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Abstract

We have modi ed the public-domainQuale Il gameto supportresearctandteaching.Ourresearch
is in multi-agentcontrolandsupportinghuman-computenterfaces.Teachingapplicationshave so
far beenin anundegraduateArti cial Intelligenceclassandincludenaturallanguageunderstand-
ing, machinelearning,computervision, and productionsystemcontrol. The motivation for this
reportis mainly to documenibur systemdevelopmentandinterface. Only early resultsarein, but
they appeaipromising.Our sourcecodeanduserlevel documentatioiis availableontheweh The
informationdocumenis a somavhatmotion-blurredsnapshobf the situationin Septembef004.
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1 Animats, Reseach, and Teaching

U. Rochestes ComputerScienceDepartmenhasactive researclactivities in mobilerobotics(e.qg.
[32; 59; 45; 46]), computervision (e.g. [60; 61; 56; 32; 53; 40; 51; 54]), multi-agentcooperation
(e.g. [75; 76; 74; 72; 73; 23]), naturallanguageand dialog understandinde.g. [15; 24; 19]),

commandnterfacesandhuman-computeinterfacesfor mixed-initiatve planningandmulti-agent
systemg(e.g. [17; 18]). Commonto all thesetopicsis the notion of intelligent agents: entities
thatactautonomouslyn responsdo changesn their stateor the stateof their environment. Such
agentsarebecomingever morecentralnot only to our researchbut to our teaching.After this short
introductionwe go into somedetail aboutour Quagentsystemandhow it is beingusedin both

endeaors.

Ourquagentareaform of animat: thatis, a simulatedorganism[69]. Amongthemostfamous
areTu's arti cial sh [70]. A disadwantageto animatsis that no one canreally simulatenatural
complities in a scienti cally respectablevay. If we want Al systemsto transfersimulation-
gainedcapabilitiesnto therealworld, thenanadequatesimulatorcanbe asmuchtroubleto create
anddealwith asrealhardware. Themainanimatadwantagesre: no hardware,knovn groundtruth,
ability to createwide varietyof (physically possibleor not) sensor&ndervironmentsno hardware,
quick prototyping,and no hardware (amongstother obvious ones.) Further mostAl techniques
never workedin therealworld andnever will —sowhat?

Laird andco-workershave usedthe Soarproductionsystemto simulatevarioushumanreason-
ing characteristicandskills in a“gameAl” [49; 47]. Thatis, the Quale “monsters”(automated
opponentof the rst-personplayer)hadtheir inbuilt “Al” replacedwith the samegoalsin mind:
competitionwith humanopponentsThe SoarQualebotshave human-lile limitations—for instance
they build mapsthroughexploration. In arecentversion,the SoarQualebotwasplayedwith inde-
pendenvariationsin thefour dimension®f decisiontime, aimingskill, aggressienessandtactical
knowledge. This bot has715 rulesand 100 operatord48]. Judgegatedthe “humanness’df the
variousversionsof theautomateglayers.

Qualelll hasbeenusedasatestbedor neuralmodels[10]. Besidegheirin uence in mainline
Al researchalsosee[8]), gamesare makinginroadsinto all sortsof relevantrelatedareas.Ma-
chinimais afascinatinghew artform (e.g.[9]). Systemsaadministratiormakesfor a possiblylively
application(e.g.[4]).

We have beenusing animatsin variousways. For researchBostonDynamics' DI-Guy sys-
temis installedin our Virtual Reality laboratory It hasprovided a good platform for researchn
psychoplysics,andmoreto the pointin animatvision both hereandelsavhere[65; 68; 64].

Also, we wanteda (mostly) open-sourceystemthatranon a variety of platforms. We believe
theQuale-Il systemis comparabléo the DI-Guy systemin commandability Typical DI-Guyslook
like humans.lIt is not easyin eithersystemto get at the kinematics(muchlessdynamics)of the
agents;it is mucheasierto let themmove andappearasthey do in their pre-programmednodes.
The DI-Guys systemis mostly graphics,anddoesnot have the inbuilt level of physical simulation
we wanted.

In reseach, we wantto useQuagentso study

Stratgjiesfor e xible, self-olganizingcooperatiorpossiblyheterogeneoustelligentagents,
especiallywith minimal communication.



Methodsof commandingandcommunicatingvith suchteams.

In general,we are mostinterestedin distributed coordinationof intelligent agentteams(in
generaheterogeneouagentswith differentphysicalandcomputationabbilities) usingconstrained
(in thelimit, only passve visual) communication.We assumehat re-planningandre-assignment
of rolescanandshouldhapperbasedn higherlevel re-taskingor localintelligenceor events,that
agentandefector fail, thatcommunicatiorshouldbe minimized,andthatvisualinformationcan
sometimesubstitutgthis raisesthe nontrivial (well, unsohed)“vision problem”, however).

We would like to allow individual agentsto malke their own decisionsregardinghow bestto
carry out their tasks,and to have the formalism apply to teamscomposedf a wide variety of
autonomousunmannedground, air, and seavehicles,possiblywith very different physical and
computationahbilities.

In teaching we have stronggraduateandundegraduateAl teachingprogramswith the usual
arrayof regularcoursestopicalseminarsandcoursesnanuficturedaroundarge-scaleefforts like
theundegraduateobotteam[59; 45;46]). Ourmainlineundegraduaterti cial intelligencecourse
usesRussellandNorvig's text Arti cial Intelligence— A ModernAppmoad, whosetaglineis “The
IntelligentAgentBook” [58]. We have usedthe RoboCupsimulatorin a specialsessiorof the Al
coursefor anextra hourof creditbut thatwasa one-timeexperiment.

For teachingt seemedeasonabléo take advantageof thefactthatmary undegraduatanajors
like gamesthatafair amountof work is goingonto improve Al in gamesandthatthereis increas-
ing awarenesshatstandardil topicscanbecoupledto gamedq39; 31]. (In factgame-programming
is thedomainor a recently-initiatedsoftware engineeringcoursehere ,which hassupportfrom the
Kauffman Institute underan entrepreneurshigrantto the U. of Rochester. but thatis another
story).

In the pastwe have usedstudent-writtergridworld robot simulations,often createdn Matlah
We createdhe Quagent(Quale Agent)systendescribedereto meetthedemand®f bothresearch
andteaching We wantedto getsomethindik e realphysicsandreal 3-D renderingn an(arguably)
exciting domainwithout payingthe price of writing our own simulator

In what follows we discusstwo piecesof researchin controlling agentteams,describeour
teachingapplications,and supply an increasinglydeeptechnicallook at the Quagentsystemand
how to useit. Appendicesdeal with further software details,and our Quagentwebsite[14] by
de nition hasthe mostup-to-datematerial,includingdownnloadablecode.

2 Planning and Role Selectionby Observation

Van Wie's Rhino system(namedfor Rochestes soccerteam)is not yet instantiatedn Quagents,
having beenconcevedandimplementedn thesimulatedRoboCup(soccercontext [72; 73]. At the
time the robocupsimulatorhadthe advantageshat Quagentffer now: stability, documentation,
physics, instrumentability Van Wie's work wasamongthe rst to tacklethe formal problemsof
suchpassie self-oganization but the eld hastakenoff (e.g.with conferenceavorkshopg71]). It
is concernedwith the assignmento individualsof rolesin a group plan, after which role trading
may take place. Rhino assumeso symboliccommunicatioramongagentsat all. It substitutes
obsenration for communication.lt is basedon rm probabilisticformal foundations,and canbe
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usedto monitorthe progresof a group(and,if necessaryre-assigmroles)aswell asto assignthe
initial roles.

Rhinoteammemberdavein commonarepertoireof pre-isting plans,or a“playbook”. There
areobvioussportsanalogiesandmilitary analogsnvolve rulesof engagemenanddoctrinefor how
to runasniperteam,suneillancepatrol,building searchgetc. Giventheseprior role de nitions, the
teamswill not have to re-inrvent well-known stratgies and tactics: Rhino doesnot learn plays,
thoughit hasalearningcomponentor learningactvities.

Rhino providesan ef cient combinationschemehat mapssingle-agenplan hypothesesnto
groupplan hypothesesandit usesa cost-bene tactionselectorto avoid role con icts andresole
synchronizatiorproblems. Rhino hasreal-timedetectionandrepair of teamwork failures(defec-
tionsandactionfailures),whichalsoneedabeliefrevision methodologyo revisebeliefsonfailure.
The plan-recognitioralgorithmis probabilistic,robustto sensorerrors,andallows both top-dovn
andbottom-upreasoninglirectionsfor ef cient guidanceandopportunisticdiscovery.

Without symboliccommunicationgdistributedplanformationandrole assignmentequiresrec-
ognizingteammates(and opponents')actionsandthusinferring their probableplans. This capa-
bility involvesotherhot topicstoday groupandindividual actiity recognition,andpersonrecog-
nition. temporaltexture, objectdiscorery and changedetection. The recognitionalgorithmsare
trainedfrom real-world examples.

Van Wie's formal resultsandalgorithmsarerepresentatie of local researchthat shouldprove
usefulandrelevantto future efforts realizedin the Quagensystem.

3 Group Planning and Acting with Negotiation

Barnumsrecentwork with the Quagensimulatorimplementedole-assignmentple-swappingand
resource-allocatiomethodshat approachoptimal with goodcommunicationanddegradegrace-
fully ascommunicationslegrade.Eachrobotis maderesponsibldor a subsebf the teams work,
but while pursuingtheir goals,the robotsattemptto tradegoalswith othersthataremorecapable,
therebyimproving teamperformanceAs communicationslegrade however, tradingbecomedess
frequent,andin the worst case(thatis, no communicatiorat all) robotsare still ableto perform
their own taskswithout tradingthem. Coordinationis truly distributed, not hierarchical. Eachis
ableto performits taskswithout communicationonly trading with othersif a link is available.
Theoverarchingcontrol systemis independenof individual robotdesign,sois applicableto teams
composef a wide variety of autonomousynmannedyround,air, andseavehicles. In the limit
of this formalismrobotshave neithercommunicatiorwith nor obsenationsof otherrobots,coop-
erationceaseshut assignedasksarecarriedout (however inef ciently). Thiswork involved some
extensiongo the original Quale ProtocolBarnuminherited,andsome(now optional)changedo
the Quale engineto allow communicatiorbetweeragentySection9).

Toleranceof disruptionandthe ability dynamicallyaltertasksdynamicallyis vital for any suc-
cessfulmulti-agentteam. It is possibleto have a very robust systemby not allowing agentsto
communicateput complex tasksandef cient coordinationrequireit. Whengroupsof robotsare
interestedn commongoals,they mustbe ableto work togetheyor elseit maytake along time to
completetheirtasks.But atthe sametime, they shouldhave enoughautonomyfrom eachotherthat
they do not have to rely on communicatiorwhenit cannotbe guaranteed.
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Many teamcoordinationsystemsanalke the assumptiorthat eachunit of the teamhasa x ed
setof capabilities We arein uenced by theideaof softwareagentghatmigratebetweercomputer
systemgweb cravlersareanexample).By usinglarge groupsof softwareagentsandsmallgroups
of hostswe have beenableto designarobustanddynamicteamwork system Any implementation
with multiple softwareagentcantake advantageof theintrinsicfailuretoleranceanddynamicgoals
suchadesignbrings. The designeronly hasto decidewhich single-goalagentsareneededor the
systemto succeedanda way to calculatetheir utility. Humaninteractionis simpletoo; peoplecan
interactwith thesystenin agoalbasedvay, eitheraddingor remaving agentgandthereforegoals,)
andleaving the optimizationto the system.

3.1 Hardware Hostsand Software Agents

In this section,our nomenclaturgindeed,taxonomy?) becomesonfus(ingor ed). Agent-hood
dependon the domain: a software agent(softbot,even robot) works in the electronicdomainof
programsahardwareagentworksin theworld. In this sectionwe ervision programgo solvetasks,
carry out roles, run behaiours, etc., asactive thingsthat can migratewherethey areneeded36;
38]. In that sensethey are software agents. Oncethey arein place, they form the control for
hardwarebots(they becomepart of the quagentontroller). However the quagenin this view can
be considereagimply the executionshellfor themoreactive agentsandhenceis referredto hereas
ahost Thusour quagentswhich controlhardware,becomehoststo softwareagents Thelatterare
liketheplaysin VanWie's agents'playbookq73]; they arebehaiours,skills, tools,roles,available
to thehost.

