Distributed Programming and Coordination for
Agent-Based M odular Automation

Alfred A. Rizzi, Jay Gowdy, and Ralph L. Hollis

TheRoboticsInstitute
Carngjie Mellon University

{jayg,arizzi,rholli @ri.cmu.edu

Abstract

A promisingapproachto enablingthe rapid deployment
and reconfigurationof automatedassemblysystemsis to
make use of cooperating,modular robust robotic agents.
Within suchanervironment.eachroboticagentwill execute
its own program,while coordinatingwith peersto produce
globalycooperatie precisiorbehavior. To simplify theprob-
lem of agentprogrammingthe structureof thoseprograms
is carefully designedo enablethe automaticencapsulation
of informationnecessaryor executionduring distribution.
Similarly, the programmingmodel incorporatesstructures
for the compactspecificatiorandrobust executionof poten-
tially complex andfragile cooperatie behaiors. Thesebe-
haviors utilize a run-timeervironmentthatincludestoolsto
automaticallysequencéhe actiities of anagent. Takento-
gethertheseabstractiongnablea programmeto compactly
describehehigh-level behavior of theagentwhile relyingon
asetof formally correctcontrolstratgiesto properlyexecute
andsequenc¢henecessargontinuousehaiors.

1. Introduction

Most robot programmingapproachesare basedon
standarccomputedanguageswith theadditionof spe-
cial primitives,constructsandlibrariesto supportthe
physicalcontrol of a robot[1]. Theselanguagesre
designedo enablethe control of a singlerobot, and
donotinherentlysuppordistributedsystem®f robots.
More abstractprogrammingmodelshave recentlyap-
peared[2, 3], but typically theseare either “task” or
“process’basedandareappliedto the programmingpf
work cells(which mightcontainmultiple robots).This
paperexploresthedistributedprogrammingmodelwe
aredevelopingfor usewith the Architecturefor Agile
Assembly[4, 5], an ongoingprojectin the Micrody-
namicSystemd aboratoryat Carngjie Mellon Univer-
sity’sRoboticsinstitute(for additionalinformationsee
http://ww cs. cmu. edu/ ~nsl ).

The overall goal of the Architecturefor Agile As-
sembly (AAA) is manufacturingagility — enabling
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Figurel: A minifactorysegment

both the rapid deploymentand rapid reconfiguration
of automationsystems- facilitating the early deliv-
ery of a productto marketandthe ability to adaptto
changingechnologiesandmarketneeds AAA strives
to achieve this form of agility by utilizing modularro-
bustroboticagents[6]. Agentsaremechanicallycom-
putationally andalgorithmicallymodularmechanisms
which operatein a deliberatelylimited domain, but
possessea high degree of capability within that do-
main. For theremainderof this papemwe will focuson
minifactory, o specificinstantiationof AAA, designed
to facilitate four-degree-of-freedom4-DOF) assem-
bly of high-value, high-precisionelectro-mechanical
products(seeFigure 1). Minifactoriescontainagents
(calledcouriers)thatare“experts”in producttransport
andlocal planarmanipulationandotheragentqcalled
manipulators)that are “experts” at vertical insertion
and part rotation. Throughcooperatie group action
theseagentgerformthe4-DOFoperationsequiredto
producea product.

Modularity is a central philosophical conceptin
AAA,; not only doesit enablescalingof the factory
system|jt alsooffersthepotentialfor improvedsystem



robustnesdy eliminatingsinglepoint failures. Unfor-
tunatelyit alsopresentsien anduniquechallengegor
the systemprogrammer As thereis no centralfac-
tory “brain” andthusno single programfor an entire
AAA factory, eachagenimustexecuteits own program
which mustreliably interactwith thoseof its peersin
orderto give riseto the desiredoverall systembeha-
ior. Whereaonstructinggenericdistributedsystems
of this form is a difficult problem, it is our conjec-
turethatby restrictingour focusto a smallbut impor-
tantclassof robotic systemssufiicient constraintsare
placedonthe problemto makeit tractable.

