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Abstract

TheQuagentsystenprovidesa e xible interfaceto thefunc-
tionality of a gameengine. The goal is to male interactive
gamesa usefulresearctandteachingvehiclefor academics.
Quagentss freely available,andrunsunderUnix/Linux and
Windows. Intelligentagentcontrollersmay be programmed
in ary languagethat supportssoclets. A communications
protocol betweenthe controller and the bot resembleghat
betweenthe high-level software and low-level controller of
a mobile robot. More complex APIs may be built on the
protocolthat supportcomplec interactiondlike trading. We
describethe Quagentarchitectureandresearctandteaching
applications.

Moti vation

Interactve Digital Entertainmen{IDE) will increasinglyin-
volve arti cial, intelligent agentsand related technology
Someof the agentswill be managingthings behind the
scenewhile otherswill berepresenteexplicitly by graphic
renditions. Ultimately, hardware embodimentsre possible
aswell. Gamesand entertainmentgentswill soonhit a
ceiling of performancepossiblewith ad hoc approacheso
intelligenceandwill needto incorporatestate-of-the-arAl.
Luckily futurehardwarecansupportheincreasedlemands.
Our goal in creatingQuagentsvasto give researcherac-
cessto an entertainment-stylesimulateduniverse,andthus
for IDE to reapthe bene ts of researctcarriedout in rele-
vantdomains.

The Quagents systemreported here is meantto help
bridgethe gap betweerthe conceptsaandinterfacesof com-
mercial productsand the typically unconstraine@pproach
of academicAl research.lt is designedor usein research
and teaching. It smoothly supportsmultiple agents. It is
a robotic simulator that usesthe underlying physical and
graphicalcapabilitiesof a commercialgame engine. The
resultis a systemthatis freely distributable,runsin UNIX
andWindows ervironmentshasthelook andfeel of a rst-
persongame,andin which Al algorithmswrittenin ary lan-
guagethat supportssoclets can control the agentsthrough
aprotocolor userwritten APIs. Oneis not restrictecto the
game-suppliedmods”, so ary research-gradsoftwarecan
be usedfor agentcontrol.
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This work is inspiredby mary pioneerswho have used
andare usingcomputergamesto supportAl researchand
working to import Al into games(e.g. (Buckland2002)).
Quagentareaform of animat: thatis, asimulatedorganism
(e.g., (Terzopoulos Rabie1997)).Qualelll hasheenused
asatestbedor neuralmodels(Noelle & Fakhouri2004).

Themainanimatadwantagesre: no hardware,quick pro-
totyping, known groundtruth, ability to createwide variety
of (physically possibleor not) agentssensorsanderviron-
ments.Laird andco-workershave usedthe Soarproduction
systemto simulatevarioushumanreasoningcharacteristics
andskills in a Quale “gameAl” (e.g., (Laird 2004)): au-
tomatingopponentdo the humanplayet

Our systemusesthe freely-available Quale 11 engine,
which handlesall the detailsof collision detectiorandervi-
ronmentmanagemerso researchersanconcentrat@n ex-
ploring agentbehaiors andinteractionsn afairly comple
world. We hadtwo basicrequirements:The "agent” code
shouldbuild andrun underthe Linux/Unix operatingsys-
temregardlessof wherethegamesenerwasrunning. There
mustexistamechanisnto build "agents”(thatis, theirintel-
ligentcontrollers)externalto the gameitself sothatexternal
resource®f the agentswvould not have to belinked directly
into the game. This is a brief versionof a technicalreport
(Suppresse@00Xc). which hasmary moredetailsandref-
erences.

Quakell Basics

UR-Quale is amodi ed versionof Id Software's Quale 11
(Id 2004).Dynamically Qualell is dividedinto asenerand
aclient. Statically Quale Il consistsof an executableand
two DLLs. The gameengineexecutablehasboththe sener
andclient code. The client partis connectedo the sener
over a network, or locally if on the samemachine. The
sener updatesthe world stateand sendsstateupdatenet-
work messageto the clientsat about10Hz; The client up-
datesjnterpolatedasteventeffects,renderstells the sener
whattheplayeris upto, andmanagesheuserinterface(key-
board,mouse gamepad,etc.). A videorefreshlibrary pro-
videsbasicgraphicsabilities. The gamelibrary hasvarious
monstes, whoseinnatebehaiorswe have replacedwith our
Quagentontrolprotocol. Thusthey becomebots

Qualell isaccompaniethy PAK- les, whichcontainone
or several mapsthat de ne the Quale Il world, including
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informationaboutwhereentitiesareplaced(spavned)in the
world.

