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Proxy Simulations For Ef cient Dynamics

StepherChenng?, OkanArikan? andD. A. Forsyth

Abstract

Proxy simulationsreducethe costof simulationin large virtual worlds,sud asthoseusedin training simulations
or computergamesA proxy takesthe place of an accuiate simulationfor objectsthat are out of view, while the
accuiate modelcontinueso manaye visible objects A proxymustensue that objectsentertheview atreasonable
timesthroughoutthe simulationand in statesthat re ect their time spentout of view. The quality of a proxy
simulationis measued by howwell it maintainsreasonabldehavios, whee thede nition of reasonablelepends
on the ervironmentand its application. We presenttwo examplesof proxy simulationsbasedon discrete event
models:onefor city traf c simulationandanotherfor multi-agent path planningand motion.For theseexamples,
wedemonstate dynamicomputatiorspeedupsf over two orders of magnitudeastheervironmentgyrowin size

and compleity.

1. Intr oduction

Realisticdynamicbehaior is akey ingredientin mary real-
time virtual environments suchasthosefor trainingor gam-
ing. Thecostof generatingnotionis signi cant, andhastyp-
ically limited the compleity of the simulatedervironment
by requiring fewer active objectsand poor quality motion.
For example,a city driving ervironmentmight imposere-
strictionson the numberof vehiclesin the city anduseonly
approximatevehicledynamics.

Ideally, only motion that is percevable to the viewer
shouldbe computed- arny othermotion cannotpossiblyaf-
fect their experienceof the ervironment.We thereforede-

ne theefciency, h, of asimulationastheratio of thework
donecomputingpercevable motion to the total work done.
An idealsimulatorhasanef ciency of one.With ideal sim-
ulationit is possibleto simulateNew York onamachineca-
pableof inefciently simulatingonly a smalltown, because
thecomplity of agivenview of New York is only asgreat
asthecomplity of anentiresmalltown.

In this paperwe discusstechniquesfor producingef-
cientsimulationsthatdo not sacri ce the complexity of vis-
ible motionor the users experienceof theenvironment.Our
approachs basedon proxy simulations thosethat take the
placeof the in-view simulatorwhen maintainingdynamic
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statethat is out of view. Dynamic stateconsistsof all the
parametershat describean object’s appearancandmotion
overtime.Wede ne simulationto includeary meansf gen-
eratingdynamicstatein avirtual environment.

A proxy simulationis onethat approximatesut-of-view
dynamicgo increaseheoverall simulationef ciency, while
alsominimizing ary errorspercevedby auser An erviron-
mentusestwo simulators:the original, accuratesimulator
for motionthata viewer canperceve, andthe proxy simula-
tor for motionthe viewer cant perceve. A proxy's primary
taskis feedingobjectsinto the view at theright time in the
right place.Someof thoseobjectsmay have beenseenbe-
fore by the viewer, andthe locationandtime that they re-
appeashouldre ect ary eventsthatwouldin uence theob-
jectswhile they were out of view. For example,the proxy
is responsibldor ensuringthatwhena caron a virtual race
track leavesthe view, it re-entersagainat a placeandtime
consistentvith thein uence of othercarson thetrack.

We illustrate the designof proxy simulationswith two
detailedexamples:a basiccity traf ¢ simulationanda tile-
basedroopmovementsimulationtypical of mary computer
gamesln the rst case the proxy saveswork by replacing
the detaileddynamicsof out-of-view trafc with a discrete
eventsimulationthatapproximatesheinteractionsetween
objects.The secondcasealso usesa discreteevent simu-
lation, but statisticalmodelsareincorporatedo accountor
interactionghatareotherwiseaxpensve to simulate.In both
cases proxy simulationresultsin largespeedupsvhile pre-
servingthevisible behaior of thesimulation,allowing more
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thananorderof magnitudeincreasdn the numberof simu-
latedentities.

2. RelatedWork

In a variety of systemsan accuratesimulationmodelis re-

placedby a cheapem@pproximation.Setas Gomesand Re-

bordaadescribeavirtual forestervironment!! thatsimulates
treesasvariouslevels of detaildependingon their distance
from the viewer. Carlsonand Hodginsintroducedsimula-
tion levels of detail 4 for hoppingrobots.An accuratedy-

namic model may be replacedwith either a kinematic or

point-basednodel dependingon the robot's distancefrom

theviewer. Trajectoriesarecomparedo assesthequality of

the approximationsCarlsonand Hodginsalsoquestionthe

broaderimpactof approximationon systembehaior, such
aspossiblechangesnducedin the outcomeof a simulated
game.

Grzeszczuk Terzopoulosand Hinton describethe Neu-
roAnimator : a systemthat replacesaccuratesimulations
with neuralnetwork approximationsThey do not discuss
the long term stability of the approximationsnor their po-
tentialeffectontheglobalbehaior of anervironmentasthe
approximatedbjectsinteract. Yu and Terzopoulogdiscuss
a virtual marineervironment!4 in which syntheticmotion
captue is usedto approximatethe motion of creatureghat
areoutsidethe view frustum.The authorsnotethatthe ap-
proximationsintroducesigni cant errorsinto the on-screen
behaior of the sh — theseareacceptablén theirentertain-
mentapplication.