Toward this end, we have developeda model for
agentprogramsthat seeksto simplify the distributed
programmingroblem:i) agentprogramsareselfcon-
tained“applets; thatutilize standardrotocolsto syn-
chronizeand communicateabout their behaior; ii)
eachagentmakesuse of a high-performancéybrid
controlsystemo managets continuoudbehaior. The
intentof this programmingmodelis to provide a high
level of expressienesandflexibility for theagentpro-
grammer(be it a humandesigneror automateccode
generatingool) while ensuringa structuredandreli-
ableinterfaceto theunderlyingcontrolsystems.
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Figure2: Shift of control responsibilityfor distributed pro-
gramming.

Onefundamentathallengefor ary robot program-
ming systemis that the “program” must specify both
a systems$ discretebehaior as well asits continu-
ous behaior — i.e, it mustcoordinateboth the con-
tinuousdomainof the robot’s control systemandthe
discretedomainof event managemerassociatedvith
overall behaior. Most approacheso robot program-
ming makea sharpdistinctionbetweerthesedomains
— wherethe continuous state-basediew is releggated
to the executionof controllers,andall decisionsabout
which controllersto run and when to run them are
madeby higherlevel systemsusing a discrete,event
basedview. We chooseto placethis distinctionat a
slightly higherlevel andmakeit amoreformalabstrac-
tion barrierthanis normal. Figure2 depictsa course
decompositiorof the continuumof tasksto be under
takenby a robot’s control systemmakingexplicit our
intentto move the “barrier” betweerthereal-timeand
generapurposdasks.ln AAA, anagentsexecutionis

dividedinto two distinctlayers:ahigherlevel discrete
layerresponsibldor the abstractsemanticof factory
operationandalower-level continuoudayerthatman-
agesthe sequencingand executingof specificcontrol

lawswhich,in turn,influencethephysicalenvironment
of the agent. The critical distinctionis that the con-

tinuousmechanismare usedto guide the transitions
betweencontrollersas well asto run the controllers,
freeingthe high-level agentprogramgo dealwith the

more relevant and abstractproblemof decidingwhat
to do andhow to doit. This notion of automatically
managinghetransitionbetweercontrollerswasintro-

ducedin [7], abstractlyfit to thedomainof minifactory
in [8], andrecentlydemonstratedxperimentally{9].

2. Distributed Programming

Thedistributedandcooperatre natureof AAA hasim-
plicationsontheform of agenfprogramsanagentpro-
gramis not simply a script, but ratherdefinesan in-
stanceof a classthatimplementsa numberof specific
methods. The programmay definea new classto be
instantiatedpr asubclasgrom a pre-«isting standard
one,but the classmustimplementa standardnterface.
This conceptis very similar to the Java “applets” that
areusedn world-widewebprogrammingFor reasons
includingeaseof portingandlicensingissueswe have
chosenPython[1(, anotherobject-orientedanguage
which canbeinterpretedr byte-compiledfo program
ourroboticagentgatherthanJava.

Every robotic agent program must provide two
methods:bi nd andrun. They encapsulatéhe two
major conflicting requirement®f an agentprogram-—
it must specify behaior in referenceto external en-
tities, but mustrun in a completelydistributedfashion
andcannotrely onary centralizedesourceor database
during execution.For example,a couriermustbeable
to know it will beinteractingwith a particularmanip-
ulator, but theinformationon how to contactthatma-
nipulatormustresidewith thecourieratruntime. Sim-
ilarly, amanipulatormayneedto know it will getparts
of a specifictype from a specificpartsfeedingdevice
withouthaving to contactacentraldatabasatruntime
to getthe geometricand product-specificnformation
it needdo performits operations.

In the AAA ervironment, an agentprogram has
two distinct phasedn its life cycle. First, it is writ-
ten and simulatedwithin a centralizedinterfaceand
designtool. This tool provides a factory developer
with a global view of the factory systemunder de-
velopment[11]. When executingwithin the central-
ized simulationervironment,thebi nd methodsimply
causeghe relevantitemsto be lookedup in the sim-
ulation databas®&eforeproceedingo executether un



# Agent class definition
cl ass Progran( CourierProgran:
# Bi ndi ng net hod
def bind(self):
# supercl ass has some binding to do
Couri er Program bi nd(sel f)

