea price for decommitmen{failing to ful Il an order after a
guaranteenasbeengiven) that would be consideredby the MountainManagent
beforea decommitmenactionwastaken.

Notethatthe key propertiesof the supplychainproblemspacerepresentetiereis
thatcontrolis distributedandthesituationis dynamicastheordersaredrivenby ac-
tual consumedemandandnot by estimateshatarecomputeda priori. Othersup-
ply chainproblemsthatmapdirectly to this spacencludeautomaticallychanging
productionscheduleso take advantageof spotmarket materialswherethe suppli-
ersarerepresentetly agentsor shifting actvities at boththe manutcturerandthe
retailerto adaptto changesn shippingtimesor evenashippergoingon strike. An-
othermappingis automaticallymodifying productionto take advantageof changes
in themarketplaceascommunicatedby otheragentse.g.,new customersachange
in productmix, a changen the productdesignitself, etc.In generaby addingdy-
namiccontrolto the problemspacethe entiresupplychainbecomesnore e xible
andpotentiallymoreef cient. Notealsothattheuseof agentsatall of theinvolved
partiesis what produceghe increasdn e xibility — because¢he agentsautomati-
cally negotiateover time, andpotentiallyquality andcosts,andbecause¢hey com-
municateandcorvey informationasit happensthey corverge on anoptimization
acrosshe network of interestedparties.With respecto control of actualbusiness
processegyarticularlywhenlarge dollar gures areinvolved,theagentscan Il a
support/advisoryole andstill leave the ultimatedecisionmakingcapabilitieswith
atrustedhuman.

4 Chainsof Enablement

In thepreviousexamplewe discussed coordinatiorepisodebetweerretaileragents
anda manufcturingagent.Considerif the sameproblemis expandedto include
raw andintermediatematerialsupplierswho shipto the manufcturerin response
to the orderplacedby the retailer In a corventionalsetting,mostif notall of the
supplierswill maintainaninventoryof raw materialsandwill simplyshipasneeded
from theinventory(schedulingoroductionto generatanoreinventoryasneeded).
However, in our problemspaceheraw materialsuppliersarerunningwith a setof
requirementskin to thoseof MountainManin the previous example— everything
is build to order(or theinventorylevelsaresosmallasto have the sameeffect).

13
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Theimplicationsof thisarenotobvious.If everythingthatis producedalonganen-
tire chainis custom(for only onepossiblecustomerandno inventoriesaremain-
tained,it meansthatif the retailer cancelsthe orderwhile it is in the processof
being lled, thosewho have producedyoodsfor saidorderlosemongy. Figure11
sketcheghe situation.Eachproductionactivity only hasvalueif the retailercom-
pletesits purchasef the nished good.

For coordinationthe implicationsare pronouncedGPGPcoordinationis, in gen-
eral,apeerto-peercoordinatiortechnologythatoperateshroughpairwisedialogs.
(Therationalefor thisis beyondthescopeof thepaper) If apairwiseprocesss used
to coordinateover ary chain(notjustthosethathave thevery unusualpropertyjust
described)t may take mary iterationsbackandforth acrossthe chainto resohe
all of the temporalinteractionsandcorverge on a solutionthatworks throughout
thechain.If oneaddsthe characteristithateachactvity only hasvalueif theen-
tire chainis performedfrom startto nish, the agentmustconceptuallywait until

the entire chain hassolidi ed (or corverged) before beginning production.This

“global” commitmentis very differentthana corventional GPGPstyle commit-
ment— it hasmorein commonwith a commitmento a particularcourseof action
regardlesof theactualtemporalbindingsasdescribedn [4].

To addresshechainsof interactionswheretasksalongthe supplychainonly have
valueif theretailerpurchaseshe product,we have createda new distributedcoor
dinationalgorithmthatusescommitmentvalueanddecommitmentostto achieve
globalcoherencacrosghechain.The pseudo-coddetailsof partof thealgorithm
arepresentedater (Figure 16), however, the conceptuaframework is straightfor
ward. Considerthe task structureshovn in Figure 12. Agent A's taskAl enables
agentB'staskB1, which enablesagentC's taskC1, which enablesagentD's task
D1. Think of agentD asbeinga manufcturerwho sellsto endusersandof agents
A-C asbeingachainof raw materialsuppliersin orderfor agentD to performD1,
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Fig. 12. GenericT EAMS Chainof Interdependentasks

agentA mustperformAl andall theotherintermediatdasksmustalsobeexecuted
by theirrespectre agents.

