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Abstract

Wehavemodi�ed thepublic-domainQuakeII gameto supportresearchandteaching.Our research
is in multi-agentcontrolandsupportinghuman-computerinterfaces.Teachingapplicationshaveso
far beenin anundergraduateArti�cial Intelligenceclassandincludenaturallanguageunderstand-
ing, machinelearning,computervision, andproductionsystemcontrol. The motivation for this
reportis mainly to documentour systemdevelopmentandinterface.Only early resultsarein, but
they appearpromising.Our sourcecodeanduser-level documentationis availableon theweb. The
informationdocumentis asomewhatmotion-blurredsnapshotof thesituationin September2004.
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1 Animats, Research, and Teaching

U. Rochester'sComputerScienceDepartmenthasactive researchactivities in mobilerobotics(e.g.
[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]), natural languageand dialog understanding(e.g. [15; 24; 19]),
commandinterfacesandhuman-computerinterfacesfor mixed-initiative planningandmulti-agent
systems(e.g. [17; 18]). Commonto all thesetopics is the notion of intelligent agents:entities
thatactautonomouslyin responseto changesin their stateor thestateof their environment.Such
agentsarebecomingever morecentralnotonly to our researchbut to our teaching.After this short
introductionwe go into somedetail aboutour Quagentsystemandhow it is beingusedin both
endeavors.

Ourquagentsarea form of animat: thatis, asimulatedorganism[69]. Amongthemostfamous
areTu's arti�cial �sh [70]. A disadvantageto animatsis that no onecanreally simulatenatural
complexities in a scienti�cally respectableway. If we want AI systemsto transfersimulation-
gainedcapabilitiesinto therealworld, thenanadequatesimulatorcanbeasmuchtroubleto create
anddealwith asrealhardware.Themainanimatadvantagesare:nohardware,known groundtruth,
ability to createwidevarietyof (physicallypossibleor not)sensorsandenvironments,nohardware,
quick prototyping,andno hardware(amongstotherobvious ones.) Further, mostAI techniques
neverworkedin therealworld andneverwill – sowhat?

Laird andco-workershave usedtheSoarproductionsystemto simulatevarioushumanreason-
ing characteristicsandskills in a “gameAI” [49; 47]. That is, the Quake “monsters”(automated
opponentsof the �rst-personplayer)hadtheir inbuilt “AI” replacedwith the samegoalsin mind:
competitionwith humanopponents.TheSoarQuakebotshavehuman-likelimitations– for instance
they build mapsthroughexploration.In a recentversion,theSoarQuakebotwasplayedwith inde-
pendentvariationsin thefour dimensionsof decisiontime,aimingskill, aggressiveness,andtactical
knowledge. This bot has715 rulesand100 operators[48]. Judgesratedthe “humanness”of the
variousversionsof theautomatedplayers.

Quake III hasbeenusedasa testbedfor neuralmodels[10]. Besidestheir in�uence in mainline
AI research(alsosee[8]), gamesaremakinginroadsinto all sortsof relevant relatedareas.Ma-
chinimais a fascinatingnew art form (e.g.[9]). Systemsadministrationmakesfor a possiblylively
application(e.g.[4]).

We have beenusinganimatsin variousways. For research,BostonDynamics' DI-Guy sys-
tem is installedin our Virtual Reality laboratory. It hasprovided a goodplatform for researchin
psychophysics,andmoreto thepoint in animatvisionbothhereandelsewhere[65; 68;64].

Also, we wanteda (mostly)open-sourcesystemthatranon a varietyof platforms.We believe
theQuake-II systemis comparableto theDI-Guy systemin commandability. TypicalDI-Guyslook
like humans.It is not easyin eithersystemto get at the kinematics(muchlessdynamics)of the
agents;it is mucheasierto let themmove andappearasthey do in their pre-programmedmodes.
TheDI-Guyssystemis mostlygraphics,anddoesnot have the inbuilt level of physicalsimulation
wewanted.

In research, wewantto useQuagentsto study

� Strategiesfor �e xible, self-organizingcooperationpossiblyheterogeneousintelligentagents,
especiallywith minimal communication.
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� Methodsof commandingandcommunicatingwith suchteams.

In general,we are most interestedin distributed coordinationof intelligent agentteams(in
generalheterogeneousagentswith differentphysicalandcomputationalabilities)usingconstrained
(in the limit, only passive visual) communication.We assumethat re-planningandre-assignment
of rolescanandshouldhappenbasedon higher-level re-taskingor local intelligenceor events,that
agentscandefector fail, thatcommunicationshouldbeminimized,andthatvisualinformationcan
sometimessubstitute(this raisesthenontrivial (well, unsolved)“vision problem”,however).

We would like to allow individual agentsto make their own decisionsregardinghow bestto
carry out their tasks,and to have the formalism apply to teamscomposedof a wide variety of
autonomous,unmannedground,air, and seavehicles,possiblywith very different physical and
computationalabilities.

In teaching, we have stronggraduateandundergraduateAI teachingprogramswith theusual
arrayof regularcourses,topicalseminars,andcoursesmanufacturedaroundlarge-scaleefforts like
theundergraduaterobotteam[59;45;46]). Ourmainlineundergraduatearti�cial intelligencecourse
usesRussellandNorvig's text Arti�cial Intelligence– A ModernApproach, whosetaglineis “The
IntelligentAgentBook” [58]. We have usedtheRoboCupsimulatorin a specialsessionof theAI
coursefor anextrahourof creditbut thatwasaone-timeexperiment.

For teachingit seemedreasonableto takeadvantageof thefactthatmany undergraduatemajors
likegames,thata fair amountof work is goingonto improveAI in games,andthatthereis increas-
ing awarenessthatstandardAI topicscanbecoupledto games[39; 31]. (In factgame-programming
is thedomainor a recently-initiatedsoftwareengineeringcoursehere,which hassupportfrom the
Kauffman Instituteunderan entrepreneurshipgrant to the U. of Rochester... but that is another
story).

In thepastwe have usedstudent-writtengridworld robotsimulations,oftencreatedin Matlab.
WecreatedtheQuagent(QuakeAgent)systemdescribedhereto meetthedemandsof bothresearch
andteaching.Wewantedto getsomethinglike realphysicsandreal3-D renderingin an(arguably)
exciting domainwithoutpayingthepriceof writing ourown simulator.

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

2 Planning and RoleSelectionby Observation

VanWie's Rhinosystem(namedfor Rochester's soccerteam)is not yet instantiatedin Quagents,
having beenconceivedandimplementedin thesimulatedRoboCup(soccer)context [72; 73]. At the
time therobocupsimulatorhadtheadvantagesthatQuagentsoffer now: stability, documentation,
physics, instrumentability. Van Wie's work wasamongthe �rst to tacklethe formal problemsof
suchpassive self-organization,but the�eld hastakenoff (e.g.with conferenceworkshops[71]). It
is concernedwith the assignmentto individualsof rolesin a groupplan, after which role trading
may take place. Rhino assumesno symboliccommunicationamongagentsat all. It substitutes
observation for communication.It is basedon �rm probabilisticformal foundations,andcanbe
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usedto monitor theprogressof a group(and,if necessary, re-assignroles)aswell asto assignthe
initial roles.

Rhinoteammembershavein commonarepertoireof pre-existingplans,or a“playbook”. There
areobvioussportsanalogies,andmilitary analogsinvolverulesof engagementanddoctrinefor how
to runasniperteam,surveillancepatrol,building search,etc.Giventheseprior rolede�nitions, the
teamswill not have to re-invent well-known strategies and tactics: Rhino doesnot learn plays,
thoughit hasa learningcomponentfor learningactivities.

Rhino providesan ef�cient combinationschemethat mapssingle-agentplan hypothesesinto
groupplanhypotheses,andit usesa cost-bene�tactionselectorto avoid role con�icts andresolve
synchronizationproblems.Rhino hasreal-timedetectionandrepairof teamwork failures(defec-
tionsandactionfailures),whichalsoneedabelief revisionmethodologyto revisebeliefsonfailure.
Theplan-recognitionalgorithmis probabilistic,robust to sensorerrors,andallows both top-down
andbottom-upreasoningdirectionsfor ef�cient guidanceandopportunisticdiscovery.

Withoutsymboliccommunication,distributedplanformationandroleassignmentrequiresrec-
ognizingteammates'(andopponents')actionsandthusinferring their probableplans. This capa-
bility involvesotherhot topicstoday, groupandindividual activity recognition,andpersonrecog-
nition. temporaltexture, objectdiscovery andchangedetection. The recognitionalgorithmsare
trainedfrom real-world examples.

VanWie's formal resultsandalgorithmsarerepresentative of local researchthatshouldprove
usefulandrelevantto futureefforts realizedin theQuagentsystem.

3 Group Planning and Acting with Negotiation

Barnum'srecentwork with theQuagentsimulatorimplementedrole-assignment,role-swappingand
resource-allocationmethodsthatapproachoptimalwith goodcommunicationsanddegradegrace-
fully ascommunicationsdegrade.Eachrobot is maderesponsiblefor a subsetof theteam's work,
but while pursuingtheir goals,therobotsattemptto tradegoalswith othersthataremorecapable,
therebyimproving teamperformance.As communicationsdegrade,however, tradingbecomesless
frequent,andin the worst case(that is, no communicationat all) robotsarestill ableto perform
their own taskswithout tradingthem. Coordinationis truly distributed,not hierarchical.Eachis
able to perform its taskswithout communication,only trading with othersif a link is available.
Theoverarchingcontrolsystemis independentof individual robotdesign,sois applicableto teams
composedof a wide variety of autonomous,unmannedground,air, andseavehicles. In the limit
of this formalismrobotshave neithercommunicationwith nor observationsof otherrobots,coop-
erationceases,but assignedtasksarecarriedout (however inef�ciently). This work involvedsome
extensionsto the original Quake ProtocolBarnuminherited,andsome(now optional)changesto
theQuakeengineto allow communicationbetweenagents(Section9).

Toleranceof disruptionandtheability dynamicallyaltertasksdynamicallyis vital for any suc-
cessfulmulti-agentteam. It is possibleto have a very robust systemby not allowing agentsto
communicate,but complex tasksandef�cient coordinationrequireit. Whengroupsof robotsare
interestedin commongoals,they mustbeableto work together, or elseit maytake a long time to
completetheir tasks.But at thesametime,they shouldhaveenoughautonomyfrom eachotherthat
they donothave to rely oncommunicationwhenit cannotbeguaranteed.
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Many teamcoordinationsystemsmake the assumptionthat eachunit of the teamhasa �x ed
setof capabilities.Wearein�uencedby theideaof softwareagentsthatmigratebetweencomputer
systems(webcrawlersareanexample).By usinglargegroupsof softwareagentsandsmallgroups
of hosts,wehavebeenableto designarobustanddynamicteamwork system.Any implementation
with multiplesoftwareagentscantakeadvantageof theintrinsicfailuretoleranceanddynamicgoals
sucha designbrings. Thedesigneronly hasto decidewhich single-goalagentsareneededfor the
systemto succeedanda way to calculatetheir utility. Humaninteractionis simpletoo; peoplecan
interactwith thesystemin agoalbasedway, eitheraddingor removing agents(andthereforegoals,)
andleaving theoptimizationto thesystem.

3.1 HardwareHostsand SoftwareAgents

In this section,our nomenclature(indeed,taxonomy?) becomesconfus(ingor ed). Agent-hood
dependson the domain: a softwareagent(softbot,even robot) works in the electronicdomainof
programs,ahardwareagentworksin theworld. In thissection,weenvisionprogramsto solvetasks,
carry out roles,run behaviours,etc.,asactive thingsthat canmigratewherethey areneeded[36;
38]. In that sensethey are software agents. Oncethey are in place, they form the control for
hardwarebots(they becomepartof thequagentcontroller).However thequagentin this view can
beconsideredsimply theexecutionshellfor themoreactiveagents,andhenceis referredto hereas
ahost. Thusourquagents,whichcontrolhardware,becomehoststo softwareagents. Thelatterare
liketheplaysin VanWie'sagents'playbooks[73]; they arebehaviours,skills, tools,roles,available
to thehost.