# Bind to a particular manipul ator

sel f.source = sel f.bi ndAgent (" Feeder Mani p")
# Bind to a particular factory area
self.corridor = self.bindArea("CorridorA")

# Execution nethod

def run(self):
# initialize the novenent
self.startIn(self.corridor)

# block until manipulator is ready

sel f.initiateRendezvous(self.source, "Feeding")
# move into the workspace

sel f. noveTo(sel f. sourceArea)

# coordinate with manipulator to

# get product fromit

sel f. accept Pr oduct ()

# The coordi nated maneuver is done

sel f. fini shRendezvous("Loadi ng")

# move out of the workspace

sel f. noveTo(sel f.corridor, bl ocking=1)

# instantiate the appl et
program = Programn()

Figure3: A simplecourierprogram

method. The secondphaseoccurswhen the factory
developerdownloadsanagentprogramfrom the simu-
lation environmentto the physicalagent.At this point,
the agentprogrammustbe be “bound” with all of the
globalfactoryinformationtheagentwill requirewhile
executingthe program. To bind a program,the inter-
facetool executesthat programs bi nd method,and
usestheresultsto constructa small databaseontain-
ing the informationnecessaryor the agentto locate,
bothgeometricallyandlogically, all of thefactoryele-
mentsit will interactwith. This smalldatabassenes
asa startingpoint for anagents self-initializationand
exploration of its ervironment. For example, in the
samplecourier program(Figure 3) the bi nd method
callsbi ndAgent (" Feeder Mani p"), which declares
that the agentprogramwantsto know aboutthe ma-
nipulatornamedFeederManipand assignsthe result
of thatbindingto alocalmembewariablefor usein its
r un method.As aresultof theinvocation theinterface
tool will addthe relative positionof FeederManifn
thecouriersframeof referenceaswell asthe network
addres®f FeederManipo thelocal databasevhichis
sentto the courieralongwith the programtext.

The r un methodcontainsthe “script” which actu-
ally runsduring execution,implementingthe discrete
logic of the agentwhich is responsiblefor initiating
and coordinatingthe behaior of this agent. For ex-
ample,the r un methodin Figure 4 causeghe agent
to loop, transferringpartsfrom a partsfeederto couri-
ersthatrequesthem. Therun methodis written using

# Agent class definition
cl ass Progran(Mani pProgran:
# Binding nethod
def bind(self):
# bind a bul k feeder
sel f.feeder = self.bindDescription("ShaftFeeder")
# bind product information
sel f. product = sel f. bi ndProt ot ype("ShaftB")

# Execution nethod
def run(self):
while 1:
# conveni ence function for getting a
# product from a feeder
sel f. get Part Fronfeeder (sel f. product, self.feeder)

# Wait for a courier to rendezvous
# with the mani pul ator for feeding
partner = sel f.accept Rendezvous("Feedi ng")

# and transfer the product to the courier
sel f. transfer GraspedProduct ( partner)

# instantiate the applet
program = Programn()

Figure4: A simplemanipulatoprogram.

conveniencemethoddefinedby the programs super

classeswhich themselescausehe exchangeof mes-
sagedetweeragentaisingAAA protocolsandthede-

ploymentof hybrid-controlers(describedn Section3.

below). For example theconveniencemethodinvoked
by sel f. get Part FronfFeeder is implementedin

the parentclass,Mani pPr ogram This corvenience
methodextractsinformation from the productproto-
typeandfeederinstancepassednto it, andsetsup and
monitors control policies which will robustly pick a

productof thattypefrom thatfeeder

3. Control and Coordination

As we have alreadydescribed,an agentprogramin
AAA hastwo distinct but relatedrun-time responsi-
bilities: i) it mustcarry out semantimegotiationswith
its peersto accomplishwork on behalfof the factory;
andii) it mustproperlyparameterizandsequencéhe
applicationof low-level control strat@iesto success-
fully manipulatehephysicalworld. Theprogramming
modelwe are utilizing simplifiesthe relationshipbe-
tweenthesetwo responsibilitiesand minimizestheir
impactuponone another Specifically to reducethe
complity associatedwvith writing agentprograms,
thelow-level controlstratgiesarenow responsibldor
the detailsassociatedvith switching and sequencing
the various control policies available at ary one mo-
ment.