All of the abore systemsperformwork for every object
onevery frame,inherentlylimiting theiref ciency. Chenng
and Forsythdescribedynamicsculling 2, in which systems
that are outsidethe view frustum are ignored completely
Whensystemge-enterthe view, their stateis updatedwith
deterministicandstatisticalapproximationgo re ect theex-
pectedchangein statewhile the systemwas out of view.
Chenng, Ichnawski andForsyth® describeamethodfor au-
tomatingthe generatiorof approximationgor culling. The
algorithmsin thesepapersarelimited to objectsthatdo not
move veryfar (sothatstaticboundingvolumessufce to de-
terminevisibility).

Sudarsk andGotsmardescribea dynamicocclusionde-
tectionalgorithm13 thatis applicablewhenthe motionof an
objectcanbe containedvithin atemporalboundingvolume
— a boundingbox that is guaranteedo containan object
for someperiod of time. They attackthe efciency prob-
lem from a purevisibility perspectie, ignoringthe dif cul-
tiesof constructindooundingvolumesfor non-trivial motion
suchasdemonstrateth ourexamplesMary othervisibility
schemesupportthe occlusionof dynamicobjectsby static
onesthroughthe use of temporalboundingvolumes(see
Cohen-Or Chrysanthouand Silva 7 for an overview), but
only Zhanget. al. 15 discussthe useof dynamicoccluders,

andthenonly brie y, andall ignoretheissueof constructing
boundingvolumesfor complex motion.

Proxiesaim to avoid doingwork for non-visibleobjects.
The correspondingproblemin distributed virtual environ-
mentsis to avoid transmittingirrelevant dynamic state2.
Dead-rechkningis the primary technique,jn which stateis
transmittednfrequently with the stateof anobjectapproxi-
matedlocally on eachmachinebasedon its lasttransmitted
state Thesmallerrorsdueto inaccuratelead-recnedstate
areconsideredacceptableyiven the major savingsin band-
width. Onecanalsoavoid transmittingthe stateof anobject
thatis out of view — referredto asareaof interestmanaye-
ment!2. Makbily, Gotsmanand Bar-Yehudal® describean
algorithmfor senerlessdistributed environmentsthat pre-
dictsthetime thatmustelapsebeforetwo objectsaremutu-
ally interestedWhile their work is similar to thatdescribed
here,in a distributed ervironmentthe precisestateof each
objectis alwaysknown by somemachinewhereasve avoid
computingsuchprecisestateat all.

Ourwork advanceshe eld of efcient dynamicsin sev-
eral ways. We introduceproxy simulationsas a meansof
trackinghiddenobjects we exploretherelationshipbetween
visibility andsimulation,we look at waysof measuringer-
ror, andwe describeéwo casestudiesnvolving differentsim-
ulationtasks.

3. Proxy Simulations

A proxy simulationtakes the placeof an accuratesimula-
tor for the hiddenmotion in an ervironment. We identify
two othersimulationsthe accumte simulationfor motionin
view, andthefull simulationreferringto theaccuratesimula-
tion modelappliedto the entireervironment,with no proxy.
A proxy is bestevaluatedon quality andcost:it mustbe of
sufcient quality to supporta viewer's experienceof a dy-
namicervironmentwhile incurring minimal costfor hidden
motion.

The simulation of out-of-view objectsis dominatedby
eventsthat happenat speci ¢ times and have speci ¢ out-
comes.Chief amongtheseevents are the momentswhen
a non-visibleobjectentersthe visible region, suchthatthe
viewer seesthe object.We will referto theseasview entry
events.lt is essentiato captureview entry eventsto ensure
thata viewer seegheright thing attheright time. Otherim-
portanteventsmay be a carcrash,or your enemylaunching
an attackfrom their remotebase However, the viewer can
never perceve theseeventsdirectly, sothey areonly of sig-
ni cance becausehey in uence thetime whenview entry
eventsshouldoccur This providesuswith our rst require-
mentfor proxy simulation:

Proxy Requirement1: Theproxy mustprovide a
reasonablestreamof view entryevents.

Chenng andForsyth?® referto thisasthecompletenegsrob-
lem, but provide no methodfor meetingthe requirement.
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The ideaof reasonabldehaior is centralto the above re-

quirement.Reasonabldehavioris de ned as a part of the
ernvironments model.For example,a computergamemight
requirethat with reasonabldehaior monstersshouldstay
deadoncekilled, that they have a maximumtravel speed,
thatthey do not passthroughwalls, andso on. Thesecon-
ditions on behaior will in uence the streamof view entry
events.For example,a deadmonstershouldnever move it-

selfinto theview. A monstetthatis known to beontheother
sideof themazeshouldnotbeableto rapidly reachavisible
region.

It is possibleto considetthe streanof eventsproduceddy
an accuratesimulationmodel asthe only reasonablevent
stream.However, this is an overly restrictive requirement.
The aim of a virtual environmentis, after all, to provide a
particularexperiencefor the viewer. This experienceis al-
mostnever preciselyde ned down to the timing of individ-
ual events— ratherit is focusedon ensuringthatan appro-
priate setof thingshappenat appropriatgimes.In a game,
for instancejt is not necessaryor the enemyfor appearat
the27thsecondf thegame only thatthey appeasometime
aroundthe27thsecondIn ary casemostrealworld systems
cannotsupplyveryhighdegreesof accurag. Weassumehat
the designerof anervironmentcande ne a modelof what
is reasonableand proxy simulationsmustbe held account-
ableonly to thatmodel.In section4.4 we demonstrat®ne
way of validating that a proxy meetsthe requirementdor
reasonabléehaior, althoughwe notethat ary discussion
of reasonabldehaior is likely to be highly dependentn
thenatureof the particularenvironment.

