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Abstract

WepresentALPHABET SOUP, aJava-basedmodelof amulti-
vehicle warehousethat framescontrol and coordinationis-
sues.By presentingthis abstractmodelof anactualsystem,
we hopeto exposethe researchcommunityto the commer-
cially consequentialissuesof resourceallocationand robot
motionplanning. In ALPHABET SOUP, robotsmustbeused
to move buckets of letters from letter receiving stationsto
word-assemblystations.We discusspotentialresearchprob-
lems,andin particularhow the resourcemanagementprob-
lemsareparticularlywell suitedfor auction-basedresource
management.

Intr oduction
Theenergy directedtowardsresearchonautonomousagents
and multi-agentsystemsis fueled by the expectation that,
in the near future, environmentswill be populatedwith
hundredsor thousandsof autonomousagents. The multi-
agentprogrammingparadigmhasbeenshown to be an ef-
fective way to build andcontrolcomplex systems(Jennings
& Bussmann2003). Combinedwith recentadvancesin
roboticcomponents,thisapproachmakesit feasibleto build
large, complex systemsof autonomousvehicles. Although
systemswith as many as 100 robots have been demon-
strated,like theexperimentalCentiBotproject(Konoligeet
al. 2004), the applicationsÑdisasterrecovery or terrorist
eventsÑarenot daily occurrences.Real,everydayapplica-
tionswith morethana few vehicleshavebeenlacking.

Recently, theauthors1 havebeeninvolvedwith acompany
calledKivaSystemsthatis building low costrobotsfor pick-
pack-and-shipwarehouses.Thekey innovation in theKiva
systemis thecombinationof inexpensive robotscapableof
lifting andcarryingshelvingunitsto andfrom pick stations.
Workersstayat the stations,pick itemsoff the shelvesthe
robotspresent,andput the itemsinto shippingcartons.By
moving the inventory to the worker, rather than the other
way around,the Kiva systemprovidesa dramaticincrease
in worker productivity over competingapproaches.Theap-
proachis alsowell suitedfor manufacturingor assemblyop-
erations.Onething that makesthe Kiva systeminteresting
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1Thesecondandthird authoronsabbaticals, andtheÞrstauthor
asasummerintern.

to the researchcommunityis its size: a typical installation
of a Kiva systemin a large warehousewill involve several
hundredrobotsandtensof thousandsof movableshelving
units.

Many engineeringandcomputationalchallengesareas-
sociatedwith bringing a reliable, cost effective, massively
multi-vehiclesystem(MMVS) to market. Thereis also the
potentialto apply varioustechniquesdevelopedby the re-
searchcommunity to the problem domain. However, al-
thoughtherehasbeenmuchresearchon thetopicsof multi-
agentcoordination,a greatdealof it hasbeenpresentedin
thecontext of contrivedproblems.We believe theÞeldcan
beneÞtfrom theavailability of detailedyet high-level simu-
lation environmentsthatcaptureandfocuson key elements
of realmulti-vehicleapplications.By decouplinglow-level
physicalandpositionalrobotproblems,which canbemini-
mizedin anaptly engineeredandcontrolledwarehouseen-
vironment,wecanfocuson thehigh-level algorithms.

Thus,wedevelopedanabstractionof anMMVS approach
to pick-pack-and-shipwarehouses.We call it ALPHABET
SOUP becausetheunderlyingtaskinvolvesmoving buckets
of lettersarounda warehousein order to assemblewords.
We have developeda Java-basedsimulationof ALPHABET
SOUP2 that is designedto provide a platform on which to
studysomeof thekey researchquestionsentailedby a real
MVS. Theplatformis designedto supporttwo key research
areas:1) the coordinationof multi-vehiclesystems,and2)
resourceallocation.Thispaperfocusesmoreontheresource
allocationproblemsentailedin theplatform.Amongtherich
researchresourceallocationquestionsthatcanbestudiedin
ALPHABET SOUP are:

¥ Whereto storethebucketsin thewarehouse

¥ Whichbucketsto bring to whichstations

¥ Whichbucketsto storenew letters

¥ Whichstationsto assignwordsto

¥ Whichstationsto assignincomingletters

In therestof thepaperwe presentALPHABET SOUP and
thedetailsof thetestbed.Wethendiscusstheaboveresearch
questionsin greaterdepth.

2Availableat research.csc.ncsu.edu/alphabetsoup



Figure1: Conceptualdrawing of ALPHABET SOUP

The Alphabet SoupTestbed
ALPHABET SOUP is analogousto thereal-world problemof
orderfulÞllment in a warehouseenvironment,or assembly
in a manufacturingenvironment. The objective of the AL-
PHABET SOUP warehouseis to assemblespeciÞcwordsout
of componentletters. The inventoryof the systemare the
letter tiles, which arestoredin moveablebucketswith Þxed
capacity. The bucketscan be picked up anddriven around
the warehouseby bucketbots. The bucketbotsare usedto
movebucketsto andfrom stationsto accomplishtheoverall
systemobjectives.Theletterstationis usedto put lettertiles
into buckets,while theword stationis usedto takelettersout
of bucketsandcomposewords. Stationscan interact with
the letter tiles in a bucket whenthe bucketbothascentered
thebucketon thelocationof thestation(within a tolerance).
Stationsaretypically locatedon thebordersof themap.