All entitiesin the gameusea "think” functionto execute
calculationsor behaior. The sener loop, which is single
threadedprovideseachentity a slice of time to executein-
structionsfrom its current”think” function. The monsters
in Quale Il “think” with limited, game-inspiredhacks;e.g.,
they often navigate by following invisible breadcrumb-like
paths.Our modi cation is that Quagentsthink” by follow-
ing ordersfrom a userwritten controller distinct from the
game.

We consideredthergameplatformsfor Quagentssuch
asQuale 3 andDI-Guys. Ourreasonings reportedn detail
in (Suppresse@00Xc), but source-codeaccessibilityand
operatingsystemindependencegured largely.

QuagentAr chitecture

The Quagentcode and the communicationgrotocol are a
kind of specializedproxy sener (Fig. 1). The usercalls
uponwhichever Al disciplinesare relevant, useswhateser
languageis best, and writes a Quagentcontroller Via a
soclet connectiorthis exterior controllersubstitutedor the
original “gameAl” of the erstwhilemonster

Quagentsand Bots

In our ontology the botsin the Quale Il world are strictly
hardware. They are controllablewith a nite setof com-
mandsandthey havere exesthatpromptthemto informthe
controlleraboutcertainevents.All theintelligencetherefore
is off-board, outsidethe game, in userwritten programs,
which communicatewith the gameandvice versathrough
the protocol or userwritten APIs using the protocol. The
Quagenis thusthe combinationof the botin the gameand
the userwritten controlling software. If multiple bots are
spavned,eachhasits own "privateline” to its controller

QuagentOntology

Time: the quagens world adwvancesin 1/10 secondinter-
vals called "ticks”. The Client (the erstwhile rst-person
shooter):the usercontrolsthis entity and seesthroughhis
eyes.He canmaove aroundandinteractwith bots. Walls and

windows: thingsthe quagentcannotwalk through. Items:
box, gold, tofu, battery data, kryptonite, head. User can
spavn thesethingsat speci edlocations.Other quagents:
perhapscontrolledby othercontrollers. A Quagenthasan
internalstatein uenced by the world andits actions. Posi-
tion: (X,Y,Z, Roll, Pitch, Yaw), Inventory: (Itemsin qua-
gents possession)Wellbeing: Health, Wealth, Wisdom,
Enegy, Age.

QuagentPhysicsand Biology

Somethindik e normalphysicallaws applyin Quale Il, but
thereare mary tricks beingusedso someinformationone
thinks shouldbe availableis eithernot thereor hardto get.
Default Quagentsobey certain mechanicaland biological
laws (which arevery easyto eliminate,changepr extend.)
We presentherea representatie subsetof currentdefault
QuagentharacteristicsPresentlywe provide aboutadozen
differentbot choiceqcorrespondingdo differentmonstersn

theoriginalgame),sothereis afairly wide choiceof appear
ancesandcertainhard-wirednnatecharacteristicsWe have
removedviolencefrom the bots' behaioral repertoire.

A bot is spavned upon connectionto the game. Often
this happensn the bot constructorfunction. Disconnect-
ing kills the bot. All itemsbut boxescanbe walked over;
boxesblock walking. All itemscanbe picked up. Picking
up (Dropping) Tofu increasegdecreasediiealth. Thereare
similar laws for picking up otheritems, and kryptonite is
dangerouso pick up or evenbenear IncreasedVisdomin-
creaseperceptuahbilities. Ageincreasesverytick. When
lifetime is exceededor healthdropsto zero, the bot dies.
Enegy decreasedy a small amountat every tick. When
enegy goesto zero,bot stopsmoving (everythingelsestill
works,including Pickup,soanothetbot couldgive it batter
ies.) Thereareseveral parametersettableéoy the useror the
systemthatgovernthe physicalandphysiologicalconstants
in the Quagentvorld.