JustasVanWie's agentsdo a cost-bene�tanalysisto decidewhich play from theplaybookto
assume,in this work a hostconductsan auctionin which eachresidentagentsubmitsa bid of its
estimatedutility.

A mobile(software) agent is simply a softwareagentthathastheability to move with its state
intact to a differentmachine,which allows ef�cient resourceexploitation [55]. Mobile agentsare
most useful when communicationis either limited or uncertainsincethey can get “close to the
action” to minimizecommunication.Any systemwherethecodeis separatedover longdistancesor
is plaguedwith malfunctioningnetworkingcanbene�t from locally executingcode.Mobile agents
provide a generalizedwrapperthat canoperateon varioushardwareplatforms,without requiring
thedesignerto explicitly write codefor them.

3.2 Communications

Therearea variety of systemsthat useauctions,which canbe fastandunambiguous,to coordi-
natethe behaviors of multiple agents[78; 77; 62; 35; 37] We areusingan auctionsystemfor the
coordinationof several agentswithin a singlehost,with the hostactingasthe auctioneer, taking
bidson therights to useits resources.To participatein anauction,anagentcalculateshow much
the auctioneditem will bene�t its utility, andsendsa bid to the auctioneer. The auctioneeris not
requiredto know why any of thebidsarewhatthey are,only thatit shouldselectthehighest.All of
theunderstandingof desiresandabilitiescanbecommunicatedby asinglenumber.

Althoughthecommunicationcostswithin a singlemachineareirrelevant, theneedfor theco-
ordinationof differenttasksis still present.By encapsulatingthecalculationof utility within each
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agent,thehostonly hasto choosetheonethatreportshaving thehighestnumericalvalue.Thisway,
the hostdoesnot have to have any knowledgeof either the dataor thoughtprocessof the utility
calculation.

The usablesetof agentscanconstitutea host's staticplaybook,or agentscanmove between
hosts.Agentscanrankhostsasto their suitability for theagent's purposesandmigrateto thebest
host. The decisionto move usesthe samemeasureof utility as the auctions,an auctionis not
involvedandit cantravel to any hostit wishes.Eachagentshouldattemptto move to thehostthat
will give it the highestutility, usinginformationon the structureandstateof the host,aswell as
how busythehostis with others.

Thecommunicationprotocolis similar to thecontractnet [62; 34], with two maindifferences.
Oneis thatonceanagent(andthereforegoal) is transferedto anotherhost,the �rst hostdoesnot
have to monitor its progressto make sureit is completed,reducingcommunicationoverhead.The
secondis that for a taskchange,contractnetsusethreesetsof communications,while our system
usestwo. The downsideof our systemis that eachhost hasto updatethe othersevery time it
completesa statechange,morein the mannerof a speci�c sharingsystem[36]. As a result, the
totalamountof communicationsis notsubstantiallyless,is morespreadoutanddoesnot tendto be
bursty. Broadcastmessagestoall agentswouldlowerthenumberof messagessubstantially, buteven
with point to point communication,ourmethodcanutilize communicationhardwareef�ciently .

A reliableagent-transferprotocoldealswith lost messages(detailsin [23].) As a result,agents
may be replicatedbut not lost. The movementof the agentsfrom onehost to anotheris greedy,
soperformanceis not guaranteedoptimal. Our experiencecon�rms thesentimentthat �rst-choice
strategiessuchasauctionstendto work reasonablywell [34].

3.3 A First Demonstration

To build thenecessaryinfrastructureandto testour proposedrole-allocationmethod,We (i.e. Bar-
num)createda simulatedworld with thecoredecisionmakingandagenttransfercomponents.In
thesimulation,thereis a largegroupof randomlypositionedrocksthathave to bedrilled for sam-
ples(Fig. 1). We usedfrom oneto � ve simulatedhomogeneousmechanicalrovers,andassumed
a differentindividual softwareagentresponsiblefor the drilling of eachrock. Eachof the rovers
is a host,andhasa list of all its residentagents,andsimulatedcommunicationhardwareto com-
municateto otherhosts.The�tness of a hostto drill a particularrock simply dependson its being
untaskedandon thedistanceto therock.

Thisscenariodoesaddresstheef�ciency of multiplecoordinatedparallelindividualactions,but
doesnotaddresstheissueof multi-actorcoordination.Thatis, no taskrequiresmorethanoneactor
to accomplish,anda fortiori no taskrequiresmultipleactorsplayingdifferentroles.

Our mobile agentsarehybrid automata(automatacontrolledby both discreteandcontinuous
statevalues)thatcontrola rover to performagoal.Eachautomatondirectsanhostrobotto moveto
a rock, thento drill it, with toleranceto somewhatuncertainmotorcontrolandcollision avoidance.
(For moredetailson thedesignandfunctionof theautomata,see[23]) Theautomataaredesigned
so that if a rock turnsout to be non-drillable,alreadydrilled, or unreachable,thenthat agentwill
remove itself from its host.

In mostof ourexperimentseachhosthasaplaybookof all agentsandagentcodeis notcopiedin
role-swapping,ratheragentsareuniquelyidenti�ed by theirgoal.Thisis ashortcutthatis equivalent
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Figure1: Agentsin action.Operatingsurfacesaretexturedto helphumansgaugedistance.Rocks
arethelargerobjects,hostdrilling botsappearsmalleranddark.

to freeandreliablecommunicationfor sendingprogramsaroundthesystem.Agentsalsoneedto
beableto sharedata,mostlyrelatedto their host'spositions.

While oneagenthascontrolof a host,thehost's otheragentsarefreeto move aroundto other
hosts.To gaugewhetherandwhereto move,agentsneedto know thelocationsof thehosts.Hosts
arerarely idle, andsotheagentcurrentlyin chargeof a hosthasto give all otherhostsanestimate
of whereit will endupandhow long it will take to getthere(detailsin [23]).

3.4 Analysis

We ran instrumentedtrials to testour implementation(detailsin [23]). We variedthe numberof
agentsin theteam,testeddifferentlevelsof communicationuncertainty, andusedseveralrandomly
generatedgroupsof rocks,etc. We quanti�ed teameffectiveness,messagetraf�c, (e.g.Fig. 2). On
average,asmoreagentsareaddedandascommunicationsaremorereliable,thefastertheproblem
getssolved.

3.5 Futur eWork

Barnum's work is also in supportof researchon commandinterfacesto intelligent teams:he is
working with theConversationalInteractionandSpokenDialog ResearchGroupat URCS,whose
goalsarethe developmentof mixed-initiative planningalgorithmsandintelligent softwareagents
interfacedby naturallanguageto a humanpartner[3]. The currentinterface(e.g. to the TRIPS,
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Figure2: Time takento complete

TRAINS, andMedAdvisordialog-understandingsystems)usesspeech,graphics,menus,andsome
work hasbeendoneon monitoring eye movements. The Quagentdomaininterfaceraisesnew
issuesbecauseof themultiple agentsinvolvedandthenatureof thetasks.Our aim is to implement
commandsby by goal-settingat thehighestlevel possible,leaving lower-level organizationto the
swarm.Onebasicsubtaskis to maptheEnglishcommandsto theplaybookentries.

Thealgorithmsandtechniqueswecreatewill beusefulunderawiderangeof assumptionsabout
agentcapabilities.Thevisualcapabilitiescanbetrainedby examples.Theagent'splaybookscanbe
developedandtestedof�ine (in simulation,say).We picturea toolboxfor con�guring multi-agent
missionsin many domains.

We mustexpandtheproblemdomainto includeindividual subtasksrequiringmultiple (multi-
role)heterogeneousactors.In thedrilling domain,JohnHenrycouldneedashaker, (multiple roles)
or it maytake two or threerobotsin similar rolesto carryanobject. GRASPlabhasbeena leader
in coordinatingrealrobotsusinghybrid controlsystems(e.g.[63; 13].)

Perhapsoneof themostpromisingfutureavenuesis to re�ne thestructureof theagentsthem-
selves. Althoughhybrid automataallow for complex function,hierarchicaldecisionmaking,asin
[29; 67], couldallow for muchmorerobustsingle-agentfunctionalityevenwithin thecurrentteam-
work system.Anothermoredif�cult additionwouldbeto adapttheauctioningandthedecisionsfor
anagentto travel from onehostto another. Combinatorialauctionshave beensuccessfulin many
agent-basedandplanningapproaches[20; 42; 50], andgive betterperformancethansimplegreedy
searches.

This work canbe meldedwith Van Wie's (andothers')approach,which suggeststhat perfor-
mancecanbeguaranteedfor robotsby having themobserve their environmentandseewhat their
teammatesaredoinginsteadof explicitly communicating[72; 73;41;22;71].

To furtherreducetheneedto relyoncommunication,elementsfromswarmrobotics,mechanism
design,andstigmergic theorycouldbeaddedor substituted[57; 66; 30]. Even thoughtheagents
themselvesmove from host to host, it may be possibleto make the interactionssimpler, so asto
allow for greaterfunctionality, evenin uncertainenvironments.
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Whatever communicationschemeis attempted,it would be bene�cial to usea moreevolved
agentcommunicationlanguage,suchas[5]. Althoughour currentcodedsystemis functionaland
ef�cient, adifferentmethodcouldallow for bettercoordinationof teamwork, andpossiblyeventhe
ability to haveagentswork directly togetheron joint plans,usingideassuchasjoint intentions[43].

Any of thesemethodscouldallow for increasein performanceandusability. Thereareasmany
ways to improve the designas thereare to designit in the �rst place,but most likely thosethat
warrantthemoststudyarewith emergentbehaviorandhierarchies.Both allow for agentsthatcan
performin uncertainandhostilesituationswithout severepenaltiesif theenvironmentis otherthan
expected,or agentfailuresoccur. The ultimategoal of an autonomousteamthat canhandlethe
unexpectedcanonly bepossibleby amergingof techniques.

Last,UR's ComputerScienceDept (URCS)hasa few mobile robotson which algorithmsin-
volving asmallnumberof robotscouldbedemonstrated[59; 45;46].

4 PedagogicalQuagents

4.1 Background

At UR we arelucky to have an unusuallystrongAI componentin our history andin our faculty.
We have a recordof achievementin roboticsandvision, andalsoin naturallanguageunderstand-
ing, logic, and planning. We also have a longstandingcordial and productive relationshipwith
our faculty in parallelanddistributedsystems.In 2004we received the UR's Goergenaward for
undergraduatecurriculardevelopment,largely basedon our recordof involving undergraduatesin
researchin asigni�cant way.

The Quagentsystemis designedto supportteachingaswell asresearch.In keepingwith the
tagline(“The IntelligentAgentBook”) of our text [58], with thepredictableinterestof our under-
graduatestudentsin computergames,with therecentintroductionof asoftwareengineeringcourse
basedon suchinteractive games,andwith our own experiencewith physicalmobilerobotcourses
at thegraduateandundergraduatelevel, ourgoalis to havequagentversionsof all ourprogramming
exercisesfor oneof ourundergraduateAI courses.

The following sectionsummarizesthe detailedassignmentsreferencedin the main courseas-
signmentwebpage[1]. They follow theorderof presentationof topicsin thetext andaresometimes
basedon text exercises.Thecoursefollows theorderof thetext chaptersreluctantlytreatingsome
more lightly thanothers[2]. The projectsfall naturally into the order they are introducedin the
text, whichmovesfrom symbolicstate-spaceformulationsthroughlogic andprobabilisticrepresen-
tationsto climax with severalgoodchapterson variousformsof computerlearning.Unlike many
AI texts,RussellandNorvig do a �ne job with roboticsandvision aswell. Thusour programming
assignmentscoverstate-spacesearch,productionsystemrobotcontrol(e.g. subsumption-typecon-
trollers),probabilistictechniquesandcomputerlearningalgorithms,naturallanguageunderstanding
andgeneration,andseveraloptionsin computervision.