It is notsufcient merelyto knonv whenanobjectre-enters
theview, it is alsonecessaryo know theobjects stateatthat
time. This statemustbe reasonabl®r a viewer will detect
an error. This givesus our secondrequiremenfor a proxy
simulation:

Proxy Requirement 2: The proxy must provide
reasonablstatefor objectswhenthey re-enterthe
view.

Chenng andForsyth® referto this asthe consistencyrob-
lem, andprovide ahigh level approacho solvingit. We pro-
vide furtherexamplesof solutionsto this requirementNote
onceagainthe emphasi®on reasonablenotion: the proxy is
acceptabléf it satis esadesigners goalsfor quality.

Finally, a proxy simulationis intendedo save work:

Proxy Requirement3: The proxy mustbesignif-
icantly cheapeto computethanthe accuratesim-
ulation.

Ideally the proxy shouldcostnothing,in which casewe
would have anidealsimulatorasde nedin sectionl. Thisis
only possiblef nowork is doneto identify view entryevents
and no work is doneto generatereasonablestate for re-
enteringobjects While thiscanbeachievedunderextremely
limiting conditions,suchasno viewer motionandperfectly
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Figurel: Thetraf c simulation,in which carsmovethrough
a maze-lile networkof streets,stoppingat intersectionsas
shownhere. Each car is uniquelynumbeed soa viewer may
track its progress.

predictableobjecttrajectoriesmostinterestingcasesequire
that somework be doneto computereasonableview entry
events.To seethe problem,considerthe speci ¢ caseof a
caronacircularracetrackwheretheviewer canseeonly the
start- nish line. Saythe viewer seesa carcrosstheline and
subsequentlyeave the view. To achieve perfectefciency

we mustbe ableto predict,with no effort, the precisetime

that that car will re-enterthe view. But that time requires
knowledgeof the locationof all the othercarson the track
andhow they interactwith the speci ¢ carin question,so
it is highly unlikely we canimmediatelycomputean accu-
rate re-entrytime without doing somethingto evaluatethe
interactions.

Having outlinedthe basicrequirementg$or a proxy simu-
lation, in the following sectionswe work throughtwo case
studiesin proxy design:atrafc simulationanda dynamic
path planningsimulationtypical of mary gamingerviron-
ments.

4. Traf ¢ Simulation

Thetrafc modelsimulatestricycle carsmoving througha
maze-lile network of roads( gures 1 and?2). Eachroadis a
visibility cell, openonly attheendsWe usea cell andportal
algorithm® to identify atrun-timeroadsthatareat leastpar
tially visible from the currentviewpoint. We now describe
reasonabldehaior thatwe wish to maintain,anda proxy
thatreproducesuchbehaior atasigni cantly reduceccost
asindicatedby experimentakesults.

4.1. ReasonableTraf ¢ Behavior

The accuratemodeltakestime-stepsof x ed length0:01s.
On eachstepit setsan acceleratiorfor eachcarto be used
throughouthe step,andthennumericallyintegrateshemo-
tion of eachcar Numericalintegrationis necessarypecause



Chenng, Arikanand Forsyth/ Proxy Simulationg~or Ef cient Dynamics

Figure 2: A mapview of the city while a proxy s in use

Theclusterof white cellsto the upperleft of centerare the
roadspotentiallyvisiblefromtheview shownin gurel. The
intensityof other cells correspondgo the numberof events
processedby theproxyfor thatroadduringtheprevioussec-
ond of simulationtime Notethat mostof theroadsare grey,

indicating that no eventswere processednd hencethat no

work wasdonefor thoseroads.

the orientationand wheel rotationsfor eachcar are spec-
i ed via a differential equationwith no closedform solu-
tion. Thetime-steps keptshortto reduceerrorsin our Euler
integration scheme Otherintegration schemeslo not offer
signi cant speedupsn this case,and male it signi cantly

moredif cult to managahebehaior of carsatintersections.

In ary casethelongestusefultime-stepfor ary integration
scheméor 20fpsrenderings 0:05s.

Carsmaoving underthe accuratemodel exhibit the fol-
lowing traitsthattogetherde ne reasonabléehaior for the
traf c:

When a car reachesan intersection,it makes a random
choiceof which laneto follow next, selectingamongthe
lanesthatarenotheavily congested.

The carsobey stop-signrulesat intersectionsthey come
to astop,wait theirturnto move into theintersectionand
thenpasgthrough,allowing the next carin.
Betweenintersectionseachcarfollows a pre-de nedac-
celeratiorpro le, exceptthatcarsslow to avoid collisions
with the carin front. If the carin front stops,sowill the
follower, causingqueuedo form at intersectionsascars
line upwaiting to enter

Togetherall of thesepropertiedeadto onepropertythat
is visibleto anadwersarialuserandsensitve to all of theoth-
ers:cartravel times.A viewer canmeasurdravel times by
notingthelocationof a carat two distinctpointsin time. If
in a proxy simulationthe carsdon't make randomchoices,
then the density of carswill be wrong which will impact
travel times. If carsdon't stop, or jump the queuesat in-

tersectionsthey will getplacestoo fast.Carsfollowing the
wrongacceleratiorpro le will move toofastor slow.