3.1. Real-timecontrol

To simplify the developmentof agentprograms,the
processof decidingexactly whenand how to switch
betweenlow-level control stratgjiesis remaoved from



theagentprogramandisolatedfrom the high-level se-
manticnegotiationsthatarethe primarydomainof the
agentprogram. However it is importantto note that
thehigh-level agentprogramcontinuego maintainex-
plicit control over the precisepoliciesthat are avail-
ablefor useat ary given moment. The fundamental
modelwe utilize for the executionof controlstrategies
waspresentedn [8]. Briefly, ratherthanrelying on
the agentprogramto generatdrajectorieghroughthe
free configurationspaceof the agent,the programde-
composethefreeconfiguratiorspacento overlapping
regionsandparameterizingontrolpoliciesassociated
with eachregion. The left side of Figure5 showvs a
simplistic“cartoon”renderingof this approachwhere
®; representhe controlpolicieswhich areguaranteed
to safelymove ary statefrom arywherein the asso-
ciatedshadeddomaininto the domainof the “next”
controlpolicy. A hybrid control systemis thenrespon-
sible for switchingor sequencindetweerthe control
policiesassociatedvith this decompositiorio achiere
a desiredoverall goal, inducinga monotonicallycon-
vergentfinite stateautomateover the control policies
suchasthatdepictedon theright of Figure5.

Figure5: Exampledecompositiorof atrivial planarconfig-
urationspaceandthe associatedhducedgraphrelatingthe
controlpolicies.

Thisschemalescribeshebehaior of ary oneagent
in termsof a collection of feedbackstrategies based
on the stateof the systemas perceved by the indi-
vidual agent. The resultis a hybrid on-line control
policy (onethat switchesbetweernvariouscontinuous
policies)which makesuseof the collectionof control
policiesthathave beenpassedo it by the higherlevel
agentprogram. By leaving the selectionof goalsand
the associatedrioritized decompositiorof the state
spaceto the agentprogramit remainspossibleto de-
scribe(attheprogramlevel) arbitrarilycomplex beha-
ior withoutconstructingcodeto undertakehecomple
real-timemanagementf thosebehaiors.

Giventhis modelfor executingphysicalaction,it re-
mainsthe responsibilityof the agentprogram(specif-
ically the scriptdefinedby its r un method)to create,

parameterizeand managethe currently active setof
controllersalongwith the associatedetsof goalsand
domains.Thusthescriptis only responsibldor choos-
ing the current“overall” goal alongwith appropriate
intermediatesub-goals,and providing parameteriza-
tions of control stratgies to accomplishthosegoals.
The comple and potentially errorprone problem of
making real-time changesto the underlying control
systemis left to the hybrid controlsystem.

The interfacebetweenthe scriptandthis controller
manager is quite straightforward. The class from
which a particularagentprograminstanceis derived
providesstandardoolsfor creatingandparameterizing
controllersandtheir associatedomains.Theseresult-
ing controllersarethen, at the direction of the script,
placedinto an orderedlist of active controllers. Fi-
nally, thecontrollermanagewill selectheappropriate
control policy (from this list) to executein real-time.
The detailsof high-bandwidthmonitoringandcoordi-
nationof anagentandits peers’stateis performedby
theselower levels, utilizing a dedicatedocal commu-
nicationsnetworkto sharénformationbetweeragents.
Thislocal networkis usedto passrelevantinformation
betweenagentsonly aboutthosevariablesthat effect
their execution,resultingin efficient utilization of the
available communicatiorbandwidthin a mannerthat
is transparento theagentprogram.

Communicatiorof progressandcompletionof tasks
backto thescriptis accomplishedby useof eithercall-
back functionsor direct polling of the actualstateof
the agent. In general,the expectationis that scripts
will submita moderately-sizedist of control actions
alongwith a setof fail-safeandfall-backstrategiesca-
pable of respondingto the most dire circumstances,
then dleep (wait for a call-back)until either progress
hasbeermmadeor afailure hasbeendetectedWhenap-
propriateprogresasbeenmadethe scriptwill, while
motionis still executing,appendadditionalcontrolac-
tions to the “top” of the active controllerlist indicat-
ing new goalsanddeletethosecontrol actionswhich
areno longeruseful. If afailure hasbeendetectedhe
programwill proceedn asimilarfashion;only theac-
tions addedto the list will mostlikely attemptto re-
cover from theproblem.