A letter tile is acombinationof anEnglishletterandatile
color, anda word is a sequenceof letter tiles. Thelettersin
a word do not needto have thesametile color. Thetestbed
takesawordÞleÐany text Þleof Englishwordswill doÐanda
colorproÞle,andconstructsasetof words.Thesewordscan
thenbedistributedto theword stationsasjobs thathave to
becompleted.EachwordstationhasaÞnitenumberof jobs
it maybeactively working on at any onetime. Note thata
stationcannottakealetteroutof abucketthatis notrequired
for any of its active words.Theactof takinga lettertile out
of abucketandputtingit into positionin awordtakesaÞxed
amountof time. Whenaword is completed,thestationputs
it into the completedlist andcanaccepta new word. The
policy thatis usedto assignword jobsto stationsis onearea
thatcanbestudiedin ALPHABET SOUP.

In order to build words, theremust be an adequatein-
ventoryof letter tiles. New lettersarereceivedat the letter
stationsin homogeneousbundlesof a Þxedsize. To get the
lettertiles into inventory, oneor morebucketbotsmustbring
one or more buckets to the letter station. Obviously, the
bucket must have enoughfree capacityto acceptthe num-

berof lettersthestationattemptsto storein it. Like thelimit
on the numberof active words in a word station,eachlet-
ter stationshasa limit on themaximumnumberof bundles
which may be simultaneouslystaged.The act of putting a
letterinto a bucket takesa Þxedamountof time. Thepolicy
to assignletterbundlesto letterstations,andto selectwhich
bucketsin which to storethe letters,arealsoareasthatcan
bestudiedin ALPHABET SOUP.

In orderto startasimulationrunwith enoughinventoryto
immediatelybuild words,the testbedincludesan option to
seedthebucketswith letters.Theinitial inventorylevel is set
asa fractionof thetotal warehousecapacity, andtheproÞle
of lettertiles in thebucketsis drawn from thedistributionof
lettersin thewordÞleandcolorsin thecolorproÞle.

The Þnalcomponentof the systemis the bucketbots,as
conceptuallyillustratedin Figure1. Eachbucketbothaslim-
ited capabilities;it cangraba bucket, releasea bucket, ac-
celerate,decelerate,andtell astationto takealetterfrom, or
put a letter into, thebucket 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,all robotsinvolvedarecompletely
stoppedandpenalized.

Figure2 depictsthe ALPHABET SOUP userinterface. In
the centerof the Þgureis the graphicrepresentationof the
map, containingthe letter stationson the left, word sta-
tions on the right, both as shadedcircles. Bucketbotsare
shown ascircleswith lines indicatingtheir orientation,and
bucketsaredepictedasthicker, emptycircles. Bucketbots
which arestrayingfrom their desiredpathto evadea colli-
sionwith anotherbucketbotÑor anotherbucket if they car-
rying abucketÑare renderedwith a thickeroutline.

Themousecanbeusedto inspecttheobjectsonthescreen
by selectingthem. The left columnof Figure2 shows the
contentsof a selectedletter stationand a selectedbucket.
Theselectedletterstationis highlightedon thecenterof the
left sideof the map,andthe selectedbucket is highlighted
nearthe middle on the right side. The right columnshows
thelist of completedwordsonthetop,theopenwordsin the
selectedword stationin the middle, andthe next words in
theopenword list in thebottom.

By releasingALPHABET SOUP, we hopeto make it easy
for researchersto studyalgorithmsandtechniquesthatmax-
imize sustainableword completionrate while minimizing
the numberof bucketbots,stations,and the total distance
traveled.

Simulation Parametersand Metrics
ALPHABET SOUP hasa numberof conÞgurableparameters
to createawidevarietyof problemscenarios.Weexpectthat
researchersfocusedon different subproblemswill choose
differentcombinationsof parameters.

A warehousehasaconÞgurablenumberof buckets,buck-
etbots,letterandword stations,all of which affect through-
put. Additionally, the capacityof buckets and the size of
letter bundles(placed into buckets by letter stations)are



Figure2: Screenshotof ALPHABET SOUP Testbed

also conÞgurable.The choiceof word dictionary and let-
ter color distribution affects the numberandproÞleof let-
tersthatmustbestoredasinventoryin thewarehouse.For
instance,with a uniform distribution of colors and letters,
eachletterin everybucket is equally likely to beused.How-
ever, mostsetsof wordswill make moreuseof someletters
(e.g., the letter ÔeÕ)than others(e.g. the letter ÔzÕ).Fur-
ther, a non-uniformcolor distribution will createevenmore
varietyin thefrequency with whichcertainletter-colorcom-
binationsare required. A proÞlewith Þve hundredcolors
in a Paretodistribution would create13,000differentletter
tilesÑon the orderof the numberof uniqueproductsin a
largewarehouseÑwithalettertile proÞlesomethinglikethe
classic80/20curve.

Thevariationscreatesomeinterestingopportunities.For
instance,whenusingEnglishwords,bucketswith the letter
ÔqÕwouldbeneÞtfrom alsofrom having theletterÔuÕ.These
associationsbetweenlettersis analogousto associationsbe-
tweenproductswhich are frequentlyorderedtogetherin a
warehouse,such as camerasand cameracases.Addition-
ally, onemaywant to storethepopularcolorstogether, and
the unpopularcolors together, so that morethanoneletter
canbepickedoutof abucketduringmoststationvisits.