Usually the usersetsup an experimentalsituationwith
two typesof con guration le: Onetype setsup the world
andpopulatest with itemsin speci ed locations. The sec-
ondtypeinitializes statelevels andthresholdgor botsto be
spavned.

Arbitrarily complex communicatiorand protocols(trad-
ing, auctions,deducingplans,etc.) betweenQuagentcon-
trollers(notbots)is trivial if they areall runningin thesame
program.We have alsoimplementecdhon-trivial communi-
cationbetweerbotsthat may be spavnedby differentcon-
trollersor players(seebelow).

QuagentProtocol

Quagentcontrollercodecommunicatesvith its botsin the

gameusinga simpletext protocol. The controllercansend
commanddor the bot to do things(DQ or askit questions
(ASK). Thebotcon rms commandeceipt(OK), sendserror

message$ERR, or sendsbackdatain response.Bots can

alsoasynchronouslyeportevents(TELL). Thefollowing is

a quick synopsisof the main partsof the currentQuagent
protocol.



Actions

WALKBMlistance Commandbot to startwalking in cur
rentdirection.Bot will startwalkingin theright direction
andsilently stopwhendistances reached.Also RUNBY
andSTAND(stopmoving).

TURNBYangle Bot turnsin place.
PICKUPitem: Pickupitem. Also DROP

Perception

ASKdistance Bots reportslist of objectsand their posi-
tionswithin givendistance Also ASK RAYS

CameraOn, CameraOff : Normally the terminal shovs
the view from the ( rst-person) client. Thesemove the
camerao thebotandback.

LOOK Uploads image buffer to the quagentcontrolleg
shaving theworld asseenfrom the bot's point of view.

Proprioception and AsynchronousCondition
Messages

The following query the bot's internal state and set cer
tain bot parameter$or experimentalpurposesGetWhere
(position), Getlnventory , Get-Wellbeing , Set-
EnergyLowThreshold , SetAgeHighThreshold

The bot reportscertain events asychronouslyusing the
TELL messageAmongthosecurrentlygeneratedre:

STOPPED Motion stops before desired WALKBY or
RUNBMistanceattained

LOWENERGYBot'senepy fallenbelow athresholdparal-
ysislooms

NOTLOWENERG€¥negy hasrisenfrom below to above
threshold.

OLDAGE Bot's ageis above threshold:deathlooms;
STALLING Botis outof enegy, alive but unableto move.

QuagentAPlIs

A key designgoal for the Quagentsplatform is thatit be
readily usablein undegraduateAl coursesandby Al re-
searchergseethe next two sectionsyespectiely). We have
implementedan initial APl in the rst releaseof the plat-
form, andaredevelopingamoreappropriatenefor thenext
release.

The initial QuagentAPI, in Jasa, hides the details of
soclet connectionssessionnitialization, and streamman-
agementfrom the usercode. The detailsof creatingand
parsingmessagearestill left to usercode,whereit is both
time-consumingdo write anderrorproneto run.

For thenext releasef the platform,we areimplementing
a more sophisticated\P| asanotherlayer above the basic
API. This “agentabstractiorayer” hidesall aspectf the
Quagentprotocolfrom usercode. Instead,it providesab-
stractionssuchas Sensorsand Behaviors that abstractthe
protocol details (asynchronougvents are handledwith a
standard.istenerparadigm). This allows agentdevelopers
to concentrat®n the cognitive designof their agentsrather
thanontalking with agamesener.

Importantly in this API, we can also develop “virtual”
sensorsand behaiors that extend and augmentthe “real”
onesprovided by the protocol. Two examplesare a di-
rectionalscannerthat Iters the resultsof a protocol ASK
RAYSrequest,and an agentcommunicationbehaior that
allows agentsto exchangemessagesvithout arny protocol
interactions. The agentabstractiorlayer is designedo be
extensible,allowing new real or virtual sensorsand beha-
iorsto beaddedeasily

To supportresearchinto agentteams,we have already
implementedan interagent communicationAP| dubbed
TeamQuagent.This extensionto the systemaddsunique
(identi ably different) versionsof items and bots, makes
someitems non-pickupableand makes somegameengine
modi cations. The TeamQuagenpackagecontainslow-
level routinesfor Quagentfunctioning, including a Java
classto extendanda separatéacilitatorfor communication
betweernTeamQuagents.