We usetravel timesas our primary measurementf the
proxy's plausibility. Individually, the otherpropertieshould
be satis ed within thevisible regions,but in hiddenregions
the viewer cannotdirectly determinethe density or detect
whethercarsarestoppingatintersectionssothe proxy need
not producemeasurementfor suchthings. In additionto
travel times,we alsovisually assesghe quality of the proxy
by watchingcarsasthey entertheview.

Note in particularthata viewer may be aware of the ex-
istenceof traf c jamsand other suchphenomenonhaving
seenthemin the recentpast.The viewer is thereforeaware
of thefactorsin uencing travel timesandwe musttake such
knowledgeinto accountin the proxy model. For instance,
it is not possiblefor the proxy to assumendependencée-
tweencars— the travel time mustbe conditionedin some
way onthelocationof the othercarsin the simulation.

4.2. A DiscreteEvent Traf ¢ Proxy

Recallthe proxy's tasks:to ensurethat carsenterthe view
attheright placeandtime, andto provide statefor carsthat
re-entertheview, all with aminimum of computation.

4.2.1. Visibility andthe Proxy

Ratherthanidentify preciselywhencarsbecomevisible, we
insteacchoosedo identify whencarsenterthepotentiallyvis-
ible setof roads.The accuratesimulationthentakes over,
andensureshatacaris in the correctplacewhentheviewer
actually seesit. Carsenterthe visible setof roadsin two
ways:they candrive onto a roadthatis alreadyvisible, or
they canbe on a road that becomesvisible as the viewer
moves.Notethatthe modelwe useplacesno restrictionson
viewer motion.

The proxy simulationkeepstrack of all the carson ev-
ery roadin the city, andthe time wheneachcar enteredts
currentroad.This ensureshatwe know which carsbecome
visible if the viewer seesa road,andalsoprovidesenough
informationto accounfor traf c jamsandotherinteractions
betweercars.On eachframe,the visible roadsarechecled
for carsthatwerent previously visible. Suchcarsareputin
anactive list for theaccuratesimulatorto simulate while all
othercarsaremanagedy theproxy. Also oneachframe,the
locationsof carsontheactive list arechecledagainsthe set
of visible roads,andcarsthatarenolongervisible aretaken
of thelist andhandedbackto the proxy.

The proxy mustcomputethe appropriatdimesfor carsto
move from oneroadto the next, and hencekeepthe asso-
ciationsbetweerroadsandcarscorrect.To determinevhen
updatesarerequired,we usea discreteevent modelfor the
motion of the cars.This modelonly considersa car when
it might be moving from oneroadto the next, anddoesno
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processindor that car at othertimes. We thusachieve sig-
ni cant costsavingswith the proxy, becaus¢he overheadbf
managingneventqueuefor mary objectsis muchlessthan
the costof anaccuratesimulationfor thoseobjects.

Thediscreteeventmodelusestwo events,andtheremay
be zeroor oneeventin the queuefor eachcar The events
are:

Enter eventsoccurwhenacarmightreachtheendof aroad
andenteran intersection We scheduleheseeventsopti-
mistically, andtestwhetherthe caris really enteringthe
intersectioronly whenthe eventis processed.

Exit eventsoccurwhena car movesout of anintersection
andontoaroadproper

Eachlanemaintainsalist recordingwhich carsarecurrently
on thatlane,andin which order This allows usto identify
visible carswhenwe identify visible roads.Eachroad in-
tersectionmaintainsa list of the carsthat are at stop signs
waiting to enterthe intersectionandin whatorderthey ar
rived. Carsstorepointersbackinto ary intersectiorandlane
liststhatthey arecurrentlyon.

WhenanEnter eventis processedhe carmaybefreeto
entertheintersectionjt may be stoppedwaiting for another
carin theintersectionpr it may be queuedbehindcarsthat
arealreadystoppedDependingon the casewe shift the car
amongthelists andpossiblyscheduleanew eventfor it. Exit
eventsare processedby schedulingthe car's next Enter for
thesoonestimethatit couldreachtheendof theroad,which
is computedn a preprocessingtepbasedon the length of
thelaneandthe acceleratiorpro le of thecar If necessary
we alsowake othercarsthatwerestoppedattheintersection
this caris leaving andschedulenew eventsfor them.

SometimegEnter eventprocessingnovesacarinto avis-
ible road,in which caseit is removed from the proxy and
passedver to the accuratesimulation.Becausahe carwas
previously stoppedhtanintersectionit is simpleto compute
otherpartsof its stateasdescribeelon. Furthermorewe
may have to inserteventswhena carexits thevisible region
andis takenover by the proxy.

By processingventsin thecorrectorder the proxy main-
tainsthecorrectassociationbetweercarsandroadstaking
into accountall the importantdependenciebetweencars.
Work is only performedwhenan eventis processediesult-
ing in highly ef cient simulation.The assumptionsnadein
schedulindutureeventsintroducesomeerrors but we claim
that they are small, and our experimentsdescribedbelav
supportthat. It remainsto discusshow stateis setwhenan
objectre-enterghe view.

4.3. Generating Complete State

The proxy mustsupplycompletestatefor carsthatre-enter
theview. This canhapperin two ways:
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Figure 3: Thespeedupschievedby the proxy simulation.
e seealmosttwo orders of magnitude speedugor 12800
carsin thesimulation.