The sizeof the physical objects,namelythe warehouse,
bucketbotsandbuckets,canbesetin theconÞgurationÞle.
Thelatterdirectly affectshow many areneededto storethe
inventory. Theserelative sizesaffect bottlenecksof thesys-
tem. Larger bucketbotsand buckets, relative to the map

size, restrict the available spaceto maneuver. With less
available space,path planning,congestionavoidance,and
spatial resourceallocation are emphasized.On the other
hand,smallerbucketbotsandbucketsemphasizebucketbot,
bucket,andletterallocationstrategies.Similarly, theconÞg-
urationÞlealsospeciÞeshow closeabucketbotmustbeto a
bucket to pick it up,andhow closeit mustbeto a stationto
beconsideredpresent.

With regardto thenumbersandcapacitiesof physicalob-
jects, ALPHABET SOUP exhibits somebasicrelations. To
achieve steady-statebehavior utilizing available capacity,
the throughputof the set of word stationsshouldbe bal-
ancedto the throughputof the letter stations.The number
of bucketbotsshouldbe greatenoughsuchthat stationsdo
not sit idle, but alsosmall enoughsuchthat bucketbot idle
time is keptlow andbucketbotsarenotcontinuouslygetting
in the way of eachother. The optimal numberof buckets
is obviously dependenton thesizeof thewarehouse.For a
largenumberof lettertile colors, morebucketsareneededto
make sureall letter tiles arerepresented,suchthat theletter
stationsdonotbecomethebottleneck.As thebundlesizein-
creases,moretotal bucket capacityis neededto ensurethat
thesystemdoesnot run out of storagespacefor new letters
enteringthesystem.

The temporalcostsof various actionsare also conÞg-
urable. Key temporalactionsinclude the amountof time
that a bucketbot requiresto pick up or setdown a bucket,
the amountof time that it takes to remove a letter tile, or



add one, to a bucket, and the amountof time it takes to
move a Þnishedword out of a word stationandpreparefor
thenext word. Bucketbotmotion is describedby its veloc-
ity andacceleration,bothof which areconÞgurable.These
parameters,in turn, affect the bucket allocationsfor tasks,
bucket storage,andletterplacementstrategies. Thetempo-
ral penaltyfor bucketbotcollisionsis alsoconÞgurable.

Thetestbedcanrunwith or withoutagraphicdisplay. En-
abling graphicshelpsa developervisually test and debug
algorithms,as well as gain intuition as to how algorithms
arebehaving. For runningbatchsimulations,disablingthe
graphicsreducestheoverheadof real-timerenderingandal-
lows the testbedto run on remoteterminalswithout requir-
ing graphicsupport.

To easily support extensions,ALPHABET SOUP loads
modulesspeciÞedin its conÞgurationÞleat runtime.These
modules,which mustinherit coreclassesandinterfaces,al-
low theALPHABET SOUP researcherto supplyadvancedbe-
havior withoutmodifyingor needingto recompileany of the
coremodules.

To determinetheeffectivenessof atechnique,ALPHABET
SOUP tracksand reportsof a numberof statistics,includ-
ing: thenumberof wordscompleted,total numberof letters
in words completed,numberof lettersdispensedby letter
stations,total and averagedistancesdriven by bucketbots,
numberof bucket grabsandreleases,numberof bucketbot
and bucket collisions, bucketbot idle time, averagebucket
capacityutilization, averagenumberof letter transfersper
word/letterstationvisit, andstationidle time.

Dependingon thepoliciesbeingstudied,variouscompo-
nentsmay becomethe bottleneck.If bucketscanbe deliv-
eredfasterthanstationscanaddor remove letters,thenthe
maximumthroughputis a function of the add/remove time
andthenumberof lettersperword. In sucha case,thesys-
tem is evaluatedby how effectively it usesits bucketbots.
However, if therearenot enoughbucketbots,they may not
beabletodeliverenoughbucketsto thestationstokeepthem
busy. In thatcase,thethroughputis themetricthatmeasures
overall systemperformance.

A potentiallyrealisticscenariocanbeexpressedwith the
following example parameters.Using the units of distance
to meanmetersandtimeto meanseconds,ourmodest-sized
examplewarehouseis 250 metersby 350 meters. Bucket-
botsandbucketsareeach2 metersin diameter. Bucketbots
canaccelerateat 20m/s2 up to a maximumspeedof 4m/s.
Thisexamplewarehousecontains25wordstations,25 letter
stations,250bucketbots,and850buckets.With abucketca-
pacityof 40letters,bundlesizeof 4,stationtimeto movelet-
tersat5.0seconds,andbucketgrab/releasetimeat 1

2 second,
4 colorswith adistributionof ( 4

5 , 1
10 , 1

20 , 1
20 ), adictionaryof

jargon with an averageof 9.2 lettersper word, andthe ex-
ampleminimal coordination,we seethroughputsof around
oneword per20 seconds(basedon elapsedtime within the
simulation).Theminimal coordinationsimply assignstasks
Þrst in, Þrstout, requiresbucketsto be returnedto storage
betweenevery task,andeachtaskonly involvesoneletterat
a time. Bucketbotcongestionandnon-optimaltask alloca-
tionsareveryobviouswhenwatchingthesimulation.Based
on observationsandour experiencein an industrialsetting,

coordinationalgorithmsshouldbeableto offer at leastone
to two ordersof magnitudeof improvement.