4.2 Project Summaries

At thispointwe invokea
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Standard Disclaimer:Thebestde�nition of Quagentbehavior is thecode.Next bestis thewebdoc-
umentation(all pedagogicalQuagentwebpagesspringfrom themainQuagentpage[14].) Sketchi-
est,mostapproximateandabstractis thetreatmentin thisTR.

All studentprojectassignments(andsomesampleprojectsfrom pastyears)spring from [1].
Projectsarenormally to beundertaken in teamsof two. Theseprojectdescriptionsrely mildly on
anunderstandingof QuagentsandtheQuagentprotocol(Section6).

State-SpaceProblemSolving

Write generalstate-spacesearchalgorithms(depth�rst, breadth�rst, A*. etc.) andusethemto
solve a Quagentmaze-runningapplication.In previousyearswe have usedJug-�lling problemsas
well asothersearchproblemsculledfrom SamLoyd's puzzles[52]. In thepastthesearchroutines
had to be appliedto than one applicationdomain,so it would be good to �nd anotherproblem
besidesthe mazefor the Quagents.The mazeproblemwill necessitatecreatingsomespecialized
“levels”, or Quakeenvironments,but thatshouldnotpresentany majordif�culties (Section6.7).

Production Systems

Thisprojectis to learnaboutproductionsystemsandtoexperienceinteractingwith currentcommercial-
gradeAI software.WeuseJess[7], andourcodedistributionincludesaJessexample(SeeAppendix
A). Theexercisealsointroducesthepossibilityof quagent-quagentcommunication.

Fig. 3 showsamapproducedby aQuagentunderproductionsystemcontrol.

Studentswrite anddemonstrateoneor moreproductionsystemcontrollers(usingJessandprob-
ablyJava)for oneor moreQuagents.TheQuagentProtocol(Section7) is usedfor sensingsituations
andissuingcommands.Controllersareto becomparedquantitatively andqualitatively. Likewise,
the environmentcanbe changedThe bots interactwith itemsin differentways,andstudentscan
changetheexperimentby usingthecon�guration�les to changesituations.For instance,by adding
moreobstacles(BOXes).

Studentsdonothaveto useall thebot's facilities.TheSTOPPEDmessageis likeabumpsensor
and it' s interestingto write rules to continuemoving in a straightline despitebumping into and
maneuveringaroundobstaclesusingonly suchasensor.

In pre-Quagentyears,studentsusually implementeda subsumptionarchitecture(e.g [25; 27;
28;26], with at leastfour behaviours.

Obvioussortsof primitivebehaviors thatcometo mindarethefollowing.

� Senseandchaseanotherbotor client (sex, curiosity, or generalplayfulness).

� Avoid obstacleswhile trying to walk in astraightline.

� Changedirectionwhenprematurelystopped,or generallytry to �x thesituation.

� Follow awall (coulduselastbehavior maybe?).

� Whenenergy goeslow, �nd abatteryandpick it up.
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Figure3: Mapmadeunderproductionsystemcontrol.
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� Avoid astaticor randomly-moving ”predator”(otherbotor theclient (Fear).

� Accumulatewisdomto improvevisualresolution(with RAYS).

� Maintainandmonitorotherresourceslike wealthor healthandtry to maximizeit anddo the
right thingwhenit is depleted.Presumably�nd theright resourceandpick it up.

� Explorerandomly(Curiosity).

� Collectattractive items(Greed).

� Avoid kryptonite.

The controllercanbe responsiblefor someinterestingquagent-quagentinteractions.For in-
stanceit cansimulatea versionof tradingor selling. Thecontrollerwould know thatbot1hasan
excessof a commodity(like HEADs) andnot a lot of GOLD. If therewereanotherbot with more
gold thanheads,thencontrollercould arrangefor themto meetandexchangegoodswith some
pickupsanddrops.

Quagentscanthuscommunicatedirectly with eachother(throughtheir controllers)eventhere
is no mechanismfor thebotsto talk to eachother. Thequagentcontrollerscaneffectively imple-
mentbroadcastor point-to-pointcommunicationbetweenbots. Quagentcontrollerscanengagein
complex activities likenegotiation,bluf�ng, whatever.

Learning

Herestudentsproceedfrom trying differentlearningalgorithmsonasmallabstract3 � 4 gridworld
to usingsuchof�ine learningto createpoliciesfor “real world” quagents,to doingon-linelearning
in theQuagentsimulator.

The�rst part is muchlike exercises17.6and21.7of theRussellandNorvig text [58] Ex. 17.6
usesthe12-cellWumpusWorld to experimentwith policy andvalueiteration,andthenexpandsthe
sizeof thegrid world. Ex. 21.7asksfor anexploring reinforcementlearningagenttat usesdirect
utility estimation(implementedastableandfunctionapproximator)for a few increasinglycomplex
worlds.

Thesecondstageis to maptheQuakework into agrid world andperformoff-line learning.This
is partlyanexercisein abstractionandpartly to produceapolicy thatshouldbeapproximatelyright
in a realworld setting(asin theRoboCupwork of AsadaandNoda,andmany since[21]).

In thethethird stagethestudentsprobablyusesometypeof Q-learning.

The �rst (so far only) time this projectwasgiven,studentsevidently hadsomeproblemtrans-
lating the text's pseudocodeinto realprograms.We think. This yeartheassignment(throughthe
codeandwriteupof Bo Hu) providesa substantialheadstartwith implementationsof Markov De-
cisionProcesses,a uniform �le format to describetheMDP, andsomeof themorebasiclearning
algorithms.

Despitetheinitial dif�culties, somestudentteamsdid quitewell (Figs4 ,5,6).
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Figure4: Policy iterationresults.

Figure5: Activeandpassive temporaldifferencelearningresults.
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Figure6: Learnedpolicy for aQuake level.
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Natural LanguageUnderstanding

As with themachinelearningproject,thiswasthedebut of thisNLU project,whichwasinspiredby
theexistenceof theQuagentworld. This projectis a Quagentversionof thetext's ideain Chapter
22aboutorderingtheagentin theWumpusworld around,possiblyaskingit questions,andperhaps
having it respondin naturallanguageto thingsit seesor experiences[58].

All theNLU processing(parsing,semanticinterpretation,generation)takesplaceattheQuagent
level, not thebot level. SotheQuagent's NLU-understandingcodewill take asinput NL sentences
andproducesasoutputquagent-protocolordersfor thebot(s). Likewisethequagentprogrammay
wantto turnquagentperceptions(which it mayhave to askthebot for) into naturallanguage.

It is quitepossibleto hacktogethersomethingthatworksprettywell but thatdoesnot demon-
strateknowledgeof currentNLU theoryandpractice.On theotherhand,muchof NLU theoryand
practiceis aboutfairly complex issuesof languagein whichthecontext is notasconstrainedasours.
Studentsthusshouldexhibit asmuchNLU expertiseaspossiblewhile doingthemostsophisticated
angeneral(i.e. impressive)communicationpossible.

Weaskfor a formalgrammarfor theinterface,aparsingalgorithm,andawayto hooktheparse
to semanticsthat areusedto generatethe protocolmessagesto the bot. Studentscanchooseto
explorespeci�c topicslikeanaphora,pronounreference,or dialog(quagentaskingfor clari�cation,
say).

As well as the text, we provide chaptersfrom JamesAllen's text [16] on chart parsingand
(Brown'scurrentprejudicefor agoodmechanismfor thisproject)semanticgrammarsandrecursive
descentparsers.

In the event, somestudentsdid quite well with downloadablesoftwarefor parsingandgram-
mars.

Computer Vision

This projectsimply putssomeclassiccomputervision problemsinto theQuagentworld. Students
are encouragedto look beyond the text for backgroundliterature. Quagentbots can be given a
“camera”ateye-level thatallows themto look aroundin theirworld (Sec[14]).

Somestudentsovercamethe menacing,ill-lit Quake II conditionsby creatingtheir own envi-
ronments(Figs.7 8).

Segmentation:Declarewhatobjects(or partsof objects)are“salient” andusevisionto separate
their imageevidencefrom therestof theimage.E.g. if edgesandcornersareimportantsayto make
a line drawing of your environment,�nd lines. Or �nd regionsthatmaycorrespondto objectsor
meaningfulpartsof objects.The“image” mightbeadepthmap.Onecouldimplementstereo.

Resultsof studentexperimentswith edge-�ndersareshown in (Figs.9, 10).

Object Recognition

Simplify thesegmentationproblemsomehow (normalizeinputs,have predictablebackgrounds...).
Thentackleobjectrecognition.Tell onebot from another, or oneitemfrom another. Oursuggestion
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Figure7: Raw, untexturedimage.

Figure8: Texturedimage.
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Figure9: Edge�nder 1.

Figure10: Edge�nders 2 and3.
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Figure11: A mapmadeusingvision.

is to usea classicclusteringapproachor a decisiontree: make visual testsof increasingdif�culty
(andpresumablydecreasingaccuracy) until you'resureenough.Thebraveor foolhardymightwant
to try a neuralnet to implementclustering. Interestingissueshereare: what featuresto �nd and
how to �nd them,robustnessof classi�cationin thefaceof scale,orientation,lighting changesand
obscuration.And of coursehow many differentobjectsyoucanrecognize.

Tracking: Track anotherobject or bot. Object could be somethingstatic while observer is
moving, or objectcouldmove,or bothcouldmove. This is a goodplaceto motivateKalman�lters
(Chapter15of thetext [58]).

Mapping

This is This is a practicalandvision-like problem. The RAYs facility simulatesring of infrared
range-�nders.RealIR sensorsareverynoisy, soonecanaddnoiseanddropout,limit sensorrange,
etc.For mapping,theproblemis to takenoisydatathatshouldoriginatefrom wallsandgroupingit
togetherinto line segmentssoyou candraw anaccuratemap. For this, onefavorite tool computer
visionclassesis theHoughTransform.

We don't really expectstudentsto write their own low-level vision code,sowe provide several
optionsfor sourcecode(including�ltering code,home-grown visioncode,andapointerto theIntel
OpenSourceComputerVisionLibrary).
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Figure12: View of thesituationandgroundtruth: somebotshave expiredof old agewhile explor-
ing.
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4.3 Objectives,Outcomes,and Evaluation

Justkidding. The relevant coursehasonly beentaughtoncewith the quagentexercises,and its
entiremethodologywasrevolutionarilychanged(from standardlecturesto a“problem-basedlearn-
ing” format) at the sametime. Thereareseveral variableschanginginstantaneouslyandsimulta-
neously, anda historicalcomparisonis impossiblesincethegraduateTA (who changesevery year)
traditionallygradestheprogrammingprojects.

The instructor(Brown) asked several explicit questionsabout the ef�cacy of quagent-based
learningon theStudentCourseOpinionQuestionnaire(SOCQ),but theseparticularanswerswere
eithernot forthcomingor lost in the College bureaucracy. Anecdotallystudentsseemedto enjoy
the Quake andquagentworld, thoughthereweremany “Quagentsystemis buggy” gripeson the
SOCQs. The authorsin general,including a serioussummer-long user(Barnum,)aswell as the
TAs for thecourse,feel thiscomplainthaslittle merit. In ourexperienceinstilling con�dencein the
systeminstills con�dencein thestudents,andwith timeweexpectmoreof both.