Arri val: the car may drive onto a visible road when it
entersanintersectionBut carsalwaysenteranintersection
from astandingstartandalignedalongtheroad,sowe know
its correctposition(theendof theroad),speedzero)andori-
entation We do notknow the correctrotationanglefor each
wheel,which is determinecby the length of the pathtrav-
eledby the wheel.But we cansafelyassumehata viewer
hasno ideaexactly which patha wheelhastaken, sowe set
therotationsrandomly

Exposure: the viewer may turn a cornerand reveal an
entireroadandall thecarsonit. Weisolatetheroad,shifting
it backin time to the entrytime for the rst carontheroad,
andsimulatejust the roadforward from thereto the current
time, addingcarsat the time they enteredaccordingto the
proxy, andstoppingall the carsin a queueat the endof the
road (wherethey mustbe stoppedpr they would not be on
the road). This processgeneratesighly accuratestatefor
carsre-enteringheview, but signi cant lagmayresultwhen
abusyroadcomesnto view. Thislag couldbereducedvith
a more aggressie approximationstrategy, suchas simply
placingall the carson the roadstationaryin a queue atthe
expenseof greatererrors.

4.4, Results

Thecity traf c ervironmentusingtheproxy describedbore
generatesisually reasonabldehaior whencomparedo a
full model. It also achieves signi cant speedupsallowing
the simulation of cities larger than could be handledwith
anaccuratesimulationalone.We performeda setof exper
imentsto determinethe proxy's ef ciency, and anotherto
measurets quality.

We determined the dynamics computation speedup
achievedasthenumberof carsin thesimulationis increased,
by comparingthe time taken to simulateone frame of dy-
namicsat 20fps (0:05s of simulatedtime per frame) with
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Figure 4. Theefciency achieved with the proxy and full
simulations,computedaccoding to the de nition in sec-
tion 3. The efciency drops as the numberof objectsin-
creasesThisis expectedpecausehetrafc densityis kept
constantas the total numberof objectsgrows. Hencethe
numberof objectsin view remainsroughlythesameasdoes
the amountof work done simulatingthoseobjects.Yet the
numberof out of view objectsis increasing so more total
work is required and the efciency declines.\e get proxy
efcienciesrangingfrom45%for the smallestcity with 400
cars downto 8% for thelargestcity with 12800cars, while
thefull simulationefciency rangesfromonly 3.1%downto
0.1% for the largestcity, re ecting more than an order of
magnitudegainin efciency.

the full model and the proxy. The city size was increased
alongwith the numberof cars,keepingthe overall density
constantFor eachdatapoint we averagediming datafrom
four runseachof tenminutesdurationwith differentsetsof
initial conditions.A differentanimatedviewpoint wasused
for eachrun to simulatea moving viewer. All computations
were performedon a Pentiumlll 800MHz. The speedups
plottedin gure 3. From the samedatawe computedthe
efciency of the proxy simulation,plottedin gure 4. Our
dataindicatesthatit is possibleto accuratelysimulateonly
2000carsin real-timeonthismachinewhile theproxycould
simulate12800carsusingonly 0.07 second®f realtime for
eachsecondf virtual time.

A toughtestfor the quality of the proxy is to examinethe
estimatest producedor travel times.We do this by xing
the path of onecar, and running multiple simulationswith
the other carsstartingin differentcon gurations. We then
comparethe averagetime it takesthe carto follow its path
whenthe proxy is emplg/ed andthenthe accuratemodelis
emplgyed. This experimentis the virtual equivalentto de-
termininghow long it takesto drive homefrom work, and
checkinghow boththe accurateandproxy modelsestimate
how thattime variesover differentdays.Theresultsareplot-

Travel Time Statistics
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Figure5: Theavemge timetakenby a car to read various
way-pointson a xed route as estimatedby the full model
and the proxy model. The way-pointsare numbeed from 1
to 10 acrossthe bottom.Theerror bars representonestan-
dard deviation. The averages were computedby xing the
path of one car, thenrunning multiple simulationswith the
othercars startingoutin differentcon gurations. Thetimes
estimatedby the proxy are reasonablycloseto thoseesti-
matedby thefull model,with a roughly1% differencein the
estimatesandalmostthe samevariance

o]

tedin gure 5, usingdatagatheredrom tensimulationruns
in acity with 1600cars.

Theseresultsindicatethat the proxy achiezessigni cant
speedupsvhile producingvery accurateestimate®f system
behaior. Note, however, thattheef ciency of the systemas
awholegoesdown asmoreandmoreoutof view objectsare
introducedThisis to beexpectedwe still do somework for
every out of view object,soasmoreareaddedmoretime is
spentworking on them, reducingef ciency. The only way
to avoid the ef ciency dropis to ignore someobjectscom-
pletely by addinganddeletingthementirely at a boundary
or by someothermethod.

5. CaseStudy: Path Planning and Collision Avoidance

Realtime stratgy gamesrovide animportantexampleof a

very largevirtual ervironmentwith complex objectdynam-
ics. Typically, a virtual battleis modeledby simulatingthe

behaiors of individual objectsthat move on a 2D terrain

or attackotherobjectson the users orders.In suchgames
pathplanningandcollision avoidancebetweerobjectscon-

stitutethebulk of thecomputationaivorkloadof thesimula-
tor, dueto boththelargenumberf objectsandthetypically

high complexity of pathplanningandcollision detectional-

gorithms.