Bucketbot Movement
In theidealizedALPHABET SOUP environment,bucketbots
haveperfecttraction,meaningthatthey cannotskidor slide.
Besidescollisions, the only movementconstraintsbucket-
botshave aremaximumspeed,V , andmaximumacceler-
ation, A. Given the bucketbot position (x, y), thesecon-
straintsmayberepresentedas,

úx2 + úy2 ! V 2, and (1)
¬x2 + ¬y2 ! A2. (2)

To controlbucketbotmotion,bucketbotcontrolsseta tar-
getvelocity. Thetargetvelocity is comprisedof components
vx andvy . If themagnitudeof thetargetvelocityexceedsthe
maximumspeedvia equation1, thetargetvelocity vectoris
normalizedto the maximumspeed. Oncethis normaliza-
tion hasbeenperformed,the accelerationconstraint(equa-
tion 2) mustbechecked.As ALPHABET SOUP usesdiscrete
timeintervals,wewill denotethetimebetweenupdatesast.
Giventhecurrentvelocity, ( úx0, úy0), wecanÞndtheacceler-
ationconstrainedvelocityafterthetimeinterval, ( úxt , úyt ), by
ÞrstÞndingtheactualmagnitudeof accelerationundertaken,
at , to be

at =

! "
vx " úx0

t

# 2

+
"

vy " úy0

t

# 2

. (3)

If this magnitudeof acceleration,at , doesnot exceedthe
maximalacceleration,A, then(vx , vy ) will be usedasthe
velocity of this timestep. However, if at > A, then the
velocity of the this time stepshouldbe constrainedto the
maximalaccelerationas

úxt = úx0 +
A
at

(vx " úx0) , and (4)

úyt = úy0 +
A
at

(vy " úy0) . (5)

To minimize the simulation time required, the testbed
only recomputesnew positionsand statetransitionswhen
aneventoccursthatcouldalterabucketbotÕsaccelerationor
direction,or changethe stateof a letter, bucket, or station.
Thetestbedis thusableto skip uneventful timesof thesim-
ulation. Thetime to thenext event is takenastheminimum
possibletime to the next event. To avoid situationssimilar
to ZenoÕs Paradox3, the time to next event is clampedwith
a lower boundof the time it would take any bucketbot to
move the distanceof its radius. Time until the next event
is theminimum amountof time for any bucketbotto poten-
tially collide,Þnishacceleratingor decelerating,completea

3If two bucketbotsareaboutto collide, but continuallychange
their directionsand accelerationssuchthat they will collide at a
marginally latertime,thenext eventwill beaveryshortamountof
time later. Theseincreasinglysmallintervalsof timeprior to acol-
lision increasethesimulationtime dramatically. With a minimum
time to next event,theworstcaseis still reasonable.



turn,grabor releaseabucket,Þnishtransferringa letter, Þn-
ish a speciÞedamountof cruisingtime,or getcloseenough
to anotherobjectsuchthatthebucketbotmaywishto change
its plans.

Whentwo or morebucketbotscollide,theirvelocitiesand
accelerationsareimmediatelysetto 0, andaregivena time-
out penalty. While the testbedcould be extendedto simu-
lateelasticor inelasticcollisions,we feel it is reasonableto
assume,basedon the coordinatedandengineeredenviron-
ment,thatbucketbotsshouldnotnormallycollide. Thus,we
modelcollisionsasextremelycostly, negativeevents.

Bucketbot Sensingand Control

In ALPHABET SOUP a bucketbot potentially has perfect
sensingcapabilities; it canobtainall informationaboutall
other bucketbotsand buckets within a speciÞeddistance.
Thesesensingcapabilitiesaredue to the natureof the en-
vironment.Bucketbotscancommunicatewith any otheren-
tity, andtheentiresystemis engineeredto maximizeavail-
ableinformationandprecision. In many foreseeablepracti-
cal applicationsof ALPHABET SOUP , thesystemis a con-
trolled warehouseenvironment.To aid in sensingprecision
and information sharing,environmentsmay be built with
featuressuchaswirelesscommunicationfacilities,specially
designedmarkingsin theenvironment,andindoorposition-
ing systems.Additionally, whenany componentexhibits an
erroror failure,thesystemcanbepausedfor repair.

WhenthebucketbotÒseesÓanotherobject,it canretrieve
any information the systemhasabout it, including direc-
tion, velocity, andbucket contents.The bucketbotalsohas
full informationaboutany bucket,bucketbot,or stationthat
a separatemanagingprocessmay provide. The bucketbot
alsoknows its exactlocation,direction,andvelocity. While
bucketbotsin ALPHABET SOUP areerror-free,perfectsens-
ing, andlocally omniscient,thesecapabilitiesmay be con-
strainedfor experimentalapplicationsby disregardingcer-
tain information.