By bothparameterizinghe specificcontrollers(set-
ting the goal, defining the domain of applicability,
specifyinggains, etc.) and orderingtheir placement
onthelist of active controllers a scriptis ableto spec-
ify complex andefficient physicalmotion thatis fun-
damentallyrobust. This provides a rich and expres-
sive methodfor programsto specify physicalmotion
while reducingthe risks associateavith writing those
programs. Within the minifactory system,an agent
presentsa “pallet” of control policies, eachwith an



# submit actions to nove fromself.current to area
def noveTo(area):

# get the goal at boundary of area

# and self.current in self.current

X,y = sel f. get Boundar yGoal ( ar ea)

# create and subnmit action

control ler = sel f.goTo(x,y)

domain = self.inArea(sel f.current)
sel f.submi t(controller, donain)

# reserve area, blocking if necessary
sel f.reserve(area)

# get goal at boundary of area and
# self.current in area
X,y,overlap = sel f.get Overl apCoal (area)

# create and subnmit action to cross into
# the new area
sel f.subm t(self.goTo(x,y), self.inRegion(overlap))

# create and subnit action to drive to the

# goal in area

# note that a callback class is invoked when

# this action starts which unreserves self.current

sel f.submi t(sel f.goTo(x,y), self.inArea(area),
start=Unreser ve(self.current))

# keep track of current area
self.current = area

Figure6: Codefragmentfor noveTo.

associateddlomain of applicability, to the program-
ming system. In additionto a standardcollection of
proportional-ntegral-cerivative (PID) controllersthe
pallettypically includesotherstratgiesfor safelyexe-
cutinglargemotionsin thepresencef actuatolandge-
ometricconstraintor undertakingcooperatre assem-
bly taskswith peeragentgeg. for performingvisually
of forceguidedcoordination).

In practice,the detailsof this interfaceare hidden
from the programmerby a set of standard“conve-
niencefunctions: For examplethemoveTo(...) call
in Figure 3 would actually expandto the codefrag-
mentshowvn in Figure 6. It is herethata specificre-
sourceresenation protocolis implementedo ensure
safeoperation[6] andwherea “standard”setof con-
trollers are parameterizedand placedon the list of
active controllers. As a simple meansto coordinate
the overall actvity of agentsminifactory makesuse
of a distributedresourceesenation systemgo guard
againstinter-agentcollisions. In this particular in-
stanceageometriaegion in thefactoryis resered by
thecall to sel f. r eser ve, anda call-backmethodis
registeredto executeasthe agententersthe destina-
tion area. The particularcall-backmethodusedhere,
Unreserve(...), freesthe resenation held on the
currentareaassoonastheagentdepartst, thusallow-
ing its useby otheragentsn the system.

3.2. Agent interaction

Thusfar we have focusedon describinghow individ-
ual agentscanbe programmedo accomplishspecific

def accept Product (source):
# slave to manipulator when it is ready
controller = self.create("Sl ave")
control | er. master = source
predicate = self.create("WatchPartner")
predi cate.is_grasping = True

self.insert(ControllerAction(controller, predicate))

# hol d position after part placenent and

# mani pul ator wit hdrawal

controller = self.holdPosition()

predicate = sel f.create("WatchPartner")
predicate.is_grasping = Fal se

predi cate. m n_hei ght = source. of f set

action = ControllerAction(controller, predicate)
action. addSt art Cal | back(sel f.tag("PartPlaced"))
id = self.insert (action)

# wait until part placed
sel f. wai t For ("PartPl aced")
# and clean up action |ist
sel f.truncat e(id)

Figure7: Codefor accept Product .

tasks.Constructiorof ausefulAAA systemhowever,

requiresthatagentssuccessfullynteractwith onean-
otherto undertakecooperatre behaiors. Not surpris-
ingly, ourapproacho performingthesecooperatreac-
tions utilizesthe sameprotocolsandprogramingcon-
structswe have beendescribing. The notablediffer-

enceis thatthe executionof the specificcontrolstrate-
giesmay requiresharingof significantstateinforma-
tion betweerthe participatingagentsn orderfor their
behaior to betightly coordinated.