5 UR-Quake (David Costello)

UR-Quake is a modi�ed versionof Id Software's Quake II. Dynamically, Quake II canbedivided
into a server part anda client part. The client part is in charge of graphicsandthe usercontrols
(keyboard,mouse,gamepad,etc.). Theserver updatestheworld statesandfeedsthis information
backto theclient for it to redraw thegraphicsaccordingly. Statically, Quake II consistsof anexe-
cutableandtwo DLLs (dynamicallink library). Theexecutable(quake2 ) hasboththeserver and
clientcodeandis generallyreferredasthegameengine. A videorefreshlibrary (ref softx.so )
providesthegameenginebasicgraphicsabilities.Thegameitself, containingvariousmonstersin-
cludingourquagents,is in gamei386.so . Thisarrangementenablesusersto loaddifferentgames
usingasingleexecutable.To loadgamei386.so in currentdirectory, e.g.,we issue

quake2

To run thegame,wealsoneedto settheenvironmentvariablesQUAKE2 BASEand
QUAKE2 CONFto tell wherethemapis andaplaceto storecon�gurations.Thescript
/u/cs242/quake/bin/run-quake doesjust that.

A bookon Mod programmingin Quake III [39] gave usefulbackgroundandgeneral“cultural”
technicalbackground.We foundusefula documentdetailingQuake II calling trees(functionnest-
ing) for severalof themaincontrol loops[33]. Also a very helpful andcomprehensive look under
thehoodis [44].

5.1 Original Goalsand Challenges

Theprojectbegan for meessentiallyasa feasibility study. Thequestion?Could theQuake game
enginebeusedasa stand-in'world simulator' to supportdevelopmentandresearchof 'intelligent'
agents?The idea was that the Quake enginehandledall the nastydetailsof collision detection
andenvironmentmanagementso researcherscould concentrateon exploring agentbehaviors and
interactionswithin a rich 'world' space.If anobjector entity bumpsinto a wall or falls in a pit of
lava, theengineknowshow to managethephysicsof thesubsequentconsequences.
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For our purposesthereweretwo major requirementsthatneededto besatis�ed for us to seri-
ouslyconsiderQuakeasourbaseplatform.

1. The”agent”codeshouldbuild andrunundertheLinux OperatingSystemregardlessof where
theactualgameserverwasrunning.

2. Theremustexist amechanismto build ”agents”(or at leasttheirsmarts)externalto thegame
itself so that external resourcesof the agentswould not have to be linked directly into the
gameitself.

Of coursethereweremany morespeci�cationsafterwardsbut thesewerethe main pointsof
interestat theonset.My taskwasto answerthesequestionsde�niti vely andprovide a smallproof-
of-conceptdemo.Requirement1 just madethingsmucheasier. Linux is our primarydevelopment
platformandconnectingto otherhomegrown resourcessuchasTRIPSor computervisionapplica-
tionscouldlaterbefacilitatedwithoutexcessiveporting.Requirement2 wouldallow agentcodeto
chugaway outsideof thegameperhapscommunicatingwith otheragentsandthenasynchronously
agentscouldcommunicatewith thegameandentity representationstherein.

We knew that Id softwarehadreleasedsourcecodefor Quake III Arenaaswell asQuake II
andQuake I. Quake III Arena,beingthelatestof theseries,seemedthemostpromisingat �rst. It
providedsuperiorgraphicsto theprevioustwo andadvertiseda moresophisticatedinternalAI for
the game's bots. Therealsoseemedto be a lot moreprogrammeractivity in termsof third party
'mods' associatedwith Quake III Arenaso it stoodto reasonthat would be a goodplaceto start.
Id softwaredoesnot provide a gameengineAPI documentfor any of its opensourcecodereleases
so you are on your own to determinethe architectureby using online referencesin the gaming
communityandany possiblebookson thesubject.Thegamingcommunitywebsitescontaingobs
of disconnectedinformationprovidedby enthusiasts.Thetroublewith muchof it is thata lot of it
is in ”gamerspeak”andmuchof that is not of a technicalprogrammingnature.Also considering
thatQuake III wasoriginally releasedin the late1990's (1999andQuake II beforethat in 1997),
many promisinglinks to tutorials and documentationon the Internethave simply becomedead
links. And furthermore,althoughtheQuake III gameenginewasrevolutionaryandis usedasthe
baseplatform for many contemporarygametitles, the currentyearwas2003. In computergame
developmentyearsa � ve yearold gamerelease(or earlier)mayaswell have been1909. Thetime
gapis importantnot in termsof therevolutionaryengineitself but in termsof contemporarygaming,
accessto shrinkwrappedcopiesof the retail game,andongoinggamemoddevelopment.The Id
softwarewebsiteidsoftware.comofferedthe sourcecodeto the gamebut no API documentation
or codereferences.Planetquake.com,which is THE quake enthusiastheadquarterson theInternet,
provedausefulresourcefor �nding modprogramminginformation.

Oneof the �rst thingsyou realizeimmediatelyis that the gamewas originally designedfor
theMicrosoft Windows operatingsystemandthesourcecodeprovidedby Id wascon�guredto be
compiledandrunontheMS Windowsplatform.They helpfully provideaVisualStudioproject�le
thatdoestheright thing on a Windows workstation.I foundsomefolks who hadtakena crackat
constructingmake �les for Linux but noneof thedistributionsI tried actuallysuccessfullybuilt a
binary on our equipment,which at the time wasa fairly standardinstallationof RedHat Linux 9
with agcc3.2compiler.
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Theotherthing thatbecameimmediatelyevidentis thatJohnCarmackat Id softwarehadNOT
releasedtheentireQuake III gameto GPL opensource.Theclient codewasavailableto facilitate
building gamemodi�cations (mods)but thegameengine(server) codewaskeptproprietary. This
wasdueto thefactthatId softwarewasstill sellingthegameengineto commercialgamedevelopers.
Purchasingthegameenginefrom Id wascostprohibitiveandveryrestrictive. It meantyouneededa
commercialcopy of Quake III Arenato programany gamemods.Youalsoneededto run thegame
(theserver) on a Windows machine.Anothergotchais thefactthatthedataandgraphics�les (pak
�les) for thegameareNOT availablewith thesourcecodeandarein factnot availablevia a GPL
license.Sowithouta retail copy of thegameyoucannotproceed.I decidedto pursuethingsfurther
anywaysinceI hadaccessto awindowsmachineandreallywantedto explorehow limiting it would
be to not beableto touchtheenginecodeitself. Trying to �nd a copy of a gamethatold proved
dif�cult. Thecomputerstoresdon't carrytitles thatold nor do onlineretailers.EventuallyI found
ausedcopy of bothQuake III ArenaandQuake II from individualsvia Amazon.com”usedandfor
sale”section.Interestinglyenoughsincethereleaseof Id software's latestgameDoom3in August
of 2004a quick searchvia Amazon.comrevealsa signi�cant numberof usedcopiesof Quake III
andQuake II. Many, many morethanI foundavailableat the time I startedlooking. I believe the
interestin the new gamehasrekindleda nichemarket for the ”old school” versions.This means
it will be relativelyeasyto duplicateall of our system,simplyby buying thegameto get whatwe
cannotdistribute.

Thankslargely to abookby Shawn HolmescalledMOD Programmingin Quake III Arena[39]
I wasableto begin to understandtheQuakemodelandsuccessfullycreatedsomesmallgamemods
underwindows to begin to exploresomepossibilities.Underwindows I used
Q3A TA GameSource 127.exe sourcecodeand appliedthe pointrelease 132.exe to
the binary gameinstallation(both availablefrom idsoftware.com).I did thingslike changingthe
propertiesof arocketsoasto makeit �y soslow youcould�re it andthenrun in front of it to watch
it explodecloseup. It wascertainlynot intelligencecodebut it helpedwith understandinghow
thegameloop andeventcall-backswork. With theQuake III Arenasourcecodedownloadedfrom
Id software(Q3A-129h-sourcewasusedunderLinux ) I did actuallysuccessfullybuild theclient
portionof thegameunderLinux withoutmuchtrouble.But I wasn't ableto obtaina Linux version
of the binary gameserver to link to. I alsoexplored the possibility of running the gameserver
underwindows andconnectingclient botsremotely. With theserver lockedinto Windows andthe
networkingcodehiddenit wasgoingto bedif�cult atbestto accomplishwriting autonomousclient
botsthat connectedfrom Linux. I �nally gave up trying to �gure out the network protocol. So I
ultimately optedto stepfurther into the pastandacquirethe Quake II sourcewhich includedfull
sourcecodefor the entiregameincluding the engineserver. The versionour work is basedon is
3.21(quake2-3.21-id.zip from idsoftware.com)

TheAPI, which you literally have to learnfrom thesourcecodecommentsandword of mouth
on the gamerboards,is slightly different in the older Quake II versionbut the basicarchitecture
is similar so the basicfeel of thingsI learnedfrom the Quake III experimentswasvery valuable.
AlthoughLinux OScodewasincludedin thesourcebundle,it would not build underLinux andit
still requiredacommercialcopy of thegamefor thedataandgraphics�les containedin ”pak” �les.
Furthercomplicatingthingswith Quake II is that the pak �les arecompressedwith a proprietary
compressionunlike the Quake III pak �les that aresimply zippedandthereforecanbe unpacked
with any zip tool. TheQuakeII pak�les requireawindowsonly decompressionviewer tool (I used
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pakexplorer). Map building toolsarealsoavailableonly for useon theWindows platform. OnceI
successfullyconstructedaMake�le thatcouldbuild thegameunderLinux andcopiedover thedata
(PAK) �les from theretailWindowsCDROM I hadacompleteworkingversionof thegameinside
Linux.

5.2 QuakeII Botsand Mod Programming 101

TheQuake II server comprisesanexecutableanda gameSharedObjector SO(or DLL Dynamic
Link Library underwindows) . ThegameSOis responsiblefor theAI of themonsters,weapons,
botsandothergameplay.

Thequake2executablealsocontainsa client part,which is connectedto theserver over a net-
work, or locally if on the samemachine. It is the server that dictatesthe eventsandcontrolsthe
entitiesin the Quake II world. Everythingconceived by the server is conveyed asnetwork mes-
sagesto the clients. They only have to renderandtell the server what the connectedplayeris up
to (renderingmay includesomeasynchronousinterpolationof graphicdetailsof fasteventslike
explosions.)

Quake II is alsoaccompaniedby PAK-�les. A PAK-�le containsoneor several maps,which
de�ne theQuake II world. They alsocontaininformationaboutwhereentities,like monsters,are
placed(spawned)in theworld.

The world is divided into staticobjectslike walls, �oor or sky andentitiesthat aremovable,
like players,monsters,and rockets. The server maintainsa large struct callededict t that holds
the representationof the world. The gamesharedobjectextendsthis struct to addattributesand
functionalityto thegame.Thisis oneplacewheregamemod'scanchangetheplayandfunctionality
of the game. By creatinga new gamesharedobject and loading it (swappingit for the regular
game.so)with theserver the”mod” is activatedfor play.

All entitiesin the gameutilize a ”think” function (which is provided by the edict t struct) to
executecalculationsor behavior. The server loop, which is singlethreaded,provideseachentity
a slice of time to executeinstructionsfrom its current”think' function. The function pointer is
changedto thefunctionneedednext by theentity anda timer variableis setfor its next execution.
For examplea rocket in �ight uponbeingnoti�ed thatit hadstrucksomethingwouldsetits ”think”
functionto ”explodefunction” sothatits next time slicewould executethefunctionto performthe
explosion.Entitiesseta ”nextthink” variabletimer thattellswhenit needsprocessortimeagain for
its ”think” function.