Whatis uniqueto the dynamicsupplychainproblem,particularlyif zeroinvento-
riesaremaintainedandthe goodsin questionareprivatelabelor custom,is thatif
the sub-chainfrom Al to Clis performedout agentD decidesnotto performD1,
thegoodsproducedalongthesub-chairdo nothave ary valueto agentC andthusC
will incuraloss.By thesametoken,if agentA decidesiotto performAl, agent8
andC will beunableto producethegoodsdesiredoy agentD andthey mayincura
decommitmenpenalty(D will alsobeunableto meetproductionplans/schedules).
Recallthatthe focusof this work is on the temporaldistributedcoordinationclass
of issues.Technologiedik e auctionsor market mechanismsor determiningprice
canprovide the quantitatve valuesusedduring coordination.

To enablethe agent€o committo a courseof actionwithout beingat undorisk for
lossdueto anotheragentnot adheringto the courseof action, coordinationmust
conceptuallycommit all the agentsto a given courseof actionat one momentin
time. Along with this commitmentmustcomesomespeci ed valuefor decommit-
ting or breakingthepledgeandsomespeci edvaluefor satisfyingthecommitment
andproducinggoodsaspromised Becauseheagentsaredistributed,obtainingthe
requiredcommitmentand agreementnustbe performedin a distributedfashion.
The generalapproachs for eachagentto reservea spotin productionfor the de-
siredgoodwhile thechainis beingnegotiated For example,agentD wouldresene
afuture spotfor D1 in its productionschedulébut not begin work on D1 until the
coordinationsessions complete(a brief periodin termsof wall clock time). This
stepof the procesds shavn in Figure 13. The resenation procesds part of the
activity carriedoutin thetriangularbox labeledDP D1 — thisis the rst decision
pointfor agentD. During this period,agentD decidesvhenit needgo produceD1
to Il its needsandthenreseresthatslotin its productionschedule Associated
with the reseration spotis a model of the value or utility thatit will obtainfor
performingD1. This valueis necessary- it enablesagentD to reasomaboutother
opportunitiesthat may arisewhile it is negotiatingthe formation of the chain of
commitmentswith the otheragents After reservingthe slot for D1, agentD then
determinesvhenit needggoodsfrom agentC andcommunicateghis need/ordeto
agentC.
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Fig. 13. CoordinationOver the Chain— Stepl

In Figure 14 the processcontinues Agent C recevesD's requestand determines
whenit canperformC1.If it cannotperformC1to meetD'sneedsagentC informs
agentD of this andthetwo maythenrengyotiateor agentD canunresere the slot
allocatedto D1 (this part of the protocol/ reasoningprocesss not shown in the
gure). AssumingagentC can scheduleC1 to meetthe needsof agentD, i.e.,
producethe desiredgood by the desiredtime, agentC will resere a slot for C1
but not begin C1. It will thendeterminewhenit needsheinputsto C1, including
the output of B1, and communicateheseneedsto agentB asan orderwith an
associatedleadline.Agent B then performsa similar processcommunicatesan
orderto agentA, andthenthealgorithmentersanew phase.

At this pointin time, the agentsall have resened timesfor their respectre tasks
andassociatedialueswith them.During the next phase shavn in Figure 15, the
agentssendback commitmentmessaged-or example,agentA informs B that it
is committedto performingAl andinforms B of whenthe desiredgoodswill be
availablefor usein B1. Whenthe commitmentmessagehainreachesagentD, it
thenbackpropagatea con rmation messagandmovesD1 from resenedstatugo

Fig. 14. CoordinationOver the Chain— Step2
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Fig. 15. CoordinationOverthe Chain— All Steps

performablestatus.The otheragentdollow suit uponreceiptof their con rmation
messages.