JustasVanWie's agentsdo a cost-bene tanalysisto decidewhich play from the playbookto
assumein this work a hostconductsan auctionin which eachresidentagentsubmitsa bid of its
estimatedutility.

A mobile (softwae) agentis simply a softwareagentthat hasthe ability to move with its state
intactto a differentmachine which allows ef cient resourcesxploitation[55]. Mobile agentsare
most useful when communicationis either limited or uncertainsincethey canget “close to the
action”to minimizecommunicationAny systemwherethecodeis separatedverlong distance®r
is plaguedwith malfunctioningnetworking canbene t from locally executingcode.Mobile agents
provide a generalizedvrapperthat can operateon varioushardware platforms,without requiring
thedesignetto explicitly write codefor them.

3.2 Communications

Thereare a variety of systemghat useauctions,which canbe fastand unambiguousto coordi-
natethe behaiors of multiple agentq78; 77; 62; 35; 37] We areusingan auctionsystemfor the
coordinationof several agentswithin a single host, with the hostactingasthe auctioneertaking
bids on therightsto useits resources.To participatein anauction,anagentcalculateshow much
the auctionedtem will bene t its utility, andsendsa bid to the auctioneer The auctioneelis not
requiredto know why ary of thebidsarewhatthey are,only thatit shouldselectthehighest.All of
theunderstandingf desiresandabilities canbe communicatedby a singlenumber

Althoughthe communicatiorcostswithin a singlemachineareirrelevant, the needfor the co-
ordinationof differenttasksis still present.By encapsulatinghe calculationof utility within each
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agentthehostonly hasto chooseheonethatreportshaving the highestnumericalvalue. Thisway,
the hostdoesnot have to have ary knowledgeof eitherthe dataor thoughtprocessof the utility
calculation.

The usablesetof agentscan constitutea host's static playbook,or agentscan move between
hosts.Agentscanrank hostsasto their suitability for the agents purposesandmigrateto the best
host. The decisionto move usesthe samemeasureof utility asthe auctions,an auctionis not
involvedandit cantravel to ary hostit wishes.Eachagentshouldattemptto maove to the hostthat
will give it the highestutility, usinginformationon the structureand stateof the host,aswell as
how busythehostis with others.

The communicatiorprotocolis similar to the contractnet[62; 34], with two maindifferences.
Oneis thatoncean agent(andthereforegoal) is transferedo anotherhost,the rst hostdoesnot
have to monitorits progresgo make sureit is completedyeducingcommunicatioroverhead.The
seconds thatfor ataskchange contractnetsusethreesetsof communicationswhile our system
usestwo. The downsideof our systemis that eachhosthasto updatethe othersevery time it
completesa statechange morein the mannerof a speci ¢ sharingsystem[36]. As a result,the
totalamountof communicationgs not substantiallyess,is morespreacutanddoesnottendto be
bursty Broadcastessaget all agentsvouldlowerthenumberof messagesubstantiallybut even
with pointto point communicationpur methodcanutilize communicatiorhardwareef ciently .

A reliableagent-transfeprotocoldealswith lost messagedetailsin [23].) As aresult,agents
may be replicatedbut not lost. The movementof the agentsfrom one hostto anotheris greedy
so performancas not guaranteeaptimal. Our experiencecon rms the sentimenthat rst-choice
stratgyiessuchasauctionsgendto work reasonablyvell [34].

3.3 A First Demonstration

To build the necessarynfrastructureandto testour proposedole-allocatiormethod,We (i.e. Bar-
num) createda simulatedworld with the coredecisionmakingandagenttransfercomponentsin
the simulation,thereis alarge groupof randomlypositionedrocksthathave to bedrilled for sam-
ples(Fig. 1). We usedfrom oneto ve simulatedhomogeneoumechanicatovers,andassumed
a differentindividual software agentresponsibldor the drilling of eachrock. Eachof the rovers
is a host,andhasa list of all its residentagents,andsimulatedcommunicatiorhardwareto com-
municateto otherhosts.The tness of a hostto drill a particularrock simply depend®nits being
untaslkedandonthedistanceo therock.

Thisscenarialoesaddressheef ciency of multiple coordinatedarallelindividual actions but
doesnotaddressheissueof multi-actorcoordination.Thatis, notaskrequiresnorethanoneactor
to accomplishanda fortiori notaskrequiresmultiple actorsplayingdifferentroles.

Our mobile agentsare hybrid automatalautomatecontrolledby both discreteand continuous
statevalues)thatcontrolaroverto performagoal. Eachautomatordirectsanhostrobotto move to
arock, thento drill it, with toleranceo somavhatuncertainmotor controlandcollision avoidance.
(For moredetailson the designandfunction of the automatasee[23]) The automataaredesigned
sothatif arock turnsoutto be non-drillable,alreadydrilled, or unreachablethenthat agentwill
remove itself from its host.

In mostof our experimentseachhosthasa playbookof all agentsandagentcodeis notcopiedin
role-swapping ratheragentareuniquelyidenti ed by theirgoal. Thisis ashortcuthatis equivalent
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Figurel: Agentsin action. Operatingsurfacesaretexturedto helphumansgyaugedistance.Rocks
arethelargerobjects hostdrilling botsappearsmalleranddark.

to free andreliablecommunicatiorfor sendingprogramsaroundthe system.Agentsalsoneedto
beableto sharedata,mostlyrelatedto their host's positions.

While oneagenthascontrol of a host,the host's otheragentsarefree to move aroundto other
hosts.To gaugewhetherandwhereto move, agentseedto know thelocationsof the hosts.Hosts
arerarelyidle, andsothe agentcurrentlyin chage of a hosthasto give all otherhostsan estimate
of whereit will endupandhow longit will taketo getthere(detailsin [23]).

3.4 Analysis

We ran instrumentedrials to testour implementation(detailsin [23]). We variedthe numberof
agentsn theteam testeddifferentlevelsof communicatioruncertaintyandusedseveralrandomly
generatedjroupsof rocks,etc. We quanti ed teameffectivenessmessagérafc, (e.g.Fig. 2). On
averageasmoreagentsaareaddedandascommunicationgremorereliable, thefasterthe problem
getssolved.

3.5 FutureWork

Barnums work is alsoin supportof researcton commandinterfacesto intelligent teams: he is

working with the Corversationalnteractionand Spolen Dialog ResearctGroupat URCS,whose
goalsarethe developmentof mixed-initiative planningalgorithmsandintelligent software agents
interfacedby naturallanguageto a humanpartner[3]. The currentinterface(e.g. to the TRIPS,
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TRAINS, andMedAdvisordialog-understandingystemslsesspeechgraphicsmenusandsome
work hasbeendone on monitoring eye movements. The Quagentdomaininterface raisesnew

issuesecaus®f the multiple agentsnvolved andthe natureof thetasks.Ouraimis to implement
commanddy by goal-settingat the highestlevel possible Jeaving lower-level organizationto the

swarm. Onebasicsubtasks to mapthe Englishcommandgo the playbookentries.

Thealgorithmsandtechniquesve createwill beusefulunderawide rangeof assumptionabout
agentcapabilities. Thevisualcapabilitiescanbetrainedby examples.Theagents playbookscanbe
developedandtestedof ine (in simulation,say). We pictureatoolboxfor con guring multi-agent
missionsin mary domains.

We mustexpandthe problemdomainto includeindividual subtasksequiringmultiple (multi-
role) heterogeneousctors.In thedrilling domain,JohnHenrycouldneeda shaler, (multiple roles)
or it maytake two or threerobotsin similar rolesto carry anobject. GRASPlabhasbeena leader
in coordinatingrealrobotsusinghybrid controlsystemge.g.[63; 13].)

Perhap®neof the mostpromisingfuture avenuess to re ne the structureof the agentshem-
seles. Although hybrid automataallow for complex function, hierarchicaldecisionmaking,asin
[29; 67], couldallow for muchmorerobustsingle-agenfunctionalityevenwithin the currentteam-
work system. Anothermoredif cult additionwould beto adaptheauctioningandthedecisiongor
anagentto travel from onehostto another Combinatorialauctionshave beensuccessfuin mary
agent-basedndplanningapproachef0; 42; 50], andgive betterperformancehansimplegreedy
searches.

This work canbe meldedwith Van Wie's (and others') approachwhich suggestshat perfor
mancecanbe guaranteedor robotsby having themobsene their ervironmentandseewhattheir
teammatesredoinginsteadof explicitly communicatindg72; 73;41;22; 71].

Tofurtherreduceheneedo rely oncommunicationelementgrom swarmrobotics,mechanism
design,andstigmenqic theory could be addedor substituted57; 66; 30]. Eventhoughthe agents
themseles move from hostto host,it may be possibleto malke the interactionssimpler so asto
allow for greaterfunctionality, evenin uncertainervironments.
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Whaterer communicationrschemes attemptedjt would be bene cial to usea more evolved
agentcommunicatioianguagesuchas|[5]. Although our currentcodedsystemis functionaland
ef cient, adifferentmethodcouldallow for bettercoordinationof teamwork, andpossiblyeventhe
ability to have agentswvork directly togethemn joint plans,usingideassuchasjoint intentions[43].

Any of thesemethodscouldallow for increasen performancendusability Thereareasmary
waysto improve the designasthereareto designit in the rst place,but mostlikely thosethat
warrantthe moststudyarewith emegentbehaviorandhierarchies. Both allow for agentghatcan
performin uncertainandhostilesituationswithout severepenaltiesf theervironmentis otherthan
expected,or agentfailuresoccur The ultimate goal of an autonomougeamthat can handlethe
unexpectedcanonly be possibleby a meiging of techniques.

Last, UR's ComputerScienceDept (URCS)hasa few mobile robotson which algorithmsin-
volving asmallnumberof robotscouldbedemonstrate§b9; 45; 46].

4 PedagogicalQuagents

4.1 Background

At UR we arelucky to have an unusuallystrongAl componenin our history andin our faculty,
We have arecordof achiezementin roboticsandvision, andalsoin naturallanguageunderstand-
ing, logic, and planning. We also have a longstandingcordial and productie relationshipwith
our faculty in parallelanddistributed systems.In 2004 we receved the UR's Goegenaward for
undegraduatecurriculardevelopmentjargely basedon our recordof involving undegraduatesn
researchin asigni cant way.

The Quagentsystemis designedo supportteachingaswell asresearch.ln keepingwith the
tagline (“The Intelligent AgentBook”) of our text [58], with the predictablenterestof our under
graduatestudentsn computemgameswith therecentintroductionof a softwareengineeringourse
basedon suchinteractive gamesandwith our own experiencewith physical mobile robotcourses
atthegraduateandundegraduatdevel, ourgoalis to have quagentersionsof all ourprogramming
exercisedor oneof ourundegraduateAl courses.

The following sectionsummarizeshe detailedassignmentseferencedn the main courseas-
signmentwebpag€[1]. They follow theorderof presentatiomwf topicsin thetext andaresometimes
basedon text exercises.The coursefollows the orderof thetext chaptergeluctantlytreatingsome
morelightly thanothers[2]. The projectsfall naturallyinto the orderthey areintroducedin the
text, whichmovesfrom symbolicstate-spactrmulationsthroughlogic andprobabilisticrepresen-
tationsto climax with severalgoodchapterson variousforms of computerdearning. Unlike mary
Al texts, RussellandNorvig doa ne job with roboticsandvision aswell. Thusour programming
assignmentsover state-spaceearchproductionsystenrobotcontrol(e.g. subsumption-typeon-
trollers),probabilistictechniguesndcomputetearningalgorithms haturallanguageinderstanding
andgenerationandseveral optionsin computewision.

4.2 Project Summaries

At this pointwe invoke a
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Standad Disclaimer: Thebestde nition of Quagenbehaior is thecode.Next bestis thewebdoc-
umentationall pedagogicaQuagentvebpagesspringfrom themainQuagenpage[14].) Sketchi-
est,mostapproximateindabstracis thetreatmenin this TR.

All studentprojectassignmentgand somesampleprojectsfrom pastyears)spring from [1].
Projectsarenormally to be undertalenin teamsof two. Theseprojectdescriptiongely mildly on
anunderstandingf Quagentandthe Quagenprotocol(Sectiont).