Thebasicdirectorystructureof theQuake II game(andsourcebundle),which representseach
of themainmodulesof thecompletegame,is thefollowing:

client/ – containsclient codesomeof which performslocal operationslike soundgenera-
tion to reducenetwork latency andoff loadsomeexpensivework from theserver itself.

game/ – theserver. WherethemonsterAI andbasicbehavior codefor thegameis.

ref soft/ – softx renderingcode

ref gl/ – openGLrenderingcode

linux/ – OSspeci�c code

qcommon/ – utility codefor handlingcommandline,�les, environment,etc...
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Additionally, to runthegamethebaseq2/directorycontainingthepak�les with thegame'sdata
andgraphicsis required.This is obtainedfrom theretail CDROM. Quake II Sourcecode-naming
conventions:if thesource�le namestartswith g gameengine(server) codem monstercodep
playercodecl client codeAside:

Thereis a lot more ”AI” codeinside the Quake III Arena sources. Therewas a signi�cant
upgradein theability of monstersto play thegamein Quake III which is primarily a ”deathmatch”
styleFirst PersonShooter. Playerskills areslightly differentin a deathmatchgameasopposedto
anexploreandadvanceQuake II typegame.Themonstersin Quake II have very unsophisticated
abilities. For examplein Quake II the monstersnavigatetheir way aroundby following invisible
breadcrumblikepaths.In Quake III Arenamostof theAI codeis containedin source�les pre�xed
with ai .

The gameis driven by the Quake2 engine. Every 100msit calls a RunFramefunction of the
gameSO,which in turn calls a treeof functionsfor animatingall the itemsin the world. This is
calledaserver frame.

Every 50msor so the Quake2 enginecalls a function namedClientThink in the gameSO.
Actionstakenby theplayerareintroducedat thatpoint.

Theserver updatesthephysicalcon�gurationof theworld. Theclient partof Quake2predicts
movementin betweennetwork updatesfrom theserver. Eventually(every few framesor so 10hz?),
theengineupdatestheclientwith currentinformation,sendingits realpositionandorientation.

To managetime slicing andeventcallbackstherearea numberof pointersto functionsde�ned
in theedict t structwhichcanbeviewedinsidetheg local.h�le. Thisis wherethepointerto ”think”
is de�nedaswell asthe”nextthink” variable.Therearealsofunctionpointersto thingslike”touch”,
which getscalledby theserver whena collision is detectedand”die” thatis calledwhentheentity
expires. All spawnedentitiesget a handleon this struct,which is usuallyreferencedasa pointer
named*self. Oneway to effect a changein gamebehavior thenis to de�ne your own functionand
setthefunctionpointerin edict t sothatyour functionis calledwhenaneventis triggered.To geta
jumpstartyou canadaptcodefrom oneof themonsters.Recallmonstersourcecode�les startwith
thepre�x m . In thefollowing codesnippetweadaptm soldier.c in anew �le namedwhateveryou
like.

Whatasimplespawn functionmight look like:

void SP_Mybot(edict-t *self){
// use the soldier data which is inside this
// 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;
//register this new entity with the
//game import engine (world)

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

}

Hereis averysimplefunctionmyfunction touchde�ned to justprint to theconsolethenameof
thethingmy bot is 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);
}

Theeasiestway to executeyour new spawn fuction whenthegameis runningis to attachit to
a consolecommand.Thegameprovidesa dropdown promptinginterfacecalledtheconsolethat
providescertaintypesof gamefeedback,providesmessagepassingbetweennetworkedplayers,and
allows gamecommandsto beenteredandexecuted.Therearelots of built-in commandsandit is
trivial to addonethatcallsoneof your functions.Theconsolecommandsarede�ned in g cmds.c.
To addthespawn functionabove to a commandcalled”mybot” we would addthefollowing inside
theg cmds.c�le:

/* 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 runningwecandropdown theconsole(usethe” ' ” key) andtypemybot
to seethenew codework.

Commenton Quake II Animations

TheQuakeII architecturemechanismfor performinganimationsusestwo datastructures.mframet
is essentiallya list of a seriesof small functionsto be called in a loop, and mmove t contains
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instructionsfor which graphicframesto displayduringthe loop. You canseeexamplesinsidethe
monstersource�les. Thesegraphicalpicturesarethekind of thingyouwouldcreateandtheninstall
in your own PAK �le if you werecreatinga new gamewith new charactersandobjects.Lackinga
graphicalartiston theteam,our initial experimentsusethestockcharactergraphics.

Graphics Rendering

An entirepapercouldbewritten aboutthegraphicalrenderingof Quake II but theonly thing I am
goingto mentionis thesubsystemweusedunderLinux. Quake II supportsbothOpenGLandsoftx
renderingunderLinux runninganX server. Althoughmy Windows testshadno problembuilding
andrunningtheOpenGLrenderingsubsystemI did nothaveany luck with it underLinux. Thereare
acoupleof issues.First,wedid nothavealicensedOpenGLlibrary available.Wedid howeverhave
theopensourceMESA library availablewhich is usuallya fairly reliablesubstitute.Admittedly I
did not spenda tremendouslylargeamountof time trying to getQuake II to work with MESA but
thetimeI did spenddid notprovesuccessful.Thesecondissueis thatpresumablyif yourunQuake
II Linux with theOpenGLrenderingsubsystemthegamemustberunasroot(superuser)to perform
thescreenwrites.Theremaybesomeworkaroundsfor thisbut thiswasnotanattractive restriction
consideringwe wantedto provide a platformfor studentsto developagentcodeprojectsusingour
framework. Theremay alsobe a video carddriver issuefor maximizing the performanceunder
Linux but I don't think I got thatfar soI can't speakto that.OnceI got thesoftx rendererworking,
andfound it to performquite adequatelywith our hardware,I left the OpenGLasa TODO. That
said,this issuewill be readdressedsoa comparisoncanbemadeto decideif thereis a signi�cant
bene�t to theOpenGLrenderingunderLinux.

5.3 Experimental Bot

Oneof our �rst experimentswith gamemodi�cationswasto createamod(davebot)thathooksupa
listeningport in thegame.Thisconnectionspawnsacustombotandopensacommunicationschan-
nel to theoutsideworld wheresimpletext commandsaretypedin to directsomebot actions.The
incomingconnectiondoessomesimpleparsingto determinethedirective andcallstheappropriate
bot commandfunction. This wasthebeginningof developmenta simpletext protocolinto Quake
II thatallows externalresourcesto work andthendirectbotsinsideQuake (Section7). Hereis the
pseudocodethatformedthebasisof thedavebotdemo:

davebot mainthink() pseudo-code:

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

if (!socketInitialized){
connect server socket and listen for connections
(socket, bind, listen)

}
if (!socketConnected){
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nonblocking accept
if (EAGAIN){

nothing ready yet.
}else{

sock is connected
}

} else {
readSocket()
parse command
do action

}

5.4 QuagentAr chitecture

Thequagentdemocodeandbot protocolgrew out of theearlierproof of conceptexperimentsinto
akind of specializedbotproxyserver (Fig. 13).

5.5 Quake II versusQuake III Ar ena

Quake II is fully GPL licensedandfreefor download.(exceptfor PAK data)

PROS � full enginesourcecodeincluded

� networkingbits included

CONS � graphicslook clunkier

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

� OpenGLrequiresrootunderLinux

� retail versionrequiredfor pak(data)�les

� Only mapeditorswe foundrunonWindowsonly

Quake3 partof thegamesourceis availableto createdll' sor .so's to creategamemods.

PROS � gameAI is smarterandfuller featured(don't follow crumbtrails)

� current,morestateof theart engine(graphics,physics,etc...)

� thedownloadedsourcefor dll' sand.so'sdoescompileunderlinux andwindows

� PAK �les arecompressedin simplezip formatmakingthemaccessiblewithoutaspecial
windowsonly tool

CONS � full enginesourcenotavailableandthatmeansnonetworkingcode

� retail versionrequiredfor maingamebinaryandpak(data)�les

� a lot moreresourcesfor windowsplatformthanfor linux/unix aswouldbeexpected.

� network protocolis notavailablefrom Id
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Figure13: SimplisticVisualizationof QuagentArchitecture
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6 The QuagentWorld

6.1 Quagentsand Bots

In our ontology, the bots in the Quake II world arestrictly hardware. In a real game,they have
”think” functionsthatmayor nothave”mod” capabilitiescanbemodi�ed by theplayers.In Quake
II, aswe have seen,thebotscomewith a certainamountof innate“intelligence” (foundin theg ai
�les), whichwehave ruthlesslystrippedout.

For us for now, they are commandablewith a �nite set of commandsand they have certain
re�exesthatpromptthemto tell youaboutcertainevents.All theintelligencethereforeis off-board,
outsidethegame,in user-written programs(in Java, Perl,Lisp, C, C++, ...). We cancommunicate
with thegameandviceversa(again,for now) only throughaprotocol.A programsendsandreceives
stringswith keywordsandparameters(andit canreceive binarydataaswell). TheQuagentis thus
thecombinationof thebot in thegameandtheuser-writtencontrollingsoftware.

We can spawn multiple bots. Eachone will have its own ”private line” throughwhich you
communicateto it, souserswill notgetthemmixedup.

6.2 Objects in The Quagent'sWorld: QuagentOntology

The entitiesin the Quagent's world may changeaswe addmore functionality. The issueis the
Quagent's state,perceptions,actions,andwhataretheinterestingobjectsin its world.

� Time: thequagent'sworld advancesin 1/10secondintervalscalled”ticks”.

� TheClient (the�rst-personshooter).Thegamestill hasthischaracter, andby defaultyousee
throughhiseyes.Hecanmovearound,interactwith bots,presumablyhecanstill shootthings,
etc. We have disabledhis ”auto pickup” propertyso he can't intentionallyor inadvertently
changethebots' world too much.He raisesa few interestingpossibilitiesfor agentsdealing
with dynamicanduncertainworlds!

� Wallsandwindows. Thesearethingsthequagentcannotwalk through.

� Items:box,gold,tofu,battery, data,kryptonite,head.Youcanspawn thesethingsin locations
youspecify.

� Otherquagents.You canspawn morethanonequagentandcontrolyour botswith different
controllers.

6.3 QuagentState

Quagentshaveaninternalstatein�uencedby whathappensbetweenit andtheworld.

� Position(X,Y,Z)

� Orientation(Roll, Pitch, Yaw) (most importantly for us, the ”yaw” is the robot's ”current
direction”, andmostcommandsandreportsarein coordinatesthat take thecurrent(X,Y,Z)
astheorigin andthecurrentdirectionas0 degrees.
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� Velocity

� Inventory(List of itemsin quagent's possession)

� Health

� Wealth

� Wisdom

� Energy

� Age

6.4 QuagentPhysicsand Biology

Userscaneasilydiscover how thegameworks, looks,andfeels: therearesomethinglike normal
physicallawsrunningtheshow, but therearemany tricksbeingusedsosomeinformationyouthink
shouldbe availableis eithernot thereor hardto get. The following laws de�ne specialwaysour
Quagentsreactto thingsin theworld.

� A bot is spawneduponconnectionto the game. Often this happensin the bot constructor
function.

� Disconnectingkills thebot. This maybeusefulif the”laws of nature”you programinclude
fatalconsequencesbesidesthebuilt-in ones.

� All itemsbut boxescanbewalkedover;boxesblockwalking.

� All itemscanbepickedup.

� Pickingup (Dropping)Tofu increases(decreases)Health.

� Pickingup (Dropping)Gold increases(decreases)Wealth.

� Pickingup (Dropping)Dataincreases(decreases)Wisdom.

� Pickingup (Dropping)Batteryincreases(decreases)Energy.

� Pickingup (Dropping)Boxesjustmeansbothasa(nother)(oneless)box.

� Pickingup Kryptonitemeansenergy decreasesby thesameamountasif it werewithin the
”near” range(seebelow).