Reasonabldehaior for objectsin this modelhasthem
following shortesipathsbetweentwo points,always avoid-
ing obstaclesand eachother Hencethe time taken to get
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somavhere and the pathtaken dependson the nearbyob-
jects.The primary concernfor gamingapplicationds thata
playerwhoknows abouttheproxy shouldnothave anadwan-
tageover a playerwho doesnot. Thus,the proxy simulation
shouldmeetthe following requirementgor every individu-
ally identi able object:

Objectsin ary part of the battle eld should not pass
through stationary obstacles(otherwise the informed
playercould"teleport"units).
Inter-objectinteractionsmustbeaccountedor. For exam-
ple, anobjectshouldnot be ableto passthrougha bridge
whoseentrancehasbeenblocked by otherstaticobjects.
Objectsshouldhave speedsonsistentvith their environ-
ments For instancethe averagespeedf anobjectshould
below if it hasinteractedwith lots of otherdynamicunits
recently This meanghatobjectsshould(a) arrive at their
destinationgttimesconsistenwith afull simulationand
(b) have encounterslongtheir pathsthatarealsoconsis-
tent. For example,objectsshouldencounteamhushesat
reasonabléimes.

We rst describehow the accuratesimulation achieves
this behaior. This descriptionis intendedto give the a vor
of our path planningimplementationyatherthan be com-
plete. We then move on to our proxy model. See? for a
detaileddescriptionof the path planningalgorithmand its

proxy.

5.1. Accurate Path Planning and Collision Avoidance

The pathplanningand collision avoidanceis donein three
steps.Firstly, aninitial paththatdoesnot passthroughary
x ed obstacles(representechs simple polygons)is con-
structed.This is accomplishediia the precomputedisibil-
ity graphof the obstaclepolygons( gure 6). In this context,
if two pointsare mutually visible thenan objectcanmove
on the line connectingthemwithout colliding with a x ed
obstacleThevisibility graphhasa nodefor eachvertex of
each x ed objectandtwo nodesareconnectedvith anedge
if the verticescanseeeachother Freespaceis also parti-
tionedinto regionssuchthatpointsin the sameregion have
the samevisible obstaclevertices(the samehorizon). Note
thattheshortespathbetweerary two pointsthatarenotdi-
rectly visible to eachothermustinvolve goingto avertex on
the horizonof the beginning point, traversingzeroor more
edgeonthevisibility graphto avertex in thehorizonof the
endingpointand nally goingto theendingpoint( gure 6).

Using precomputedhortespathsbetweerarny two point
of thevisibility graph,theverticesin the horizonsof thebe-
ginning point andthe endingpoint canbe enumerategair-
wiseto nd the shortespath.Notethatif the pointsaredi-
rectly visible to eachother thanthe shortestpath between
themis thestraightline which canbedetectedy ray-casting
in 2D. Sincethe numberof verticesin the horizon of ary
point is small, the shortestpath enumerationcan be done
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Figure 6: Shadedpolygonsrepresentobstacleson a 2D
terrain. The lled circlesare the obstacleverticesand form
nodesin the visibility graph. Dashedlines are the edges of
thevisibility graphfor theseobstaclesThehorizonvertices
for points A and B are circled in dashesand dots respec-
tively. Notethata shortespathbetweeranytwo pointsmust
r stread a vertex of the horizon of the starting point, tra-
versezeio or more edgesin thevisibility graphandgofroma
vertex in thehorizonof thedestinatiorpointto the nal des-
tination point. Theshortestpath betweerA and B is shown
inthe gure.

Figure 7: Theee are static objects,groups1 and 2, on a

moving objectsintendedpath(shownasa dashedine). The
possiblepathsare enumeatedby consideringravessingthe

left and right sidesof the obstructinggroup (1) and contin-

uing the processrecussively Notethat traversing one side
of the obstructinggroup (1) may reveal other obstructions
(2). Theplansdiscorered this way can be representedas a

binary treewhosedeavesare the candidatepaths.

quite fast. Moreover, the compleity of this spacedecom-
positionis usually small, so the whole precomputatiorcan

bestoredvery ef ciently . Finally, with the shortespathsbe-

tweenary two obstacleverticesavailable,the enumeration
canberepeatedo getthe secondor third bestroutesif the

bestoneis blocked by otherobjects.

The piecavise linear path plan for objectsA canstill in-
tersectothermobile objectsalongthe way. Collisionswith
stoppedobjects(static) and moving objects(dynami¢ are
handleddifferently asdynamicobjectscanmove out of the
way whereasve may needto planaroundthe staticobjects
(gure 7). Thecollisionsaredetectedy checkingthefuture
locationsof objectA for sometime (plan ahead time) for the
presencef ary otherobject,B. If a collision is found and
B is static,thenthe right and left sidesof B are evaluated
for a detour This processs continuedrecursvely for ary
collisionsfound during the procesauntil all alternatvesare
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evaluatedor agoodenougtpathis found.Notethatthenum-
ber of recursions(maximum recursion depth) doneat this
stepcontrolsthe quality of the path.Moreover, the amount
of time in the future thatis checled for ary collisionsalso
provides a quality versuscomputationtime tradeof. If the
colliding objectB is dynamic,then the path plan for A is
evaluatedto decidewhetherto wait to let B clearthe pathor
actively planaroundit asif it wasstatic.