State-SpaceProblem Solving

Write generalstate-spacsearchalgorithms(depth rst, breadth rst, A*. etc.) andusethemto

solve a Quagenimmaze-runningpplication.In previousyearswe have usedJug- lling problemsas
well asothersearchproblemsculledfrom SamLoyd's puzzleg52]. In the pastthe searclroutines
hadto be appliedto than one applicationdomain,so it would be goodto nd anotherproblem
besideghe mazefor the Quagents.The mazeproblemwill necessitatereatingsomespecialized
“levels”, or Quale ervironmentsput thatshouldnot presentary majordif culties (Section6.7).

Production Systems

Thisprojectis to learnaboutproductionsystemsndto experiencenteractingwith currentcommercial-
gradeAl software.We uselesg7], andourcodedistributionincludesaJessxample(SeeAppendix
A). Theexercisealsointroduceghe possibility of quagent-quagemommunication.

Fig. 3 shavs amapproducedy a Quagenunderproductionsystemcontrol.

Studentsvrite anddemonstrateneor moreproductionsystemcontrollers(usingJessandprob-
ably Java) for oneor moreQuagentsTheQuagenProtocol(Section?) is usedfor sensingsituations
andissuingcommands.Controllersareto be comparedquantitatvely andqualitatively. Likewise,
the ervironmentcan be changedThe botsinteractwith itemsin differentways, and studentscan
changehe experimentby usingthecon guration les to changesituations.For instancepy adding
moreobstaclegBOXes).

Studentslo nothave to useall thebot'sfacilities. The STOPPEDmessagés like abumpsensor
andit's interestingto write rulesto continuemoving in a straightline despitebumpinginto and
maneueringaroundobstaclesisingonly sucha sensor

In pre-Quagenyears,studentsusually implementeda subsumptiorarchitecturge.g [25; 27;
28; 26], with atleastfour behaiours.

Obvioussortsof primitive behaiors thatcometo mind arethefollowing.
Sensaandchaseanothemot or client (sex, curiosity, or generaplayfulness).
Avoid obstaclesvhile trying to walk in a straightline.
Changdlirectionwhenprematurelystoppedpr generallytry to x thesituation.
Follow awall (coulduselastbehaior maybe?).

Whenenepy goeslow, nd abatteryandpick it up.
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Figure3: Map madeunderproductionsystemcontrol.
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Avoid a staticor randomly-maing "predator” (otherbot or the client (Fear).
Accumulatewisdomto improve visualresolution(with RAYS).

Maintainandmonitorotherresourcedik e wealthor healthandtry to maximizeit anddothe
right thing whenit is depleted Presumablynd theright resourceandpick it up.

Explorerandomly(Curiosity).
Collectattractve items(Greed).

Avoid kryptonite.

The controller can be responsibleor someinterestingguagent-quagenbteractions. For in-
stancet cansimulatea versionof tradingor selling. The controllerwould know thatbotl hasan
excessof acommodity(like HEADs) andnotalot of GOLD. If therewereanotherbot with more
gold thanheads then controller could arrangefor themto meetand exchangegoodswith some
pickupsanddrops.

Quagentzanthuscommunicateadirectly with eachother(throughtheir controllers)eventhere
is no mechanisnfor the botsto talk to eachother The quagentcontrollerscaneffectively imple-
mentbroadcasbr point-to-pointcommunicatiorbetweerbots. Quagentontrollerscanengagein
comple actiities lik e negotiation,bluf ng, whatever.

Learning

Herestudentgproceedrom trying differentlearningalgorithmson a smallabstrac8 4 gridworld
to usingsuchof ine learningto createpoliciesfor “real world” quagentsto doingon-linelearning
in the Quagensimulator

The rst partis muchlike exercisesl7.6and21.7 of the RussellandNorvig text [58] Ex. 17.6
useshe12-cellWumpusWorld to experimentwith policy andvalueiteration,andthenexpandshe
sizeof the grid world. Ex. 21.7 asksfor anexploring reinforcementearningagenttat usesdirect
utility estimation(implementedastableandfunctionapproximatorfor afew increasinglycomple
worlds.

Thesecondstages to mapthe Quake work into agrid world andperformoff-line learning.This
is partly anexercisein abstractiorandpartly to producea policy thatshouldbe approximatelyright
in arealworld setting(asin the RoboCupwork of AsadaandNoda,andmary since[21]).

In thethethird stagethe studentgrobablyusesometype of Q-learning.

The rst (sofaronly) time this projectwasgiven, studentsvidently hadsomeproblemtrans-
lating the text's pseudocodénto real programs.We think. This yearthe assignmengthroughthe
codeandwriteup of Bo Hu) providesa substantiaheadstartwith implementation®f Markov De-
cision Processesy uniform le formatto describethe MDP, andsomeof the morebasiclearning
algorithms.

Despitetheinitial dif culties, somestudenteamsdid quitewell (Figs4 ,5, 6).
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Natural LanguageUnderstanding

As with themachindearningproject,thiswasthedehut of thisNLU project,whichwasinspiredby
the existenceof the Quagentworld. This projectis a Quagentversionof thetext's ideain Chapter
22 aboutorderingtheagentin the Wumpusworld around possiblyaskingit questionsandperhaps
having it respondn naturallanguageo thingsit seesor experience$58].

All theNLU processingparsing semantidnterpretationgenerationjakesplaceatthe Quagent
level, notthebotlevel. Sothe Quagen® NLU-understandingodewill take asinput NL sentences
andproducesasoutputquagent-protocabrdersfor the bot(s). Lik ewise the quagenprogrammay
wantto turn quagenperceptiongwhich it mayhave to askthebotfor) into naturallanguage.

It is quite possibleto hacktogethersomethinghatworks pretty well but thatdoesnot demon-
strateknowledgeof currentNLU theoryandpractice.On the otherhand,muchof NLU theoryand
practiceis aboutfairly comple issuesof languagen whichthecontext is notasconstrainedsours.
Studentghusshouldexhibit asmuchNLU expertiseaspossiblewhile doingthe mostsophisticated
angenerali.e. impressie) communicatiorpossible.

We askfor aformalgrammairfor theinterface,a parsingalgorithm,andaway to hookthe parse
to semanticghat are usedto generatethe protocol messageto the bot. Studentscan chooseto
explorespeci c topicslike anaphorapronounreferenceor dialog (quagentskingfor clari cation,
say).

As well asthe text, we provide chaptersfrom JamesAllen's text [16] on chart parsingand
(Brown's currentprejudicefor agoodmechanisnior this project)semantigrammarsandrecursve
descenparsers.

In the event, somestudentgdid quite well with downloadablesoftwarefor parsingand gram-
mars.

Computer Vision

This projectsimply putssomeclassiccomputervision problemsinto the Quagenworld. Students
are encouragedo look beyond the text for backgrounditerature. Quagentbots can be given a
“camera’at eye-level thatallows themto look aroundin their world (Sec[14]).

Somestudentsovercamethe menacingll-lit Quale Il conditionsby creatingtheir own ervi-
ronmentgFigs.7 8).

Segmentation:Declarewhatobjects(or partsof objects)are“salient” andusevisionto separate
theirimageevidencefrom therestof theimage.E.qg. if edgesandcornersareimportantsayto make
a line drawing of your ervironment, nd lines. Or nd regionsthat may correspondo objectsor
meaningfulpartsof objects.The“image” mightbea depthmap.Onecouldimplementstereo.

Resultsof studentexperimentsvith edge- ndersareshavn in (Figs. 9, 10).

Object Recognition

Simplify the sggmentatiornproblemsomeha (normalizeinputs, have predictablebackgrounds...).
Thentackleobjectrecognition.Tell onebotfrom anotheyor oneitemfrom another Our suggestion
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Sample raw image with oul textures

Figure7: Raw, untexturedimage.

Sample image with textures

Figure8: Texturedimage.
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Figure9: Edge nder 1.

2nd Edge detector

3" Edge detector

Figure10: Edge nders 2 and3.
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Figurell: A mapmadeusingvision.

is to usea classicclusteringapproactor a decisiontree: make visual testsof increasingdif culty
(andpresumabhdecreasingccurag) until you're sureenough.Thebrave or foolhardymightwant
to try a neuralnetto implementclustering. Interestingissueshereare: what featuresto nd and
how to nd them,robustnes®f classi cationin the faceof scale orientation lighting changesnd
obscurationAnd of coursehow mary differentobjectsyou canrecognize.

Tracking: Track anotherobjector bot. Objectcould be somethingstatic while obsenrer is
moving, or objectcouldmave, or bothcouldmove. Thisis agoodplaceto motivateKalman lIters
(Chapterl5 of thetext [58]).

Mapping

This is This is a practicaland vision-like problem. The RAYs facility simulatesring of infrared
range- nders.ReallR sensorarevery noisy, soonecanaddnoiseanddropout,limit sensorange,
etc. For mappingthe problemis to take noisy datathatshouldoriginatefrom walls andgroupingit
togetherinto line segmentssoyou candrav anaccuratenap. For this, onefavorite tool computer
vision classess the HoughTransform.

We don' really expectstudentgo write their own low-level vision code,sowe provide several
optionsfor sourcecode(including ltering code home-gravn vision code, andapointerto thelntel
OpenSourceComputenVision Library).
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Figure12: View of the situationandgroundtruth: somebotshave expired of old agewhile explor-
ing.
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4.3 Objectives,Outcomes,and Evaluation

Justkidding. The relevant coursehasonly beentaughtoncewith the quagentexercises,andits
entiremethodologywasrevolutionarily changedfrom standardecturesto a“problem-basedearn-
ing” format) at the sametime. Thereare several variableschanginginstantaneousland simulta-
neously anda historicalcomparisoris impossiblesincethe graduatelA (who change®very year)
traditionallygradeghe programmingprojects.

The instructor (Brown) aslked several explicit questionsaboutthe ef cacy of quagent-based
learningon the StudentCourseOpinion QuestionnairdSOCQ),but theseparticularanswersvere
eithernot forthcomingor lost in the College bureaucrag. Anecdotallystudentsseemedo enjoy
the Quale and quagentworld, thoughtherewere mary “Quagentsystemis buggy” gripeson the
SOCQs. The authorsin general,including a serioussummesong user(Barnum,)aswell asthe
TAs for thecoursefeel this complainthaslittle merit. In our experiencanstilling con dencein the
systeminstills con dencein the studentsandwith time we expectmoreof both.

5 UR-Quake (David Costello)

UR-Quale is amodi ed versionof Id Software's Quale Il. Dynamically Quale Il canbedivided
into a sener partanda client part. The client partis in chage of graphicsandthe usercontrols
(keyboard,mouse gamepad,etc.). The sener updateghe world statesandfeedsthis information
backto theclientfor it to redrav the graphicsaccordingly Statically Quale Il consistsof anexe-
cutableandtwo DLLs (dynamicallink library). The executable/quake2 ) hasboththe senerand
clientcodeandis generallyreferredasthegameengine A videorefreshlibrary (ref _softx.so )

providesthe gameenginebasicgraphicsabilities. The gameitself, containingvariousmonstersn-

cludingourquagentsis in gamei386.so0 . Thisarrangemergnablesisergo loaddifferentgames
usingasingleexecutable.To loadgamei386.s0 in currentdirectory e.g.,weissue

quake2

To runthe game,we alsoneedto setthe ervironmentvariablesQUAKE2 BASE and
QUAKEZ2_CONFto tell wherethe mapis anda placeto storecon gurations. The script
/u/cs242/quake/bin/run-quake doesjustthat.

A bookon Mod programmingn Quale Il [39] gave usefulbackgroundandgeneralcultural”
technicalbackground We found usefula documentetailingQuale Il calling trees(functionnest-
ing) for several of the main controlloops[33]. Also avery helpfulandcomprehense look under
thehoodis [44].

5.1 Original Goalsand Challenges

The projectbeganfor me essentiallyasa feasibility study The question?Couldthe Quale game
enginebe usedasa stand-in'w orld simulator'to supportdevelopmentandresearctof ‘intelligent’
agents? The ideawasthat the Quale enginehandledall the nastydetailsof collision detection
andernvironmentmanagemenso researchersould concentraten exploring agentbehaiors and
interactionswithin arich 'world' space.lf anobjector entity bumpsinto awall or falls in a pit of
lava, the engineknows how to managedhe physicsof the subsequentonsequences.
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For our purposeghereweretwo major requirementshat neededo be satis ed for usto seri-
ouslyconsiderQuale asour baseplatform.

