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Abstract

We presenfALPHABET SOUP, aJava-basednodelof amulti-

vehicle warehousehat framescontrol and coordinationis-

sues.By presentinghis abstractmodelof anactualsystem,
we hopeto exposethe researclcommunityto the commer

cially consequentialssuesof resourceallocationand robot
motion planning.In ALPHABET SOUP, robotsmustbe used
to move buckets of lettersfrom letter receving stationsto

word-assemblgtations.We discusspotentialresearctprob-

lems,andin particularhow the resourcemanagemenprob-

lems are particularly well suitedfor auction-basedesource
management.

Intr oduction

Theenegy directedtowardsresearcton autonomousgents
and multi-agentsystemsis fueled by the expectation that,
in the near future, environmentswill be populatedwith
hundredsor thousandf autonomousagents. The multi-
agentprogrammingparadigmhasbeenshownn to be an ef-
fective way to build andcontrolcomplex systemgJennings
& Bussmann2003). Combinedwith recentadvancesin
roboticcomponentsthis approachmalkesit feasibleto build
large, comple systemsof autonomouwehicles. Although
systemswith as mary as 100 robots have been demon-
strated ik e the experimentalCentiBotproject(Konolige et
al. 2004), the applicationsNdisasterecovery or terrorist
eventsNarenot daily occurrencesReal, everydayapplica-
tionswith morethanafew vehicleshave beenlacking.
Recentlytheauthors have beeninvolvedwith acompary
calledKiva Systemghatis building low costrobotsfor pick-
pack-and-shipvarehousesThekey innovationin the Kiva
systemis the combinationof inexpensve robotscapableof
lifting andcarryingshelvingunitsto andfrom pick stations.
Workers stay at the stations,pick itemsoff the shehesthe
robotspresentandput the itemsinto shippingcartons.By
moving the inventory to the worker, ratherthan the other
way around,the Kiva systemprovides a dramaticincrease
in worker productvity over competingapproachesThe ap-
proachis alsowell suitedfor manufcturingor assemblyop-
erations. Onething that makesthe Kiva systeminteresting
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to the researclcommunityis its size: a typical installation
of a Kiva systemin a large warehousewill involve several
hundredrobotsandtensof thousandof movable shelving
units.

Many engineeringand computationakhallengesare as-
sociatedwith bringing a reliable, cost effective, massively
multi-vehiclesystem(MMVS) to market. Thereis als the
potentialto apply varioustechniqguesdevelopedby the re-
searchcommunity to the problem domain. However, al-
thoughtherehasbeenmuchresearcton thetopicsof multi-
agentcoordination,a greatdealof it hasbeenpresentedn
the context of contrived problems.We believe the Peldcan
benebfrom the availability of detailedyet high-level simu-
lation ervironmentsthat captureandfocuson key elements
of real multi-vehicleapplications.By decouplinglow-level
physicalandpositionalrobot problemswhich canbe mini-
mizedin anaptly engineerednd controlledwarehouseen-
vironment,we canfocusonthehigh-level algorithms.

Thus,we developedanabstractiorof anMMVS approach
to pick-pack-and-shipvarehouses.We call it ALPHABET
Soup becausehe underlyingtaskinvolvesmaving buckets
of lettersarounda warehousen orderto assemblewords.
We have developeda Java-basedsimulationof ALPHABET
Soup? that is designedo provide a platform on which to
studysomeof the key researchquestionentailedby a real
MVS. Theplatformis designedo supporttwo key research
areas:1) the coordinationof multi-vehicle systemsand?2)
resourcallocation.This paperfocusesnoreontheresource
allocationproblemsentailedn theplatform. Amongtherich
researchiesourcallocationquestionghatcanbe studiedin
ALPHABET SOUP are:

¥ Whereto storethe bucketsin thewarehouse
¥ Whichbucketsto bring to which stations

¥ Which bucketsto storenew letters

¥ Which stationsto assigrwordsto

¥ Which stationsto assignincomingletters

In therestof the paperwe presentALPHABET Soup and
thedetailsof thetestbed Wethendiscusgheaboreresearch
guestionsn greaterdepth.

2Availableatresearch.csc.ncsu.edu/alphabetsoup



Figurel: Conceptuatiraving of ALPHABET SOUP

The Alphabet Soup Testbed

ALPHABET SOUP is analogouso thereal-world problemof
orderfulbllmentin a warehouservironment,or assembly
in a manuBcturingenvironment. The objective of the AL-
PHABET SOUP warehousés to assemblepecibovordsout
of componentetters. The inventory of the systemare the
letter tiles, which arestoredin moveablebucketswith Pxed
capacity The bucketscan be picked up anddriven around
the warehouséiy budketbots The bucketbotsare usedto
move bucketsto andfrom stationsto accomplisithe overall
systenmobjectives. Theletter stationis usedto putlettertiles
into buckets,while theword stationis usedto take lettersout
of buckets and composewords. Stationscaninteract with
the lettertiles in a bucket whenthe bucketbothascentered
thebucket onthelocationof the station(within atolerance).
Stationsaretypically locatedon the bordersof themap.