In orderto expeditethe collision checking,we usea hi-
erarchicaldecompositiorof spaceandtunethe parameters
controlling the path planningandcollision avoidance(plan
aheadime andmaximumrecursiondepth)for optimal per
formance We alsoemplgy partial path planningwherethe
pathplanis constructednly for sometime in the future is
constructedandobjectsre-plantheir pathsif they reachthe
endof their partial plansbeforereachingtheir nal destina-
tion.

5.2. Proxy Model Overview

In orderto obtainthe necessaryisibility information, we
subdvide the battle eld to smallerrectangleshatactasour
cells.Theviewerhasarectangulaoverheadsiew of thebat-
tle eld, socanonly seethecellsthatintersectwith thisrect-
angularregion. Only the objectsthatarein thesecells may
bevisible.

Like thetrafc example,the proxy modelfor pathplan-
ning and collision avoidanceis a discreteevent simulator
thatis usedto managehe membershipnformationof every
objectfor every cell. More speci cally, the proxy is usedto
male surecellscontainalist of objectsthataretime stamped
with their entry andexit timesto the correspondingell. At
every frame, dynamicstatefor objectsenteringary of the
visible cells is obtainedfrom the proxy simulatorand the
proxy simulationis turnedoff for thoseobjects.Similarly,
objectsleaving the visible cells are switchedto the proxy
simulation.

The proxy simulatorgathershe pathplansfor the objects
thatit needdo simulateandinsertseachobjectinto thecells
thatits pathplanintersectsn thefuture. Theproxy simulator
alsomarkseachobjectwith thecorrespondingntryandexit
time stampsfor every cell thatit is scheduledo visit. The
time stampsarecomputedby consideringhe objects speed
and the other objectswith which it is expectedto interact
alongthe path.Thesecanbeidenti ed usinga spatiotempo-
ral datastructurefor eachcell that reportsspace-timepath
intersectionsvithin thatcell.

The outcomesof detectednteractionsare approximated
by delaysto the interacting parties' original path plans.
Thesedelaysare sampledfrom a probability distribution
overdelaysthatis learnedn apreprocessinghasehatruns
thefull simulationandgathersstatisticson delays.The dis-
tributionis representedsa mixtureof gaussianandlearned

usinganEM algorithm3. Thisis adequatdor capturingrea-
sonablespeedelationshipgor thedynamicobjects.

Introducinga delayin an object's intendedplan may in-
validate someof the interactionsthat have beencomputed
previously, in particularall thoseobjectsthat previously ex-
pectedto interactwith the delayedobject. Thus,all the fu-
tureinteractionsmustbe rechecled aftertheintroductionof
adelay Sinceobjectscanhave very long pathplansinto the
future, this stepmay involve re-computatiorof interactions
for lots of otherobjectsalreadyin the proxy simulator We
overcomethis problemby computinginteractiononly for a
particularamountof time in the future andrecheckingThe
amountf time thatwe will computeanobjectsinteractions
is controlledby a latest interaction time parameter

Sinceonly dynamicobjectsare considereddy the proxy
simulatorand the path plansfor every dynamicobjectal-
readyaccountfor the stationaryobstaclesandstaticobjects,
the rst two requirementgor reasonabl®&ehaior from sec-
tion 5 are automaticallysatis ed. The third is satis ed by
theintroductionof probabilisticdelayslearnedform thefull
simulation.

Themainsourceof errorin the proxy simulatoris the ap-
proximationof dynamicobjectinteractionsasdelays.This
usuallyareasonablassumptiorronsideringhefactthatdy-
namic objectscan not block a path (they either move out,
or we plan aroundthem). Thesedelaysare sampledfrom
delay statisticsgatheredfrom the full simulationasa pre-
processingstep,so on averagethey areconsistentwith the
full simulation.Oneinfrequentcasewheretheproxy is seri-
ouslyawry is whentwo objectsdeadlockin try to passbut
we claim this hasa very little effect on the behaior of the
simulationasawhole.

5.2.1. Eventsfor the Path Planning Proxy
Our discretesventsimulatorhasfour differentevents:

Stop: An objectin the proxy simulatorhasreachedts des-
tination. The proxy simulatorcomputesthe time to stop
by addingthedelayscomputedor thedynamicobjectin-
teractionsto the original estimateof the time to stopand
insertsthis time into the event queue.When this event
happenstheproxy simulatorswitchegheobjectfrom dy-
namicto staticandremovesit from all the cellsthatit has
beenassociatedvith.

Replan: Since objectsmay also have partial path plans,
the validity of a path plan may expire beforethe object
reachests nal destination.In this casethe proxy must
generata new planfrom thelastpointin thecurrentplan
tothe nal tamgetof the object.

Reinsert: Note that the proxy simulatoronly considersa

nite time in the future for dynamicobjectinteractions
in orderto avoid discovering interactionstoo far in the
futurethatwill berolled backwhenoneof theinteracting
partiescollide with anotherobjectbeforethe interaction.

¢ TheEurographic#ssociation2001.
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Time Required to Simulate 1 Second of Simulation

Number of Dynamic Objects (Log Scale)

Figure 8: Thereal time required to simulatel secondof

simulationtime as a functionof thelog of thenumberof ob-

jectson a constantensityterrain. Theuppercurve(dashes)
representghe simulationwithout proxy andthe lower curve
(full) representghe simulationwith proxy. Thedottedhori-

zontalline is thereal-timecutof. Sincethe objectdensityis

constantfor all simulationsthe userseesapproximatelythe

samenumberof objectsin the view. Sincethe proxy simula-
tor doesvery little work for the invisible objectsand their

interactions are handledusing a discrete event simulator

the simulationcostincreasesnud slowerthanthefull sim-
ulation. The very fast increasein the full simulation cost
comesfrom the fact that the path plan revisionsneededo

avoid collisionsbetweerdynamicobjectstendto snowball,
whiletheproxyappoximateslynamic-dynamiobjectinter-

actionswith probabilistic models thus avoidinglocal path

planrevisions.