1. The"agent”codeshouldbuild andrunundertheLinux OperatingSystenregardlesof where
theactualgamesenerwasrunning.

2. Theremustexist amechanisnto build "agents”(or atleasttheir smarts)externalto the game
itself so that externalresource®f the agentswould not have to be linked directly into the
gameitself.

Of coursetherewere mary more speci cationsafterwardsbut thesewere the main points of
interestatthe onset.My taskwasto answerthesequestiongle niti vely andprovide a small proof-
of-conceptdemo.Requirement just madethingsmucheasier Linux is our primary development
platformandconnectingo otherhomegrownn resourcesuchasTRIPSor computewvision applica-
tionscouldlaterbefacilitatedwithout excessie porting. Requiremeng would allow agentcodeto
chugaway outsideof the gameperhapsommunicatingvith otheragentsandthenasynchronously
agentscouldcommunicatevith the gameandentity representationtherein.

We knew that Id software hadreleasedsourcecodefor Quale Ill Arenaaswell asQuale Il
andQuale I. Quale lll Arena,beingthelatestof the series seemedhe mostpromisingat rst. It
provided superiorgraphicsto the previoustwo andadwertiseda moresophisticatednternal Al for
the games bots. Therealsoseemedo be a lot more programmeractivity in termsof third party
'mods' associatedavith Quale lll Arenasoit stoodto reasonthatwould be a goodplaceto start.
Id softwaredoesnot pravide a gameengineAPI documenfor ary of its opensourcecodereleases
S0 you are on your own to determinethe architectureby using online referencesn the gaming
communityandary possiblebookson the subject. The gamingcommunitywebsitescontaingobs
of disconnectedhformationprovided by enthusiastsThe troublewith muchof it is thatalot of it
is in "gamerspeak’andmuchof thatis not of a technicalprogrammingnature. Also considering
thatQuale Il wasoriginally releasedn the late 19905 (1999andQuale Il beforethatin 1997),
mary promisinglinks to tutorials and documentatioron the Internethave simply becomedead
links. And furthermore althoughthe Quale Ill gameenginewasrevolutionaryandis usedasthe
baseplatform for mary contemporarngametitles, the currentyearwas2003. In computergame
developmentyearsa ve yearold gamereleasgor earlier)mayaswell have been1909. Thetime
gapis importantnotin termsof therevolutionaryengineitself but in termsof contemporargaming,
accesgo shrink wrappedcopiesof the retail game,andongoinggamemod development. The Id
software websiteidsoftware.comoffered the sourcecodeto the gamebut no API documentation
or codereferencesPlanetqua&.com,whichis THE quale enthusiasheadquartersn the Internet,
proveda usefulresourcdor nding modprogrammingnformation.

Oneof the rst thingsyou realizeimmediatelyis that the gamewas originally designedfor
the Microsoft Windows operatingsystemandthe sourcecodeprovided by Id wascon guredto be
compiledandrunontheMS Windows platform. They helpfully provide a Visual Studioproject le
thatdoestheright thing on a Windows workstation. | found somefolks who hadtakena crackat
constructingmalke les for Linux but noneof the distributions| tried actually successfullybuilt a
binary on our equipmentwhich at the time wasa fairly standardnstallationof RedHat Linux 9
with agcc3.2compiler
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Theotherthing thatbecameammediatelyevidentis thatJohnCarmackat Id softwarenadNOT
releasedhe entireQuale Il gameto GPL opensource.The client codewasavailableto facilitate
building gamemaodi cations (mods)but the gameengine(sener) codewaskeptproprietary This
wasdueto thefactthatld softwarewasstill sellingthegameengineto commerciabamedevelopers.
Purchasinghegameenginefrom Id wascostprohibitive andveryrestrictve. It meantyouneeded
commerciakcopy of Quale lll Arenato programary gamemods.You alsoneededo runthegame
(thesener) on a Windows machine Anothergotchais the factthatthe dataandgraphicsles (pak

les) for the gameareNOT availablewith the sourcecodeandarein factnot availablevia a GPL
license.Sowithoutaretail copy of thegameyou cannotproceed! decidedo pursuethingsfurther
aryway sincel hadacces$o awindowvs machineandreally wantedto explorehow limiting it would
be to not be ableto touchthe enginecodeitself. Tryingto nd acopy of a gamethatold proved
dif cult. Thecomputerstoresdon't carrytitles thatold nor do onlineretailers.Eventuallyl found
ausedcopy of bothQuale Il ArenaandQuale Il from individualsvia Amazon.confusedandfor
sale”section.Interestinglyenoughsincethereleaseof Id software’s latestgameDoom3in August
of 2004 a quick searchvia Amazon.conrevealsa signi cant numberof usedcopiesof Quale Il
andQuale Il. Many, mary morethanl| found availableat thetime | startediooking. | believe the
interestin the nev gamehasrekindleda niche market for the "old school” versions. This means
it will berelativelyeasyto duplicateall of our systemsimply by buying the gameto get whatwe
cannotdistribute

Thankslargely to abookby Shavn HolmescalledMOD Programmingin Quale lll Arena[39]
| wasableto begin to understandhe Quale modelandsuccessfullcreatedsomesmallgamemods
underwindows to begin to explore somepossibilities.Underwindows | used
Q3ATA GameSource 127.exe sourcecodeand appliedthe pointrelease  132.exe to
the binary gameinstallation(both available from idsoftware.com).| did thingslike changingthe
propertief arocketsoasto makeit y soslow youcould re it andthenrunin front of it to watch
it explodecloseup. It was certainly not intelligencecodebut it helpedwith understandindnow
the gameloop andeventcall-backswork. With the Quale 11l Arenasourcecodedownloadedfrom
Id software (Q3A-129h-sourcevasusedunderLinux ) | did actuallysuccessfullybuild the client
portionof thegameunderLinux without muchtrouble.But | wasnt ableto obtaina Linux version
of the binary gamesener to link to. | alsoexploredthe possibility of runningthe gamesener
underwindows andconnectingclient botsremotely With the sener locked into Windows andthe
networking codehiddenit wasgoingto bedif cult atbestto accomplishwriting autonomouslient
botsthat connectedrom Linux. | nally gave up trying to gure out the network protocol. Sol
ultimately optedto stepfurtherinto the pastandacquirethe Quale Il sourcewhich includedfull
sourcecodefor the entiregameincluding the enginesener. The versionour work is basedon is
3.21(quake2-3.21-id.zip from idsoftware.com)

The API, which you literally have to learnfrom the sourcecodecommentsandword of mouth
on the gamerboards,is slightly differentin the older Quale Il versionbut the basicarchitecture
is similar so the basicfeel of things| learnedfrom the Quale Il experimentswasvery valuable.
AlthoughLinux OS codewasincludedin the sourcebundle,it would not build underLinux andit
still requiredacommerciakcopy of thegamefor thedataandgraphicsles containedn "pak” les.
Furthercomplicatingthingswith Quale Il is thatthe pak les arecompressedvith a proprietary
compressionunlike the Quale 11l pak les thatare simply zippedandthereforecanbe unpacled
with ary zip tool. TheQualell pak les requireawindows only decompressiouiewertool (I used
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pakexplorer). Map building tools arealsoavailableonly for useon the Windows platform. Oncel
successfullyconstructec Make le thatcouldbuild thegameunderLinux andcopiedoverthedata
(PAK) les from theretail Windows CDROM | hada completeworking versionof the gameinside
Linux.

5.2 Quakell Botsand Mod Programming 101

The Quale Il sener comprisesan executableanda gameSharedObjector SO (or DLL Dynamic
Link Library underwindows). The gameSO is responsibldor the Al of the monstersweapons,
botsandothergameplay.

The quale2 executablealsocontainsa client part, which is connectedo the sener over a net-
work, or locally if on the samemachine. It is the sener that dictatesthe eventsand controlsthe
entitiesin the Quale Il world. Everythingconceved by the sener is corveyed as network mes-
sagedo the clients. They only have to renderandtell the sener what the connectedlayeris up
to (renderingmay include someasynchronousnterpolationof graphicdetailsof fasteventslike
explosions.)

Quale Il is alsoaccompaniedby PAK- les. A PAK-le containsoneor several maps,which
de ne the Quale Il world. They alsocontaininformationaboutwhereentities,like monstersare
placed(spavned)in theworld.

The world is divided into staticobjectslike walls, oor or sky andentitiesthat are movable,
like players,monstersandrockets. The sener maintainsa large struct called edictt that holds
the representatiomf the world. The gamesharedobject extendsthis structto add attributesand
functionalityto thegame.Thisis oneplacewheregamemod's canchangdheplay andfunctionality
of the game. By creatinga nev gamesharedobjectand loadingit (swappingit for the regular
game.sowith thesenerthe”mod” is activatedfor play.

All entitiesin the gameutilize a "think” function (which is provided by the edictt struct)to
executecalculationsor behaior. The sener loop, which is single threaded provides eachentity
a slice of time to executeinstructionsfrom its current”think’ function. The function pointeris
changedo the function needechext by the entity andatimer variableis setfor its next execution.
For examplearocketin ight uponbeingnoti ed thatit hadstrucksomethingvould setits "think”
functionto "explodefunction” sothatits next time slice would executethe functionto performthe
explosion. Entitiesseta "nextthink” variabletimer thattells whenit needsprocessotime again for
its "think” function.

Thebasicdirectorystructureof the Quale Il game(andsourcebundle),which representgach
of themainmodulesof the completegame,is thefollowing:

client/ — containsclient codesomeof which performslocal operationdik e soundgenera-
tion to reducenetwork lateny andoff load someexpensve work from the seneritself.

game/ —thesener. WherethemonsterAl andbasicbehaior codefor thegameis.
ref _soft/ — softxrenderingcode

ref _gl/ —openGLrenderingcode

linux/ — OSspeci ¢ code

gcommon/ —utility codefor handlingcommandline,les, ervironment,etc...
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Additionally, to runthegamethebaseqg2directorycontainingthe pak les with thegamesdata
andgraphicsis required. This is obtainedfrom the retail CDROM. Quale Il Sourcecode-naming
corventions:if the source le namestartswith g_ gameengine(sener) codem_ monstercodep_
playercodecl_ clientcodeAside:

Thereis a lot more"Al” codeinside the Quale 1ll Arenasources. Therewas a signi cant
upgraden theability of monsterdo play thegamein Quale Ill whichis primarily a’"deathmatch”
style First PersonShooter Playerskills areslightly differentin a deathmatclgameasopposedo
anexplore andadwanceQuale Il type game. Themonstersn Quale Il have very unsophisticated
abilities. For examplein Quale Il the monstersavigatetheir way aroundby following invisible
breadcrumitik e paths.In Quale Il Arenamostof the Al codeis containedn sourceles pre xed
with ai_.

The gameis driven by the Quale2 engine. Every 100msit calls a RunFramefunction of the
game SO, which in turn calls a tree of functionsfor animatingall the itemsin the world. Thisis
calledasenerframe.

Every 50msor so the Quale2 enginecalls a function namedClientThink in the game SO.
Actionstakenby the playerareintroducedat thatpoint.

The sener updateghe physical con guration of theworld. The client partof Quale2 predicts
movementin betweemetwork updategrom thesener. Eventually(every few framesor so 10hz?),
theengineupdateghe clientwith currentinformation,sendingts realpositionandorientation.

To managdime slicing andeventcallbackstherearea numberof pointersto functionsde ned
in theedictt structwhichcanbeviewedinsidetheg_local.h le. Thisis wherethepointerto "think”
is de ned aswell asthe”nextthink” variable.Therearealsofunctionpointersto thingslik e touch”,
which getscalledby the senerwhena collision is detectedand”die” thatis calledwhenthe entity
expires. All spavnedentitiesgeta handleon this struct,which is usuallyreferencedasa pointer
namedself. Oneway to effecta changdan gamebehaior thenis to de ne your own functionand
setthefunctionpointerin edictt sothatyourfunctionis calledwhenaneventis triggered.To geta
jumpstartyou canadaptcodefrom oneof the monstersRecallmonstersourcecode les startwith
thepre x m_. In thefollowing codesnippetwe adaptm_soldietcin anew le namedwhatereryou
like.