A bucketbotmustdeterminethe lengthof time to accel-
erateanddeceleratein to arrive at a speciÞedlocation.Per-
hapsthesimplestmovementparadigmis for thebucketbotto
stopbetweendirectionchanges,maximallyacceleratingand
deceleratingwhenchangingvelocities. Our examplemini-
malisticmodelusesthis logic andonly turnswhile in tran-
sit whenevadinganotherbucketbotor bucket. Becausethe
bucketbotmustdeceleratebackto a speedof 0 after mov-
ing, the speedreachedduring the accelerationphasemust
equalthespeedat which thebucketbotcandecelerateback
to the speedof 0 during the decelerationtime. From this,
wecanÞndthetotalaccelerationtime,taccel , in termsof the
maximumacceleration,A, distanceto thegoal,g, andinitial
velocity, v0. For simplicity, taccel needonly be calculated
on theaxiswith maximalaccelerationas

taccel =

#
2

2a

$
2ag + v2

0 "
#

2v0. (6)

If the bucketbot will reachmaximumvelocity en route, it
will needto cruisebeforebeginning its deceleration.This
maximum-velocity cruise time may be easily found after
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Figure3: Architectureof ALPHABET SOUP Testbed

subtractingtheacceleration anddecelerationdistancesfrom
thedistanceto thegoal.

Ar chitecture
ALPHABET SOUP hasbeendesignedto be easily extend-
ableanduseableby a wide audience.We choseJava and
LWJGL4 becausethey meetthe following criteria: easyto
build andrun on mostmajor platforms,fastexecutionand
rendering,and the have wide acceptanceand strongcom-
munities. The ALPHABET SOUP testbeditself is released
undertheGPL.5

To allow ALPHABET SOUP to run in batchmodeandon
machineswithout graphicalrendering(suchasmany super-
computers),we have implementeda way to run the testbed
in aÒheadlessÓmode.Whenrunningin headlessmode,none
of theclassesthatutilize theLWJGLlibrary areloaded.The
classesthatperformrenderinginherit from thebaseclasses
thatperformtheactualALPHABET SOUP simulation. This
inheritanceschemenot only allows therenderingclassesto
display information basedon the classesthey extend, but
alsoallows therenderingfunctionalityto bedistinctly sepa-
ratefrom thesimulationfunctionality.

Alphabet SoupAr chitecture
ThebasicALPHABET SOUP Testbedarchitectureis summa-
rized in Figure3. SimulationWorld containsandconstructs
therestof theframework. If ALPHABET SOUP is runwith a
graphicdisplay, SimulationWorld loadsRenderWindow and
alsoloadsall of thecorrespondingrenderableclassesfor ev-
ery object. SimulationWorld constructseverythingaccord-
ing to theconÞgurationparameters.

The mapfunctionsasa containerfor all of the physical
objectsandmanagestheir interactions.Thebucketbotsand
bucketsarestoredin a quadtreeto optimizesimulationper-
formance.Quadtreesarea methodof recursively dividing a
spaceinto regionsbasedon the numberof objectsin each
region. Our implementationusesa point-region quadtree;
whenthenumberof objectsin a region exceeda maximum
threshold,it dividestheregioninto four equalareaswith two

4LightweightJavaGameLibrary: www.lwjgl.org
5GNU GeneralPublicLicense:www.gnu.org/copyleft/gpl.html
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Figure4: An exampleof extendingALPHABET SOUP.

cuts,andremergessubdividedregionswhenaminimalnum-
berof objectsis reached.Thequadtreegreatlyreducesalgo-
rithmic complexity of both detectingcollisionsandreport-
ing bucketbotsandbucketswithin a vicinity. To make sure
adjacentregionsarenot discountedwhensearchingfor po-
tential collisionsor viewableobjects,regionsareexpanded
suchthatthey havesufÞcientoverlap.

The three major managersin the example ALPHABET
SOUP controllerimplementationaretheword manager, let-
ter manager, andbucketbotmanager. While the framework
doesnot imposethis managerarchitectureon implementa-
tions, we feel that this is a sensibleapproach. The word
managertakescareof allocatingwordsto stations,andcom-
municateswith thebucketbotmanagerabouttheallocations.
The lettermanageris similar to theword managerin that it
controlswhich lettersthe letterstationsproduce,aswell as
communicatesletter allocationsto the bucketbot manager.
Thebucketbotmanagercoordinatesall of thebucketbots,by
manufacturing,prioritizing, andassigningtasksto bucket-
bots,buckets,letter stations,andword stations. In our de-
fault testbed, the bucketbotsonly keeptrack of onetaskat
a time, andall planningother thanavoiding obstaclesand
navigatingto destinationsis donein thebucketbotmanager.

All of themanagerscancommunicatewith eachotherand
alsowith the bucketbots,word stations,and letter stations
using deÞnedand extendableinterfaces. If an object per-
formsanaction,otherentitiesmustasktheobjectto perform
theaction,ratherthanmaketheobjectperformtheactionit-
self. ALPHABET SOUP comeswith somedefault example
managers,which are intendedto be extendedor replaced.
In termsof execution,all of themanagersandobjectshave
methodsthat arecalledwheneither their environmenthas
changedor their timershaveexpired.