It makessenseto think of the two suchcooperat-
ing agentsastransientlyforming an abstractmachine
consistingof their collective degreesof freedom,and
asingleprogramdictatingthe behaior of this abstract
machine—atermwewill useto describe collectionof
agentsthat are actively coordinatingtheir continuous
behaior with one another as would happenwhen a
minifactory courierandmanipulatorcooperatdo per
form a visually guidedinsertiontask. Of course,in
actualityeachagenwill beexecutingits own program
and associatedontrol policies, andit is critical that
theparticipatingagentseliablyenterinto, execute and
dissole their coordinateehaior. Clearlyfor thisto
happenthe agentsmust arrangeto executelow-level
control stratgieswhich are“compatible”—i.e. when
executedn parallelthey mustcommunicatéheappro-
priate stateinformationto their peer(s)to jointly per
form the desiredphysicaloperation.

As alreadydescribedn Section2. our programming
systemincludesprimitive tools to performthe neces-
sary semanticnggotiation— e.g., the variousforms of
rendezvous statementn Figures3 and4. Onesim-
ple case,with extremelyasymmetricinteraction,is a
transienimaster/slee relationshipbetweenwo agents,
with one agentabdicatingcontrol of its actuatorsto
the other which monitorsthe stateof bothandpasses
force and torque commandsto its own actuatorsas



def transferGaspedProduct (partner):
# fromthe product information and the partner
# courier attributes calculate the courier
# position and the mani pul ator position
# necessary to place the product on the courier
(cour_x, cour_y, manip_z, manip_th) =\
sel f. findPl acenent Tr ansf or m( part ner)

# submt action to get ready to place
control l er = sel f.coordi nat edVove(cour_x, cour_y,
mani p_z-sel f. of fset, mani p_th)
self.insert(ControllerAction(controller,
sel f.isGasping()))

# submt action to go down to place product when

# both courier and mani pul ator have arrived at

# pre-placenent positions

controller = self.goto(manip_z, manip_th)

predi cate = sel f.coordi nat edAt (cour_x, cour_y,
max_z=mani p_z-sel f. of fset, mani p_th)

self.insert(ControllerAction(controller, predicate))

# submt action to rel ease part when force sensed
controller = self.rel easePart()

predicate = self.forceThreshol d(m n_force = 0.5)
self.insert(ControllerAction(controller, predicate))

# submt action to back off fromcourier
action = ControllerAction(
sel f. got o(mani p_z-sel f. of f set,
sel f.isNot Grasping())
action. addSt art Cal | back(" Fi ni shedPl acenment ")
id = self.insert (action)

mani p_th),

# wait for placement to finish
sel f. wai t For (" Fi ni shedPl acenment ")
# register transfer

sel f.regi ster Transf er To(partner)
# clean up action |ist

sel f.truncate(id)

Figure8: Codefort r ansf er G aspedPr oduct .

well asthoseof the slave agentvia a high-bandwidth
local network. The detailsof this interaction,taken
from a simulatedminifactory, areillustratedin Figure
7 which shows the expansionof the accept Pr oduct
procedurdrom Figure3, andFigure8 whichshavsthe
expansionof thet r ansf er G aspedPr oduct proce-
dure. The accept Product methodabdicatescon-
trol of the couriers motionsto a manipulatormas-
ter until a product has been placed on it and the
manipulatorhas backedoff by a given offset. The
transf er GraspedPr oduct methodcoordinateghe
motionsof the manipulatorandcourierandplacesthe
partit hasalreadygraspedntothecourier

Here, the invocation of accept Rendezvous and
i nitiateRendezvous, by the manipulator and
courier respectiely, hasindicatedthe willingness of
theseagentsto participatein the cooperate beha-
ior, aswell ashaving forcedthemto synchronizeheir
execution. Immediatelyfollowing this a setof con-
trol policies are submittedthat causethe underlying
control systemgo synchronizeandundertakethe de-
siredcooperatre behaior. Implicitly, the submission
and execution of thesecontrol policies (Sl ave and
coor di nat edMbve) has createda high-bandwidth
communicationshannebetweerthetwo agentsThis
communicatiorchannelis usedto enablethe supervi-
sory controller manageimon eachagentto maketran-

sitions basedon statevariablescontainedwithin the
peer andto allow relevantstate(andin this casecom-
mandinformation)to passbetweerthetwo controlal-
gorithms.