Whata simplespavn functionmightlook lik e:

void SP_Mybot(edict-t *self){
/I use the soldier data which is inside this

/I directory in the game pak file
self->s.modelindex =
gi.modelindex ("models/monsters/soldier/tris.md2");
self->monsterinfo.scale = MODEL-SCALE;
VectorSet  (self->mins, -16, -16, -24);
VectorSet  (self->maxs, 16, 16, 32);
self->movetype = MOVETYPE-STEP;
self->solid = SOLID-BBOX;
self->die = myfunction_die;
self->touch = myfunction_touch;
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self->monsterinfo.walk = myfunction_walk;
llregister this new entity with the
/lgame import engine (world)

gi.linkentity (self);

/I kickoff monster animation
self->monsterinfo.walk (self);
walkmonster_start (self);

Hereis avery simplefunctionmyfunctiontouchde nedto just print to the consolethe nameof
thething my botis bumpinginto.

void myfunction_touch(edict_t *self, edict_t  *other,
cplane_t *plane, csurface_t *surf){
Com_Printf("my bot is touching  %s\n",other->classname);

The easiestvay to executeyour new spavn fuction whenthe gameis runningis to attachit to
a consolecommand.The gameprovidesa drop down promptinginterfacecalledthe consolethat
providescertaintypesof gamefeedbackprovidesmessageassingbetweemetworkedplayers.and
allows gamecommandgo be enteredandexecuted. Therearelots of built-in commandsandit is
trivial to addonethatcallsoneof your functions. The consolecommandsirede ned in g.cmds.c.
To addthe spavn functionabove to acommanccalled”mybot” we would addthe following inside
theg_.cmds.cle:

/* one of the built in Quake commands */
else if (Q_stricmp (cmd, "wave") == 0)
Cmd_Wave_f (ent);
/*  Our new command.
* Here we look for the "mybot" string on
* the console, print a message, and call the SP_Mybot

*function.

*/

else if (Q_stricmp (cmd, "mybot") == 0){
Com_Printf("spawning mybot.\n");

SP_Mybot(ent);
}

Now whenthegameis runningwe candropdown theconsolgusethe
to seethenaewv codework.

key) andtype mybot

Commenton Quake Il Animations

TheQualell architecturanechanisnfior performinganimationsuseswo datastructuresmframet
is essentiallya list of a seriesof small functionsto be calledin a loop, and mmove_t contains
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instructionsfor which graphicframesto displayduringtheloop. You canseeexamplesinsidethe
monsteisourceles. Thesegraphicabpicturesarethekind of thingyouwould createandtheninstall
in yourown PAK le if youwerecreatinga nev gamewith new characterandobjects.Lackinga
graphicalartiston theteam,our initial experimentusethe stockcharactegraphics.

Graphics Rendering

An entirepapercould be written aboutthe graphicalrenderingof Quale Il but the only thing | am
goingto mentionis the subsystemve usedunderLinux. Quale Il supportdothOpenGLandsoftx
renderingunderLinux runningan X sener. Althoughmy Windows testshadno problembuilding

andrunningtheOpenGLrenderingsubsystenh did nothave ary luck with it underLinux. Thereare
acoupleof issuesFirst,we did nothave alicensedOpenGLlibrary available.We did howeverhave
the opensourceMESA library availablewhich is usuallyafairly reliable substitute. Admittedly |

did not spenda tremendouslyarge amountof time trying to getQuale Il to work with MESA but
thetime | did spenddid not prove successfulThesecondssueis thatpresumablyf yourun Quale
Il Linux with the OpenGLrenderingsubsystenthegamemustberun asroot (superuserio perform
the screenwrites. Theremaybe someworkarounddor this but this wasnot anattractve restriction
consideringve wantedto provide a platformfor studentgo develop agentcodeprojectsusingour
framevork. Theremay alsobe a video card driver issuefor maximizingthe performanceunder
Linux but I don't think | gotthatfar sol cant speakto that. Oncel gotthe softx renderemworking,
andfoundit to performquite adequatelywith our hardware, | left the OpenGLasa TODO. That
said, this issuewill bereaddressedoacomparisorcanbe madeto decideif thereis a signi cant
bene tto the OpenGLrenderingunderLinux.

5.3 Experimental Bot

Oneof our rst experimentsvith gamemodi cationswasto createa mod(davebot)thathooksup a

listeningportin thegame.This connectiorspavnsacustombotandopensacommunicationghan-
nel to the outsideworld wheresimpletext commandsretypedin to directsomebot actions.The

incomingconnectiordoessomesimpleparsingto determinghedirective andcallsthe appropriate
bot commandfunction. This wasthe beginning of developmenta simpletext protocolinto Quale

Il thatallows externalresources$o work andthendirectbotsinside Quale (Section7). Hereis the

pseudacodethatformedthe basisof the davebotdemo:

davebot mainthink() pseudo-code:

[after spawn to setup communication channel for
our external ai text protocol.]

if ('socketlnitialized){
connect server socket and listen for connections

(socket, bind, listen)

if ('socketConnected){
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nonblocking accept

if

}

} else {

(EAGAIN){

nothing ready vyet.
lelse{

sock is connected

readSocket()
parse command
do action

5.4 QuagentAr chitecture

The quagentdemocodeandbot protocolgren out of the earlierproof of conceptexperimentsnto
akind of specializedot proxy sener (Fig. 13).

5.5 Quakell versusQuakelll Arena

Qualell is fully GPL licensedandfreefor download.(exceptfor PAK data)

PROS

CONS

full enginesourcecodeincluded
networking bitsincluded

graphicdook clunkier

builtin monsterai is very simplistic, we didn't careaboutthis sincewe werenot trying
to actuallyplay thegame.

OpenGLrequiresrootunderLinux
retail versionrequiredfor pak(data) les
Only mapeditorswe foundrun on Windows only

Quale 3 partof thegamesourceis availableto createdll' s or .so's to creategamemods.

PROS

CONS

gameAl is smarterandfuller featured(don't follow crumbtrails)
current,morestateof theart engine(graphics physics,etc...)
thedownloadedsourcefor dil's and.so's doescompileunderlinux andwindows

PAK les arecompresseih simplezip formatmakingthemaccessiblevithoutaspecial
windows only tool

full enginesourcenot availableandthatmeanso networking code
retail versionrequiredfor maingamebinaryandpak (data) les
alot moreresourcegor windows platformthanfor linux/unix aswould be expected.
network protocolis not availablefrom Id
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Figure13: Simplistic Visualizationof Quagentrchitecture
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6 The QuagentWorld

6.1 Quagentsand Bots

In our ontology the botsin the Quale Il world are strictly hardware. In a real game,they have
"think” functionsthatmayor nothave "mod” capabilitiescanbemodi ed by theplayers.In Quale
II, aswe have seenthebotscomewith a certainamountof innate“intelligence” (foundin theg_ai
les), whichwe have ruthlesslystrippedout.

For us for now, they are commandablevith a nite setof commandsandthey have certain
re exesthatpromptthemto tell youaboutcertainevents.All theintelligencetherefores off-board,
outsidethe game,in userwritten programg(in Java, Perl, Lisp, C, C++, ...). We cancommunicate
with thegameandviceversa(again,for now) only throughaprotocol. A programsendsandreceves
stringswith keywordsandparametergandit canreceve binary dataaswell). The Quagenis thus
the combinationof thebotin the gameandthe userwritten controlling software.

We can spavn multiple bots. Eachone will have its own "private line” throughwhich you
communicateo it, souserswill notgetthemmixedup.

6.2 Objectsin The Quagent's World: QuagentOntology

The entitiesin the Quagen® world may changeas we add more functionality The issueis the
Quagent state perceptionsactions andwhataretheinterestingobjectsin its world.

Time: thequagens world advancedn 1/10secondntenalscalled’ticks”.

TheClient (the rst-personshooter). Thegamestill hasthis characterandby defaultyou see
throughhiseyes.He canmovearoundjnteractwith bots,presumabihecanstill shootthings,
etc. We have disabledhis "auto pickup” propertyso he cant intentionally or inadvertently
changethe bots' world too much. He raisesa few interestingpossibilitiesfor agentsdealing
with dynamicanduncertainworlds!

Walls andwindows. Thesearethingsthe quagentannotwalk through.

Items:box, gold, tofu, battery data kryptonite,head.You canspavn thesethingsin locations
you specify

Otherquagents.You canspavn morethanonequageni&andcontrolyour botswith different
controllers.

6.3 QuagentState
Quagenthiave aninternalstatein uenced by whathappendetweerit andtheworld.

Position(X,Y,2)

Orientation(Roll, Pitch, Yaw) (mostimportantly for us, the "yaw” is the robot's "current
direction”, andmostcommandsandreportsarein coordinateghattake the current(X,Y,Z)
astheorigin andthe currentdirectionasO degrees.
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Velocity

Inventory(List of itemsin quagen® possession)
Health

Wealth

Wisdom

Enegy

Age

6.4 QuagentPhysicsand Biology

Userscaneasilydiscover how the gameworks, looks, andfeels: thereare somethingike normal
physicallaws runningtheshaw, but therearemary tricks beingusedsosomeinformationyouthink
shouldbe availableis eithernot thereor hardto get. The following laws de ne specialwaysour
Quagentseactto thingsin theworld.

A botis spavneduponconnectionto the game. Often this happensn the bot constructor
function.

Disconnectindills the bot. This maybe usefulif the "laws of nature”you programinclude
fatalconsequencesesideghebuilt-in ones.

All itemsbut boxescanbewalked over; boxesblock walking.

All itemscanbe picked up.

Pickingup (Dropping) Tofu increasegdecreasedjlealth.

Pickingup (Dropping)Goldincrease¢decreasesjVealth.

Pickingup (Dropping)Dataincreasegdecreasesjvisdom.

Pickingup (Dropping)Batteryincreasegdecreasedinengy.

Pickingup (Dropping)Boxesjust meandot hasa(nother)oneless)box.

Picking up Kryptonite meansenepgy decreaseby the sameamountasif it werewithin the
"near” range(seebelow).

IncreasedVisdomincreasegerceptuahbilities. In particularthe maximumradiusfor the
RADIUS commandandthe numberof raysallowed in the RAYS commandgo up. If this
linkageis irrelevantto aparticularquagenscenariandexperimentstheinitial wisdomvalue
canbe SETto or above thevalueof High_-Wisdom.

Ageincreasesverytick. Whenlifetime exceededguagenties.
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Enegy decreaseby a small amountat every tick. When enegy goesto zero, bot stops
moving. Everythingelsestill works,including Pickup,soanothemot couldgive it batteries.

WhenHealthgoesto zerothebot dies.

If Kryptoniteis within a”far” rangeit furtherdecreasebotenegy by alittle ateverytick. If
it is within a"near” rangeit decreasebot enegy by moreat every tick.

Theseare a couple of dozenparameterset by the systemand are not settableby the user
governingthe physical constantsn the Quageniorld.

6.5 Con guration Files

Therearetwo sortsof con guration les. Thereis at mostoneof the rst type, which setsup the
world andis calledwhenthe gameis launchedlt populateghe ervironmentwith itemsin selected
locationsselect.

Itemscanbe spavnedinto a quale world from the consoleor canbe controlledby a con gura-
tion le. The le shouldbecalledquagent _world _config.dat

It hasa simpleformat: it hasoneline peritemyouwantspavnedandeachline lookslike
[item name][x] [v] [z]

Where[item name]is oneof BOX, TOFU, BATTERY, GOLD, DATA, KRYPTONITE, and[x]
etc are stringsto be interpretedas numbersgiving (X,y,z) absoluteQuale coordinates.Now this
meansoneneedsa mapof the currentroomin orderto know wherethingsare,andso thingswill
not be spavnedinsidewalls or out of theroomentirely.

With no con guration le ausergetsthe standardtemsthe gamespavns.
Thesecondypeof con guration le con gure thebots.