A messagbetweerguagentgancontainanarbitrarycol-
lection of Java Objects, wrappedwith the TeamMessage
class. By using the Quagent-to-Controlleand Quagent-
to-Quagenimethods.a fairly sophisticatedot canbe con-
structedwithout usinglow-level systemor networking com-
mands.Also, the multi-threadsafenatureof TeamQuagent
allows for robust, real-timeapplicationsto be constructed
without extra checks. We usethesecapabilitiesto imple-
mentauctionsandtradingfor role-swapping(seebelaw).

Quagentsin Teaching

We wantedto take advantageof the factthat mary under
graduateCS majorslike games thata fair amountof work
is going on to improve Al in games,and that thereis in-
creasingawarenesshatstandardil topicscanbecoupledio
entertainmente.g., (Buckland2002)). In keepingwith the
tagline“The IntelligentAgentBook” of our text (Russell&
Norvig 2003),with therecentintroductionof a softwareen-
gineeringcoursebasedon suchinteractve games,andwith
our own experiencewith physical mobile robot coursesat
the graduateand undegraduatdevel, we createdQuagent
versionsof all ve programmingexercisesfor our mainun-
demgraduatéAl course(Suppresse@004).

State-SpacedProblem Solving: Write generaktate-space
searchalgorithms(depth rst, breadthrst, A*. etc.) for a
maze-solvingapplicationin which the mazeis represented
by matrix of 0 and1. Thentransferthe solutionto the Qua-
gentworld and have the Quagentexecutethe path found.
Variations on the problem include implementingon-line
problem-solvingalgorithms.

Production Systems: Studentslearn about production
system@andusecurrentcommercial-gradél software,usu-
ally to codea subsumption-styleontroller (Brooks 1991)
(Fig. 2). We useJesySandia2004) (our codedistribution
includesa Jessexample.) The exercisealsointroducesthe
possibility of quagent-quagemommunication.

Learning: As in the problem-solvingproject, students
work in a small grid-world (asin the exercisesn the text),
andthenmustexportandapplytheir policiesandmodelsto
the Quale world. Again, on-linelearningis alsoa possibil-

ity.



Figure2: Map madeunderproductionsystemcontrol (stu-
dentproject,2003.)

Figure 3: View of the situationand groundtruth for visual
learningandexplorationproject: somebotshave expired of
old agewhile exploring (studentproject2003).

Natural Language Understanding: Commandthe bot
(or getreportsbackfrom it) in naturallanguage.As well
asthe text, we provide chaptersfrom NLU texts on chart
parsing semantiggrammarsandrecursve descenparsers.

Vision: Putsomeclassiccomputervision problemsinto
the Quagentworld. Low-level vision softwareis provided.
Possibletopics include sggmentation,line- nding, object
recognition tracking(callson previous chapterson Kalman
Iters), andmapping(Fig. 3.)

Quagentsin Reseach

Wewantto useQuagentso studystrateiesfor e xible, self-
organizingcooperatiorbetweerpossiblyheterogeneouis-
telligent agents,especiallywith minimal communication
andmethod=f commandingandcommunicatingvith such
teams.

In general,we are most interestedin distributed coor
dination of intelligent agentteams(in generalheteroge-
neousagentswith differentphysicalandcomputationaébil-
ities) usingconstrainedommunicationWe assumehatre-
planningandre-assignmeraf rolescanbebasedn higher
level re-taskingor local intelligence that agentscandefect

Figure4: Agentsin action. Operatingsurfacesaretextured
to helphumangjaugedistance Rocksarethelargerobjects,
hostdrilling botsappeasmalleranddark.

or fail, that communicatiorratescan vary, andthat visual
information can sometimessubstitutefor communications
(this raisesthe “vision problem”, however). We would like
to allow individual agentsto make their own decisionsre-
gardinghow bestto carryouttheir tasks.