A lettertile is acombinationof anEnglishletterandatile
color, andaword is a sequenc®f lettertiles. Thelettersin
aword do not needto have the sametile color. Thetestbed
takesaword Plebantext bleof Englishwordswill doband
color proble andconstructa setof words. Thesewordscan
thenbe distributedto the word stationsasjobs that have to
be completed . Eachword stationhasa Pnitenumberof jobs
it may be actively working on at ary onetime. Notethata
stationcannotake aletterout of abucketthatis notrequired
for ary of its active words. The actof takingalettertile out
of abucketandputtingit into positionin awordtakesabxed
amountof time. Whenaword is completedthe stationputs
it into the completedist and canaccepta new word. The
policy thatis usedto assignword jobsto stationss onearea
thatcanbestudiedin ALPHABET SOUP.

In order to build words, there must be an adequatéan-
ventoryof lettertiles. New lettersarereceived at the letter
stationsin homogeneoubundlesof a bxed size. To getthe
lettertiles into inventory oneor morebucketbotsmustbring
one or more buckets to the letter station. Obviously, the
bucket mug have enoughfree capacityto acceptthe num-

berof lettersthe stationattemptgo storein it. Like thelimit
on the numberof active wordsin a word station,eachlet-
ter stationshasa limit on the maximumnumberof bundles
which may be simultaneouslystaged. The act of putting a
letterinto a bucket takesa bPxed amountof time. The policy
to assigrletterbundlesto letterstations andto selectwhich
bucketsin which to storethe letters,arealsoareaghatcan
be studiedin ALPHABET SOUP.

In orderto starta simulationrunwith enoughinventoryto
immediatelybuild words, the testbedincludesan option to
seedhebucketswith letters.Theinitial inventorylevel is set
asafraction of thetotal warehouseapacity andthe proble
of lettertilesin the bucketsis dravn from thedistribution of
lettersin theword Pleandcolorsin thecolor proble.

The Pnalcomponenf the systemis the bucketbots,as
conceptuallyllustratedin Figurel. Eachbucketbothaslim-
ited capabilities;it cangraba bucket, releasea bucket, ac-
celeratedecelerateandtell astationto take aletterfrom, or
put a letterinto, the bucket it is carrying. A robotcanpick
up only one bucket at a time, and likewise a bucket may
be attachedonly to onerobot at a time. Robotsmay pass
over/underbuckets freely when they are not carrying an-
otherbucket. However, robotsshouldnot collide with other
robots, and buckets should not collide with other buckets.
Whena collision occurs,al robotsinvolved arecompletely
stoppedandpenalized.

Figure 2 depictsthe ALPHABET SOuUP userinterface. In
the centerof the bgureis the graphicrepresentatiomf the
map, containingthe letter stationson the left, word sta-
tions on the right, both as shadedcircles. Bucketbotsare
showvn ascircleswith linesindicatingtheir orientation,and
buckets are depictedas thicker, empty circles. Bucketbots
which are strayingfrom their desiredpathto evadea colli-
sionwith anotherbucketbotNor anotheucketif they car
rying abucketNare renderedwith athicker outline.

Themousecanbeusedo inspectheobjectsonthescreen
by selectingthem. The left column of Figure 2 shows the
contentsof a selectedetter stationand a selectedbucket.
The selectedetterstationis highlightedon the centerof the
left side of the map,andthe selectedoucket is highlighted
nearthe middle on theright side. The right columnshawvs
thelist of completedvordsonthetop, theopenwordsin the
selectedword stationin the middle, andthe next wordsin
theopenword list in the bottom.

By releasingALPHABET SouP, we hopeto make it easy
for researcher® studyalgorithmsandtechniqueshatmax-
imize sustainablevord completionrate while minimizing
the numberof bucketbots, stations,and the total distance
traveled.

Simulation Parametersand Metrics

ALPHABET Soup hasanumberof conbgurablgparameters
to createawide varietyof problemscenariosWe expectthat
researchergocusedon different subproblemswill choose
differentcombinationf parameters.