� IncreasedWisdomincreasesperceptualabilities. In particularthe maximumradiusfor the
RADIUS commandandthe numberof raysallowed in the RAYS commandgo up. If this
linkageis irrelevantto aparticularquagentscenarioandexperiments,theinitial wisdomvalue
canbeSETto or above thevalueof High Wisdom.

� Age increasesevery tick. Whenlifetime exceeded,quagentdies.
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� Energy decreasesby a small amountat every tick. When energy goesto zero, bot stops
moving. Everythingelsestill works,includingPickup,soanotherbot couldgive it batteries.

� WhenHealthgoesto zerothebotdies.

� If Kryptoniteis within a ”f ar” rangeit furtherdecreasesbotenergy by a little atevery tick. If
it is within a ”near” rangeit decreasesbotenergy by moreatevery tick.

Theseare a coupleof dozenparametersset by the systemand are not settableby the user
governingthephysicalconstantsin theQuagentworld.

6.5 Con�guration Files

Therearetwo sortsof con�guration �les. Thereis at mostoneof the �rst type,which setsup the
world andis calledwhenthegameis launched.It populatestheenvironmentwith itemsin selected
locationsselect.

Itemscanbespawnedinto a quake world from theconsoleor canbecontrolledby a con�gura-
tion �le. The�le shouldbecalledquagent world config.dat

It hasasimpleformat: it hasoneline peritemyouwantspawnedandeachline lookslike

[item name][x] [y] [z]

Where[item name]is oneof BOX, TOFU,BATTERY, GOLD, DATA, KRYPTONITE, and[x]
etc arestringsto be interpretedasnumbersgiving (x,y,z) absoluteQuake coordinates.Now this
meansoneneedsa mapof thecurrentroomin orderto know wherethingsare,andso thingswill
notbespawnedinsidewallsor outof theroomentirely.

With nocon�guration�le ausergetsthestandarditemsthegamespawns.

Thesecondtypeof con�guration�le con�gure thebots.

Eachtime a bot is spawnedits individual con�g �le maybesupplied.This letsonedo experi-
mentswith botsof differentcapabilities.Thebot con�guration �le haslinesallowing initialization
of certainbot statelevelsandthresholds.They usuallylook like

[variable][value]

Where[variable]is oneof LIFETIME,
INITIAL WISDOM,
INITIALENERGY,
INITIAL WEALTH,
INITIALHEAL TH,
ENERGYLOWTHRESHOLD,
AGEHIGHTHRESHOLD,
and[value]is astringto beinterpretedasanumber.

An importantoneis slightly different,takingthreevaluesgiving (x,y,z) locationof bot.

INITIALLOCA TION [x] [y] [z]

With nocon�guration�le abot is spawnedin adefault room(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
quagent 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)communicationbetweenquagents(not bots)is easyif they areall run-
ning in thesameprogram.It maybea little harder(andnon-uniform)if they arenot. Right now
we are not using gamefacilities to do communicationssincethey are set up for client to client
communication.

As of now, think aboutthe quagentprograms,the controllers,communicating,not the bots
communicating.It' s like the languageandreasoningcentersareup in thecontroller. Soonequa-
gentcanbroadcast,or targetanotherparticularquagent,or all quagentswithin somedistance,with
”messages”thatcanbe interpretedby theotherquagent(controller.) Thusstylizedbehaviours,or
sequencesof actions,canbescripted:QuagentA canbe low on GOLD but have a lot of HEADs,
so it could broadcast”OPENFORBUSINESS”,whereuponB could decideto swap GOLD for a
HEAD, and so the controllerswould cooperateby runningoff the necessarywalk-over-to, drop
gold,drophead,pickuphead,pickupgoldactions.

LikewisetherecouldbeaSTEAL interactionthatcouldbebuilt sameway, failing if thedesired
item is not held,OR onecould implementthecapabilityof A inquiring of B what its inventoryis.
Again thewholetransactionwouldbemediatedby thequagentcode,not thebotcode.

A goodquagent-quagentcommunicationsprotocolwould bea nicecontribution. Barnumhas
implementedoneandit mayappearin thedisseminatedcode,webpages,andpossiblyin this TR
soon.

6.7 DesigningEnvir onments

Most studentsultimately like to designan environmentthat hasthe featuresneededby their ap-
plicationandavoidsdistractingunneededfeatures.To createsucha customenvironmentfor your
Quagentsyouusea leveleditor.

Thetwo maineditorsthatpeoplemainly usearebothfor Windows,however themap�les they
creatework in Linux too. A goodoneis Worldcraft1.6a[12], which is supposedto betheeasiest
to use.SomeotherpeopleusetheQuark,or theQuakeArmy Knife [11].

Therearerumorsaboutlevel editorsfor Linux, but haven't foundanythingsolid. Theworldcraft
site hastutorials,andit is possibleto make mapsfairly easilyusingit. Sometimestextureshave
translationproblemsbetweenthelevel editingandrunningin Linux. Theonly �x we know is just
to pick differenttextures.
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6.8 Playing God

Clearlysomeof thebasiclaws of how botsinteractwith theworld couldeasilybeenforcedby the
quagentcontroller. For instance,to enforceweakeningaroundkryptonitea usercould write the
samethingwedid...checkfor kryptoniteanddecrementsome”health” variableaccordingly. In fact
thereis no reasonuserscannotbuild complex phobias,socialbehaviors, healthquirks,prioritized
but con�icting motivations,whatever! The causes,effects, and interactionscan all be overseen
by thequagentcontroller. This would be just anotherlayerof simulationoverlaidon theexisting
minimal bot capabilities.So don't be frustratedif the bar botsseemto have a minimal inner life
(sortof aphysicalbodyandmaybeanid). Youcanbuild theego,superego,etc. in thecontroller.

Userscanbuild andextendmany quagentfunctionalities,andthey shouldnotfeelconstrainedby
thelimited amountof on-board”wired-in” bot characteristicswesupply. For example,for research
purposesBarnumeliminatedmany of theQuagentbiologicallaws (Sections3 and9).

7 QuagentProtocol

In this and somesucceedingsections,URLs are in [squarebrackets], and the “...” standsfor
“http://www.cs.rochester.edu/u/brown/”. Bots are controlledby and communicatewith quagent
controllersusingthe [.../242/docs/quake protocol.html]QuagentProtocol(describedbelow). For
how to usetheprotocolin code,see[.../242/docs/quake code.html].Thelatter referencedescribes
thequagentcon�guration�le thatsetupsthebotandits environment(Section6.5).

TheQuake �le game/g cmds.c implementsconsolecommands,whichallow directinter-
actionwith thegame.Consultgamedocumentationor the�le to seewhatis possible.

TheQuagentprotocolis basedon our experiencewith intelligent interactive computeragents.
The controllercansendthe bot commandsor ask it things. The bot con�rms commandreceipt,
sendserrormessages,or sendsbackdatain response.Thebotcanalsovolunteerfactsto youabout
eventsit senses.

Thegeneralform of protocolmessagesis:// Fromcontrollerto bot: // DO [Command][Param-
eters]//ASK [Query] [Parameters]//Fromto bot to controller: // OK ( [Echo] ) (echosfor positive
con�rmation, as in a submarinemovie) // ERR ( [Echo] ) [Error Description](can't begin to do
command).//TELL [Event] [Parameters](Asynchronousfrom bot: volunteersinformation).

In the following, + and* areusedasusualin regular expressions.UPPER-CASEstringsare
keywords. [lower-case-id]srepresentstringsthatareparsedby scanfasan integeror realnumber.
[Echo] is shorthanda copy of thecommandstringin theresponse.[Error-cause]is shorthandfor a
helpful errordescription.TheResponse//OK ( [Echo] ) or ERR( [Echo] ) [Error-cause],in which
thebot agreesto try to startthecommand,or to performit, or sayswhy not, is calledthe Standard
response.Notetheparenthesesaroundtheechoedresponse.

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

Command:WALKBY [distance](e.g.WALK 20.0).DesireBot tostartwalkingin currentdirection.
Bot will, at best,startwalking in the right directionandsilently stopwhendistanceis reached.
¡b¿Surprisea¡/b¿Thebot is really a boundingbox andsomegraphicsthatchange,oftenin a cycle,
whenit is doingsomething,for examplewalking. The ”realistic” look requiresthat thebot move
unequalforward distancesbetweenthe variousimagesthat depict its action. You canseesample
codein ”monster”source�les like.../game/mgunner.c,whichde�ne thegraphics,speedof motion,
stepsizes,etc. for thedifferentquake denizens.Thusyour botstake ”dif ferentsizedsteps”during
their walk cycle. Thusthey only approximatethedistancein thewalkby command,andif you are
countingsteps(ticks)or somethingto computeyourown distances,youcanbesurprised.

Response:Standard.

Command:RUNBY (Similar to WALKBY)

Similar commands:

� STAND. Bot stopsmoving.

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

� PICKUP [Item-Name]. Immediatelypicks up oneof the nameditems if bot is within the
¡PickupRadius¿of theitem. Erroroccursif item is not closeenough.

� DROP[Item-Name]. Immediatelyputsdown oneof thenameditemsin thebot's inventory.
Erroroccursif botnotholdingnameditem.

7.2 Perception

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

Response:ERR( Echo) [useful description]or // OK ( [Echo]) [numberof objects]([object
name][relative position])*//, where[relative position] is an (x,y,z) three-vector of relative
distances.Example:OK ( ASK radius100.0) 2 GOLD -20.030.00 Sandhya -320-1000

� ASK RAYS [numberof rays].Whatentitiesaresurroundingbot in somesetof directions.If
numberis one,ray's directionis in bot's currentdirection. Thecommandshootsout [num-
ber of rays]evenly distributedon a circle aroundthe robot. // Response:asfor RADIUS.//
Example:ASK RAYS 10// OK ( ASK RAYS 2 ) 1 world spawn 315.0277.10.0 2 TOFU
200 100 0 // Response:ERR [useful description]or // OK ( [Echo] ) ([ray number][ob-
ject name][relative position])+ // relative position is as in the Ask Radiuscommand.The
”world spawn” entity is awall or othergamestructure.

� ASK PING(ahigh-resolutionversionof RAYS).

� CAMERAON. Normally theterminalshowstheview from the(�rst-person)client. Thisputs
thecameraon thebot.
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� CAMERAOFF. Putscameraonclient.

� LOOK. Uploadsimagebuffer to the quagentcode,presumablythe world asseenfrom the
bot'spointof view.

7.3 Proprioception and AsynchronousCondition Messages

It is useful to be able to query the bot's internal state(“get” commands)and to set certainbot
parametersfor experimentalpurposes(“set”) commands.

� GetWhere.Whereis bot,how oriented,moving how fast?thesevaluesmustbein world coor-
dinatesto bemeaningful.// Response:ERR( [Echo] ) [useful description]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) thevelocity is returned
asa constant1. It' s tricky, not obvioushow we cansetor get it. If there's a crying need,let
usknow throughthesuggestionmechanism.

� GetInventory. Whatis botholding?

� GetWellbeing.How is botdoingin its life?

� SetEnergyLowThreshold[value]. Also settablein thecon�guration �le. Whenenergy drops
to thisvalue,bot sendsasingleTELL messageto thecontroller.

� SetAgeHighhreshold[value]. Also settablein the con�guration �le. Whenrisesabove this
value,bot sendsasingleTELL messageto thecontroller.

[Condition] is a string signalinga condition either in the bot or in the world. The bot can
volunteertheexistenceor parametersof thiscondition,or of aneventin theworld, usingtheTELL
”response”.TELL is not elicitedby any DO command,but is sentunsolicitedby thebot whenthe
givenconditionis detected.

Command:None

Response:TELL [Condition].

Thefollowing [Condition]sgenerateTELLs:

� STOPPEDMotion stopsbeforedesiredWALK BY distanceattained.

� KRYPTONITENEAR: Kryptonitehasenteredtheneareffect range(from out of rangeor far
range).