Thusit needsto go backand computenew interactions
periodicallyto captureall dynamicinteractionsfor each
object.This eventis generatedor every objectwhentheir
latestinteractiontime is hit.

Entry: Thiseventis scheduledor objectsin theproxy sim-
ulator that will enterone of the visible cells. Whenthis
eventhappenstheproxy simulatordeletegsheobjectfrom
its previously associatedells andsamplesa statefor the
object.Sincethe proxy simulatorhasthe pathplanfor ev-
ery object,it cansamplea pointon this pathasafunction
of the entry time and all the interactionsthat the object
carriedoutin the proxy simulator

Thefull simulatorchecksif anobjecthasmoved out of the
visible cellswhene&er the new positionof the objectis com-
putedandsendstheseobjectsto the proxy sener.

5.3. Results

We have testedour proxy simulatoron differentmapswith
differentnumbersof uniquelyidenti able objects.Figure8
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Figure9: Theefciency asa functionof the numberof ob-
jectson a constantdensityterrain, computeddirectly from
thede nition in section3. Theefciency falls becausasthe
numberof out of view objectsincreaseswe mustperform
someevenif only alittle, work for eadh one

shavs theamountof realtime requiredto simulatel second
of virtual dynamicsasafunction of the numberof objectsat

a constandensityon a Pentiumlll 800MHz computer For

all the simulations,objectsaredistributedrandomlyon the

mapandpick randomplacego go. Theobjectdensityonthe

terrainis keptconstanby increasinghe sizeof theworld as
thenumberof objectsis increased.

Increasingthe numberof objectsincreaseshe number
of possibleinteractionsquadratically Sincethe full simu-
lator needsto re-planin orderto avoid collisions, it may
have to dealwith additionalcollisionsthatthe revisedplan
may cause,suffering additional cost for every interaction
thatneedsplanrevision. Ontheotherhand,the proxy simu-
lation approximatesheseinteractionswith probabilisticde-
laysandthusdoesnotre-plan.Eventhoughthe proxy simu-
lator still detectsall the interactionshetweerthe dynamical
objects,the costof handlingtheseinteractionsis consider
ablecheapethanthefull simulation.Figure9 shawstheef-
ciency for thesametests.

6. Conclusion

We have de ned proxy simulationsfor virtual ervironments
and given the basicrequirementsf their implementation.
The trafc and path planning casestudiesclearly demon-
stratethe effectivenesof proxy simulationsor reducingthe
costof motion generationsuggestinghat a proxy simula-
tion canmanageat leasttwo ordersof magnitudemoreob-
jectsthanafull simulation,without signi cantly sacri cing
the quality of a users experience Thereare mary possible
futureresearcidirections.

Therearevariousstatisticalaspectsmplicit in ourdiscus-
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sion of reasonableroxy behaior. The idea of reasonable
behaior is bestmodeledn statisticalterms,andin bothour
casestudieswe usesimple statisticsto either validate the
performanceof the modelor aspartof the proxy itself. Sta-
tistical techniquesnay provide away to furtherquantifythe
behaior of proxy models.For instanceijt is likely to beim-
portantto retainthe averagebehaior of objects,but not so
importantto restrictthevariancelt is alsounlikely to matter
if onecarin a hundredhasan outrageougravel time. Ex-
ploiting this mayallow evengreateref ciency gains.

The quality metricswe usearepotentiallymoredemand-
ing than necessaryln the trafc simulation, for instance,
not every caris likely to be importantto a viewer. A large
amountof work could be saved by relaxingthe travel time
constrainton non-essentiakehicles,which could free usto
completelyignorethemif they arenotin uencing theim-
portantobjects.This is essentiallywhat currenttrafc re-
latedgamesdo: the viewer andtheirimmediatead\ersaries
areimportant,but they arealwaysclosetogetheraroundthe
viewer, allowing all other carsto be simulatedonly in a
sphereaboutthe viewer 1. A proxy simulationcould extend
this ideato importantobjectsthat rangewidely, andwould
otherwiserequirea very largeactive sphere.

Finally, proxy simulationsthat include randomcompo-
nents,like our tile-basedpath planningexample,appearto
offer very large ef ciency gains.They alsoprovide uswith
a handleon scenariomanagemenin virtual ervironments.
The proxy hasa choice,maderandomlyin our model,for
how the objectshouldbehae. If insteacdthis choiceis made
basedon someothercriteria, like its bene t to constructing
a scenariothe proxy canguidethe simulationin particular
ways. For instancejf we wish to testa traineesoldierwith
anunexpectedenemyencounterthe travel timesfor enemy
objectscouldbemanipulatedo ensurehatthey intersecthe
trainee.

The ultimate aim is to constructtools that automatically
generateproxies, given an accuratemodel and the desired
quality measuresSuchtoolswill requireadwancesin mary
areasijncludingproxy design statisticalinferenceandevent
modelingtechniques.
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