A warehousdasa conbgurableumberof buckets,buck-
etbots,letterandword stationsall of which affect through-
put. Additionally, the capacityof buckets and the size of
letter bundles (placedinto buckets by letter stations)are
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Figure2: Screenshoof ALPHABET SouP Testbed

also conbgurable.The choice of word dictionary and let-
ter color distribution affectsthe numberand probleof let-
tersthatmustbe storedasinventoryin the warehouse For
instance,with a uniform distribution of colorsand letters,
eachletterin everybucketis equaly likely to beused.How-
ever, mostsetsof wordswill make moreuseof someletters
(e.g., the letter OeGhan others(e.g. the letter OzO)Fur-
ther, a non-uniformcolor distribution will createevenmore
varietyin thefrequeng with which certainlettercolor com-
binationsarerequred. A problewith bve hundredcolors
in a Paretodistribution would createl3,000differentletter
tilesNon the orderof the numberof unique productsin a
largewarehouseNwithalettertile problesomethindik e the
classic80/20curve.

The variationscreatesomeinterestingopportunities.For
instancewhenusingEnglishwords,bucketswith the letter
Oq@ould benebfrom alsofrom having theletterOu(These
associationbetweerlettersis analogougo associationge-
tweenproductswhich are frequentlyorderedtogetherin a
warehousesuch as camerasand cameracases. Addition-
ally, onemaywantto storethe popularcolorstogetheyand
the unpopularcolorstogether so that morethan one letter
canbe picked out of a bucket during moststationvisits.

The size of the physical objects,namelythe warehouse,
bucketbotsandbuckets,canbe setin the conbguratiorple.
Thelatterdirectly affectshow mary areneededo storethe
inventory Theserelative sizesaffect bottlenecksof the sys-
tem. Larger bucketbotsand buckets, relative to the map

size, restrict the available spaceto maneuer. With less
available space,path planning, congestionavoidance,and
spatial resourceallocaton are emphasized. On the other
hand,smallerbucketbotsandbucketsemphasizéucketbot,
bucket, andletterallocationstrateies. Similarly, theconbg-
urationblealsospecibefiow closeabucketbotmustbeto a
bucket to pick it up, andhow closeit mustbeto a stationto
be consideregresent.

With regardto thenumbersandcapacitieof physicalob-
jects, ALPHABET SouP exhibits somebasicrelations. To
achieve steady-statédbehaior utilizing available capacity
the throughputof the set of word stationsshould be bal-
ancedto the throughputof the letter stations. The number
of bucketbotsshouldbe greatenoughsuchthat stationsdo
not sit idle, but alsosmall enoughsuchthat bucketbotidle
timeis keptlow andbucketbotsarenot continuouslygetting
in the way of eachother The optimal numberof buckets
is obviously dependenbn the size of the warehouseFor a
largenumberof lettertile colors morebucketsareneededo
male sureall lettertiles arerepresentedsuchthatthe letter
stationgdonotbecomehebottleneck As thebundlesizein-
creasesmoretotal bucket capacityis neededo ensurethat
the systemdoesnot run out of storagespacefor new letters
enteringthe system.

The temporal costsof various actionsare also conbg-
urable. Key temporalactionsinclude the amountof time
that a bucketbotrequiresto pick up or setdown a bucket,
the amountof time thatit takesto remove a letter tile, or



add one, to a bucket, and the amountof time it takesto

move a bnishedword out of a word stationand preparefor

the next word. Bucketbotmotionis describedy its veloc-
ity andaccelerationboth of which areconbgurableThese
parametersin turn, affect the bucket allocationsfor tasks,
bucket storage andletter placemenstratgies. Thetempo-
ral penaltyfor bucketbotcollisionsis alsoconbgurable.

Thetestbedccanrunwith or withoutagraphicdisplay En-
abling graphicshelpsa developervisually test and delug
algorithms,aswell asgain intuition asto how algorithms
arebehaing. For runningbatchsimulations,disablingthe
graphicsreducegheoverheadf real-timerenderingandal-
lows the testbedto run on remoteterminalswithout requir
ing graphicsupport.

To easily supportextensions, ALPHABET SouP loads
modulesspecibedn its conpguratiorPle atruntime. These
moduleswhich mustinherit coreclassesandinterfacesal-
low the ALPHABET SouP researcheto supplyadvancede-
havior withoutmodifying or needingo recompileary of the
coremodules.

To determingheeffectivenes®f atechnique ALPHABET
Soup tracksandreportsof a numberof statistics,includ-
ing: the numberof wordscompletedtotal numberof letters
in words completed,numberof lettersdispensedy letter
stations,total and averagedistancedriven by bucketbots,
numberof bucket grabsandreleasesnumberof bucketbot
and bucket collisions, bucketbotidle time, averagebucket
capacityutilization, averagenumberof letter transfersper
word/letterstationvisit, andstationidle time.