� KRYPTONITEFAR: Kryptonitehasenteredthefareffect range(from nearor outof range).

� KRYPTONITENOT: Kryptonitehasgoneoutsidethefareffect range.

� LOWENERGY: A warning:Energy fallenbelow Low-threshold:paralysislooms.

� NOTLOWENERGY: Energy risenfrom below to aboveLow-threshold.
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� OLDAGE:A warning:Ageabove threshold:deathlooms.

� DYING: [World State][Inventory] [Well being]. Bot expiring of old age. Deathrattle and
dyingdump.

� STALLING: [World State][Inventory] [Well being]. Bot out of energy, alive but unableto
move.

7.4 PersonalInteraction with Quagents

Weinteractwith quagentsthroughthequagentprotocoldescribedabove. Theprotocolis in ASCII,
so telnetworks to try it out. Whenthe gameis launched,it appearsthat it grabsthe mouse. To
move the mouseto anotherwindow to do telnet-ing,hold down the SHIFT key and thenmove
the mouse.Changeto anotherwindow by usingthe key-combinationto switch windows de�ned
by your window manager. For KDE, this is usuallyALT-TAB. This is handywhentrying agent
programs.

A realsessioncouldlook like this:

prompt: telnet localhost 33333 (Connect to a quagent).
Connected to quakeII 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 STOPPED60.0045 (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 don't 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 CreatingQuagents(Bo Hu)

As wesaw in Section5, QuakeII consistsof threeparts:theengine,thegamemoduleandthevideo
refreshmodule.Thethreepartscommunicatewith eachotherthroughasetof APIs. Thegamemod-
ule exportsgame export t to theengineandimportsgame import t from theengine.There
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game_import_t


Figure14: Relationshipsamongthethreemodulesof Quake II.

aretwo typesof videorefreshmodules,oneof which usesOpenGLandtheotherusestheshared
memoryextensionof XFree86.Both typesprovideasetof APIs to theenginewith refexport t
andusefunctionalitiesde�ned in refimport t from theengine(Fig. 14).

8.1 Endowing Quagentswith Vision

Visualperceptionis an importantaspectof an intelligentagent.Therearetwo approachesto give
vision to a quagent.The hardway is to renderthe scenefrom the view point of the quagentby
ourselves. This involvesdeepunderstandingof the Quake II graphicscode. We take a shortcut.
Noticing that the sceneis renderedto the view point of the client (the �rst personshooter),we
manageto stealthecameraof theclient andattachit to a quagent.We thenreadoff the rendered
imagefrom theframebuffer. Thedisadvantagesof thisclever lazinessare,�rstly , wearestuckwith
theresolutionof thegame,i.e., if thegameis setat800� 600, theimagesweobtainareof thatsize
or a down-sampledsize;secondly, therecanbeonly onecameraat a singlemoment.Nevertheless,
thesedisadvantageshavenotshown greatlimitationsin our researchandteachingsofar.

The way we implementthe frame buffer capturealso exhibits how to bridge the threeparts
of Quake II. As can be seenfrom Fig. 14, the video refreshmoduledoesnot talk to the game
moduledirectly. Soweneedto augmentrefexport t andgame import t to enablethegame
moduleto accessthe framebuffer. Speci�cally, we addGetFrameBuffer to refexport t
andgame import t andlink thelattertwo duringengineinitialization.

8.2 Trans�guring Monsters to Quagents

Every monsterin the Quake II gameis of type edict , which recordsall information abouta
monster. To turn a monsterinto a quagent,we addquagentinfo t to edict . Thefull content
of quagentinfo t is shown below.

typedef struct quagentinfo_s {

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

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

// all other states
unsigned long misc_states;

// objects it owns
struct gitem_s *inventory[MAX_ITEMS];
int invcount;

// alarm mask
unsigned long alarm_mask;

// requested walk distance: ai_walk doesn't keep track of distance
// to make walk_by possible, we need this state variable.
float desired_distance;
float walk_distance;

// message is a scratch space for communication, because we are using
// strings to convey all information, we need space to store them
// this is especially convenient for the functions to return extra
// information to the caller

#define QUAGENT_MESSAGE_LEN1023
char message[QUAGENT_MESSAGE_LEN+1];

// internal functions
int (*trigger_alarm)(edict_t*, unsigned char alarm, ...);
int (*die)(edict_t *);

// what this guy can do
int (*turn_by)(edict_t*, float yaw_angle);
int (*walk_by)(edict_t*, float distance);
void (*stand)(edict_t*); // don't 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);

// 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 *, int );
int (*set_energy_threshold)(edict_t *, float);
// 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-Orientedterminology, a quagentis a sub-classof a monster. Basic behaviors,
suchasstanding,walking, running,searching,�ring weaponsanddying, of monstersarede�ned
in g ai.c . In general,we do not needto changethesebehaviors. Instead,we teachtheseold
dogsnew tricks. We addnew abilities to eachaction. For instance,theoriginal ai walk() does
not counthow far a monsterhasgone. However, a quagentneedssuchability. So we augmente
ai walk() to keeptrackthedistancebeingwalked.To tell a quagentapartfrom a regularQuake
monster, we assigna classnameto every quagent.All theclassnamesstartwith bot . Therefore,
to determinewhetheran edict is a quagentor a monsterin any ai functions,we canusethe
following construct.

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

}
// original monster behavior

Thefunctionmainthink() in abovesnippetchecksif therearecommandsfrom thecommunica-
tion channel(BSD socket in this case)andperformsthecommandsif thereare.ThewholeQuake
II gameworks like a co-operative multi-taskoperatingsystem(rememberMac OSpre-X andMS
Windows pre-95?)Eachedict doesits job in allocatedtime sliceandvoluntarily releasecontrol
to others.Theabove constructguaranteesthatmainthink() is executedwhena quagentgetsits
slice,sothequagentcanresponseto commandspromptly.

With appropriatevalues�lled in thequagentinfo t andaugmentedai functions,turning
a monsterinto a quagentbecomesa mechanicaloperation.Eachmonsterhasits signaturebehavior
built uponthecorrespondingai function. For example,how fasta monsterwalksandtheway it

40



walksaredeterminedby acombinationof animationframesandai walk() calls.Thiscombina-
tion is well tunedandwe do not needto changeit. Eachmonsterhasa spawnfunction,which is
calledwhenthegameneedsto createor spawn a monster. A spawn functionhasthenameof the
form SP monster . In Object-Orientedterms,this is theconstructorof amonster. It initializesall
thepropertiesof themonster. This is thefunctionweneedto extendsothatwecanconstructaqua-
gent. Theconstructorof a quagentbearsthepre�x SP quagent . Sincea quagentis a sub-class
of a monster, theconstructorinheritsall thecontentof a monsterspawn function. Futhermore,we
assigna classnameto thequagentand�ll thequagentinfo t in theconstructor. Thequagent
constructorsarecalledwhenthequagentmoduleis initialized from acon�guration�le 6.5.

8.3 Spawningobjects

Theprocedureof spawningor insertinganobjectinto theworld is

1. FindingtheitemusingFindItem , which is providedby thegame.

2. Specifyingthegraphicsof theitem.

3. Placingtheitematdesiredlocation.

4. Spawning theitemusingSpawnItem , which is providedby thegame.

5. Settingthepickupfunctionof theitemto quagent pickupitem .

Thereareassorteditemsin thefull QuakeII gamepack.Oneof theteammembersevendugout
anancienthead,which arguablyresemblestheMicrosoft-you-know-whom. We build a translation
tableto mapQuake II itemsto quagentitems. For example,a healthbox is mappedto tofu. To
show the loving of peaceof this teamandto avoid legal issues,we will make our own items. But
theprocedureis thesame.

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

9.1 CreatingUniqueness

In URQuake,therearelargegroupsof objects,from itemsto quagentsto wallsanddoors.Although
Quake hasaninternalrepresentationof eachthatseparatesit from others,a basicquagentcanonly
seeeachobject's item type(e.g. onehealthbox looks thesameasany other.) This representation
works �ne aslong asquagentsdo not needto communicateor cooperate.However, imaginethe
dilemmaif therewere threequagentsof the same,and one wantedto communicateto another.
It would needsomeway to tell its communicationprotocolexactly who to talk with. To allow
unambiguousmessagesending,wegaveeachquagentauniqueID number.
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Figure15: Facilitator

9.2 Unique QuagentIDs

Quagentroversaremadeupof two parts.The�rst is thesimulatedphysicalrover in Quake,andthe
secondis thecontrollingintelligence,whichcommunicateswith its roveroverasocketconnection,
in thesamemannerasstandardquagents.In our initial implementation,quagentscaninteractphys-
ically with eachother, (mostlyby gettingin eachother'sway,) but hadnowayof coordinatingtheir
actionsvia communication.In keepingwith our policiesof not puttinghigher-level functionality,
especiallythatrelatedto research,directly into theQuake engine,we createdanexternalfacilitator
programthroughwhicheachquagentcancommunicatewith theothers.

Thefacilitatorhassocket connectionsto theuser-written quagentcontrollercode(Fig. 15.) If
onequagentwantsto talk with another, it sendsthe messagethroughthe facilitator, which then
passesit on to theintendedrecipient.Thefacilitatorsimpli�es quagent-quagentcommunication,as
eachonly hasto have a single,permanentsocket connection,insteadof needingto handleconnec-
tionsto everyotherquagent.

Whena quagentlooksaroundin theQuake simulator, it canseetheID numbersof otherqua-
gents. Using this ID, it cansendmessagesto the quagentit sees,even thoughthereis no direct
link betweenquake andthefacilitator. In Fig. 16, two botsseeeachotherandtheir respective IDs.
Quagent5 wantsto offer a tradeto the bot it sees,so it sendsthe messagethroughthe facilita-
tor. Becausethe IDs in Quake andtheFacilitatoraresynchronizedat start-up,messagepassingis
unambiguous,althoughit hasa layerof indirection.

9.3 Unique Items

EachstandardQuake item is identicalto every otheritem in its class(e.g. every tofu is the same
asevery othertofu.) Sometimes,however, it is desirableto have anobjectwith propertiesthatare
subtlydistinctfrom others,or elsearemodi�able dynamicallyasthesimulationprogresses.

Modi�cation is perhapsthemostusefulaspectof uniqueitems.For example,supposethereis a
needfor apile of 100goldcoins.ThestandardQuakewouldneedto spawn 100separatecoinitems.
On theotherhand,with uniqueitems,only a singleitem,“pile of coins,” would needto becreated.
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Figure16: TheQuagentworld

Thepile couldbemadesothatasquagentstake coins,thenumberof coinsremainingdiminishes.
In thisway, implementationis simpli�ed anddesignbecomesmoreintuitive.

Anotherusefulpropertyof uniqueitemsis that it 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 pileswith from oneto onethousandcoinswith a uniqueitem,
by modifying only a singlenumberin the con�guration �le. By contrast,with standarditems,a
thousanditemclasseswouldhave to bemanuallyde�ned for thesamefunctionality.

9.4 Trading Items

Tradingitemsrequirestheuseof bothquagentanditem IDs. Expandingon Fig. 16, two quagents
usethefacilitatorto arrangeatrade.Eventually, they mutuallydecidefor Quagent5 to giveanapple
andfor Quagent3 to give anorangein return.Theactual“physical” itemsarestoredin theQuake
simulator, andthemanipulationof inventoriesmusthappenthere.

We modi�ed the Quake codeto add a protocol to tradeitems, money, and information. A
tradeis a transferof any or all of the threebetweentwo quagents.Only itemsarehandledin the
actualQuake program;money andinformation,beingnew to the Quake ontology, arehandledin
thequagentcontrollers.If a tradeis completedsuccessfully, thenQuakewill sendamessagetelling
thequagentsto transferfundsor information. It is impossiblefor a quagentto renegeon an item
trade,asit is handleddirectlyby Quake,but money andinformationrequiregoodfaith (or “honest”
quagentcontrollers.) The issueof a dishonestor malfunctioningquagentis an separateproblem
that won't be handledhere. Any numberof protocolsto decideon tradescould be used,with no
additionalmodi�cation to theQuakecode.