Eachtime a botis spavnedits individual con g le maybe supplied. This lets onedo experi-
mentswith botsof differentcapabilities.The botcon guration le haslinesallowing initialization
of certainbot statelevelsandthresholdsThey usuallylook like

[variable][value]

Where[variable]is oneof LIFETIME,
INITIAL WISDOM,
INITIALENERGY,
INITIAL WEALTH,
INITIALHEAL TH,
ENERGYLONTHRESHOLD,
AGEHIGHTHRESHOLD,
and[value]is astringto beinterpretecasa number

An importantoneis slightly different,takingthreevaluesgiving (x,y,z) locationof bot.
INITIALLOCATION [X] [y] [z]

With nocon guration le abotis spavnedin adefaultroom(in factthe rst roomin thegame)
atadefault spotwith default values.
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Hereis asamplecon guration le:

quagent type CB lifetime 5000 initialenergy 1000
quagent type Lane lifetime 6000 initialenergy 2000
guagent type Randal lifetime 3000 initialenergy 3000

tofu 128 -236 24.03
data 150 -200 55
battery 50 50 100
gold 300 -200 30
kryptonite 100 50 100

6.6 QuagentCommunication and Interaction

As of this writing (09/04) communicatiorbetweenquagentgnot bots)is easyif they areall run-
ning in the sameprogram. It may be a little harder(and non-uniform)if they arenot. Right now
we are not using gamefacilities to do communicationssincethey are setup for client to client
communication.

As of now, think aboutthe quagentprograms,the controllers,communicating,not the bots
communicating.It's like the languageandreasoningcentersare up in the controller Soonequa-
gentcanbroadcastor targetanothemparticularquagentpr all quagentsvithin somedistancewith
"messagesthat canbeinterpretedby the otherquagentcontroller) Thusstylizedbehaiours, or
sequencesf actions,canbe scripted: QuagentA canbelow on GOLD but have alot of HEADs,
soit could broadcastOPENFORBJSINESS”, whereuporB could decideto swap GOLD for a
HEAD, and so the controllerswould cooperateby running off the necessaryvalk-over-to, drop
gold,drophead pickuphead pickupgold actions.

Likewisetherecouldbea STEAL interactionthatcouldbebuilt sameway; failing if thedesired
itemis not held, OR onecouldimplementthe capabilityof A inquiring of B whatits inventoryis.
Againthewholetransactiorwould be mediatedby the quagentode,notthebot code.

A goodquagent-quagemommunicationgprotocolwould be a nice contrikution. Barnumhas
implementedneandit may appeailin the disseminated¢ode,web pagesandpossiblyin this TR
soon.

6.7 DesigningEnvironments

Most studentsultimately like to designan ervironmentthat hasthe featuresneededby their ap-
plication andavoids distractingunneededeatures.To createsucha customervironmentfor your
Quagentyou usea level editor.

Thetwo maineditorsthatpeoplemainly usearebothfor Windows, howeverthemap les they
creatework in Linux too. A goodoneis Worldcraft1.6a[12], which is supposedo bethe easiest
to use.Someotherpeopleusethe Quark,or the Quale Army Knife [11].

Therearerumorsaboutievel editorsfor Linux, but haven't foundarything solid. Theworldcraft
site hastutorials,andit is possibleto make mapsfairly easilyusingit. Sometimegextureshave
translationproblemsbetweerthe level editingandrunningin Linux. Theonly x we know is just
to pick differenttextures.
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6.8 Playing God

Clearly someof the basiclaws of how botsinteractwith the world could easilybe enforcedby the
guagentcontroller For instanceto enforcewealeningaroundkryptonite a usercould write the
samething we did...checKor kryptoniteanddecremensome”health” variableaccordingly In fact
thereis no reasoruserscannotbuild complex phobias,socialbehaiors, healthquirks, prioritized
but con icting motivations, whatever! The causesgffects, andinteractionscan all be overseen
by the quagentcontroller This would be just anothedayer of simulationoverlaid on the existing
minimal bot capabilities. Sodon't be frustratedif the bar botsseemto have a minimal inner life
(sortof aphysicalbodyandmaybeanid). You canbuild theego, supergo, etc. in the controller

Userscanbuild andextendmary quagentunctionalities andthey shouldnotfeelconstrainedby
thelimited amountof on-board'wired-in" bot characteristicsve supply For example for research
purposeBarnumeliminatedmary of the Quagenbiologicallaws (Sections3 and9).

7 QuagentProtocol

In this and somesucceedingsections,URLs are in [squarebraclets], and the “...” standsfor
“http://www.cs.rochesteedu/u/bravn/”. Bots are controlledby and communicatewith quagent
controllersusingthe [.../242/docs/quakprotocol.html]QuagentProtocol (describedbelow). For
how to usethe protocolin code,see].../242/docs/quakcode.html]. The latter referencedescribes
thequagenton guration le thatsetupsthebotandits ervironment(Section6.5).

TheQuale le game/g cmds.c implementonsolecommandswhich allow directinter-
actionwith the game.Consultgamedocumentatioror the le to seewhatis possible.

The Quagentprotocolis basedon our experiencewith intelligentinteractive computeragents.
The controller can sendthe bot commandsor askit things. The bot con rms commandreceipt,
sendserrormessagesyr sendsackdatain responseThebot canalsovolunteerfactsto you about
eventsit senses.

The generafform of protocolmessagess:// From controllerto bot: // DO [Command]Param-
eters]//ASK [Query] [Parameters]/Fromto botto controller:// OK ( [Echo]) (echosfor positive
con rmation, asin a submarinemovie) // ERR ( [Echo] ) [Error Description](cant begin to do
command)./TELL [Event] [Parameters{Asynchronougrom bot: volunteersnformation).

In the following, + and* areusedasusualin regular expressions.UPPER-CASEstringsare
keywords. [lower-case-id]gepresenstringsthat areparsedoy scanfasanintegeror realnumber
[Echo]is shorthanda copy of thecommandstringin theresponse[Error-causejs shorthandor a
helpful errordescription.The ResponsefDK ( [Echo]) or ERR ( [Echo]) [Error-cause]jn which
thebotagreedo try to startthecommandpr to performit, or sayswhy not, is calledthe Standad
responseNotethe parenthesearoundtheechoedesponse.

[ltem-Name]is one of the stringsBOX, GOLD, TOFU, BATTERY, DATA, KRYPTONITE,
HEAD.
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7.1 Action Commands

CommandWALKBY [distancele.g.WALK 20.0).DesireBotto startwalkingin currentdirection.

Bot will, at best,startwalking in the right direction and silently stop when distanceis reached.
ib¢ Surpriseaj/bghebotis really a boundingbox andsomegraphicsthatchange pftenin a cycle,

whenit is doing somethingfor examplewalking. The "realistic” look requiresthatthe bot move

unequalforward distancesdetweenthe variousimagesthat depictits action. You canseesample
codein "monster”sourceles like.../game/mgunnerc, whichde ne thegraphicsspeedf motion,

stepsizes,etc. for the differentquake denizens.Thusyour botstake "dif ferentsizedsteps”during

theirwalk cycle. Thusthey only approximatehe distancein the walkby commandandif you are

countingsteps(ticks) or somethingo computeyour own distancesyou canbe surprised.

ResponseStandard.
CommandRUNBY (Similarto WALKBY)
Similarcommands:

STAND. Bot stopsmoving.

TURNBY [angle]. Angleis in degrees,+ (left turn) or - (right turn). Changesurrentyaw
(orientation). Usually performedwhenbot is standing,maybeno reasonnot to issuewhile
moving.

PICKUP [Item-Name]. Immediatelypicks up one of the nameditemsif bot is within the
iPickupRadius¢pof theitem. Error occursif itemis not closeenough.

DROP [Item-Name]. Immediatelyputsdown oneof the nameditemsin the bot's inventory
Erroroccursif bot not holdingnamedtem.

7.2 Perception

ASK RADIUS [distance]. What items are within the given radius? (Thereis a system-
imposedmax-radius).

ResponseERR ( Echo) [usefuldescription]or // OK ( [Echo]) [numberof_objects]([object
name][relative_position])*//, where[relative_position] is an (x,y,z) three-ector of relative
distancesExample:OK ( ASK radius100.0) 2 GOLD -20.030.00 Sandlya-320-1000

ASK RAYS [numberof_rays]. Whatentitiesaresurroundingoot in somesetof directions.If
numberis one,ray's directionis in bot's currentdirection. The commandshootsout [num-
ber.of_rays] evenly distributedon a circle aroundthe robot. // Responseasfor RADIUS.//
Example: ASK RAYS 10// OK ( ASK RAYS 2 ) 1 world_spavn 315.0277.10.0 2 TOFU
200 100 0 // Response:ERR [usefuldescription]or // OK ( [Echa] ) ([ray_number][ob-
ject.name][relative_position])+// relative_positionis asin the Ask Radiuscommand. The
"world_spavn” entity is awall or othergamestructure.

ASK PING (ahigh-resolutiorversionof RAYS).
CAMERAON. Normally theterminalshavs theview from the ( rst-person)client. This puts

thecameraon thebot.
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CAMERAOFE Putscameraonclient.

LOOK. Uploadsimagebuffer to the quagentcode,presumablthe world as seenfrom the
bot's point of view.

7.3 Proprioception and AsynchronousCondition Messages

It is usefulto be able to query the bot's internal state(“get” commands)andto set certainbot
parameterfor experimentaburposeg“set”) commands.

GetWhere Whereis bot, how oriented moving how fast?thesevaluesmustbein world coor

dinatesto bemeaningful.// ResponseERR ( [Echo]) [usefulLdescription]or // OK ( [EchO]

) [World_State], where [World_state]is a vector of coordinatesand a velocity: (world_x,

world_y, world_z, roll, pitch, yaw, velocity).// Currently (27 Jan04) the velocity is returned
asaconstantl. It'stricky, not obvioushow we cansetor getit. If theres acrying need,let

usknow throughthe suggestiormechanism.

Getlrventory Whatis botholding?
Get\Wellbeing.How is botdoingin its life?

SetEnegyLowThresholdvalue]. Also settabldan the con guration le. Whenenegy drops
to this value,botsendsa singleTELL messageo thecontroller

SetAgeHighhresholfivalue]. Also settablein the con guration le. Whenrisesabove this
value,botsendsasingleTELL messagéo the controller

[Condition] is a string signalinga condition eitherin the bot or in the world. The bot can
volunteerthe existenceor parametersf this condition,or of aneventin theworld, usingthe TELL
"response”.TELL is notelicitedby ary DO commandjut is sentunsolicitedby the bot whenthe
givenconditionis detected.

CommandNone
ResponseTELL [Condition].
Thefollowing [Condition]sgeneratelELLs:
STOPPEDMOotion stopsbeforedesiredWALK _BY distanceattained.

KRYPTONITENEAR: Kryptonite hasenteredhe neareffect range(from out of rangeor far
range).

KRYPTONITEFAR: Kryptonite hasenteredhefar effectrange(from nearor out of range).
KRYPTONITENGOT: Kryptonite hasgoneoutsidethefar effectrange.
LOWENERGY: A warning: Enegy fallenbelov Low-threshold:paralysidooms.

NOTLOWENERGY: Enegy risenfrom below to abore Low-threshold.
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OLDAGE: A warning: Age above threshold:deathlooms.

DYING: [World_State][Inventory] [Well_being]. Bot expiring of old age. Deathrattle and
dying dump.

STALLING: [World_State][Inventory] [Well_being]. Bot out of enepy, alive but unableto
move.

7.4 Personallnteraction with Quagents

We interactwith quagentshroughthe quagenprotocoldescribedhbore. Theprotocolis in ASCII,

sotelnetworksto try it out. Whenthe gameis launched,t appearghatit grabsthe mouse. To

move the mouseto anotherwindow to do telnet-ing,hold down the SHIFT key andthenmove
the mouse. Changeto anotherwindow by usingthe key-combinationto switch windows de ned

by your window manager For KDE, this is usually ALT-TAB. This is handywhentrying agent
programs.

A realsessiorcouldlook like this:

prompt: telnet  localhost 33333 (Connect to a quagent).

Connected to quakell bot (Greeting message: connected)

do walkby 100 (Issue a WALKBYcommand)

OK (do walkby 100) (Quagent acknowledges by echoing the command)
do turnby 90 (Have the quagent turn by 90 degrees)

OK (do turnby 90)

TELL STOPPEDG60.0045 (We let the quagent walk 100. It has walked
60.0045 and stopped, probably hitting a wall, triggering
a STOPPEDevent.
Note that this event is asynchronous, i.,e. you dont know
when it'll come.)

TELL KRYPTONITEFAR(We get yet another asynchrounous event that
tells us there's a kryptonite within 200 units. Apparently
the consequence of the walkby).

ask radius 100 (Issue a query, what's out there?)