Dependingon the policiesbeingstudied,variouscompo-
nentsmay becomethe bottleneck. If bucketscanbe deliv-
eredfasterthanstationscanaddor remove letters,thenthe
maximumthroughputis a function of the add/remee time
andthe numberof lettersperword. In sucha case the sys-
temis evaluatedby how effectively it usesits bucketbots.
However, if therearenot enoughbucketbots,they may not
beableto deliverenoughbucketsto thestationdo keepthem
busy In thatcasethethroughpuis themetricthatmeasures
overall systemperformance.

A potentiallyrealisticscenariccanbe expressedvith the
following exanple parametersUsing the units of distance
to meanmetersandtime to meansecondspur modest-sized
examplewarehousés 250 metershy 350 meters. Bucket-
botsandbucketsareeach2 metrsin diameter Bucketbots
canaccelerateat 20m/¢ up to a maximumspeedof 4m/s.
This examplewarehouseontains25word statons, 25 letter
stations250bucketbots,and850buckets. With abucket ca-
pacityof 40letters,bundlesizeof 4, stationtimeto mavelet-
tersat5.0secondsandbucketgrab/releastimeat% second,
4 colorswith adistributionof (2, 55, 55 55) adictionaryof
jargon with an averageof 9.2 lettersper word, andthe ex-
ampleminimal coordinationwe seethroughputsof around
oneword per 20 secondgbasedon elapsedime within the
simulation). The minimal coordinationsimply assigngasks
brstin, Prstout, requiresbucketsto be returnedto storage
betweerevery task,andeachtaskonly involvesoneletterat
atime. Bucketbotcongestiorand non-optimaltask alloca-
tionsarevery obviouswhenwatchingthe simulation.Based
on obsenationsandour experiencein anindustrialsetting,

coordinationalgorithmsshouldbe ableto offer atleastone
to two ordersof magnitudeof improvement.

Bucketbot Movement

In theidealizedALPHABET SouP ervironment,bucketbots
have perfecttraction,meaningthatthey cannotskid or slide.
Besidescollisions, the only movementconstraintsbucket-
bots have are maximumspeed,V, and maximumaccelef
ation, A. Given the bucketbot position (x, y), thesecon-
straintsmayberepresenteds,

XF+yf ! VZ?and 1)
XX+ y 1 A2 2)

To controlbucketbotmotion, bucketbotcontrolssetatar-
getvelocity. Thetargetvelocityis comprisedf components
vy andvy. If themagnitudeof thetargetvelocity exceedghe
maximumspeedvia equationl, thetamgetvelocity vectoris
normalizedto the maximumspeed. Oncethis normaliza-
tion hasbeenperformed,the acceleratiorconstraint(equa-
tion 2) mustbechecled. As ALPHABET SoupP usediscrete
timeintervals,we will denotethetime betweerupdatesast.
Giventhecurrentvelocity, (Xb, ¥b), we canbndtheacceler
ationconstrainedelocity afterthetime intenal, (X, yi), by
Prstbndingtheactualmagnitudeof acceleratiomndertalen,

&, tobe
!

a = (3)

If this magnitudeof accelerationa;, doesnot exceedthe
maximal accelerationA, then (vy, vy) will be usedasthe
velocity of this timestep. However, if a; > A, thenthe
velocity of the this time stepshouldbe constrainedo the
maximalacceleratioras

, , A v o
X Xp + = (vx " Xp),and (4)
T
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a

To minimize the simulationtime required, the testbed
only recomputesiew positionsand statetransitionswhen
aneventoccursthatcouldaltera bucketbot®acceleratioror
direction, or changethe stateof a letter, bucket, or station.
Thetestbeds thusableto skip uneventful timesof the sim-
ulation. Thetime to the next eventis takenasthe minimum
possibletime to the next event. To avoid situationssimilar
to Zeno®Paradox, thetime to next eventis clampedwith
a lower boundof the time it would take ary bucketbotto
move the distanceof its radius. Time until the next event
is the minimum amountof time for any bucketbotto poten-
tially collide, bnishacceleratingr deceleratingcompletea

3If two bucketbotsareaboutto collide, but continuallychange
their directionsand accelerationsuchthat they will collide at a
maminally latertime, the next eventwill beavery shortamountof
time later Thesencreasinglysmallintervalsof time prior to a col-
lision increasethe simulationtime dramatically With a minimum
time to next event,theworstcases still reasonable.



turn, grabor releasea bucket, Pnishtransferringaletter, Pn-
ish a specibpecamountof cruisingtime, or getcloseenough
to anotheobjectsuchthatthebucketbotmaywishto change
its plans.

Whentwo or morebucketbotscollide, theirvelocitiesand
accelerationareimmediatelysetto 0, andaregivenatime-
out penalty While the testbedcould be extendedto simu-
late elasticor inelasticcollisions,we feel it is reasonabléo
assumepasedon the coordinatedand engineerecerviron-
ment,thatbucketbos shouldnotnormallycollide. Thus,we
modelcollisionsasextremelycostly negative events.