This processs depictedalgorithmicallyin Figure16. The algorithmis presented
from the perspectie of agentB and the top-level function, CommitmentRe-
guestReceived() , is performedwvhenagentB recevesa commitmentequest
from agentC to performB1 (sothat C canperformC1). Supportfunctionsappear
towardthe lower half of the gure. The codecontainspartial variablebindings,
e.g.,fromAgent C, to simplify disambiguationThe general o w is that when
agentB recevesa commitmentrequestrom C, it rst checksto seeif Bl is en-
abledby anothemon-localactvity, A1l (denotingthatB1 needsaw materialfrom
anotheragentin orderto beperformed)If so,agentB rst attemptdo scheduléB1
to seeif its constraintarefeasiblegivenB's currentscheduleAssumingthatB1 is

The codepresentedmplies a straight-lineexecutionmodel.In practice the agentdoes
not block pendingcommunicationsaindtheresponsénandlersarecalledwhenappropriate
messagearrive. This enablegheagentdo performmultiple negotiationsessiongndto be
responsie to changean theervironment.
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Fig. 16. Partial Sketchof Algorithm Performedoy AgentB Whena Requests SentFrom
AgentC to AgentB to Obtaina Commitmenffor TaskB1

18



feasible,agentB will thenattemptto obtaina commitmentrom agentA to obtain
the necessaryaw material.lf/when it doesso, it sendsa correspondingcommit-
mentto agentC for the performanceof B1. If agentB is unableto obtaina com-
mitmentfrom agentA, it mustremove its temporary‘what-if” schedulingof B1
andsenda messagé¢o agentC indicatingthata commitmentwill notbeforthcom-
ing. Thealgorithmillustratestheinterplayof commitmentffering andscheduling
feasibility ata granularity ner thanthatof the precedingext. Thealgorithmdoes
not, however, containcodepertainingto the negotiationbetweeragentsover tem-
poral constraintge.g.,delivery deadlines)r taskvalues.The formeris generally
handledby having the constrainedgentsendtherequestea no-commitmenmes-
sagewith asuggestiorf atime framethatwould beacceptableTherequestethen
hasto evaluatelocally whetheror not the new time frameis acceptablelf so,the
algorithmpresentedh Figure16 canberestartedvith differenttemporalbindings.
Value-baseahegotiationis not currentlyimplementedn our framework thoughit
couldfollow a corventionalpropose-ealuate-countemodel.

For clarity, thealgorithmabstractanotheimportantdetail. Thestatemensched-
uleTaems(B.whatlfTAEMS) encapsulatethe processof 1) determiningif
B1l'stemporalconstraintarefeasiblefor agentB, and2) determiningf it is worth-
while to performB1 at all. This latter pointcomesinto play if agentB hasanother
goodwhosetemporalconstraintgon ict with B1, i.e.,if bothit andB1 cannotbe
produced.The point alsocomesinto play if we consideropportunitycostin our
computation.To betterillustrate the role of opportunitycostand decommitment
cost, considerwhat happensdf, in the previous example,agentC recevesa new
opportunityandconsidersddecommitting Assumethatthe nenv opportunityis task
C2andthatC2 is mutually exclusive with C1 dueto temporalconstraintsAssume
that this opportunityarrives after C hascommittedto agentD to performC1. In
this situation,agentC mustcomparethe value of performingC2 to the value of
performingC1. SinceagentC hascommittedto the chainincluding C1, it must
considerseveral factorswhenassessinghe valueof C1, namely:1) its quality or
utility, whichis tiedto economicovalue,2) its cost,and3) thepenaltyfor decommit-
ting or decommitmentost.Whenassessinthe valueof C2 (beforea commitment
is offered),agentC cansimply considelits quality andcost.In our application the
costfor decommitments a function of the qualitiesandcostsof the methodghat
comebeforeC1 in the supplychain— in this casea function of methodsAl and
B1. Thisis becausagentC's decommitmentesultsin agentsA andB producing
goodsthatdo not have market value outsideof the context of C1. Thereis alsoa
role for decommitmentostor a penaltybeingpaid to agentD for D1's opportu-
nity cost— in this caseit could be a function of D1's quality minusits cost,i.e.,
somepercentagef amodelof agentD'spro t for D1. We arecurrentlyevaluating
fair but more simple modelsof decommitmentostfor this application.Tying all
valuesto economicsandusingmarket mechanismso setprices,or assuminghat
pricesre ectedthemarketplace would simplify thecomputationThefocusof this
work is moreon supportingdecommitmentostin the controlreasoningandlocal
schedulingof theagents.
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While thisexampleabstractsheproces®f determiningdecommitmentostit illus-