ExtendableInterfaces
While any componentof ALPHABET SOUP may be ex-
tendedor modiÞed,thosebestsuitedfor studyingcontrol
andallocationalgorithmsarethe bucketbotbehavior, word
stationpolicy, letterstationpolicy, bucketbotmanager, word
manager, andlettermanager. Theseparticularentitiesmay
bechangedby simply changingtheconÞgurationÞle.

Eachof thephysicalobjectsheldin themapextendaclass
calledCircle which implementsbasiclocationandcollision
functionality. Theobjectbaseclassesalsoimplementanin-
terfacenamedUpdateable,which allows themto operatein
the event driven model. Figure 4 illustratesthis relation-

ship, how the objectsareextendedto renderthemselvesto
thescreen,andalsooneway a userof thetestbedcouldex-
tendtheseobjects.Thebasefunctionalitycanbereplacedor
extended.Likewise,usersmayalsooverridethewayobjects
arerendered,or evenleaveout therenderingaltogether.

With regardto resourcemanagement,suchasbucket and
letter selectionand bucketbot coordination,the managers
arethe primary entitiesto modify. Several implementation
schemesarepossible.The bucketbotmanager, letter man-
ager, andwordmanagercouldeachshareequallyprominent
roles. A differentsolutionwould be to have onemanager,
suchasthe bucketbotmanager, containthe majority of the
logic and drive the other two lighter-weight managers.A
further alternative would be to have all managersemploy
minimal logic andonly function to keeptrack of resource
utilization,while usingthebucketbots(andpotentiallybuck-
ets)to performdistributedresourcemanagement.

All of thephysicalentitiesoffer interfacesto operatewith
the world. The word and letter stationshave controls to
move lettersandwill block furtheractionsuntil thecurrent
actionsarecomplete. As the bucketbotshave richer inter-
actionswith the environment,the bucketbotbaseclasshas
more functionality. The bucketbot baseinterfacesinclude
functionality to accelerateandstopat a speciÞedpoint, ac-
celerateuntil maximumspeedis reached,turn to a speciÞc
angle and notify when the turning is complete,grab and
releasea bucket, andÞndbucketbotsandbucketswithin a
vicinity. Thebucketbotbaseclass alsocontainsa basetask
system.

ALPHABET SOUP also hasa waypoint implementation
which maybeutilized andextendedto constrain bucketbot
motionsandbucketstorageto anarbitrarygraph.It ispartic-
ularly usefulasthenumberof bucketsandbucketbots scale
up, as it aids in managingnavigation anddeÞningcoordi-
natedpathsor highways.

Research Challengesin Alphabet Soup
ALPHABET SOUP containsmany challengingtopicsfor fur-
therstudy. While all of theproblemsareinterrelated,most
of themcanbeabstractedto eitherarchitecturalor resource
managementissues.Among the architecturalissuesis the
dichotomybetweena systemwith centralizedor decentral-
izedcontrol. ALPHABET SOUP is anexcellentenvironment
in which one can study the tradeoffs betweenthe two ap-
proaches.In this section,we highlight someof theresearch
problems,andfollow it with a discussionof how decentral-
ized market-basedsolutionscould be employed to address
theresearchproblems.

Among the Þrstquestionsto addressis how many buck-
ets are neededand how they should be arrangedon the
ßoor. Onecanimagineneat,orderly rows of buckets,with
pathways for the bucketbotsto travel whenburdenedwith
a bucket. One can also imaginedenseblocks of storage
thatentail a tile problemin orderto extract the innerbuck-
ets(Gue2006).It is easyto imaginethewarehouselaid out
on a grid, but becausethebucketsin ALPHABET SOUP are
round,non-linearpackingchoicesarealsoan option. Fur-
ther, the layoutneednot beÞxed; instead,it couldadaptto
thepatternsof wordcreationandbucketbotmotion.



Thelowestlevel of coordinationis amongthebucketbots
moving on the warehouseßoor. Although the bucketbots
areentirelypredictable,coordinatingtheirmotionto prevent
collisionsandcongestionis achallenge.Controllingthemo-
tion of thebucketbotscouldbedoneby acentralplanner, or
it couldbedonethroughpeer-to-peercommunication.

As wemoveinto higherlevelsof abstraction,weÞndsev-
eral key resourceallocationissues.Foremost,is the prob-
lem of taskassignment.On thereceiving side,whendo let-
tersneedto be put into inventory, andwhich bucketbot(s),
bucket(s),andstationwill bechosento accomplishthetask?
Similarly, whena word needsto be built, the bucketbot(s)
andbucket(s)needto be scheduledfor deliveriesto a sta-
tion. The dynamicnatureof the systemleadsto challeng-
ing researchquestionsin the areasof queueingtheoryand
scheduling,andthelargenumberof degreesof freedomad-
mit awidevarietyof solutions.

To illustrate the complexities 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.Whichbucketbotshould
beassignedthetask?Now considerthecasewheretheletter
to beput away is a ÔuÕ,andbucket C hasa ÕqÕ.AlthoughC
is fartheraway thanB, it maybeworth theeffort to bring it
to stationS becauseof the increasedlikelihoodthatÔqÕand
ÔuÕwill bepickableat thesametime.