Bucketbot Sensingand Control

In ALPHABET SoupP a bucketbot potentially has perfect
sensingcapabilites; it canobtainall informationaboutall
other bucketbotsand buckets within a specibeddistance.
Thesesensingcapabilitiesare due to the natureof the en-
vironment.Bucketbotscancommunicatevith any otheren-
tity, andthe entire systemis engineeredo maximizeavail-
ableinformationandprecison. In mary foreseeabl@racti-
cal applicationsof ALPHABET SouUP , thesysemis a con-
trolled warehouservironment. To aid in sensingprecision
and information sharing, ervironmentsmay be built with
featuressuchaswirelesscommunicatiorfacilities, specially
designednarkingsin the ervironment,andindoor position-
ing systemsAdditionally, whenarny componenexhibits an
erroror failure,the systemcanbe pausedor repait

Whenthe bucketbotOseesénotherobject, it canretrieve
ary information the systemhasaboutit, including direc-
tion, velocity, and bucket contents.The bucketbotalsohas
full informationaboutary bucket, bucketbot,or stationthat
a sepaate managingprocessmay provide. The bucketbot
alsoknowsits exactlocation,direction,andvelocity. While
bucketbotsin ALPHABET Soup areerrorfree,perfectsens-
ing, andlocally omniscientthesecapabilitiesmay be con-
strainedfor experimentalapplicationsby disregarding cer
tain information.

A bucketbotmustdeterminethe length of time to accel-
erateanddeceleratén to arrive at a specibedocation. Per
hapsthesimplestmaovementparadignis for thebucketbotto
stopbetweerdirectionchangesmaximallyacceleratingaind
deceleratingvhen changingvelocities. Our examplemini-
malistic modelusesthis logic andonly turnswhile in tran-
sit whenevadinganotherbucketbotor bucket. Becausehe
bucketbotmustdeceleratébackto a speedof 0 after mov-
ing, the speedreachedduring the acceleratiorphasemust
equalthe speedat which the bucketbotcandeceleratdack
to the speedof 0 during the deceleratiortime. From this,
we canbndthetotal acceleratioriime, tyccel , in termsof the
maximumaccelerationA, distanceo thegoal,g, andinitial
velocity, vo. For simplicity, tacce Needonly be calculated
ontheaxiswith maximalacceleratioras

#_¢ o
H _
2ag+ vg"  2vp. (6)

taccel = 2a

If the bucketbotwill reachmaximumvelocity en route, it
will needto cruisebeforebeginning its deceleration.This
maximum-\elocity cruisetime may be easily found after
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Figure3: Architectureof ALPHABET SouP Testbed

subtractinghe accelertion anddeceleratioristancegrom
thedistanceo thegoal.

Ar chitecture

ALPHABET SoupP hasbeendesignedto be easly extend-
able and useableby a wide audience. We choseJasa and
LWJGL* becausehey meetthe following criteria: easyto

build andrun on mostmajor platforms,fastexecutionand
rendering,and the have wide acceptancend strongcom-

munities. The ALPHABET SouP testbeditself is released
undertheGPL?

To allow ALPHABET SOUP to runin batchmodeandon
machineswithout graphicalrendering(suchasmary super
computers)we have implementeda way to run the testbed
in aOheadlessbde.Whenrunningin headlessnode,none
of theclasseshatutilize theLWJGL library areloaded.The
classeghat performrenderinginherit from the baseclasses
that performthe actualALPHABET Soup simulation. This
inheritanceschemenot only allows the renderingclassego
display information basedon the classeshey extend, but
alsoallows the renderingfunctionalityto be distinctly sepa-
ratefrom the simulationfunctionality.

Alphabet SoupAr chitecture

ThebasicALPHABET Soup Testbedarchitecturds summa-
rizedin Figure3. SimulationWbrld containsandconstructs
therestof theframework. If ALPHABET SOuUP is runwith a
graphicdisplay SimulationWrld loadsRenderVihdow and
alsoloadsall of thecorrespondingenderablelassedor ev-
ery object. SimulationWbrld constructseverythingaccord-
ing to the conbguratiorparameters.