In thebasicexamplegiven,thetradeinvolvesonly items. Supposenow thatQuagent3 hasno
oranges,but insteadoffersto trade$50andthelocationof anorangegrove for theapple.Quagent
5 feelsthatthis is fair, andthey begin thetradeprotocol.

Quake requiresthatbotsgive permissionfor inventorymodi�cation, to preventstealing.Soto
begin, Quagent3 musttell Quake to allow Quagent5 to modify its inventoryto give theapple. It
tells Quake a messagesuchas: “Allow Quagent5 to give me an apple. I agreeto give $50 and
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Figure17: TheTeamQuagentinterface

the locationof an orangegrove in exchange.” Quake receives this messageandaddsit to a list
of acceptabletrades.At this point, Quagent5 canperformtheactualtrade. It tells Quake: “Give
Quagent3 an apple. Request$50 andthe locationof an orangegrove in exchange.” Assuming
that they arein rangeof eachother, Quake will move the applefrom Quagent5's to Quagent3's
inventory, thensendamessageto Quagent3 orderingit to sendthemoney andinformation.Quagent
3 will thentransferthefundsandinformationvia thefacilitator, completingthetrade. If for some
reason,the acceptabletradeand the tradeattemptare not the same,then the tradewill fail and
nothingwill beexchanged.

9.5 The TeamQuagentPackage

The TeamQuagentpackagecontainslow-level routinesfor quagentfunctioning, including a Java
classto extend and a separatefacilitator for communicationbetweenTeamQuagents(Fig. 17.)
In the picture, the relationshipbetweendifferentpiecesof codecanbe seen. In the customized
codesection,a developercan createindividualizedfunctionality, while using the TeamQuagent
packageto communicateand coordinatewith other Quagentsand Quake. Eventsare collected
asynchronouslyby thecommunicationandquakeeventsmodules,andhigh-level commandscanbe
sentwith themethodsmodules.

A messagebetweenquagentscancontainanarbitrarycollectionof Java Objects,wrappedwith
theTeamMessageclass.If aquagentwantsto sendamessage,it makesanew TeamMessageof the
appropriatetype,andpassesit to the communicationmethod,which sendsit on to the facilitator.
As anexample,a text messagecanusethebuilt in extensionTextTeamMessage,which allows the
sendingof aStringObject.
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To interfacewith Quake, TeamQuagentprovidesa groupof methodsto sendcommands.For
instance,calling the runby(int distance)methodtells Quake to make the bot run. TeamQuagent
createstheappropriatestringin eachmethod,andpassesthatto Quake.

TeamQuagenthastwo event queues,one for Quake and the other for messagesfrom other
quagents.While runningthemaincontrol loop,a TeamQuagentperiodicallycancheckthequeues
andhandleany eventsor messagesthatcameup. A Quake messageis theresultof a scanor trade,
or anunexpectedeventsuchasrunninginto awall andstopping.

By usingthequagent-to-Quake andquagent-to-quagentmethods,a fairly sophisticatedbot can
be constructedwithout having to get boggeddown in any low-level systemor networking com-
mands.Also, themulti-threadsafenatureof TeamQuagentallows for robust,real-timeapplications
to beconstructedwithoutextrachecks.

9.6 Minor ProtocolChanges

Apart from changesto allow uniquenessin quagentsandobjects,a few extra functionswereadded
andmodi�ed: (seeSection7 for detailson thesemanticsof arguments.)

� Added(For usewith standardor teamquagents)

1. DO RUNBY - RUNBY works just like WALKBY, exceptthat the quagentwill move
fasterandusedifferentanimationframes.

2. ASK PING - PING actsin a similar way to RAYS, except that it sendsout a dense
wedgearounda heading,ratherthanevenly spaced.In addition,unlike RAYS, PING
will only respondif it hitsawall, passingthroughany otherquagentor item.

3. DO DRILL - DRILL requirestheuniqueitemRock.EachRockhasacertainamountof
two typesof minerals.DRILL will remove a unit of oneof thetypes,andcreatea new
mineralitem in thequagent's inventory.

4. DO SETEXEMPT(0 or 1) - SETEXEMPTwill make thequagentexemptfrom kryp-
tonite, dying of old age,running out of energy, limited numberof rays, and limited
distancefor RADIUS.

� Modi�ed (Changedfor useby teamquagents)

1. DO SETID # - The # in SETID shouldbe the sameas the onethat the quagentwill
beusingfor communication.WhenSETID is used,thequagentwill receive modi�ed
informationfrom RADIUS andGETINVENTORY.

2. ASK RADIUS - After DO SETID is sent,askradiuswill respondwith a list of objects,
of type Quagent,StandardItem, andUniqueItem. All have a nameandposition,but
Quagentsalsohaveabot typeandID, while Uniqueitemshavea list of properties.

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

4. DO ADDTRADE [with who] [Agent1 item] [Agent2 item] [Agent1 money][Agent2
money][Agent1 info][Agent2 info] - Will addanacceptabletradeto thequagent's list.
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5. DO GETTRADES- Returnsa list of all of the pendingtradesthat the quagentwill
allow.

6. DO REMOVETRADE [tradeID] - Removesa tradefrom thelist of pendingtrades,so
it will no longerbeallowed.

7. DO TRADE [with who] [Agent1item] [Agent2item] [Agent1money] [Agent2money]
[Agent1info] [Agent2info] - If theotherquagentis in rangeandhasagreedto thetrade,
thenit will becompleted.
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A The SourceCodeDistrib ution

To recreatea full-blown Quagentsystem,youmayneedto acquireacopy of thegameto getaccess
to theproprietarygraphics,monsters,andlevels(SeeSection5). Everythingelseyouneedis in our
sourcecodedistribution.

Alternatively, youcanbuild asystemwith full Quagentfunctionalityuseingthefreely-available
demonstrationcodefrom id Software[6]. Youshouldgettheir sourcebundlefrom
http://www.idsoftware.com/games/quake/
quake2/index.php?game section=demo , useunzip to extractthecontents,
mv Install/Data/baseq2 to somedirectoryof yourchoice,for example:

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

Whenbuilding thesourcecodetell con�gure whereto �nd it, for example:

./configure --with-baseq2=/usr/local/quake/baseq2

If you have theretail versionof thegame,you getmoremapsandresourcesby copying theits
baseq2directorycontents.

Oneof the codeexamplesusesthe productionsystemlanguageJess[7]. Jessis easily, and
usually freely availableby downloadandrequiresan academic-stylenon-disseminationandnot-
for-pro�t license,alsoavailableon line.

Thereis more,andmoreup-to-date,informationatourwebsite:
http://www.cs.rochester.edu/research/quagents/running.html .

You caneasilyusea level editor [12] to createa bare-bonessystem,with a bot that looks like,
say, asphere.

Generallyyoumay�nd thatdifferentgraphicssystemsor othercomponentsareeasieror harder
to bringup in yourparticularenvironment.

Our sourcecode,documentation,examples,etc. is all availableon our mainQuagentwebpage
[14].

B Programming Quagents:Example

B.1 Encapsulatingthe Command Interface

Youmightwantto insulateyourselffrom thedetailsof dealingwith messagesby providing objects
andmethodsthatencapsulatetheparsingdetails.For example:

Command cmd = new WalkCommand(20);
this.send(cmd);
Query query = new RadiusQuery(33.0);
Answer answer = this.ask(query);
if (answer.isOK()) {
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... extract answer.value() and cast or something ...
}

B.2 Drunk enMaster Example

To helpyou understandtheprotocolbetter, let's build a random-walking quagentusingJava. You
canuseany programminglanguage.We useJava because(1) we'll take advantageof its OO con-
structsand(2) it' s easierto integratewith [http://herzberg.ca.sandia.gov/jess/]Jess¡/a¿.We call our
random-walking quagentDrunkenMaster . It only doesthreethingsuntil it diesof aging. It re-
portswhat'saroundit, walksfor arandomdistanceandthenturnsby arandomangle.Beforewego
directlydesigntheDrunkenMaster , we canbuild a basicquagent,whichdoesbasicthingssuch
assendingrequeststo thequagentmoduleandreceiving responsesfrom it. This layerof abstraction
insulatesus from the boring detailsof composingrequestsandparsingresponses.The outline of
ourDrunkenMaster lookslike this:

public class DrunkenMaster extends BasicQuagent
{

public void Run() {

while (alive) {
RadiusQuery qry = new RadiusQuery(100.0f);
send(qry);
Response rsp\_rad = getResponse(qry);
if(rsp\_rad.isOK())

((RadiusResponse)rsp\_rad).showItems();

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 asubclassof BasicQuagent , whichprovidesthesend() and
getResponse() to sendandreceive messagesto andfrom thequagentmodule.If your quagent

48



Figure18: Quagentcommunicationslayers.

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

BasicQuagent caresaboutsendingandreceiving messagesanddoesn't needto know about
the underlyingcommunicationchannels.We make anotherlevel of abstractionfor network com-
munications.ThewholepicturelookslikeFig. 18

Thebottomlayer, calledQuagentSocket , handlesthehairy detailsof interpretingnetwork
packages.

The quagentprotocoldoesn't follow the canonicalsynchronousserver–client convention. As
you can seefrom the above telnet session,asynchronouseventsoccur in an unpredictableway.
You'll probably�nd it handyto usenon-blockingcommunication.TheJavaSocketprovidesblock-
ing IO. Thatis, if youreadfrom thesocketandnothing'sto bereadyet,youwill beputwaitinguntil
somethingcomes.Sayyouwantto implementcheckEvent , which just takesapeekat thesocket
to seeif thereis an event. If thereis, you processthe event. If thereisn't, you want to continue
to issuecommandsor queries. With blocking communication,you'll be put on hold at check-
Eventandcan't continuewith thecommandsandqueries.Non-blockingIO comesin handyhere.
Non-blockingIO wasintroducedin JDK1.4in thejava.nio.*package.Client-sidenon-blockingIO
is quite straightforward. We implementedsomesimplefunctions,suchasreadandwrite strings,
in QuagentSocket.java usingnon-blockingsocket. Note that, you don't have to usenon-
blockingIO. Thegoodold Java Socket canachieve thesamething,probablywith someform of
multi-threading.

You might want to insulateyourself from the details of dealing with messagesby provid-
ing objectsand methodsthat encapsulatethe parsingdetails. We can de�ne a Request class
anda Response classto representmessagesto andfrom the quagentmodule. Commands(DO
THINGS) andqueries(ASK THINGS) areconcretesubclassesof Request . Differentresponses
arederived from Response , too. BasicQuagent only takescareof sendingrequestsandre-
ceiving responses.Thepolymorphicfunctionsin thespeci�c requestsandresponsesdotherealjob.
E.g.,

public class BasicQuagent {
...
QuagentSocket socket;

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

}
}

Eachcommandor querycomposesprotocol-abidingmessagesin theirown toString() func-
tions.Send() returnstherequest,soyoucanwrite moresuccinctexpressionlike thefollowing

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

B.4 The SampleCode

Thesamplecodeis in theexamples directoryof our sourcedistribution. Theremaybea make
�le to compileandrun thesample,or youcansimply

prompt: javac DrunkenMaster.java
prompt: java DrunkenMaster

It tries to connectto a quagentmodulerunningat local machine.If you want to connectto a
remotemachine,change"localhost" to thehostnameof thatmachinein
DrunkenMaster.java . We didn't implementall the requestsandresponses,but the �le and
classnamesshouldmakeclearwhatthey are.
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