OK (ask radius 100) 1 player 156.5 86.9 23.9
(Only sees the player (that's you))

8 Programming Issuesin Creating Quagents(Bo Hu)

Aswesaw in Section5, Quale |l consistf threeparts:theengine thegamemoduleandthevideo
refreshmodule.Thethreepartscommunicatevith eachotherthrougha setof APls. Thegamemod-
ule exportsgame_export _t totheengineandimportsgame_import _t fromtheengine.There

37



X —refimport_t—— . {4-game_export_t —|
Video Refresh Module Engine Game Module
——refexport_t— —game_import_t —

Figurel14: Relationshipamongthethreemodulesof Quale I1.

aretwo typesof video refreshmodules,one of which usesOpenGLandthe otherusesthe shared
memoryextensionof XFree86.Both typesprovide asetof APIsto theenginewith refexport
andusefunctionalitiesde nedin refimport  _t from theengine(Fig. 14).

8.1 Endowing Quagentswith Vision

Visual perceptioris animportantaspecbof anintelligentagent. Therearetwo approacheto give
vision to a quagent. The hardway is to renderthe scenefrom the view point of the quagentby
oursehes. This involves deepunderstandingf the Quale Il graphicscode. We take a shortcut.
Noticing that the sceneis renderedo the view point of the client (the rst personshooter),we
manageo stealthe cameraof the client andattachit to a quagent.We thenreadoff the rendered
imagefrom theframebuffer. Thedisadwantage®f this cleverlazinessare, rstly , we arestuckwith
theresolutionof thegame,i.e.,if thegameis setat800 600, theimageswe obtainareof thatsize
or adown-sampledsize;secondlytherecanbe only onecameraat a singlemoment.Nevertheless,
thesedisadwantagedave not shavn greatlimitationsin our researctandteachingsofar.

The way we implementthe frame buffer capturealso exhibits how to bridge the three parts
of Quale Il. As canbe seenfrom Fig. 14, the video refreshmodule doesnot talk to the game
moduledirectly. Sowe needto augmentefexport _t andgame.import _t toenablehegame
moduleto accesghe frame buffer. Speci cally, we add GetFrameBuffer  to refexport  t
andgame.import _t andlink thelattertwo duringengineinitialization.

8.2 Trans guring Monstersto Quagents

Every monsterin the Quale Il gameis of type edict , which recordsall information abouta
monster To turn a monstelinto a quagentwe addquagentinfo  t to edict . Thefull content
of quagentinfo  _t is shawvn below.

typedef struct  quagentinfo_s {

/Il communication stuff

int  connected_socket; /* connected client  socket */
int port;

/I states

/I health, position and direction are already in edict_t

float  energy;
float  tell_weak_threshold;
int  wealth;
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float speed;

int age;

int too_old; /I when age>too_old, it dies of aging.
int tell_old_threshold;

int  wisdom;

/[ all other states

unsigned long misc_states;

/I objects it owns

struct  gitem_s *inventory[MAX_ITEMS];

int  invcount;

/[ alarm mask

unsigned long alarm_mask;

/I requested walk distance: ai_ walk doesn't keep track of distance
/l to make walk_by possible, we need this state variable.

float desired_distance;
float  walk distance;
/I message is a scratch space for communication, because we are using
/I strings to convey all information, we need space to store them
/[ this is especially convenient  for the functions to return extra
/I information to the caller
#define QUAGENT_MESSAGE_LEN23
char message[QUAGENT_ MESSAGE_LEN+1];
/I internal functions
int  (*trigger_alarm)(edict_t*, unsigned char alarm, ..);
int  (*die)(edict_t *);
/I what this guy can do
int  (*turn_by)(edict_t*, float yaw_angle);
int  (*walk_by)(edict_t*, float  distance);
void (*stand)(edict_t*); /I dont want to change DC's quagent_stand
int  (*pickup)(edict_t*, char *item);
int  (*putdown)(edict_t*, char *obj);
int  (*tell_radius)(edict_t*, float  radius, unsigned long mask);
int  (*tell_ray) (edict_t*, int  num_rays);
int  (*camera_on)(edict_t*);
int  (*camera_off)(edict_t*);
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int (*image) (edict _t*, int  *size, char **image);

/I for each property of quagent, there is a set and get function

int  (*set_walk_speed)(edict_t*, float  speed);

int  (*get_walk_speed)(edict_t*);

int (*set_alarm)(edict_t*, unsigned long alarm_mask);
int  (*get_alarm)(edict_t*);

int (*set_age_threshold)(edict_t *oint )

int  (*set_energy_threshold)(edict_t * float);

/I we don't provide set (wealth|energy|age), though

int  (*get_wealth)(edict_t*);

int  (*get_energy)(edict_t*);
int  (*get_health)(edict_t*);

int  (*get_age)(edict_t*);

int  (*get_where)(edict_t*);

int  (*get_wellbeing)(edict_t*);
int  (*get_inventory)(edict_t*);

}quagentinfo_t;

In an Object-Orientederminology a quagentis a sub-clasof a monster Basic behaiors,
suchasstanding,walking, running,searching,ring weaponsanddying, of monstersarede ned
in g_ai.c . In general,we do not needto changethesebehaiors. Instead,we teachtheseold
dogsnew tricks. We addnew abilitiesto eachaction. For instancetheoriginalai _walk() does
not counthow far a monsterhasgone. However, a guagentneedssuchability. Sowe augmente
ai _walk() tokeeptrackthedistancebeingwalked. To tell aquagentpartfrom aregularQuale
monsteywe assigna classnameto every quagent All the classnamesstartwith bot _. Therefore,
to determinewhetheran edict is a quagentor a monsterin ary ai _ functions,we canusethe
following construct.

if(strncmp(self->classname, "bot", 3) == 0) {
mainthink();
/[ do other quagent tricks

}

/I original monster behavior

Thefunctionmainthink() in above snippetchecksf therearecommandg$rom thecommunica-
tion channelBSD socletin this case)andperformsthe commandsf thereare. Thewhole Quale

Il gameworks like a co-operatre multi-taskoperatingsystem(remembeiMac OS pre-X andMS

Windows pre-95?)Eachedict doesits job in allocatedtime slice andvoluntarily releasecontrol

to others.Theabove construciguaranteethatmainthink() is executedwhena quagengetsits

slice,sothequagentanresponsd¢o commandgromptly

With appropriatevalues lled in thequagentinfo  t andaugmenteai _functions,turning
amonstetinto a quagenbecomes mechanicabperation. Eachmonsterasits signaturebehaior
built uponthe correspondingi _ function. For example,how fasta monstewalks andthe way it
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walksaredeterminedyy a combinationof animationframesandai _walk() calls. Thiscombina-
tion is well tunedandwe do not needto changeit. Eachmonsterhasa spawnfunction, which is
calledwhenthe gameneedgo createor spavn a monster A spavn function hasthe nameof the
form SP_monster _. In Object-Orientederms,thisis the constructoof amonster It initializesall
the propertiesof themonster Thisis thefunctionwe needto extendsothatwe canconstructaqua-
gent. The constructorof a quagenbearsthe pre x SP_quagent _. Sinceaquagenis asub-class
of a monsteythe constructoiinheritsall the contentof a monsterspavn function. Futhermorewe
assigna classnameto the quagentand Il thequagentinfo  _t in the constructar The quagent
constructorarecalledwhenthe quagenmodauleis initialized from a con guration le 6.5.

8.3 Spawningobjects

The procedureof spavning or insertingan objectinto theworld is
Findingtheitem usingFindltem , whichis providedby thegame.
Specifyingthe graphicsof theitem.
Placingtheitem at desiredocation.

Spavning theitem usingSpawnltem , whichis providedby thegame.

a r w0 dpoE

Settingthe pickupfunctionof theitemto quagent _pickupitem

Thereareassortedtemsin thefull Quale Il gamepack.Oneof theteammembersvendugout
anancienthead which amguablyresembleshe Microsoft-you-knav-whom. We build a translation
tableto mapQuale Il itemsto quagenttems. For example,a healthbox is mappedto tofu. To
shaw theloving of peaceof this teamandto avoid legal issueswe will make our own items. But
theprocedurés thesame.

9 Modifying Quake for Team Coordination and Trading (Peter Bar-
num)

9.1 CreatingUniqueness

In URQuale, therearelarge groupsof objects from itemsto quagents$o walls anddoors.Although
Quale hasaninternalrepresentationf eachthatseparate from others,a basicquagentanonly
seeeachobjects item type (e.g. onehealthbox looksthe sameasary other) This representation
works ne aslong asquagentsio not needto communicateor cooperate.However, imaginethe
dilemmaif therewere three guagentof the same,and one wantedto communicateto another
It would needsomeway to tell its communicationprotocol exactly who to talk with. To allow
unambiguousnessagsendingwe gave eachquagen& uniquelD number
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Figure15: Facilitator

9.2 Unique QuagentIDs

Quagentoversaremadeup of two parts.The rst is thesimulatedohysicalroverin Quale,andthe
seconds the controllingintelligence which communicatesvith its rover over a soclet connection,
in thesamemannersstandardjuagentsin ourinitial implementationguagentganinteractphys-

ically with eachother (mostly by gettingin eachothers way,) but hadno way of coordinatingtheir

actionsvia communication.In keepingwith our policiesof not putting higherlevel functionality,

especiallythatrelatedto researchgirectly into the Quale engine we createdan externalfacilitator
programthroughwhich eachquagentancommunicatevith the others.

The facilitator hassoclet connectiongo the userwritten quagentontrollercode(Fig. 15.) If
one quagentwantsto talk with another it sendsthe messageahroughthe facilitator, which then
passed# onto theintendedrecipient. Thefacilitatorsimpli es quagent-quagemommunicationas
eachonly hasto have a single,permanensoclet connectionjnsteadof needingto handleconnec-
tionsto every otherquagent.

Whena quagentiooks aroundin the Quale simulator it canseethe ID numbersof otherqua-
gents. Using this ID, it cansendmessageo the quagentit sees,eventhoughthereis no direct
link betweerguale andthefacilitator. In Fig. 16, two botsseeeachotherandtheir respectie IDs.
Quagents wantsto offer a tradeto the bot it sees,soit sendsthe messagehroughthe facilita-
tor. Becausdhe IDs in Quale andthe Facilitator aresynchronizedat start-up,messageassings
unambiguousalthoughit hasa layerof indirection.

9.3 Unique Items

EachstandardQuale item is identicalto every otheritem in its class(e.g. every tofu is the same
asevery othertofu.) Sometimeshowever, it is desirableto have anobjectwith propertieghatare
subtlydistinctfrom othersor elsearemodi able dynamicallyasthe simulationprogresses.

Modi cation is perhapghe mostusefulaspecbf uniqueitems. For example,supposéhereis a
needfor apile of 100gold coins. ThestandardQuale would needto spavn 100separateoinitems.
Ontheotherhand,with unigueitems,only a singleitem, “pile of coins] would needto becreated.
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Figure16: The Quagenivorld

The pile could be madeso thatasquagentgake coins,the numberof coinsremainingdiminishes.
In thisway, implementations simpli ed anddesignbecomesnoreintuitive.

Anotheruseful propertyof uniqueitemsis thatit is simpleto createa large numberof fairly
similar items, without having to de ne a new item classfor eachone. Continuingwith the gold
coinsexample,it is trivial to make piles with from oneto onethousandcoinswith a uniqueitem,
by modifying only a single numberin the con guration le. By contrast,with standardtems, a
thousandtem classesvould have to be manuallyde ned for the samefunctionality.

9.4 Trading Items

Tradingitemsrequiresthe useof bothquagentenditem IDs. Expandingon Fig. 16, two quagents
usethefacilitatorto arrangeatrade.Eventually they mutuallydecidefor Quagen®b to give anapple

andfor Quagen8 to give anorangein return. The actual“physical” itemsarestoredin the Quale

simulator andthe manipulationof inventoriesmusthapperthere.

We modi ed the Quale codeto add a protocol to tradeitems, money, and information. A
tradeis a transferof any or all of the threebetweentwo quagents.Only itemsare handledin the
actualQuale program;moneg/ andinformation,beingnew to the Quale ontology arehandledin
thequagentontrollers.If atradeis completedsuccessfullythenQuale will sendamessagéelling
the guagentgo transferfundsor information. It is impossiblefor a quagento renege on anitem
trade,asit is handleddirectly by Quale, but money andinformationrequiregoodfaith (or “honest”
guagentcontrollers.) The issueof a dishonesbr malfunctioningquagentis an separatgroblem
thatwon't be handledhere. Any numberof protocolsto decideon tradescould be used,with no
additionalmodi cation to the Quale code.