The mapfunctionsasa containerfor all of the physical
objectsandmanagesheir interactions.The bucketbotsand
bucketsarestoredin a quadtredo optimizesimulationper
formance.Quadtreesrea methodof recursvely dividing a
spaceinto regions basedon the numberof objectsin each
region. Our implementationusesa point-region quadtree;
whenthe numberof objectsin aregion exceeda maximum
thresholdjt dividestheregioninto four equalareaswith two

4LightweightJava GameLibrary: www.lwjgl.org
5GNU GeneraPublicLicense:www.gnu.og/copyleft/gpl.html
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Figure4: An exampleof extendingALPHABET SOUP.

cuts,andremegessubdiidedregionswhenaminimalhum-
berof objectsis reachedThequadtregyreatlyreduceslgo-
rithmic compleity of both detectingcollisionsandreport-
ing bucketbotsandbucketswithin a vicinity. To make sure
adjacentregionsarenot discountedvhensearchingor po-
tential collisionsor viewable objects,regionsare expanded
suchthatthey have sufPcientoverlap.

The three major managersn the example ALPHABET
Soup controllerimplementatiorarethe word managerlet-
ter managerandbucketbotmanager While the framewvork
doesnot imposethis managearchitectureon implementa-
tions, we feel that this is a sensibleapproach. The word
managetakescareof allocatingwordsto stationsandcom-
municatewith thebucketbotmanagerbouttheallocations.
The letter manageiis similar to the word managein thatit
controlswhich lettersthe letter stationsproduce aswell as
communicatedetter allocationsto the bucketbot manager
Thebucketbotmanageroordinatesll of thebucketbots by
manufcturing, prioritizing, and assigningtasksto bucket-
bots, buckets, letter stations,andword stations. In our de-
fault testbel, the bucketbotsonly keeptrack of onetaskat
atime, andall planningotherthan avoiding obstaclesand
navigatingto destinationss donein the bucketbotmanager

All of themanagersancommunicatavith eachotherand
alsowith the bucketbots,word stations,and letter stations
using debPnedand extendableinterfaces. If an objectper
formsanaction,otherentitiesmustasktheobjectto perform
theaction,ratherthanmake the objectperformthe actionit-
self. ALPHABET Soup comeswith somedefault example
managerswhich are intendedto be extendedor replaced.
In termsof execution,all of the managersandobjectshave
methodsthat are called when either their environmenthas
changedr theirtimershave expired.

ExtendableInterfaces

While ary componentof ALPHABET SOUP may be ex-
tendedor modibed,thosebestsuitedfor studying control
andallocationalgorithmsarethe bucketbotbehaior, word
stationpolicy, letterstationpolicy, bucketbotmanagerword
managerandletter manager Theseparticularentitiesmay
be changedy simply changingthe conbguratiorple.
Eachof thephysicalobjectsheldin themapextendaclass
calledCircle which implementsasiclocationandcollision
functionality Theobjectbaseclasseslsoimplementanin-
terfacenamedUpdateablewhich allows themto operaten
the event driven model. Figure 4 illustratesthis relation-

ship, how the objectsare extendedto renderthemselesto

thescreenandalsooneway a userof thetestbedcould ex-

tendtheseobjects.Thebasefunctionalitycanbereplacedr

extended Lik ewise,useramayalsooverridetheway objects
arerenderedor evenleave outtherenderingaltogether

With regardto resourcananagemensuchasbucket and
letter selectionand bucketbot coordination,the managers
arethe primary entitiesto modify. Severalimplementation
schemesre possible. The bucketbotmanagerletter man-
ager andword managecouldeachshareequallyprominent
roles. A differentsolutionwould be to have one manager
suchasthe bucketbotmanagercontainthe majority of the
logic and drive the othertwo lighterweight managers.A
further alternatve would be to have all manageremploy
minimal logic and only function to keeptrack of resource
utilization, while usingthebucketbots(andpotentiallybuck-
ets)to performdistributedresourcananagement.

All of the physicalentitiesoffer interfacesto operatewith
the world. The word and letter stationshave contols to
move lettersandwill block furtheractionsuntil the current
actionsare complete. As the bucketbotshave richer inter
actionswith the ervironment,the bucketbotbaseclasshas
more functionality The bucketbot baseinterfacesinclude
functionality to accelerat@ndstopat a specibedoint, ac-
celerateuntil maximumspeeds reachedfurn to a specibc
angle and notify when the turning is complete,grab and
releasea bucket, and Pnd bucketbotsand buckets within a
vicinity. The bucketbotbaseclass alsocontainsa basetask
system.

ALPHABET SOUP also hasa waypointimplementation
which may be utilized and extendedto constrain bucketbot
motionsandbucketstoragdo anarbitrarygraph.lt ispartic-
ularly usefulasthe numberof bucketsandbucketbos scale
up, asit aidsin managingnavigation and debningcoordi-
natedpathsor highways.