Distrib uted Cooperation

As a rst exercisein agentteam control and comple
communication, we implementedrole-assignment,role-
swapping and resource-allocatioomethodsthat approach
optimal with good communication@nd degradegracefully
as communicationgdegrade. Eachrobotis maderespon-
sible for a subsetof the teams work, but while pursuing
their goals,therobotsattemptto tradegoalswith othersthat
aremorecapabletherebyimproving teamperformanceAs
communicationslegradetradingbecomesdessfrequent but
every goalthatcanbe achieved ultimately is achieved. We
usedthe TeamQuagenprotocolto implementtrading. We
modi ed the Quale codeto adda protocolto tradeitems,
monegy, andinformation. A tradeis a transferof ary or all
of the threebetweentwo quagentsOnly itemsarehandled
in theactualQuale program:moneg andinformation,being
new to the Quale ontology arehandledn the quagenton-
trollers. Our communicatiorprotocol (Suppresse@00Xb)
is similar to the contractnet (e.g., (Davis & Smith 1983)),
with somesigni cant differences.Oneis that oncea goal
is transferedo anotherhost,the rst hostdoesnot have to
monitorits progresgo make sureit is completed Thusthere
is nocommunicatiorwhile theteamis working exceptwhen
goalsarereassigned.The quagentsare not really subcon-
tracting;they transferthefull goal. Therearenothuslayers
or chainsof subcontracting.

In the simulation,thereis a large groupof randomlypo-
sitionedrocksthat have to be drilled for sampleqFig. 4).
We variedthe numberof agentsn theteam,testeddifferent
levels of communicatioruncertainty and usedsereral ran-
domly generatedjyroupsof rocks, etc. We quanti ed team
effectivenessmessagdrafc, etc. (e.g.,, Fig. 5). Onaver
age,as more agentsare addedand as communicationsare
morereliable, the fasterthe problemgetssolved. Our ex-
periencecon rms the sentimentthat rst-choice stratgies
suchasauctiongendto work reasonablyvell (e.g., (Dias&
Stentz2003;Gerkey & Mataric2002).)



Figure5: Taskcompletiontime vs. numberof rovers for
threevaluesof messagdoss.

Robust Agent Teams

Interesting problems often have to be solved by teams.
Sometimesa teamof mary agentscangeta job donebet-
ter or fasterevenif the agentsare all the same(homoge-
neousteams). Other times a teamis neededbecausehe
solutionof the problemrequiresa setof skills thatno one
agentalonepossesseheterogeneougams).n eithercase,
animportantissueis how to make theteamrohbustto failures
of individual members.Thatis, how do we ensurethatthe
teammeetsits objectives even thoughindividual members
may fail to meettheirs (throughcommunicationsr hard-
warefailure or defection).

The Quagentgplatformis ideal for exploring the design
andimplementationof robust agentteams. Thereis much
work in this area,from classic(e.g., (Smith 1980))to more
recent(e.g., (Modi etal. 2003)). Our currentresearctuses
the languageof Joint Intentiontheory (Cohen& Levesque
1990)to describesharedgoals,andusesvoting andauction
mechanismgo let agentsagreeon what the goalsare and
who oughtto achieve them. We have implementechndana-
lyzed a distributedversionof Bordacounting,which nicely
takesaccountof agents'preferencesndwhich is resistant
to manipulationby individuals. Also for reasonf robust-
nesswe are consideringVickrey (sealedbid, second-price)
auctions.

For our initial implementatiorof theseideas,we arede-
veloping a Mars exploration scenariousing the Quagents
platform. This includesspecifyinga new spatial layout,
creatingnew graphicsfor variousagents,and mostimpor
tantly, usingandextendingthe QuagentAPIs for agentbe-
havior andinteragentcommunicationmplementingthero-
bustagentteams.

In the future, one of the mostpromisingdirectionsis to
re ne the structureof the agentghemseles. Although hy-
brid automataallow for complex functionality hierarchi-
cal decisionmaking, (e.g., (Tambe1997)) could allow for
much more robust single-agentfunctionality even within
teamwvork systems.Anotherimprovementwould be to up-
gradetheauctioningprocessisedfor agoalto migratefrom
one Quagento another Combinatorialauctionshave been
successfuin mary agent-basednd planning approaches

(e.g., (Hunsbeger& Grosz2000;Likhodedw & Sandholm
2004)), and give better performancethan simple greedy
searches.