tratesthe conceptHeretounmentioneds the opportunitycostof reservinga time

slotfor acandidateéaskwhile thecoordinatiorchainis beingnegotiated Currently

thisis not consideredy the agents- atissueis whetheragentD shouldresere a
slot for sometask,e.g.,D9, if D9 is not very pro table givenD's taskhistory or

generalmamgins. Reservinga slot for D9 meansthat while D is negotiating over
thechainit cannotreasorappropriatelyaboutnew tasksthatarrive (which maybe
of highervalue)if saidtaskshave temporalconstraintghatinteractwith D9. This

problemonly occurswhile a chainis being propagatedOnceit is con rmed, D

canreasonaboutdecommittingfrom D9 andrespondto new opportunities.This

hasnot beenaddressetbecausehe coordinationepisodes generallyregardedas
taking on the orderof secondsHowever, if the coordinationprocessnvolved hu-

manoperatorsothatthetime window couldexpandto days theframewvork would

have to incorporatethe value of that resered time slot andtradethat off against
new opportunities.

5 Abstract Formalization

Supplychainproblemshave mary forms. In this paper discussa specializedver-
sionappropriatdor discretesupplychainsthathave particularcharacteristics.qg.,
zero inventory build to order and thosecombinedwith productionscheduling.
Fromanabstractiew, oneformalizationof theproblemis asa6-tuple

where

is asetof agents.

is asetof tasks.

is amappingfrom tasksin  to utility values.
isamappingfromtasksin  to deadlines.

isamappingfromtasksin  to agentghatmayperformthosetasksin
is apartialorderingon

The problemis to attemptto chooseand assigneachtask, , to an agent,
, suchthatthe partial orderingspeciedin , thetaskdeadlines, ,
andthe assignmentnapping, aresatis ed andthe utility,
associatedvith the associatedasksis maximized.This is an optimizationprob-
lem (not a satistctionproblem)thusdifferenttaskshave differentvaluesandit is
entirely possibleto have unsatis abletemporalconstraintsn a given problemin-
stance Note alsothe role of utility — agentsin this supply chainchoosebetween
candidaterdershasednutility while consideringemporalconstraintsHiddenby
this abstractions the conceptthat utilities are dependenon the partial orderings
. In theprevioussectionwe discusseahainsof enablemenandthecharacteristic
thatin a build to ordersupply chainthe involved partiesneedthe transactiono
happenrstart-to- nishin orderto avoid lossin the middle of the chain.
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6 RelatedWork

Huhnset al [11] implementedseveral methodsto automatethe constructionof
agent-basedupplychainsby translatingML diagramsandBusinesbjectDoc-
umentgBODs)into statemachineshatmodelthe corversationsiecessarfor sup-
ply chainmanagemenandthat canbe thenwrappedin agents(Figure7 in their
papershawvs their processwell.) Their work differsin thatthey arenot solvingthe
problemof how agentsdecidewhich requestdo ful Il in a collaboratve setting
beyondthe protocollevel. In our work thereis a strongelementof quanti ed and
temporaldecisionmakingor choicethatis lackingfrom theirs.Note,however, that
someof theirideascouldbe usedto framethecommunicatiorprocessf ourwork.

TheMASCOT [17] architecturdor dynamicsupplychaincoordinatiorusesblack-

boardagentdo createandmanagesupplychains MASCOT differsfrom thework

herein its supportof mixed-initiative functionalitiesthat enabledifferenthuman

usersat differentlevels in a supply problemto manipulateplanning/scheduling
activities. MASCOT alsodiffersin thatit generateplanning/schedulingptions

througha bid mechanismi.e., consideringdifferentsuppliers.In our work, con-

straintsareresolhedby (aka“optionsaregeneratedhrough”)coordinationschedul-
ing, andnegotiation.While our work focuseson temporalinteractiondbetweerac-

tivities thatspanagentsthataspecof MASCOT is unclearthoughthe blackboard
agentsncludea sophisticategchedulingnodule.