Similarly, whenbuilding words,bucket E may have two
letter tiles needed,while buckets F and G may have only
one,but maybemuchcloser. Whichis thebetterallocation?
Further, when it is time to assign the word, theremay be
more than one stationthat could do the job, and the best
choiceof stationmaybedependenton theproximity of the
letter tiles neededfor that word. OneÕs ability to optimize
thesetypesof decisionswill dependuponhow dynamicthe
environmentis. In somereal-world situations,all of thejobs
areknown thenight before,while in companieswith same-
daydelivery, thejobsaredroppingon thewarehousein real
time.

Potential Auction-BasedSolutions

Becausethe primary problemsin ALPHABET SOUP are
basedon resourcemanagement,it is a prime ground for
testingauction-basedresourceallocationstrategies in real-
world warehousemanagementproblems.AlthoughtheAL-
PHABET SOUP warehouseis a cooperative environment,
theremay be beneÞtsto decentralizingaspectsof the deci-
sionmaking,particularlyif thebucketbotsarerelatively au-
tonomous.A suitableÒcurrencyÓwould needto becreated
for themarket economy, with eitherenergy or time beinga
naturalÞrststep.

Onemarket-basedapproachwould be for stationsto bid
on jobswhile subcontracting thelettertile delivery to buck-
etbotswhocontract with buckets.This approachwouldcre-
ate interestingtask dependency networks (Walsh & Well-
man1998).TheContractNetprotocol(Davis & Smith1983;
Sandholm1993)is anaturalapproachto attempt.

Alternatively, word stationscould employ combinatorial
auctionsasa meansof obtainingletters. The natureof the
allocationproblemis combinatorialbecauseawordconsists
of acertainnumberof lettertiles,andthesystemprefersthe
cheapestsolutionto theentireword. A closerbucketmaybe
passedup if theonly freebucketbotin theareais neededfor
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,andbucketscouldauctionoff their tasks,and
chooseto performa taskwhenit is mostproÞtable.Bucket-
bots,buckets,andstationscouldgaincompensationfor both
the completionof tasksand from selling tasks,evaluating
theutility of having eachtaskbasedon how muchutility it
wouldgainversusexpendfrom completingthetask.

Determiningwhento hold taskassignmentauctionsand
which entitiesto include is also an importantissue. With
hundredsof opentasks,hundredsof bucketsandbucketbots
to performthosetasks,andallocationefÞciency beingde-
pendenton combinatorialeffects, the bidding spaceis too
largeto betractable.To solve this problem,someheuristics
areneededto limit participationin auctions.Usingphysical
locality for gatheringparticipationfor anauctionandpropa-
gatingtaskinformationmight offer someusefulness.How-
ever, it will not help caseswhentwo bucketsare far apart
but onecould accomplishthe otherÕs taskmoreefÞciently.
Rather, adding someother metric of similarity would be
moreuseful,suchasusingcosinesimilarity on bucket con-
tentsto groupbucketsfor auctionsbasedon their ability to
accomplishsimilar tasks.

An interestingresearchdirection is evaluatinghow the
choiceof biddersandresourcesaffects throughput. Given
the numerousways of applying auctions to ALPHABET
SOUP, which bidder and resourcechoicesmost improve
throughput,andareany seeminglydifferentauctionresource
managementimplementationsfunctionallyequivalent?

Other Potential Solutions
While centralizedplanning can make optimizedsolutions
morestraightforwardto obtain,many of ALPHABET SOUPÕs
centraloptimizationproblemsare NP-hard. This level of
computationalcomplexity doesnot scalewell with purely
centralizedor exhaustive solutionswith near-realtime de-
mands.Myopic best-Þrsttechniques,aswell astraditional
planningtechniques,mayproveusefuleitherin termsof task
assignmentor in bucketbotmotionplanning.

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

ALPHABET SOUP has a higher-level focus than most
otherrobotsimulators,asits goalis to provide a framework
for studyingresourceallocationin physicalrouting.Frame-
workssuchasPlayer/Stage(Collett,MacDonald,& Gerkey



2005) and CARMEN (Montemerlo,Roy, & Thrun 2003)
focuson robot sensingcapabilities,localization,andenvi-
ronmentdiscovery, whereasALPHABET SOUP residesin a
highly controlled environmentwhich fosterseaseof posi-
tion determinationandcommunication.Othersimulatorsdo
not easily supporta dual-layeredenvironmentwhererobots
canpick upbucketsandfreelydriveaboveor beneaththem,
withoutaddingcomputationallycostly3D environments.

Market-basedand auction control techniquesare an
effective resourceallocation method in multi-agent sys-
tems (Wellman & Wurman 1998), and have been im-
plemented in many different capacities and environ-
ments(Gerkey & Matari«c 2002; Dias et al. 2004; Sim-
monset al. 2002). As it containsresourceallocationprob-
lems,ALPHABET SOUP is a particularlygoodcandidatefor
auction-basedapproaches.

ALPHABET SOUP is also a useful model of a practical
problemfor validating robot motion planning techniques,
suchasthosedevisedby Clark (2005). Likewise, ALPHA-
BET SOUP is valuablefor studyingmoregeneral distributed
coordinationtechniquesincluding thosesurveyed by Jen-
nings(1996)andthatimplementedby Parker (1998).