We shouldlik e to pursueapproachethat suggesperfor
mancecanbe guaranteedor robotsthatobsere their ervi-
ronmentandseewhattheir teammatesire doing insteadof
explicitty communicatinge.g., (Wie 1997;Balch & Arkin
1997;Various2004)). To reducefurther the needfor com-
munication,elementdrom swarmrobotics,mechanisnde-
sign, and stigmengic theory could be addedor substituted
(Reynolds1987;Steels1990). Eventhoughthe goalsmove
from agentto agent,it may be possibleto make the inter-
actionsmore sophisticatedand attain greaterfunctionality,
evenin uncertainervironments.

Human Managementof Intelligent Agents

Intelligent agentsare increasinglycapable(whetherin the
real world, suchasvariousrobots,or in a cyberworld of
softwareagents).However, little attentionhasbeenpaidto
thefactthattheseagentswill almostalwayshave to interact
with people. At the very least,peopleoriginatethe prob-
lemsthatagentsareintendedo solve. Peoplearealsooften
the bene ciaries(or victims) of agents'actions, meaning
that humancontrol and delegation of authority are crucial.
And oncewe getbeyond the simplestreactive, hard-coded
agentsthey will needto interactwith peopleduring their
operationfor exampleto clarify requirementspbtaininfor-
mationor authorizationjdentify problemsandsoon.

A promisingapproacho this type of collaboratve prob-
lem solving is to develop an intelligent assistanthat helps
a personsolve problems.In somesuchsystemge.g., (Sup-
pressed00Xd)), this assistantommunicatesisingspolen
naturallanguageRegardlessof modality, theideais thatthe
assistantvill coordinateandmanageateamof autonomous
agentsunningontheQuagentglatform. Theassistansjob
is to helpthehumansupervisounderstandhe situationand
achieve their objectives. Quagentprovide anideal level of
abstractiorfor this research.It is realisticenoughthat we
believe the resultswould transferto realworld humaand/or
robotic agentsput abstracenoughthatwe canconcentrate
on developingthe assistantatherthanthe agents.

Use of the Quagentsplatform in this scenariosuggests
someunique possibilitiesfor evaluation. First, one could
comparethe human-assistant-quagemeamwith a teamof
experthumanplayerseachcontrolling a singlecharactein
thegame.Presumablyheteamof humanswvould easilyout-
performourteam(butit's a nice challenge) Our intuition is
thatthe mainreasornthe humanswould do well is thatthey
would talk to eachotherof ine (outsidethe game). Sowe
couldmalke a fairercomparisorby puttingthemin separate
rooms.Or we couldtry putting ateamof playersin aroom
together againsta humanwith computerassistantontrol-
ling the samenumberof Quagents.Onecanimaginethat,
with someattentionto scalingin the assistansystem,the
teamof humanscouldnt possiblycoordinatehemselesas
well asthe systemcould (or to the extentthatthey can,we
learnsomethingaboutagentcoordination).Iln ary casethe
Quagentplatform providesanideal ervironmentin which
to develop collaboratve assistant$or humanmanagement



of intelligentagents.

Conclusion

Interactve Digital Entertainmenteedsaccessto the lat-
estAl researchbut industriescannotgive their sourcecode
away to academics. Al communitiesneedpowerful real-
time simulationsto develop Al for robotic systemsandfor
gamesandentertainmentbut they mustbe e xible, useex-
isting Al code, be instrumentableand in short be open,
sharablefesearchvehicles. Quagentsis an agentdevelop-
mentervironmentembeddedn an interactive digital ervi-
ronment. The goal is to have a sophisticatedgame-like
simulation available to academic(and individual) investi-
gatorsandteacheraising Linux/Unix aswell asWindows
platforms.Theintelligencecomponents independentrom
the game(world) controller: the two communicatehrough
a standardnterface(soclets)thatcanbe enhancedby APIs
designedy theinvesticator, notprovidedby thegame. Ulti-
mately we wantto give Al researchertheluxury of acom-
plex, real-timeervironmentfor intelligent agents,and we
hopethat progressandtechnologywill then o w the other
way from theresearcthinto thecommerciacommunitiesin
parallelwith IDE applicationswe believe Al will enterthe
realworld of transporthome,healthcare,andmilitary ap-
plictionsaswell, and e xible and powerful simulatorswill
speedhatprocessThe Quagentodeis freely distributable
andavailableat (Suppressed00Xa),which alsohasthefull
versionof thispapemwith mary implementioranddocumen-
tationdetails.
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