Reseach Challengesin Alphabet Soup

ALPHABET SouP containsmary challengingopicsfor fur-
therstudy While all of the problemsareinterrebted, most
of themcanbe abstractedo eitherarchitecturabr resource
managemenissues. Among the architecturalissuesis the
dichotomybetweena systemwith centralizedor decentral-
ized control. ALPHABET SOUP is anexcellentenvironment
in which one can study the tradeofs betweenthe two ap-
proachesin this section,we highlight someof theresearch
problems andfollow it with a discussiorof how decentral-
ized market-basedsolutionscould be employed to address
theresearctproblems.

Among the brstquestiongo addresss how mary buck-
ets are neededand how they should be arrangedon the
Boor Onecanimagineneat,orderly rows of buckets,with
pathwaysfor the bucketbotsto travel when burdenedwith
a bucket. One can also imagine denseblocks of storage
thatentail a tile problemin orderto extractthe inner buck-
ets(Gue2006). It is easyto imaginethe warehouséaid out
onagrid, but becausehe bucketsin ALPHABET SOUP are
round, non-linearpackingchoicesare alsoan option. Fur
ther, the layoutneednot be bxed; instead,it could adaptto
the patternsof word creationandbucketbotmotion.



Thelowestlevel of coordinationis amongthe bucketbots
moving on the warehousd3oor  Although the bucketbots
areentirelypredictablecoordinatingheir motionto prevent
collisionsandcongestions achallenge Controllingthemo-
tion of the bucketbotscouldbe doneby a centralplanney or
it couldbedonethroughpeerto-peercommunication.

As we moveinto higherlevelsof abstractionye bndsev-
eral key resourceallocationissues. Foremost,is the prob-
lem of taskassignmentOn thereceving side,whendo let-
tersneedto be put into inventory andwhich bucketbot(s),
bucket(s),andstationwill bechoserto accomplishthetask?
Similarly, whena word needsto be built, the bucketbot(s)
and bucket(s) needto be scheduledor deliveriesto a sta-
tion. The dynamicnatureof the systemleadsto challeng-
ing researchguestionsn the areasof queueingtheoryand
schedulingandthelarge numberof degreesof freedomad-
mit awide variety of solutions.

To illustrate the compleities of theseissues,consider
bucketbot A, which may be closeto half-emptybucket B
andto station S. Whenletter L needsto be stored,it could
be put into bucket B. A may be the closestfree bucketbot,
but, bucketbotD is settingdown abucketright next to B, and
will befreeto grabB in amoment.Which bucketbotshould
beassignedhetask?Now consideithecasewheretheletter
to be put away is a Ou@ndbucket C hasa OqAlthoughC
is fartheraway thanB, it may beworth the effort to bring it
to stationS becausef theincreasedik elihoodthatOg@nd
Ou@ill bepickableatthesametime.

Similarly, whenbuilding words,bucket E may have two
letter tiles neededwhile buckets F and G may have only
one,but maybemuchcloser Whichis thebetterallocation?
Further whenit is time to assign the word, theremay be
more than one stationthat could do the job, and the best
choiceof stationmay be dependenbn the proximity of the
letter tiles neededor thatword. One®ability to optimize
thesetypesof decisionswill dependuponhow dynamicthe
ervironmentis. In somereal-world situationsall of thejobs
areknown the night before,while in companieswith same-
daydelivery, the jobsaredroppingon thewarehouseén real
time.

Potential Auction-BasedSolutions

Becausethe primary problemsin ALPHABET SOUP are
basedon resourcemanagement,it is a prime ground for

testingauction-basedesourceallocationstratgjiesin real-
world warehousenanagemenproblems.Althoughthe AL-

PHABET SOUP warehouseis a cooperatie ervironment,
theremay be benebtdo decentralizingaspectf the deci-
sionmaking,particularlyif the bucketbotsarerelaively au-
tonomous.A suitableOcurrengOwould needto be created
for the market economywith eitherenegy or time beinga
naturalbrststep.

One market-basedapproachwould be for stationsto bid
onjobswhile subcontractig thelettertile delivery to buck-
etbotswho contract with buckets. This approactwould cre-
ate interestingtask dependenyg networks (Walsh & Well-
man1998).TheContractNeprotocol(Davis & Smith1983;
Sandholml993)is a naturalapproacho attempt.

Alternatively, word stationscould emplgy combinatorial
auctionsasa meansof obtainingletters. The natureof the
allocationproblemis combinatoriabecaus@ word consists
of acertainnumberof lettertiles, andthe systenprefersthe
cheapessolutionto theentireword. A closerbucketmay be
passedipif theonly freebucketbotin theareais neededor
adifferentbucket.

A differentapproachwould be to assigntasksin an ar
bitrary or round-robinmannerandlet a market re-allocate
the assignments.Basedon this initial allocation, bucket-
bots,stations andbucketscould auctionoff their tasks,and
chooseo performataskwhenit is mostprobtable Bucket-
bots,buckets,andstationscouldgain compensatiofor both
the completionof tasksand from selling tasks,evaluating
the utility of having eachtaskbasedon how muchutility it
would gain versusexpendfrom completingthe task.