In the basicexamplegiven,thetradeinvolvesonly items. Supposaow thatQuagent3 hasno
orangeshut insteadoffersto trade$50 andthe locationof anorangegrove for the apple. Quagent
5 feelsthatthisis fair, andthey begin thetradeprotocol.

Quale requiresthatbotsgive permissiorfor inventorymaodi cation, to preventstealing.Soto
begin, Quagent3 musttell Quale to allow Quagent to modify its inventoryto give the apple. It
tells Quale a messagesuchas: “Allow Quagents to give me an apple. | agreeto give $50 and
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Figurel7: The TeamQuagerinterface

the location of an orangegrove in exchange. Quale recevesthis messagend addsit to a list

of acceptabldrades.At this point, Quagent canperformthe actualtrade. It tells Quale: “Give

Quagent3 an apple. Request$50 andthe location of an orangegrove in exchangée. Assuming
thatthey arein rangeof eachother Quale will move the applefrom Quagents's to Quagent3's

inventory thensendamessagé QuagenB orderingit to sendthemongy andinformation. Quagent
3 will thentransferthe fundsandinformationvia the facilitator, completingthe trade. If for some
reason,the acceptabldrade and the trade attemptare not the same,then the tradewill fail and
nothingwill beexchanged.

9.5 The TeamQuagentPackage

The TeamQuagenpackagecontainslow-level routinesfor quagentfunctioning,including a Java
classto extend and a separatdacilitator for communicationbetweenTeamQuagentgFig. 17.)
In the picture, the relationshipbetweendifferent piecesof codecanbe seen. In the customized
code section,a developercan createindividualized functionality, while usingthe TeamQuagent
packageto communicateand coordinatewith other Quagentsand Quale. Eventsare collected
asynchronouslipy thecommunicatiorandquale eventsmodulesandhigh-level commandsanbe
sentwith the methodsmodules.

A messagbdetweermuagentEancontainanarbitrarycollectionof Jasa Objects wrappedwith
the TeamMessagelass.If aquagentvantsto senda messagdt makesanev TeamMessagef the
appropriateype, andpassest to the communicatiormethod,which sendsit on to the facilitator.
As anexample,atext messageanusethe built in extensionTextTeamMessageavhich allows the
sendingof a String Object.
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To interfacewith Quale, TeamQuagenprovidesa group of methodsto sendcommands.For
instance calling the runby(int distance)methodtells Quale to make the bot run. TeamQuagent
creategheappropriatestringin eachmethod,andpasseshatto Quale.

TeamQuagenhastwo event queues,one for Quale and the other for message$rom other
guagentsWhile runningthe maincontrolloop, a TeamQuagenperiodicallycancheckthe queues

andhandleary eventsor messagethatcameup. A Quale messagés theresultof a scanor trade,
or anunexpectedeventsuchasrunninginto awall andstopping.

By usingthe quagent-to-Quakandquagent-to-quagemethodsa fairly sophisticatedbot can
be constructedvithout having to get boggeddown in ary low-level systemor networking com-
mands.Also, the multi-threadsafenatureof TeamQuagersllows for robust,real-timeapplications
to be constructedvithout extra checks.

9.6 Minor Protocol Changes

Apartfrom changego allow uniqguenesé quagentandobjects,afew extra functionswereadded
andmodi ed: (seeSection7 for detailson the semanticef aguments.)

Added(For usewith standardr teamguagents)

1. DO RUNBY - RUNBY worksjust like WALKBY, exceptthatthe quagentwill move
fasterandusedifferentanimationframes.

2. ASK PING - PING actsin a similar way to RAYS, exceptthatit sendsout a dense
wedgearounda heading ratherthanevenly spaced.In addition,unlike RAYS, PING
will only respondf it hitsawall, passinghroughary otherquagenor item.

3. DODRILL - DRILL requiregheunigueitem Rock. EachRockhasa certainamountof
two typesof minerals.DRILL will remove a unit of oneof thetypes,andcreatea nen
mineralitemin the quagens inventory

4. DO SETEXEMPT(0 or 1) - SETEXEMPTwill make the quagentexemptfrom kryp-
tonite, dying of old age,runningout of enegy, limited numberof rays, and limited
distancefor RADIUS.

Modi ed (Changedor useby teamquagents)

1. DO SETID # - The# in SETID shouldbe the sameasthe one that the quagentwill
be usingfor communication.WhenSETID is used,the quagenwill receve modi ed
informationfrom RADIUS andGETINVENTORY.

2. ASK RADIUS - After DO SETID s sent,askradiuswill respondwith alist of objects,
of type QuagentStandardtem, andUniqueltem. All have a nameand position, but
Quagentalsohave abottypeandID, while Uniqueitemshave alist of properties.

3. DO GETINVENTORY - In additionto the standardesponseafterDO SETID is sent,
GETINVENTORY will senda TELL with a list with the namesand IDs of all the
inventoryobjects.

4. DO ADDTRADE [with who] [Agentl item] [Agent2 item] [Agentl moneg/][Agent2
moneg/][Agentlinfo][Agent2info] - Will addanacceptabldéradeto thequagenslist.
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5. DO GETTRADES- Returnsa list of all of the pendingtradesthat the quagentwill
allow.

6. DO REMOVETRADE [tradelD] - Remwesatradefrom thelist of pendingtrades so
it will nolongerbeallowed.

7. DO TRADE [with who] [Agentlitem] [Agent2item] [Agentlmong/] [Agent2moneg/]
[Agentlinfo] [Agent2info] - If theotherquagents in rangeandhasagreedo thetrade,
thenit will becompleted.
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A The Source CodeDistrib ution

To recreate full-blown Quagensystemyou may needto acquirea copy of thegameto getaccess
to theproprietarygraphicsmonstersandlevels (SeeSection5). Everythingelseyou needis in our
sourcecodedistribution.

Alternatively, you canbuild asystemwith full Quagenfunctionalityuseingthefreely-available
demonstratiortodefrom id Software[6]. You shouldgettheir sourcebundlefrom
http://www.idsoftware.com/games/quake/
guake2/index.php?game  _section=demo , useunzip to extractthecontents,

mv Install/Data/baseq2 to somedirectoryof your choice,for example:

cd Install/Data/
mv baseq2 /ust/local/quake/

Whenbuilding the sourcecodetell con gure whereto nd it, for example:
Jconfigure --with-baseqg2=/ust/local/quake/baseq2

If you have theretail versionof the game,you getmoremapsandresource$y copying theits
basegdirectorycontents.

One of the code examplesusesthe productionsystemlanguageless[7]. Jessis easily and
usually freely available by download and requiresan academic-stylaon-disseminatiomnd not-
for-pro t license alsoavailableonline.

Thereis more,andmoreup-to-datejnformationat our website:
http://www.cs.rochester.edu/research/quagents/running.html

You caneasilyusea level editor[12] to createa bare-bonesystemwith a bot thatlookslike,
say asphere.

Generallyyoumay nd thatdifferentgraphicssystemsor othercomponentgreeasierr harder
to bring upin your particularervironment.

Our sourcecode,documentationexamplesetc. is all availableon our main Quagentvebpage
[14].

B Programming Quagents: Example

B.1 Encapsulatingthe Command Interface

You mightwantto insulateyourselffrom the detailsof dealingwith messageby providing objects
andmethodghatencapsulatéhe parsingdetails.For example:

Command cmd
this.send(cmd);
Query query = new RadiusQuery(33.0);
Answer answer = this.ask(query);

if  (answer.isOK()) {

new WalkCommand(20);
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extract  answer.value() and cast or something

B.2 DrunkenMaster Example

To helpyou understandhe protocolbetter let's build a random-velking quagenusingJava. You
canuseary programminganguage We useJava becausdl) we'll take advantageof its OO con-
structsand(2) it's easierto integratewith [http://herzbeg.ca.sandia.gdjess/]Jessj/adVe call our
random-valking quagenDrunkenMaster . It only doesthreethingsuntil it diesof aging. It re-
portswhat's aroundit, walksfor arandomdistanceandthenturnsby arandomangle.Beforewe go
directly designthe DrunkenMaster , we canbuild a basicquagentwhich doesbasicthingssuch
assendingequestso thequagenmoduleandreceving responseffom it. Thislayerof abstraction
insulatesus from the boring detailsof composingrequestsand parsingresponsesThe outline of
our DrunkenMaster lookslikethis:

public class DrunkenMaster extends BasicQuagent

{
public void Run() {
while (alive) {
RadiusQuery qgry = new RadiusQuery(100.0f);
send(qry);
Response rsp\_rad = getResponse(qry);
if(rsp\_rad.isOK())
((RadiusResponse)rsp\_rad).showltems();
double dist = Math.random() * 100.;
WalkCommand walk\_cmd = new WalkCommand(dist);
send(walk\_cmd);
Response rsp\_walk = getResponse(walk\_cmd);
double angle = Math.random() * 180,
TurnCommand turn\_cmd = new TurnCommand(angle);
send(turn\_cmd);
Response rsp\_turn = getResponse(turn\_cmd);
}
}
}

B.3 Discussion

OurDrunkenMaster is asubclas®f BasicQuagent , whichprovidesthesend() and
getResponse() to sendandreceive messageto andfrom the quagenimodule.If your quagent
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Figure18: Quagentommunicationgayers.

hasmore sophisticatedbehaior, you can call an inferenceenginelike Jessin the polymorphic
functionRun() .

BasicQuagent caresaboutsendingandreceving messageanddoesnt needto know about
the underlyingcommunicatiorchannels.We make anotherlevel of abstractiorfor network com-
munications.Thewholepicturelookslike Fig. 18

The bottomlayer, calledQuagentSocket , handlesthe hairy detailsof interpretingnetwork
packages.

The quagentprotocoldoesnt follow the canonicalsynchronousener—client convention. As
you canseefrom the above telnet sessionasynchronougventsoccurin an unpredictablevay.
You'll probably nd it handyto usenon-blockingcommunicationThe Jara Soclet providesblock-
ing 10. Thatis, if youreadfrom thesocletandnothing’sto bereadyet, youwill beputwaiting until
somethingcomes.Sayyouwantto implementcheckEvent , which justtakesa peekatthesoclet
to seeif thereis anevent. If thereis, you processhe event. If thereisn't, you wantto continue
to issuecommandsor queries. With blocking communicationyou'll be put on hold at check-
Eventandcant continuewith the commandsindqueries.Non-blockinglO comesin handyhere.
Non-blockinglO wasintroducedn JDK1.4in thejava.nio.* packageClient-sidenon-blockinglO
is quite straightforvard. We implementedsomesimplefunctions,suchasreadandwrite strings,
in QuagentSocket.java using non-blockingsoclet. Note that, you don't have to usenon-
blockinglO. Thegoodold Java Socket canachieve the samething, probablywith someform of
multi-threading.

You might want to insulateyourself from the details of dealingwith messageby provid-
ing objectsand methodsthat encapsulatehe parsingdetails. We cande ne a Request class
anda Response classto representnessageto andfrom the quagentmodule. CommandgDO
THINGS) andqueries(ASK THINGS) areconcretesubclassesf Request . Differentresponses
arederived from Response , too. BasicQuagent only takescareof sendingrequestsandre-
ceving responsesThe polymorphicfunctionsin the speci ¢ requestandresponsedo therealjob.
E.g.,

public class BasicQuagent {
QuagentSocket  socket;

public Request send(Request request) {
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socket.send(request.toString());
return  request;

Eachcommandr guerycomposegprotocol-abidingnessageis theirown toString() func-
tions.Send() returnstherequestsoyou canwrite moresuccinctexpressiorlik e thefollowing

Response radius\_response = getResponse(qc.send(radius\_query));

B.4 The SampleCode

The samplecodeis in the examples directoryof our sourcedistribution. Theremay be a make
le to compileandrunthesamplepr youcansimply

prompt: javac DrunkenMaster.java
prompt: java DrunkenMaster

It triesto connectto a quagentmodulerunningat local machine.If you wantto connectto a
remotemachine change'localhost" to thehosthameof thatmachinein
DrunkenMaster.java . We didn't implementall the requestsandresponseshut the le and
classnamesshouldmale clearwhatthey are.
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