LeveledCommitmentContractind18] is ameandor handlingbacktrackingsearch
in multi-agentsystemsMore speci cally, it is a commitmentinstrumentfor capi-
talizing on the possibilitiesprovided by probabilisticallyknown future events.In-

steadof conditioninga contracton the occurrenceof future events,asis the case
with contingeng contracting,a decommitmenipenaltyis built into the contract
thatallows unilateraldecommitting We implementa form of leveledcommitment
contracting,albeitimplicitly. In our castingof the supply chainproblem,we too

provide for decommitmentost,but it is preciselythe quality gain on a commit-

mentrequestex ante,andthe quality postedon a satis ed commitment,ex post.
Thedecommitmentostwill alwaysoutweighthe quality gainfrom acommitment
if it is disadwantageouso the multi-agentsystem.This follows from the fact that
the agentsin the supplychainarefully cooperatre andthe quality for onecom-
mitmentsatisactionis contingentuponall othercommitmentsn an orderchain
beingsatis ed, i.e., quality gainfor commitmentsatisfictionis monotonicallyin-

creasing.This doesnot mean,however, that the orderingsystemis exemptfrom

thrashingwithout a synchronizatiorprocedureput the sequentiahatureof anor-

deringchainmakesthe implementatiorof sucha procedureelatvely easy What
is thenrequiredis end-to-endiecisiontime guarantees.

Shenet al. [19] detail a general,domainindependent¢ollaboratve agentsystem
architecturewhich incorporatestandardagentservicessuchas ontology yellow
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pagesandcentralizedocal coordinationmanagersaswell asthe the notion of a
dynamiccooperatiordomainabstractiorfor groupsof cooperatingagents While
this work identi es the importanceof cooperationjt doesnot describeor imple-
mentquanti ed choice/ coordinationtechnologies.

Zeng and Sycara[24] de ne a model that can be evaluatedto identify ef cient
combination®f supply-chairactiities. The modelconsistof and/ortaskdecom-
positiontrees Partsof asupplychainarerepresentetly thesenodesThesemodels
aretranslatednto problemsfor which decisionscanbe madefollowing inventory
theorymodels.Saidmodelsdo notappeato consideicommit/decommiproblems,
or the explicit modelingof onetasks'propertiesversusanotherlt is thusunclear
how e xible the systemis — certainlyit doesnot leveragequanti ed choiceor se-
lection.

Barluceanyl] givesarepresentatiofor tasksandconstrainton the executionof
tasks(behaiors) calleda goal network.Obligationsandinterdictionsin hisframe-
work roughly correspondo commitmentgpart of the TAMS coordinationpro-
cess)or the facilitates/hindersnteractionsn TAEMS (not shavn in Section2 but
relatedto TAEMSenablementlOneagents authorityoveranothels requiredto set
anobligation.Theauthoralsodescribes way reasoningaboutthe representation,
whichis branchandbound,to nd therightcommitmentor goalswhich optimizes
theutility of thetasknetwork.

Collins etal. [5] describea MultiAgent NEgotion Testbed MAGNET) which im-
plementscollaborationvia an auctionmodel. Agentswhich require servicesre-
guestthemvia a tasknetwork thatincludestaskdescriptionsandtime constraints.
Provider agentshensendbackbids with the tasksthatthey arewilling to under
take, whenthey cando them,andatwhatprice.A bid managerlls in arequesting
agents task structurewith an appropriateschedulefrom the bids by usingeither
anintegerprogrammingpr asimulatedannealingevaluator Their framework is not
asrich asTAEMS, andthey arenot dealingwith commit/decommitssueshough
they are consideringtemporalconstraintsand a choicemechanism- featureswe
considelimportant.