Determiningwhento hold taskassignmenauctionsand
which entitiesto includeis also an importantissue. With
hundredof opentasks hundredf bucketsandbucketbots
to performthosetasks,and allocationefbcieny beingde-
pendenton combinatorialeffects, the bidding spaceis too
largeto betractable.To solve this problem,someheuristics
areneededo limit participationin auctions.Usingphysical
locality for gatheringparticipationfor anauctionandpropa-
gating taskinformationmight offer someusefulnessHow-
ever, it will not help caseswhentwo bucketsare far apart
but one could accomplishthe other®task more efbciently
Rather adding some other metric of similarity would be
moreuseful,suchasusingcosinesimilarity on bucket con-
tentsto groupbucketsfor auctionsbasedon their ability to
accomplistsimilartasks.

An interestingresearchdirection is evaluating how the
choiceof biddersandresourcesffectsthroughput. Given
the numerousways of applying auctionsto ALPHABET
Soup, which bidder and resourcechoicesmost improve
throughputandareary seeminglydifferentauctionresource
managemernmplementationgunctionallyequivalent?

Other Potential Solutions

While centralizedplanning can make optimized solutions
morestraightforvardto obtain,mary of ALPHABET SOUP®
central optimizationproblemsare NP-hard. This level of
computationacompleity doesnot scalewell with purely
centralizedor exhaustve solutionswith nearrealtime de-
mands. Myopic best-brstechniquesaswell astraditional
planningtechniquesmayprove usefuleitherin termsof task
assignmenor in bucketbotmotion planning.

RelatedWork

Large scale,multi-robot systemshave beenusedto solve
problemssuchas searchand suneillance (Konolige et al.
2004) and assembly(Simmonset al. 2002). To the best
of our knowledge, ALPHABET SOUP is the brst testbed
for multi-robotwarehousendphysical distribution/routing
problems.

ALPHABET SouUP has a higherlevel focus than most
otherrobotsimulatorsasits goalis to provide aframewnork
for studyingresourceallocationin physicalrouting. Frame-
workssuchasPlayer/StagéCollett, MacDonald & Gerkey



2005) and CARMEN (Montemerlo,Roy, & Thrun 2003)
focus on robot sensingcapabilities,localization,and ervi-

ronmentdiscovery, whereasALPHABET SOUP residesin a
highly controled environmentwhich fosterseaseof posi-
tion determinatiorandcommunicationOthersimulatorsdo
not easly supporta dual-layerecervironmentwhererobots
canpick up bucketsandfreely drive above or beneatithem,
withoutaddingcomputationallycostly 3D ervironments.

Market-basedand auction control techniquesare an
effective resourceallocaton methodin multi-agent sys-
tems (Wellman & Wurman 1998), and have been im-
plemented in mary different capacities and erviron-
ments (Gerkey & Matarik 2002; Dias et al. 2004; Sim-
monsetal. 2002). As it containsresourceallocationprob-
lems,ALPHABET SOUP is a particularlygoodcandidateor
auction-basedpproaches.

ALPHABET SouUP is also a useful model of a practical
problemfor validating robot motion planningtechniques,
suchasthosedevised by Clark (2005). Likewise, ALPHA-
BET Soup is valuablefor studyingmoregeneal distributed
coordinationtechniquesincluding those surneyed by Jen-
nings(1996)andthatimplementedy Parker (1998).

As testbedgor multi-robot control malke it easierto ex-
plore high level algorithms,they have beenbuilt for mary
otherproblemsaswell. Oneof the authorsimplementeda
software testbedfor OCaptureéhe FlagOstyle coordination
robotgameg(DOAndre& Babish2003).Hardwaretestbeds
areusefulfor investigatingreal-world complicationghatare
notalwaysobviousin simulations suchastheCaltechmulti-
vehiclewirelesstestbed Cremearetal. 2002).

Conclusionsand Futur e Work

We presenfALPHABET SouP asamodelof emegingrobot-
assistedvarehouses The model capturesmary of the key
coordinatiorandallocationchallenge$acedn realsystems,
but doesso at a level of abstractionthat facilitatesstudy
The ALPHABET Soup platform includesa detailedmodel
of bucketbotbehaior andrealisticwork probPles.lIt is also
highly conbgurablewhich allows researcherto directtheir
studiesat particularaspect®f warehousenanagement.

We hopethe platformwill be of useto reseachersstudy-
ing multi-agentsystemsresourceallocation, vehicle coor
dinationin MMVS, andoperationgesearch.
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