As testbedsfor multi-robot control make it easierto ex-
plore high level algorithms,they have beenbuilt for many
otherproblemsaswell. Oneof the authorsimplementeda
software testbedfor ÒCapturethe FlagÓstyle coordination
robotgames(DÕAndrea& Babish2003).Hardwaretestbeds
areusefulfor investigatingreal-world complicationsthatare
notalwaysobviousin simulations,suchastheCaltechmulti-
vehiclewirelesstestbed(Cremeanetal. 2002).

Conclusionsand Futur eWork
WepresentALPHABET SOUP asamodelof emergingrobot-
assistedwarehouses. The modelcapturesmany of the key
coordinationandallocationchallengesfacedin realsystems,
but doesso at a level of abstractionthat facilitatesstudy.
The ALPHABET SOUP platform includesa detailedmodel
of bucketbotbehavior andrealisticwork proÞles.It is also
highly conÞgurable,whichallows researchersto directtheir
studiesatparticularaspectsof warehousemanagement.

We hopetheplatformwill beof useto researchersstudy-
ing multi-agentsystems,resourceallocation,vehiclecoor-
dinationin MMVS, andoperationsresearch.

Acknowledgments
The Kiva Systemis the fruit of the labor of many people.
Theauthorsareindebtedto themfor creatingtheopportunity
to work onsuchaninterestingproject.

References
Clark,C. 2005.Probabilisticroadmapsamplingstrategies
for multi-robotmotionplanning. Journal of Roboticsand
AutonomousSystems53(3-4):244Ð264.
Collett,T. H.; MacDonald,B. A.; andGerkey, B. P. 2005.
Player2.0: Towarda practicalrobotprogrammingframe-
work. In Proceedingsof the AustralasianConferenceon
RoboticsandAutomation(ACRA2005).

Cremean,L.; Dunbar, W. B.; van Gogh, D.; Hickey, J.;
Klavins, E.; Meltzer, J.; and Murray, R. M. 2002. The
caltechmulti-vehiclewirelesstestbed. In Proceedingsof
the41stConferenceonDecisionandControl.
DÕAndrea,R., and Babish, M. 2003. The RoboFlag
testbed.In AmericanControl Conference, 656Ð660.
Davis, R., and Smith, R. G. 1983. Negotiation as a
metaphorfor distributedproblemsolving. ArtiÞcial Intel-
ligence20:63Ð109.
Dias,M. B.; Zinck, M.; Zlot, R.; andStentz,A. T. 2004.
Robustmultirobotcoordinationin dynamicenvironments.
In IEEE International ConferenceOn Robotics And Au-
tomation, volume4, 3435Ð3442.
Gerkey, B. P., andMatari«c, M. J. 2002. Sold!: Auction
methodsfor multirobot coordination. IEEE Transactions
OnRoboticsAndAutomation18:758Ð768.
Gue,K. R. 2006. Very high densitystoragesystems.IIE
Transactions38(1):79Ð90.
Jennings,N. R.,andBussmann,S.2003.Agent-basedcon-
trol systems:Why arethey suitedto engineeringcomplex
systems?IEEEControl SystemsMagazine61Ð73.
Jennings,N. R. 1996. Coordinationtechniquesfor dis-
tributed artiÞcial intelligence. In OÕHare,G. M. P., and
Jennings,N. R., eds.,Foundationsof DistributedArtiÞcial
Intelligence. Wiley. 187Ð210.
Konolige,K.; Fox, D.; Ortiz, C.; Agno, A.; Eriksen,M.;
Limketkai, B.; Ko, J.; Morisset,B.; Schulz,D.; Stewart,
B.; andVincent,R. 2004. Centibots:Very largescaledis-
tributedroboticteams.In Proceedingsof theInternational
SymposiumonExperimentalRobotics.
Montemerlo,M.; Roy, N.; and Thrun, S. 2003. Per-
spectivesonstandardizationin mobilerobotprogramming:
The Carnegie Mellon Navigation (CARMEN) toolkit. In
Proceedingsof theIEEE/RSJInternationalConferenceon
Intelligent Robotsand Systems(IROS 2003), volume 3,
2436Ð2441.
Parker, L. E. 1998. Alliance: An architecturefor fault
tolerant multirobot cooperation. IEEE TransactionsOn
RoboticsAndAutomation14(2):220Ð240.
Sandholm,T. 1993.An implementationof thecontractnet
protocolbasedon marginal-costcalculations.In Proceed-
ingsof 11thNationalConferenceon ArtiÞcial Intelligence
(AAAI-93), 256Ð262.
Simmons,R.; Smith,T.; Dias,M. B.; Goldberg, D.; Hersh-
berger, D.; Stentz,A.; andZlot, R. 2002. A layeredarchi-
tecturefor coordinationof mobile robots. In Schultz,A.,
andParker, L., eds.,Multi-RobotSystems:From Swarms
to IntelligentAutomata. Kluwer.
Walsh,W. E., andWellman,M. P. 1998. A market pro-
tocol for decentralizedtaskallocation. In Third Interna-
tional Conferenceon Multi-AgentSystems, 325Ð332.cite-
seer.csail.mit.edu/walsh98market.html.
Wellman,M. P., andWurman,P. R. 1998. Market-aware
agentsfor a multiagentworld. Roboticsand Autonomous
Systems24:115Ð25.