Notethatthroughouthis procesgheindividualcon-
troller manageranaintainauthority over the specific
policies that are executedby eachagent,and that it
is only throughthe submissiorof a compatibleset of
policies by both agentprogramsthat the desiredbe-
havior is realized. We do not foreseethis extremely
asymmetricform of cooperatiorasthe typical beha-
ior of agentshut it senesto illustratethe point: typi-
cally thecontrolpolicy will be sgmentedbetweerthe
agentswith eachindividualcomputingthosetermsrel-
evant to its own behaior. The manualspecification
of theseinteractionscanbe a comple process Fortu-
nately a significantpercentagef the interactionsfall
into stereotypicclassedor which corveniencefunc-
tionscaneasilybeprovided.

4. Conclusions

The specificsof the AAA and minifactory erviron-

mentshave led us to considera nev modelfor pro-

grammingdistributedautomatiorsystemsThis model
incorporategeatureghatstandardizehe specification
of physicalaction and regulate interactionsbetween
cooperatingentities. The ramificationsof thesefea-
tures are manifestboth in the form and function of

the resultingprogramsaswell asthe structureof the
run-timeernvironmentin which they operate.As are-

sult, agentprogramsexecutein a structurederviron-

mentwith standardizedneansfor coordinatingtheir

actiity, makingit possibleto constructomplex mod-
ular automatiorsystemswhile programminghemby

focussingpredominantlyon local behaior. We have

demonstratethis capabilitybothin simulation(coor

dinatingthe actwity of upwardsof 40 agents)andex-

perimentally(performing precisionplacementwith 3

cooperatingagents)9].

4.1. Futurework

Thereremainmary openpracticalquestionsaboutthe
implicationsof our programmingmodel. For exam-
ple, to producea working factory usersmustgenerate
a functional setof distributed cooperatingagentpro-
grams. Fortunately the scopeof ary individual agent
is limited, and eachagentwill include a setof pow-
erful primitivesaswell ascorveniencemethodgo fa-
cilitate their usein stereotypicabpplications.Unfor-
tunately no matterhow shortor simplethe programs
may becomeasa resultof these'libraries; the chore



of generatinga semi-custonprogramfor eachagentin
asystenremains Beyondthepotentialtediumof gen-
eratingtheseprogramsthe programmeis essentially
facedwith producingalarge,distributedprogramywith
all of theknown pitfalls of thatdomain,suchasdead-
lock andlivelock.

To overcometheseissuesa meanof presentinghe
factoryprogrammedifferentwaysof viewing the pro-
grammingproblemmustbe developed. For example,
aprogrammemaywantto think in termsof afactory-
centric view of the problem, where overall product
movementthroughthe entire factory may be speci-
fied througha work-flow representation,e. whatpro-
cessedhave to occurandin whatorder Alternatively,
a usermay want to considera product-centricview,
whereproductmodelsarespecifiedandannotatedvith
processnformationto describeherelative motionbe-
tweenpartsindependentlpf themachinesisedto per
form thosemanipulations.In the future, we envision
anAAA programmingervironmentthatincludestools
whichsupporthesmoothransitionbetweernthesevar
ious views of the designand programmingproblems.
Furthermorethey will rely on userguidedsearchand
optimizationmethodgo semi-automaticallyransform
the information provided by thesedifferentviews of
the probleminto factory layoutsanddistributedagent
programs.

Regardlesof whatview the userhasof factorypro-
gramming,agent-centricfactory-centric,or product-
centric,ultimatelyary distributedfactory systemmust
executethoseprogramson a set of agentswhich in-
teractingwith eachotherand with the productcom-
ponentso performan assemblytask. This paperhas
presentetheprogrammingnodelandprotocolswhich
will form the basicbuilding blocksfor future systems
whichcanbringthevision of rapiddeploymentrecon-
figuration,andreprogrammingf automatecgssembly
systemgloserto reality.
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