Davidssonand Wernsted{6] modeljust-in-time distribution networks and evalu-
ate cooperatie MAS for managementf the networks. In this work the focusis
on high-level formal modelingof the problemspaceand the implementationof
themodelsin a simulationernvironment.The work doesnot focuson the discrete,
temporallysituated anddetaileddynamicsupplychainandproductionscheduling
problempresentedh this paper

In generaburwork differsin thecombinatiorof factorst addressed.hesetie back
to TAEMS' rich featureset,for instance.comple< processepresentatiorgxplicit
guanti ed modelingof taskandprocessnteractionsexplicit quanti ed existence
of alternatve waysto performtasksandquanti ed choicefunctions,combinedwith

22



varioushard and soft temporalandresourceconstraints Coupledwith this is the
explicit effort of all of the TAEMS technologiedo supportdynamicadaptatiorto
situationsasthey evolve. Thusboth the agentschedulingand coordinationtech-
nologiesaredesignedotto rely ona priori or off-line computationanddesigned
speci cally to alwaysevaluateoptionsfrom a quali ed perspectie.

7 Limitations, Experimental Plans,and Future Work

This paperdescribesTAEMS agenttechnologyand shaws its use on an imple-
mentedsupply chain managemenproblem. The technologyusedhere currently
hasa few limitations— someof which arebeingaddressedndsomeof which are
largerissuesOnelimitation is thatwe do notcoordinateoverresourcesThechains
of interactionsdescribedabove andeasily ervisionedby raw-to-manuécturerto-
retailerchainsarenotactuallychainsfrom task-to-taskut arechainsfrom task-to-
resource-to-taskn otherwords,MountainManproducesa goodthatis consumed
by theretailer If we modeledandcoordinatedverthatgood,ratherthanusingtask
interactionsthe systemwould automaticallyhandlesituationsn which Mountain-
Man hada requestedjoodin inventoryor lacked a raw materialneededor pro-
duction.Currentlythis functionality is partly implementedn the domainproblem
solversof theretaileragentsandthe MountainMandomainproblemsolver could
be extendedto provide this functionality aswell, e.g.,if goods in inven-
tory, ship and charge (do not make new production task)
Resourceoordinatiorof adifferentnaturehasbeendonebeforein TEMS[12,10]
andtheexplicit representatioof theresourcepotentiallyintroducesanadditional
level of e xibility andsimpli es theconstructiorof thedomainproblemsolvers.

Thelargerissuethatmaynotbeobviousis thatwhencontrolis decentralizedh this
fashionandthe problemdecompositiontself is not structuredout insteadevolves,
this type of distributedoptimizationis not alwaysguaranteedo be optimal. When
canit fail? Whenthe problemspacegyetlarge it is occasionallydif cult for the
Design-to-Criteriaagentschedulerto producean optimal solution. (The general
caseof the problemit solvesis not computable- it usesapproximatiortechniques
to make the spacetractableandoperateon-line in soft realtime.) Anothercasein
which it may not be optimalis whenthe constraintdall in a particularway — the
partial and distributed views held by the agentsmay not always containenough
informationfor themto fully optimize.Thegeneralizatiorof this coordinatedieci-
sionproblemhasbeenshavn to be exponential ) [15,2] which
is why in practiceimplementationghat operatein real-timedo not guaranteep-
timality. With this potentialfor sub-optimalitymentioned,t is alsoimportantto
recognize¢hatmosthuman-centeredusinesgprocessetodayarefar fromoptimal.
In thiswork we areseekingio improve ef ciency andreducecosts— makinggains
overtheapproachesurrentlyused.
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In mostresearchihereis alwaysroomfor morerigorousempiricalveri cation and
this work is no exception.Dependingon level andthrustof corporateinterest,we
may develop an optimal, exhaustve, centralizedcontrollerand comparethe nev
protocolfor chainsof enablemenagainsthe centralizedracle.Notethatthe pur-
poseof this comparisonis not to motivate a distributed approach- the needfor
distributionis inherentin the privacy andautonomyissues- but to present yard-
stick againstwhich the approximatel £MS agentsolutioncanbe comparedOn
anunrelatedARPA teamcoordinationproject, GPGP-dened coordinationtech-
nologieshave comparedavorablyto anoptimal centralizedracle[22] thoughthe
resultsdependon the generakharacteof the problemsetsandthetightnessof the
constraints.
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